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Preface

The purpose of this collective book is to present a non-exhaustive survey of spin-

related phenomena in semiconductors with a focus on recent research. In some sense

it may be regarded as an updated version of the Optical Orientation book, which was

entirely devoted to spin physics in bulk semiconductors.

During the 24 years that have elapsed, we have witnessed, on the one hand, an

extraordinary development in the wonderful semiconductor physics in two dimen-

sions with the accompanying revolutionary applications. On the other hand, during

the last maybe 15 years there was a strong revival in the interest in spin phenom-

ena, in particular in low-dimensional semiconductor structures. While in the 1970s

and 1980s the entire world population of researchers in the field never exceeded 20

persons, now it can be counted by the hundreds and the number of publications by

the thousands. This explosive growth is stimulated, to a large extent, by the hopes

that the electron and/or nuclear spins in a semiconductor will help to accomplish the

dream of factorizing large numbers by quantum computing and eventually to develop

a new spin-based electronics, or “spintronics”. Whether any of this will happen or

not, still remains to be seen. Anyway, these ideas have resulted in a large body of

interesting and exciting research, which is a good thing by itself.

The field of spin physics in semiconductors is extremely rich and interesting with

many spectacular effects in optics and transport. We believe that a representative part

of them is reviewed in this book. We have tried to make the presentation accessible

to graduate students and to researchers new to the field.

Montpellier, Michel Dyakonov

May 2008
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1

Basics of Semiconductor and Spin Physics

M.I. Dyakonov

This introductory chapter is mainly addressed to readers new to the field. In Sect. 1.1

a brief review of the historical roots of the current research is given. Section 1.2 de-

scribes various spin interactions. Section 1.3 is a mini textbook on semiconductor

physics designed for beginners. A short overview of spin phenomena in semicon-

ductors is given in Sect. 1.4. Finally, Sect. 1.5 presents the topics discussed in the

chapters to follow.

1.1 Historical Background

The first step towards today’s activity was made by Robert Wood in 1923/1924 when

even the notion of electron spin was not yet introduced. In a charming paper [1]

Wood and Ellett describe how the initially observed high degree of polarization of

mercury vapor fluorescence (resonantly excited by polarized light) was found to di-
minish significantly in later experiments. “It was then observed that the apparatus
was oriented in a different direction from that which obtained in earlier work, and on
turning the table on which everything was mounted through ninety degrees, bringing
the observation direction East and West, we at once obtained a much higher value of
the polarization.” In this way Wood and Ellett discovered what we now know as the
Hanle effect, i.e., depolarization of luminescence by transverse magnetic field (the
Earth’s field in their case). It was Hanle [2] who carried out detailed studies of this
phenomenon and provided the physical interpretation.

The subject did not receive much attention until 1949 when Brossel and Kastler
[3] initiated profound studies of optical pumping in atoms, which were conducted
by Kastler and his school in Paris in the 1950s and 1960s. (See Kastler’s Nobel
Prize award lecture [4].) The basic physical ideas and the experimental technique
of today’s “spintronic” research originate from these seminal papers: creation of a
non-equilibrium distribution of atomic angular moments by optical excitation, ma-
nipulating this distribution by applying dc or ac fields, and detecting the result by
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studying the luminescence polarization. The relaxation times for the decay of atomic
angular moments can be quite long, especially when hyperfine splitting due to the
nuclear spin is involved.

A number of important applications have emerged from these studies, such as
gyroscopes and hypersensitive magnetometers, but in my opinion, the knowledge ob-
tained is even more valuable. The detailed understanding of various atomic processes
and of many aspects of the interaction between light and matter was pertinent to the
future developments, e.g., for laser physics.

The first experiment on the optical spin orientation of electrons in a semiconduc-
tor (Si) was done by Georges Lampel [5] in 1968, as a direct application of the ideas
of optical pumping in atomic physics. The greatest difference, which has important
consequences, is that now these are the free conduction band electrons (or holes)
that get spin-polarized, rather than electrons bound in an atom. This pioneering work
was followed by extensive experimental and theoretical studies mostly performed by
small research groups at Ioffe Institute in St. Petersburg (Leningrad) and at Ecole
Polytéchnique in Paris in the 1970s and early 1980s. At the time this research met
with almost total indifference by the rest of the physics community.

1.2 Spin Interactions

This section serves to enumerate the possible types of spin interactions that can be
encountered in a semiconductor.

The existence of an electron spin, s = 1/2, and the associated magnetic moment
of the electron, µ = eh̄/2mc, has many consequences, some of which are very
important and define the very structure of our world, while others are more subtle, but
still quite interesting. Below is a list of these consequences in the order of decreasing
importance.

1.2.1 The Pauli Principle

Because of s = 1/2, the electrons are fermions, and so no more than one elec-
tron per quantum state is allowed. Together with Coulomb law and the Schrödinger
equation, it is this principle that is responsible for the structure of atoms, chemical
properties, and the physics of condensed matter, biology included. It is interesting
to speculate what would our world look like without the Pauli principle and whether
any kind of life would be possible in such a world! Probably, only properties of
the high-temperature, fully ionized plasma would remain unchanged. Note that the
Pauli exclusion principle is not related to any interaction: if we could switch off the
Coulomb repulsion between electrons (but leave intact their attraction to the nuclei),
no serious changes in atomic physics would occur, although some revision of the
Periodic Table would be needed.

Other manifestations of the electronic spin are due to interactions, either electric
(the Coulomb law) or magnetic (related to the electron magnetic moment µB ).
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1.2.2 Exchange Interaction

It is, in fact, the result of the electrostatic Coulomb interaction between electrons,
which becomes spin-dependent because of the requirement that the wave function
of a pair of electrons be anti-symmetric with respect to the interchange of electron
coordinates and spins. If the electron spins are parallel, the coordinate part of the
wave function should be antisymmetric: ψ↑↑(r2, r1) = −ψ↑↑(r1, r2), which means
that the probability that two electrons are very close to each other is small compared
to the opposite case, when the spins are antiparallel and accordingly their coordinate
wave function is symmetric. Electrons with parallel spins are then better separated in
space, so that their repulsion is less and consequently the energy of the electrostatic
interaction for parallel spins is lower.

The exchange interaction is responsible for ferromagnetism. In semiconductors,
it is normally not of major importance, except for magnetic semiconductors (like
CdMnTe) and for the semiconductor-ferromagnet interface.

1.2.3 Spin–Orbit Interaction

If an observer moves with a velocity v in an external electric field E, he will see a
magnetic field B = (1/c)E × v, where c is the velocity of light. This magnetic field
acts on the electron magnetic moment. This is the physical origin of the spin–orbit
interaction,1 the role of which strongly increases for heavy atoms (with large Z).
The reason is that there is a certain probability for the outer electron to approach
the nucleus and thus to see the very strong electric field produced by the unscreened
nuclear charge +Ze at the center. Due to the spin–orbit interaction, any electric field
acts on the spin of a moving electron.

Being perpendicular both to E and v, in an atom the vector B is normal to the
plane of the orbit, thus it is parallel to the orbital angular momentum L. The energy
of the electron magnetic moment in this magnetic field is ±µBB depending on the
orientation of the electron spin (and hence its magnetic moment) with respect to B

(or to L).2

1 It is often stated that the origin of the spin–orbit interaction is relativistic and quantum-
mechanical. This is true in the sense that it can be derived from the relativistic Dirac equation
by keeping terms on the order of 1/c2. However, the above formula B = (1/c)E × v is not

relativistic: one does not need the theory of relativity to understand that, when moving with
respect to a stationary charge, a current, and hence a magnetic field will be seen. Given that
the electron has a magnetic moment, the spin–orbit interaction follows directly. It is also not
really quantum-mechanical: a classical object having a magnetic moment would experience
the same interaction. The only place where quantum mechanics enters is the value of the
electron magnetic moment and, of course, the fact that the electron spin is 1/2.
2 In fact the interaction energy derived in this simple-minded way should be cut in half

(the “Thomas’s one half” [6]) if one takes properly into account that, because of the electron
acceleration in the electric field of the nucleus, its moving frame is not inertial. This finding,
made in 1926, resolved the factor of 2 discrepancy between the measured and previously
calculated fine structure splittings.
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Thus the spin–orbit interaction can be written as A(LS), the constant A depend-
ing on the electron state in an atom. This interaction results in a splitting of atomic
levels (the fine structure), which strongly increases for heavy atoms.3

In semiconductors, the spin–orbit interaction depends not only on the velocity of
the electron (or its quasi-momentum), but also on the structure of the Bloch functions
defining the motion on the atomic scale. As in isolated atoms, it defines the values of
the electron g-factors. More details can be found in [7].

Spin–orbit interaction is key to the subject of this book as it enables optical spin
orientation and detection (the electrical field of the light wave does not interact di-
rectly with the electron spin). It is (in most cases) responsible for spin relaxation.
And finally, it makes the transport and spin phenomena inter-dependent.

1.2.4 Hyperfine Interaction with Nuclear Spins

This is the magnetic interaction between the electron and nuclear spins, which may
be quite important if the lattice nuclei in a semiconductor have non-zero spin (like in
GaAs). If the nuclei get polarized, this interaction is equivalent to the existence of an
effective nuclear magnetic field acting on electron spins. The effective field of 100%
polarized nuclei in GaAs would be several Tesla!

Because the nuclear magnetic moment is so small (2 000 times less than that of
the electron) the equilibrium nuclear polarization at the (experimentally inaccessible)
magnetic field of 100 T and a temperature of 1 K would be only about 1%. However,
much higher degrees of polarization may be easily achieved through dynamic nuclear

polarization due to a hyperfine interaction with non-equilibrium electrons.
Experimentally, non-equilibrium nuclear polarization of several percent is easily

achieved, recently values up to 50% were observed (see Chap. 11).
Similar to the spin–orbit interaction, the hyperfine interaction may be expressed

in the form A(IS) (the Fermi contact interaction), where I is the nuclear spin, S is
the electron spin, and the hyperfine constant A is proportional to |ψ(0)|2, the square
of the electron wave function at the location of the nucleus.

Like spin–orbit interaction, the hyperfine interaction strongly increases in atoms
with large Z, and for the same reason. An s-electron in an outer shell has a certain
probability to be at the center of the atom, where the nucleus is located, and the
nearer it is to the center, the less the nucleus is shielded by the inner electrons. Thus
the electron wave function of an s-electron will have a sharp spike in the vicinity of
the nucleus. For example, for the In atom the value of |ψ(0)|2 is 6 000 times larger
than in the hydrogen atom.

For p-states, and generally for states with l �= 0, the Fermi interaction does not
work, since ψ(0) = 0, and the electron and nuclear spins are coupled by the much
weaker dipole–dipole interaction.

3 Interestingly, general relativity predicts spin–orbit effects (on the order of (v/c)2) in the
motion of planets. Thus the “spin” of the Earth should make a slow precession around its
orbital angular momentum.
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1.2.5 Magnetic Interaction

This is the direct dipole–dipole interaction between the magnetic moments of a pair
of electrons. For two electrons located at neighboring sites in a crystal lattice this
gives an energy on the order of 1 K. This interaction is normally too weak to be of
any importance in semiconductors.

1.3 Basics of Semiconductor Physics

A semiconductor is an insulator with a relatively small forbidden gap and shallow
energy levels of electrons bound to impurities. The main feature of a semiconductor
is its extreme sensitivity to impurities: a concentration of impurities like one per
million of host atoms may determine the electrical conductivity and its temperature
dependence.

1.3.1 Electron Energy Spectrum in a Crystal

The potential energy of an electron in a crystal is periodic in space. The most im-
portant consequence of this is that the energy spectrum consists of allowed and for-
bidden energy bands, and that the electron states can be characterized by its quasi-
momentum p (or quasi-wave vector k = p/h̄). The energy in an allowed band is a
periodic function of k, so it may be considered only in a certain region of k-space
called the first Brillouin zone. The number of states in an allowed band is equal
to twice the number of elementary cells in the crystal (the doubling is due to spin).
Thus the energy spectrum is given by the dependence of energy on quasi-momentum,
E(p), for all the allowed bands.

In insulators and pure semiconductors at zero temperature a certain number of
the lowest allowed bands are completely filled with electrons (according to the Pauli
principle), while the higher bands are empty. In most cases only the upper filled band
(valence band) and the first empty band (conduction band) are of interest. The con-
duction and valence bands are separated by a forbidden energy gap of width Eg. In
semiconductors the value of Eg may vary from zero (so-called gapless semiconduc-
tors, like HgTe) to about 2–3 eV. For Si Eg ≈ 1.1 eV, for GaAs Eg ≈ 1.5 eV.

1.3.2 Effective Masses of Electrons and Holes

The important property of semiconductors is that the number of free carriers (elec-
trons in the conduction band or holes in the valence band) is always small compared
to the number of atoms. The carriers are produced either by thermal excitation,
in which case one has an equal number of electrons and holes, or by doping (see
Sect. 1.3.4). Whatever the case, the carrier concentration never exceeds 1020 cm−3

(normally much less than that), while the number of states per cm3 in a given band
is on the order of 1022, which is also a typical electron concentration in a metal. This
means that electrons occupy only a very small fraction of the conduction band where
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their energy is lowest (and holes occupy only a very small fraction of the valence
band). Consequently, when dealing with a semiconductor, we should be mostly in-
terested in the properties of the energy spectrum in the vicinity of the minimum of
the function E(p) for the conduction band and in the vicinity of its maximum for
the valence band. If these extrema correspond to the center of the Brillouin zone
(p = 0), as it is the case for GaAs and many other materials, then for small p the
function E(p) should be parabolic:

Ec =
p2

2mc
for the conduction band,

Ev = −
p2

2mv
for the valence band.

Here mc and mv are the effective masses of electrons and holes, respectively. The
effective masses may differ considerably from the free electron mass m0, for example
in GaAs mc = 0.067m0. Generally, the extrema of E(p) do not necessarily occur at
the center of the Brillouin zone, also the effective mass may be anisotropic, i.e., have
different values for different directions in the crystal.

1.3.3 The Effective Mass Approximation

The effective masses were initially introduced just as convenient parameters to de-
scribe the curvature of the E(p) parabolic dependence in the vicinity of its minimum
or maximum. However this concept has a more profound meaning. In many cases we
are interested in what happens to an electron, or a hole, under the action of some ex-
ternal forces due to, for example, electric and magnetic fields, deformation of the
crystal, etc.

It can be shown, that if the spatial variation of these forces is much slower
than that of the periodic crystal potential and if the carrier energy remains small
compared to the forbidden gap, Eg, we can forget about the existence of the pe-
riodic potential and consider our electrons (or holes) as free particles moving in
this external field. The only difference is that they have an effective mass, not the
free electron mass. Thus the classical motion of a conduction electron in an elec-
tric field E and a magnetic field B is described by the conventional Newton’s law:
mc d2r/dt2 = −eE − (e/c)v × B. In particular, the cyclotron frequency of an elec-
tron rotating in a magnetic field is determined by the effective mass mc, and this gives
a valuable method of determining the effective masses experimentally (the cyclotron
resonance).

If quantum treatment is needed, one can use the Schrödinger equation for an
electron in the external field with its effective mass, forgetting about the existence of
the crystal periodic potential.

Clearly, the validity of the effective mass approximation simplifies enormously
the understanding of various physical phenomena in semiconductors.
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1.3.4 Role of Impurities

Consider a crystal of germanium in which each atom is linked to its first neighbors
by 4 tetrahedral bonds (Ge is an element of column IV of the Periodic Table, it has
four electrons to form bonds). Replace one of the host atoms by an atom of As, which
belongs to column V. Arsenic will give four of its valence electrons to participate in
bonding, and give its remaining fifth electron to the conduction band of the crystal.
Thus, arsenic is a donor for germanium. The extra electron can travel far away from
the donor, which then has a positive charge. Alternatively, the electron may be bound
by the positive charge of the donor forming a hydrogen-like “atom”.

If the binding energy is small compared to Eg, and if the effective Bohr radius
a∗

B is large compared to the lattice constant, this bound state can be studied using the
effective mass approximation described in the previous section. This means that we
can use the theory of the hydrogen atom and simply replace in all final formulas the
free electron mass m0 by the effective mass mc. There is also another simple modifi-
cation, which takes into account the static dielectric constant of the material, ǫ. The
Coulomb potential energy of two opposite charges in vacuum is −e2/r , while inside
a polarizable medium it should be replaced by −e2/(ǫr). The ionization energy and
the Bohr radius for the hydrogen atom are, respectively: E0 = m0e

4/(2h̄) = 13.6 eV,
aB = h̄2/(m0e

2) ∼ 10−8 cm. To obtain the corresponding values for an elec-
tron bound to a donor in a semiconductor, we make the replacements: m0 → mc,
e2 → e2/ǫ.

Suppose, for example, that mc = 0.1m0 and ǫ = 10, which are typical values for
a semiconductor. Then our electron bound to a donor will have an ionization energy
smaller by a factor of 1000 (E∗

0 ∼ 10 meV) and an effective Bohr radius larger by
a factor of 100 (a∗

B ∼ 10 nm) than the corresponding values for a hydrogen atom.
This justifies the validity of the effective mass approximation. It is interesting that
within the electron orbit there are roughly 105 host atoms! The electron simply does
not see these atoms, their only role being to change the free electron mass to mc.
Because of the small value of the binding energy E∗

0 , the donor is very easily ionized
at moderate temperatures.

Conversely, if we replace the Ge atom by a group III impurity, like gallium,
which has three valence electrons, it will take the fourth electron, needed to form the
tetrahedral bonds, from the Ge valence band. Then the Ga acceptor will become a
negatively charged center and a positively charged hole will appear in the valence
band. Now the same story applies to the hole: it can either be free, or it may be
bound to the negative acceptor forming a hydrogen-like state. It is the effective mass
of the hole, mv, which will now define the ionization energy and the effective Bohr
radius. Since in most cases mv > mc, the acceptor radius is normally smaller that the
donor radius, and the ionization of acceptors occurs at higher temperatures. Some
complications of this simple picture arise if the effective mass is anisotropic.

Semiconductors are always, either intentionally or non-intentionally, doped by
impurities and may be n-type or p-type depending on the dominant impurity type.
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1.3.5 Excitons

An exciton in a semiconductor is a bound state of an electron and hole. It is again
a hydrogen-like system with properties similar to an electron bound to a donor im-
purity. The important difference is that an exciton as a whole can move inside the
crystal. Another difference is that excitons practically never exist in conditions of
equilibrium. Usually they are created by optical excitation. Excitons have a certain
lifetime with respect to recombination, during which the bound electron–hole pair
annihilates. They can be seen as an absorption line somewhat below Eg.

1.3.6 The Structure of the Valence Band. Light and Heavy Holes

The allowed bands in crystals may be thought of as originating from discrete atomic
levels, which are split to form a band when isolated atoms become close to each other.
However atomic levels are generally degenerate, i.e., there may be several distinct
states having the same energy. This degeneracy may have important consequences
for the band energy spectrum of a crystal.

Neglecting Spin–Orbit Interaction

We now restrict the discussion to cubic semiconductors and at first do not consider
spin effects. The p = 0 conduction band state is s-type (l = 0), the corresponding
valence band state is p-type (l = 1) and is triply degenerate (ml = 0,±1). Here l is
the atomic orbital angular momentum, and ml is its projection on an arbitrary axis.
The problem is to construct an effective mass description of the valence band struc-
ture taking into account this threefold degeneracy. This may be done using symme-
try considerations: we have a vector p and a pseudo-vector of angular momentum L

(which is a set of 3 × 3 matrices Lx , Ly , and Lz, corresponding to l = 1, Lz is a
diagonal matrix with eigenvalues 1, 0, and −1), and a scalar Hamiltonian should be
constructed, which must be quadratic in p.

If we require invariance under rotations, the only possibility is the Luttinger
Hamiltonian [8]:

H = Ap2
I + B(pL)2, (1.1)

where A and B are arbitrary constants, I is a unit 3 × 3 matrix.
Thus the Hamiltonian H is also a 3 × 3 matrix, and the energy spectrum in the

valence band should be found by diagonalizing this matrix. We can greatly simplify
this procedure by noting that the choice of the axes x, y, z is arbitrary. Accordingly,
we can choose the direction of the z-axis along the vector p (naturally, the final
result does not depend on how the axes are chosen). Then (pL)2 = p2L2

z , so that H

becomes diagonal with eigenvalues

Eh(p) = (A + B)p2 for Lz = ±1, El(p) = Ap2 for Lz = 0.

Thus the valence band energy spectrum has two parabolic branches, Eh(p) and
El(p), the first one being two-fold degenerate. We can now introduce two effec-
tive masses, mh and ml, by the relations: A + B = 1/(2mh) and A = 1/(2ml) and
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say that we have two types of holes in the valence band, the light and heavy holes
(usually B < 0, but A + B > 0). The difference between these particles is that the
heavy hole has a projection of its orbital momentum L on the direction of p (helicity)
equal to ±1, while the light hole has a projection equal to 0.

Effects of Spin–Orbit Interaction

If we now include spin but do not take into account the spin–orbit interaction, this
will simply double all the states, both in the conduction band and in the valence
band. However the spin–orbit interaction essentially changes the energy spectrum of
the valence band.

We start again with the atomic states from which the bands originate. The spin–
orbit interaction results in an additional energy proportional to (LS) (see Sect. 1.2.3).
Because of this, L and S are no longer conserved separately, but only the total angu-
lar momentum J = L + S.

The eigenvalues of J 2 are j (j + 1) with |l − s| ≤ j ≤ l + s. Thus the state with
l = 0 (from which the conduction band is built) is not affected (j = s = 1/2), while
the state with l = 1 (from which the valence band is built) is split into two states
with j = 3/2 and j = 1/2. In atomic physics this splitting leads to the fine structure
of spectral lines.

The symmetry properties of band states at p = 0 are completely similar to those
of the corresponding atomic states. Thus for p = 0 we must have a four-fold de-
generate state (j = 3/2, Jz = +3/2, +1/2, −1/2, −3/2), which is separated by an
energy distance ∆, the spin–orbit splitting, from a doubly degenerate state (j = 1/2,
Jz = +1/2, −1/2). The conduction band remains doubly degenerate. The value of
∆ is small for materials with light atoms, like Si, and may be quite large (comparable
to Eg) in semiconductors composed of heavy atoms, like InSb (see Sect. 1.2.3). In
GaAs ∆ ≈ 0.3 eV.

To see what happens to the j = 3/2 state for p �= 0 for energies E(p) ≪ ∆

we construct the Luttinger Hamiltonian in a way quite similar to the procedure in
the previous section. The only difference is that the 3 × 3 matrices Lx , Ly , and Lz,
corresponding to l = 1, should now be replaced by 4 × 4 matrices Jx , Jy , and Jz,
corresponding to j = 3/2:

H = Ap2
I + B(pJ )2, (1.2)

where now I is a unit 4 × 4 matrix, the matrix Jz is diagonal with eigenvalues 3/2,
1/2, −1/2, and −3/2.

Proceeding as above, we obtain the spectrum of the heavy and light holes, which
is valid for energies much less than ∆:

Eh(p) =
(

A +
9B

4

)

p2 =
p2

2mh
(Jz = ±3/2) heavy hole band;

El(p) =
(

A +
B

4

)

p2 =
p2

2ml
(Jz = ±1/2) light hole band.
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Both bands are doubly degenerate. Heavy holes have projection of the angular mo-
mentum J on the direction of p (or helicity) equal to ±3/2, while for light holes
the helicity is ±1/2. Normally B < 0, but A + 9B/4 > 0, so that both masses are
positive.

The combined description of all three bands (light, heavy, and split-off) on the
energy scale ∆ ∼ E(p) ≪ Eg, including effects of non-parabolicity, can be found
in [9].

Gapless Semiconductors

Interestingly, the signs of the expressions A + 9B/4 and A + B/4 may be opposite,
which is the case of the so-called gapless semiconductors, like HgTe. In these mate-
rials the light hole mass becomes negative, so that this band becomes a conduction
band. The conduction band and the valence band (which now consists of heavy holes
only) are degenerate at p = 0, so that the energy gap is absent.

Warping of the Iso-energetic Surfaces

Also, it should be noted that the Luttinger Hamiltonian (1.2) presents the so-called
spherical approximation: it is invariant under arbitrary rotations. In a cubic crystal
the symmetry is generally lower. Thus the true Luttinger Hamiltonian should have a
more general form:

H = Ap2
I + B(pJ )2 + C

(

J 2
x p2

x + J 2
y p2

y + J 2
z p2

z

)

, (1.3)

where now the x, y, z axes are not arbitrary, they coincide with the crystallographic
axes. The last term makes the iso-energetic surfaces of light and heavy holes aniso-
tropic, so that the energy branches Eh(p) and El(p) will not have the simple par-
abolic form given above. (A similar term should be added to (1.1).)

Oddities in the Behavior of Light and Heavy Holes

In the valence band the “spin” of light and heavy holes is tightly bound to their
momentum, and this has many interesting consequences. If some external forces
exist, the light and heavy hole states generally become mixed. A simple example is
the reflection from an interface.

Suppose that a heavy hole is incident on an ideal flat potential wall. If the inci-
dence is normal, nothing very interesting happens, except that the initial state with
helicity +3/2 (angular momentum J parallel to p) will be transformed after reflec-
tion into a state with opposite helicity: −3/2. This can be explained by noting that
while the initial momentum p changes sign under reflection, the internal angular
momentum remains unchanged.

However for an arbitrary angle of incidence the same reasoning tells us that the
reflected heavy hole will have a certain arbitrary angle between J and p. But such
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Fig. 1.1. Band structure of GaAs near the center of the Brillouin zone p = 0. c: conduction
band; hh: heavy hole band; lh: light hole band; so: split-off band

free states do not exist! This means that the incident heavy hole will be partly trans-
formed into the light hole. (A similar phenomenon of transformation between or-
dinary and the extraordinary waves during reflection is known in optics of uniaxial
crystals.)

One can reconsider all the textbook problems of quantum mechanics (potential
well, tunnel effect, the hydrogen problem, movement in magnetic field, etc.) for a
particle, described by the Luttinger Hamiltonian; and these exercises reveal the rather
bizarre physics of light and heavy holes in a semiconductor.

1.3.7 Band Structure of GaAs

The above considerations lead to the band structure presented in Fig. 1.1. Near the
center of the Brillouin zone there is a simple isotropic conduction band, which is dou-
bly degenerate in spin (for the moment we neglect the spin splitting, see Sect. 1.4.2).
The valence band, consists of the sub-bands of light and heavy holes, which are
anisotropic (see Sect. 1.3.6), and the isotropic split-off band, which are all doubly
degenerate.

1.3.8 Photo-generation of Carriers and Luminescence

In the process of interband absorption of a photon with energy h̄ω > Eg in a semi-
conductor, an electron in the conduction band and a hole in the valence band are gen-
erated. During the process the (quasi)momentum is conserved, however the photon
momentum h̄k = 2πh̄/λ, where λ is the photon wavelength, is very small (com-
pared, for example, to the electron thermal momentum) and normally may be ne-
glected.
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In this approximation the optical transitions are vertical: to see what happens, we
must simply apply a vertical arrow of length h̄ω to Fig. 1.1, so that the arrow touches
one of the valence bands and the conduction band. The ends of the arrow will give us
the initial energies of the generated electrons and holes. An electron may be created
in company with a heavy hole, or a light hole; for h̄ω > Eg + ∆ the electron–hole
pair can also involve a hole in the split-off band. Note, that for a given photon energy
the initial electron energy will be different for these three processes.

The photoexcited carriers live some time τ before recombination, which may be
radiative (i.e., accompanied by photon emission, which results in luminescence), or
non-radiative. In direct-band semiconductors, like GaAs, the recombination is pre-
dominantly radiative with a lifetime on the order of 1 ns.

It is important to realize that this time is normally very long compared to the
carriers thermalization time. Thermalization means energy relaxation of carriers in
their respective bands due to phonon emission and absorption, which results in an
equilibrium Boltzmann (or Fermi, depending on temperature and concentration) dis-
tribution function of electrons and holes. Thermal equilibrium between electrons and
holes is established by recombination, on the time scale τ .

Because the recombination time τ is so long compared to the energy relaxation
time, the luminescence is produced mostly by thermalized carriers and the emitted
photons have energies close to the value of Eg, irrespective of the energy of exciting
photons.4

It should be noted that semiconductors are normally either intentionally, or non-
intentionally doped by impurities. In a p-type semiconductor at moderate excitation
power the number of photo-generated holes is small compared to the number of
equilibrium holes, so that the photo-created electron will recombine with these equi-
librium holes, rather than with photo-generated ones.

1.3.9 Angular Momentum Conservation in Optical Transitions

This section is most important for our subject. Along with energy and momentum
conservation, the conservation of the angular momentum is a fundamental law of
physics. Just like particles, electromagnetic waves have angular momentum. Photons
of right or left polarized light have a projection of the angular momentum on the
direction of their propagation (helicity) equal to +1 or −1, respectively (in units
of h̄). Linearly polarized photons are in a superposition of these two states.

When a circularly polarized photon is absorbed, this angular momentum is dis-
tributed between the photo-excited electron and hole according to the selection rules
determined by the band structure of the semiconductor. Because of the complex na-
ture of the valence band, this distribution depends on the value of the momentum of
the created electron–hole pair (p and −p). However, it can be shown that if we take
the average over the directions of p, the result is the same as in optical transitions

4 A small part of the excited electrons can emit photons before losing their energy by ther-
malization. The studies of the spectrum and polarization properties of this so-called hot lumi-

nescence reveal interesting and unusual physics, see [10, 11].
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Fig. 1.2. Optical transitions between levels with j = 3/2 and j = 1/2 (the bands of light
and heavy holes, and the split-off band) and the levels with j = 1/2 (the conduction band)
during an absorption of a right-polarized photon. The probability ratio for the three transitions
is 3:2:1

between atomic states with j = 3/2, mj = −3/2, −1/2, +1/2, +3/2 (corresponding
to bands of light and heavy holes) and j = 1/2, mj = −1/2, +1/2 (corresponding
to the conduction band), see Sect. 1.4.1 below.

Possible transitions between these states, as well as between states in the split-off
band and the conduction band, for absorption of a right circularly polarized photon
with corresponding relative probabilities are presented in Fig. 1.2. Note, that if we
add up all transitions, which is the correct thing to do if the photon energy sufficiently
exceeds Eg +∆ the two spin states in the conduction band will be populated equally.
This demonstrates the role of spin–orbit interaction for optical spin pumping, see [9,
14] for the details of photon energy dependence of the spin polarization.

1.3.10 Low Dimensional Semiconductor Structures

The development of semiconductor physics in the last two decades is mainly related
to studies of artificially engineered low dimensional semiconductor structures, two-
dimensional (quantum wells), one-dimensional (quantum wires), and zero-dimen-
sional (quantum dots). By growing a structure consisting of a thin semiconductor
layer, for example GaAs, surrounded by material with a larger band gap, for example
a solid solution GaAlAs, one obtains a potential well for electrons (and for holes)
with a typical width of 20–200 Å.

Thus the first problem in quantum mechanics courses, a particle in a one-dimen-
sional rectangular potential well, which since 1926 was tackled by generations of
students as the simplest training exercise, has finally become relevant to some reality!

Energy Spectrum of Electrons and Holes in a Quantum Well

The motion in the direction perpendicular to the layer (the growth direction), z, is
quantized in accordance with textbooks, while the motion in the plane of the layer xy

is unrestrained. Thus the energy spectrum of an electron in a quantum well consists
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Fig. 1.3. The energy spectrum E(k) of holes (left) and of carriers in a gapless semiconduc-
tor (right) in an infinite rectangular quantum well within the spherical approximation [12].
Dashed lines represent the spectrum that would exist if the two types of carriers were inde-
pendent particles

of two-dimensional sub-bands: En(p) = E0
n + p2/(2m), where E0

n are the energy
levels for the one-dimensional motion in the z direction, p is the two-dimensional
(quasi)momentum in the xy plane, and m is the electron effective mass.

In most cases the electron concentration in the well is such that only the lowest
sub-band is occupied. The motion of such electrons is purely two-dimensional (2D).
One important consequence is that in an applied magnetic field perpendicular to the
2D plane the spectrum becomes discrete: it consists of Landau levels. A magnetic
field parallel to the 2D plane has no effect on the orbital motion of electrons, however
it has the usual influence on their spins.

For the case of holes in a quantum well, the problem is not so simple. For p =
0 one has two independent ladders of levels for heavy and light holes, given (for
an infinite well) by the textbook formula E0

n = (πnh̄)2/(2ma2), where m is the
respective effective mass, a is the well width, and n = 1, 2, 3, . . . . However, for
p �= 0 the spectrum is determined by the mutual transformations of light and heavy
holes during reflections from the potential walls, see Sect. 1.3.6.

Figure 1.3 shows the spectrum of holes and of carriers in a gapless semiconductor
in an infinite quantum well calculated in [12] within the spherical approximation
(1.2).5

Especially interesting is the case of a gapless semiconductor. In a quantum well,
a gap will obviously appear due to quantization of the transverse motion. Naively,
one would expect this gap to be E0

e1 − E0
h1 = (1/2)(πh̄/a)2/(1/me − 1/mh), i.e.,

mostly determined by the small electron mass. In fact, this is not true, because the

5 More accurately, one should use the Hamiltonian in (1.3), which takes care of the warping
of iso-energetic surfaces. In fact, the energy spectrum depends on the growth direction, and
on the orientation of the vector p in the xy plane with respect to the crystal axes. However the
general properties of the spectrum are the same.
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h1 sub-band, originating from the first hole level at p = 0, becomes electronic (see
Fig. 1.3). Thus the gap is ≈me/mh ∼ 1/10 times smaller than expected.

For pa/h̄ ≫ 1 the first electronic sub-band h1 corresponds to surface states

localized near the well boundaries. Such states should exist also near the surface of
a bulk gapless semiconductor [13].

In fact, it is not even necessary to have a sandwich structure to obtain 2D elec-
trons. A simple interface between two different materials plus an electric field of
ionized donors gives the same effect, except that now the quantum well is not rec-
tangular, but more like triangular, and that its shape depends on the electron concen-
tration.

The heterostructure design allows to accomplish what was impossible in bulk
semiconductors: a spatial separation of the electrons and the donors, from which they
originate. The technique of delta doping provides a 2D electron gas with previously
unimaginable mobilities on the order of 107 V/cm2 s.

Quantum Dots

Quantum dots are zero-dimensional structures, a sort of large artificial atoms. Under
certain growth conditions, self-assembled quantum dots appear spontaneously. Typ-
ically, they have the form of a flat cake with a hight ∼30 Å and a base diameter of
∼300 Å. They are embedded in a different material, so that there is a large potential
barrier at the interface.

Normally, samples contain an ensemble of many quantum dots with varying pa-
rameters, however special techniques allow us to deal with individual dots. Like in
an atom, the energy spectrum is discrete. A quantum dot may contain a few electrons
or holes.

1.4 Overview of Spin Physics in Semiconductors

The basic ideas concerning spin phenomena in semiconductors were developed both
theoretically and experimentally more than 30 years ago. Some of these ideas have
been rediscovered only recently. A review of non-equilibrium spin physics in bulk
semiconductors can be found in [14], as well as in other chapters of the Optical

Orientation book.

1.4.1 Optical Spin Orientation and Detection

To date, the most efficient way of creating non-equilibrium spin orientation in a
semiconductor is provided by an interband absorption of circularly polarized light.

It can be seen from Fig. 1.2 that for Eg < h̄ω < Eg + ∆ absorption produces
an average electron spin along the direction of excitation equal to (−1/2)(3/4) +
(+1/2)(1/4) = −1/4 and an average hole spin equal to +5/4, with a sum +1, equal
to the angular momentum of the absorbed right circularly polarized photon. Thus in a
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p-type semiconductor the degree of spin polarization of the photo-excited electrons
will be −50%; the minus sign indicating that the spin orientation is opposite to the
angular momentum of incident photons.

If our electron immediately recombines with its partner hole, a 100% circularly
polarized photon will be emitted. However in a p-type semiconductor electrons will
predominantly recombine with the majority holes, which are not polarized. Then the
same selection rules show that the circular polarization of luminescence should be
P0 = 25%, if the holes are not polarized, and if no electron spin relaxation occurs
during the electron lifetime τ , i.e., if τs ≫ τ . Generally, the degree P of circular
polarization of the luminescence excited by circularly polarized light is less than P0:

P =
P0

1 + τ/τs
. (1.4)

In an optical spin orientation experiment a semiconductor (usually p-type) is excited
by circularly polarized light with h̄ω > Eg. The circular polarization of the lumi-
nescence is analyzed, which gives a direct measure of the electron spin polarization.
Actually, the degree of circular polarization is simply equal to the average electron
spin. Thus various spin interactions can be studied by simple experimental means.
The electron polarization will be measured provided the spin relaxation time τs is
not very short compared to the recombination time τ , a condition, which often can
be achieved even at room temperature.

1.4.2 Spin Relaxation

Spin relaxation, i.e., disappearance of initial non-equilibrium spin polarization, is the
central issue for all spin phenomena. Spin relaxation can be generally understood as
a result of the action of fluctuating in time magnetic fields. In most cases, these are
not real magnetic fields, but rather “effective” magnetic fields originating from the
spin–orbit, or, sometimes, exchange interactions, see Sect. 1.2.

Generalities

A randomly fluctuating magnetic field is characterized by two important parameters:
its amplitude (or, more precisely, its rms value), and its correlation time, τc, i.e., the
time during which the field may be roughly considered as constant. Instead of the
amplitude, it is convenient to use the rms value of the spin precession frequency in
this random field, ω.

Thus we have the following physical picture of spin relaxation: the spin makes
a precession around the (random) direction of the effective magnetic field with a
typical frequency ω and during a typical time τc. After a time τc the direction and the
absolute value of the field change randomly, and the spin starts its precession around
the new direction of the field. After a certain number of such steps the initial spin
direction will be completely forgotten.

How this happens depends on the value of the dimensionless parameter ωτc,
which is the typical angle of spin precession during the correlation time. Two limiting
cases may be considered:
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ωτc ≪ 1 (Most Frequent Case)

The precession angle is small, so that the spin vector experiences a slow angular
diffusion. During a time t , the number of random steps is t/τc, for each step the
squared precession angle is (ωτc)

2. These steps are not correlated, so that the total
squared angle after a time t is (ωτc)

2(t/τc). The spin relaxation time may be defined
as the time at which this angle becomes of the order of 1. Hence,

1

τs
∼ ω2τc. (1.5)

This is essentially a classical formula (the Planck constant does not enter), although
certainly it can be also derived quantum-mechanically. Note, that in this case τs ≫ τc.

ωτc ≫ 1

This means that during the correlation time the spin will make many rotations around
the direction of the magnetic field. During the time on the order of 1/ω the spin
projection transverse to the random magnetic field is (on the average) completely
destroyed, while its projection along the direction of the field is conserved. At this
stage the spin projection on its initial direction will diminish three times. [Let the
random magnetic field have an angle θ with the initial spin direction. After many
rotations the projection of the spin on the initial direction will diminish as (cos θ)2.
In three dimensions, the average of this value over the possible orientations of the
random field yields 1/3.]

After time τc the magnetic field changes its direction, and the initial spin po-
larization will finally disappear. Thus in the case ωτc ≫ 1 the time decay of spin
polarization is not exponential, and the process has two distinct stages: the first one
has a duration 1/ω, and the second one has a duration τc. The overall result is τs ∼ τc.

This consideration is quite general and applies to any mechanism of spin relax-
ation. We have only to understand the values of the relevant parameters ω and τc for
a given mechanism.

Spin Relaxation Mechanisms

There are several possible mechanisms providing the fluctuating magnetic fields re-
sponsible for spin relaxation.

Elliott–Yafet Mechanism [15, 16]

The electrical field, accompanying lattice vibrations, or the electric field of charged
impurities is transformed to an effective magnetic field through a spin–orbit interac-
tion. Thus momentum relaxation should be accompanied by spin relaxation.

For phonons, the correlation time is on the order of the inverse frequency of a typ-
ical thermal phonon. Spin relaxation by phonons is normally rather weak, especially
at low temperatures.
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For scattering by impurities, the direction and the value of the random magnetic
field depends on the geometry of the individual collision (the impact parameter).
This random field cannot be characterized by a single correlation time, since it exists
only during the brief act of collision and is zero between collisions. In each act
of scattering the electron spin rotates by some small angle φ. These rotations are
uncorrelated for consequent collisions, so the average square of spin rotation angle
during time t is on the order of 〈φ2〉(t/τp), where τp is the time between collisions
and 〈φ2〉 is the average of φ2 over the scattering geometry.

Thus 1/τs ∼ 〈(φ)2〉/τp. The relaxation rate is obviously proportional to the im-
purity concentration.

Dyakonov–Perel Mechanism [9, 17]

This one is related to the spin–orbit splitting of the conduction band in non-centro-
symmetric semiconductors like GaAs (but not Si or Ge, which are centrosymmetric).
For bulk semiconductors, this splitting was first pointed out by Dresselhaus [18]. The
additional spin-dependent term in the electron Hamiltonian can be presented as

h̄Ω(p)S, (1.6)

which can be viewed as the energy of a spin in an effective magnetic field. Here
Ω(p) is a vector depending on orientation of the electron momentum with respect to
the crystal axes (xyz), such that

Ωx ∼ px

(

p2
y − p2

z

)

, Ωy ∼ py

(

p2
z − p2

x

)

, Ωz ∼ pz

(

p2
x − p2

y

)

. (1.7)

For a given p, Ω(p) is the spin precession frequency in this field. This frequency is
proportional to p3 ∼ E3/2. The effective magnetic field changes in time because the
direction of p varies due to electron collisions. Thus the correlation time is on the
order of the momentum relaxation time, τp, and if Ωτp is small, which is normally
the case, we get

1

τs
∼ Ω2τp. (1.8)

In contrast to the Elliott–Yafet mechanism, now the spin rotates not during, but be-

tween the collisions. Accordingly, the relaxation rate increases when the impurity
concentration decreases (i.e., when τp becomes longer). It happens that this mecha-
nism is often the dominant one, both in bulk AIIIBV and AIIBVI semiconductors, like
GaAs and in 2D structures (where Ω(p) ∼ p, see below).

Bir–Aronov–Pikus Mechanism [19]

This is a mechanism of spin relaxation of non-equilibrium electrons in p-type semi-
conductors due to the exchange interaction between the electron and hole spins (or,
expressing it otherwise, exchange interaction between an electron in the conduction
band and all the electrons in the valence band). This spin relaxation rate, being pro-
portional to the number of holes, may become the dominant one in heavily p-doped
semiconductors.
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Relaxation via Hyperfine Interaction with Nuclear Spins

The electron spin interacts with the spins of the lattice nuclei (see Sect. 1.4.5 below),
which are normally in a disordered state. Thus the nuclei provide a random effective
magnetic field, acting on the electron spin. The corresponding relaxation rate is rather
weak, but may become important for localized electrons, when other mechanisms,
associated with electron motion, do not work.

Spin Relaxation of Holes in the Valence Band

The origin of this relaxation is in the splitting of the valence band into sub-bands of
light and heavy holes. In this case, h̄Ω(p) is equal to the energy difference between
light and heavy holes for a given p and the correlation time is again τp. However,
in contrast to the situation for electrons in the conduction band, we have now the
opposite limiting case: Ω(p)τp ≫ 1. So, the hole spin relaxation time is on the
order of τp, which is very short. One can say that the hole “spin” J is rigidly fixed
with respect to its momentum p, and because of this, momentum relaxation leads
automatically to spin relaxation.

For this reason, normally it is virtually impossible to maintain an appreciable
non-equilibrium polarization of bulk holes. However, Hilton and Tang [20] have
managed to observe the spin relaxation (on the femtosecond time scale) of both light
and heavy holes in undoped bulk GaAs. The general theory of the relaxation of spin,
as well as helicity and other correlations between J and p, for holes in the valence
band was given in [21].

Influence of Magnetic Field on Spin Relaxation

In the presence of an external magnetic field B, the spins perform a regular preces-
sion with a frequency Ω = gµB/h̄, and one should distinguish between relaxation
of the spin component along B and the relaxation, or dephasing, of the perpendic-
ular components. In the magnetic resonance literature it is customary to denote the
corresponding longitudinal and transverse times as T1 and T2, respectively.

To understand what happens, it is useful to go to a frame rotating around B with
the spin precession frequency Ω . In the absence of random fields, the spin vector
would remain constant in the rotating frame. Relaxation is due to random fields in
the rotating frame, and obviously these fields now rotate around B with the same
frequency Ω .

Thus random fields directed along B are the same as in the rest frame, and cause
the same relaxation of the perpendicular spin components with a characteristic time
T2 ∼ τs. However the perpendicular components of the random field, which are
responsible for the relaxation of the spin component along B, do rotate. The impor-
tance of this rotation is determined by the parameter Ωτc, the angle of rotation of the
random field during the correlation time.

If Ωτc ≪ 1, then rotation is of no importance, since the random field will anyway
change its direction after a time τc. However, for Ωτc ≫ 1 the rotating random field
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will effectively average out during the correlation time, resulting in a decrease of the
longitudinal spin relaxation rate.

A simple calculation gives

1

T1
=

1

τs

1

1 + (Ωτc)2
=

ω2τc

1 + (Ωτc)2
. (1.9)

Interestingly, with increasing magnetic field the longitudinal spin relaxation rate
changes from being proportional to τc to becoming proportional to 1/τc.

Again, the classical formula (1.9) can be derived quantum mechanically. From
the quantum point of view the longitudinal relaxation is due to flips of the spin pro-
jection on B, which requires an energy gµB. Since the energy spectrum of the ran-
dom field has a width h̄/τc the process becomes ineffective when gµB ≫ h̄/τc, or
equivalently, when Ωτc ≫ 1.

Ivchenko [22] has calculated the influence of magnetic field on the Dyakonov–
Perel spin relaxation. The result coincides with (1.9) with τc = τp, except that the
spin precession frequency Ω is replaced by the (greater) electron cyclotron fre-
quency, ωc. The reason is that for this case the rotation of the vector Ω(p) is pri-
marily due to the rotation of the electron momentum p in the magnetic field.

Spin Relaxation of Two-dimensional Electrons and Holes

Usually the Dyakonov–Perel mechanism is the dominant one. However, the momen-
tum dependence of the effective magnetic field, or the vector Ω(p), is quite different.

First, because the projection of momentum perpendicular to the 2D plane is quan-
tized and fixed, and because it is usually much greater than the in-plane projections,
the spin splitting defined by (1.6) becomes linear in the in-plane momentum [23].

For the simplest case when the growth direction is (001), we must replace pz

and p2
z in (1.7) by their quantum-mechanical average values in the lowest sub-band,

which are equal to 0 and 〈p2
z 〉, respectively (for a deep rectangular well of width a,

〈p2
z 〉 = (πh̄/a)2). These considerations give

Ωx ∼ −px

〈

p2
z

〉

, Ωy ∼ py

〈

p2
z

〉

, Ωz = 0. (1.10)

We see that the effective magnetic field is linear in p and lies in the 2D plane. As a
consequence, the spin relaxation is anisotropic: the spin component perpendicular to
the plane decays two times faster than the spin in-plane components.6

Thus the spin relaxation of 2D electrons is generally anisotropic and depends on
the growth direction [23]. An interesting case is when the growth direction corre-
sponds to (110). If we now take this direction as the z axis, and take x and y axes
along the in-plane (11̄0) and (001) directions, respectively, in the same manner as
above we obtain

Ωx = 0, Ωy = 0, Ωz ∼ px . (1.11)

6 The reason is that the z projection of the spin is rotated by both x and y components of the
random field, while the x spin projection is influenced only by the y component, since the z

component of the random field is zero.
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The random effective magnetic field is now always perpendicular to the 2D
plane! Its value and sign depend only on the projection of electron momentum on
the (11̄0) direction. This means that now the relaxation times for both in-plane com-
ponents of the spin are equal, however the normal to the plane spin component does
not relax at all.7

Second, if the quantum well is asymmetric, e.g., the triangular well in a het-
erostructure, there is another source of effective magnetic field, besides that originat-
ing from the Dresselhaus term, (1.7) and (1.6). This is due to the Bychkov–Rashba
splitting [25, 26], which has the form (1.6) with

Ω(p) ∼ ER × p, (1.12)

where ER is the so-called “Rashba field”, a built-in vector oriented along the growth
direction and defined by the asymmetry of the quantum well.8 For this case Ω also
lies in the 2D plane and is perpendicular to p.

Although the Ω(p) dependence is different from the one considered above for the
(001) growth direction, the relaxation process is quite similar. However, if both types
of interactions coexist and are of the same order of magnitude, a specific anisotropy
of relaxation in the xy plane arises due to a kind of interference between the two
terms [28].

The spin structure of holes in a quantum well is also completely different that in
the bulk. More details on spin–orbit interaction in two-dimensional systems can be
found in Winkler’s book [29].

1.4.3 Hanle Effect

Depolarization of luminescence by a transverse magnetic field (first discovered by
Wood and Ellett, as described in Sect. 1.1) is effectively employed in experiments on
spin orientation in semiconductors.

The reason for this effect is the precession of electron spins around the direction
of the magnetic field. Under continuous illumination, this precession leads to the
decrease of the average projection of the electron spin on the direction of observa-
tion, which defines the degree of circular polarization of the luminescence. Thus the
degree of polarization decreases as a function of the transverse magnetic field. Mea-
suring this dependence under steady state conditions makes it possible to determine
both the spin relaxation time and the recombination time.

This effect is due to the precession of electron spins in a magnetic field B with
the Larmor frequency Ω . This precession, along with spin pumping, spin relaxation,
and recombination is described by the following simple equation of motion of the

7 In fact, the normal spin component will slowly decay because of the small cubic in p terms,
which were neglected in deriving (1.10) and (1.11). Experimentally, a ∼20 times suppression
of spin relaxation in (110) quantum wells is observed.
8 The corresponding term in the Hamiltonian of 2D electrons was previously derived by

Vasko [27].
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average spin vector S:

dS

dt
= Ω × S −

S

τs
−

S − S0

τ
, (1.13)

where the first term on the rhs describes spin precession in a magnetic field (Ω =
gµB/h̄), the second term describes spin relaxation, and the third one describes gen-
eration of spin by optical excitation (S0/τ ) and recombination (−S/τ ). The vector
S0 is directed along the exciting light beam, its absolute value is equal to the initial
average spin of photo-created electrons.

In the stationary state (dS/dt = 0) and in the absence of a magnetic field, one
finds

Sz(0) =
S0

1 + τ/τs
, (1.14)

where Sz(0) is the projection of the spin on the direction of S0 (z-axis). Since Sz(0)

is equal to the degree of polarization of the luminescence (Sect. 1.4.1), this formula
is equivalent to the expression for P in (1.4). In the presence of magnetic field trans-
verse to S0 we obtain

Sz(B) =
Sz(0)

1 + (Ωτ ∗)2
,

1

τ ∗ =
1

τ
+

1

τs
. (1.15)

The effective time τ ∗ defines the width of the depolarization curve. Thus the spin
projection Sz (and hence the degree of circular polarization of the luminescence) de-
creases as a function of the transverse magnetic field. Combining the measurements
of the zero-field value P = Sz(0) and of the magnetic field dependence in the Hanle
effect, we can find the two essential parameters: the electron lifetime, τ , and the spin
relaxation time, τs, under steady-state conditions.

If polarized electrons are created by a short pulse, time-resolved measurements
reveal, very impressively, the damped spin precession around the direction of mag-
netic field [30], which follows from (1.13) for a given initial spin value.

1.4.4 Mutual Transformations of Spin and Charge Currents

Because of spin–orbit interaction, charge and spin transport are interconnected: an
electrical current produces a transverse spin current and vice versa [31, 32]. In recent
years this has become a subject of considerable interest and intense research, both
experimental and theoretical, see Chap. 8.

One of the new phenomena, predicted in [31, 32] and now called the Spin Hall
Effect, consists of the current-induced spin accumulation at the boundaries of a con-
ductor. The spins are perpendicular to the direction of the electric current and have
opposite signs on the opposing boundaries.9 Accumulation occurs on the spin diffu-
sion length Ls =

√
Dτs, where D is the diffusion coefficient. Typically Ls is on the

order of 1 µm.

9 This is reminiscent of what happens in the normal Hall effect, where charges of opposite
sign accumulate at the boundaries because of the Lorentz force.
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Inversely, a spin current, due for example to the inhomogenuity of the spin den-
sity, generates an electric current. More precisely, there is an electric current propor-
tional to curl S (the Inverse Spin Hall Effect). This effect was found experimentally
for the first time by Bakun et al. [33].

In gyrotropic crystals a current can be induced by a homogeneous non-equilib-
rium spin density, as it was shown theoretically by Ivchenko and Pikus [34] and by
Belinicher [35]. The first experimental demonstration of this effect was reported in
[36]. Inversely, an electric current will generate a uniform spin polarization.

Thus, generally, an electric current can induce spin accumulation at the bound-
aries, or a uniform spin polarization, or both effects simultaneously. Reciprocal ef-
fects exist too.

Phenomenologically, all these effects (including the well-known anomalous Hall
effect [37]) can be derived from pure symmetry considerations, according to the gen-
eral principle: everything, that is not forbidden by symmetry or conservation laws,

will happen. In an isotropic media with inversion symmetry, the only building block
is the unit antisymmetric tensor ǫijk . If the symmetry is lower, there will be other
tensors, that the theory may use. The microscopic theory should provide the physi-
cal mechanism of the phenomenon under consideration, as well as the values of the
observable quantities. More details can be found in Chaps. 8 and 9.

1.4.5 Interaction between the Electron and Nuclear Spin Systems

The non-equilibrium spin-oriented electrons can easily transmit their polarization to
the lattice nuclei, thus creating an effective magnetic field. This field will, in turn,
influence the spin of electrons (but not their orbital motion). For example, it can
strongly influence the electron polarization via the Hanle effect [38]. Thus the spin-
oriented electrons and the polarized lattice nuclei form a strongly coupled system,
in which spectacular non-linear phenomena, like self-sustained slow oscillations and
hysteresis are observed by simply looking at the circular polarization of the lumines-
cence [14, 39]. Optical detection of the nuclear magnetic resonance in a semicon-
ductor was demonstrated for the first time by Ekimov and Safarov [40].

The physics of these phenomena are governed by three basic interactions:

Hyperfine Interaction between Electron and Nuclear Spins

The interaction has the form A(IS), where I is the nuclear spin and S is the electron
spin. If the electrons are in equilibrium this interaction provides a mechanism for
nuclear spin relaxation. If the electron spin system is out of equilibrium, it leads
to dynamic nuclear polarization. These processes are very slow compared to the
characteristic electron time scale. On the other hand, if the nuclei are polarized, this
interaction is equivalent to the existence of an effective nuclear magnetic field. The
field of 100% polarized nuclei in GaAs would be about 6 T. Experimentally, nuclear
polarization of several percent is easily achieved.

The time of build-up of nuclear polarization due to interaction with electrons is
given by the general formula (1.5), where ω should be understood as the precession
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frequency of the nuclear spin in the effective electron magnetic field due to hyperfine
interaction, and the correlation time τc depends on the electron state. For mobile elec-
trons this time is extremely short: τc ∼ h̄/E, where E is the electron energy. As first
pointed out by Bloembergen [43], nuclear polarization (or depolarization) by elec-
trons is much more effective when the electrons are localized, for example, bound
to donors, or confined in a quantum dot. In this case τc is generally much longer
than for mobile carriers. It is defined by the shortest of processes like recombination,
hopping to another donor site, thermal ionization, or spin relaxation.

Dipole–Dipole Interaction between Nuclear Spins

This interaction can be characterized by the local magnetic field, BL, on the order of
several Gauss, which is created at a given nuclear site by the neighboring nuclei.10

The precession period of a nuclear spin in the local field, on the order of T2 ∼ 10−4 s,
gives a typical intrinsic time scale for the nuclear spin system. During this time, ther-
mal equilibrium within this system is established, with a nuclear spin temperature

ΘN, which may be very different from the crystal temperature T , for example, some-
thing like 10−6 K.

Since the times characterizing the interaction of the nuclear spin system with the
outside world (electrons, or lattice) is much greater than T2, the nuclear spin system
can be considered as always being in a state of internal thermal equilibrium with a
nuclear spin temperature defined by the energy exchange with the electrons and/or
the lattice. Accordingly, the nuclear polarization is always given by the thermody-

namic formula P ∼ µNB/(kΘN), where µN is the nuclear magnetic moment. The
most important concept of the nuclear spin temperature was introduced by Redfield
[41], see also [42].

The dipole–dipole interaction is also responsible for the nuclear spin diffusion
[43]—a process that tends to make the nuclear polarization uniform in space. The
nuclear spin diffusion coefficient can be estimated as DN ∼ a2

0/T2 ∼ 10−12 cm2/s,
where a0 is the distance between the neighboring nuclei. Thus it takes about 1 s to
spread out the nuclear polarization on a distance of 100 Å, and several hours for a
distance of 1 µm.

Zeeman Interaction of Electron and Nuclear Spins

The energy of a nuclear magnetic moment in an external magnetic field is roughly
2 000 times smaller than that for the electron. However, it becomes important in
magnetic fields exceeding the local field BL ∼ 3 G. Accordingly, the behavior of
the nuclear spin system in small fields, less than BL, is quite different than in larger

10 As was pointed out in Sect. 1.2, the magnetic dipole–dipole interaction between electron
spins can be usually neglected. Given that a similar interaction between nuclear spins is about
a million times smaller, it may seem strange that this interaction may be of any importance.
The answer comes when we consider the extremely long time scale in the nuclear spin system
(seconds or more) compared to the characteristic times for the electron spin system (nanosec-
onds or less).
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fields. At zero magnetic field the nuclear spins can not be polarized (the Zeeman
energy is zero, while ΘN remains finite, see the thermodynamic formula above).

Also, as the magnetic field increases, the time of polarization will increase ac-
cording to (1.9), where Ω is the electron spin precession frequency. Quantum me-
chanically, this increase is the result of the strong mismatch between the electron
and nuclear Zeeman energies. Because of this mismatch the electron–nucleus flip–
flop transitions would violate energy conservation. They can occur, however, because
of the energy uncertainty ∆E ∼ h̄/τc.

The interplay of these interactions under various experimental conditions ac-
counts for the extremely rich and interesting experimental findings in this domain,
see Chap. 11.

1.5 Overview of the Book Content

Within the scope of this introductory chapter it is only possible to briefly outline the
main directions of the current research.

Time-Resolved Optical Techniques. The innovative time resolved optical techniques,
based on Faraday or Kerr polarization rotation, were developed by Awschalom’s
group in Santa Barbara [45] and by Harley’s group in Southampton [46]. These tech-
niques opened a new era in experimental spin physics. They have allowed for the
visualization of spin dynamics on the sub-picosecond time scale and study of the
intimate details of various spin processes in a semiconductor. This book presents
several subjects, where most of the experimental results are obtained by using these
optical techniques.

Spin Dynamics in Quantum Wells and Quantum Dots. The spin dynamics of carriers
in quantum wells is discussed in Chap. 2. Exciton spin dynamics and the fine struc-
ture of neutral and charged excitons are presented in Chaps. 3 (quantum wells) and 4
(quantum dots). The interplay between carrier exchange and confinement leads to
quite a number of interesting and subtle effects, that are now well understood. These
chapters show how many important parameters, like spin splittings and relaxation
times, can be accurately determined.

Spin Noise Spectroscopy. Chapter 5 gives a general introduction to experimental
time-resolved techniques. It also presents quite a new way of research in spin physics,
where the methods of noise spectroscopy, known in other domains, are applied to the
spin system in a semiconductor. Unlike other techniques, this allows for the study of
spin dynamics without perturbing the system by an external excitation.

Coherent Spin Dynamics in Quantum Dots. This topic is covered in Chap. 6. It con-
tains extraordinarily interesting and surprising new results on “mode-locking” of spin
coherence in an ensemble of quantum dots excited by a periodic sequence of laser
pulses and, in particular, on spin precession “focusing” induced by the hyperfine
interaction with the nuclear spins.
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Spin Properties of Confined Electrons in Silicon. Spin-related studies in silicon were
somewhat neglected in recent years, because it practically does not give photolumi-
nescence, has a weak spin–orbit interaction, and contains few nuclear spins. How-
ever, Chap. 7 demonstrates interesting new spin physics in Si-based quantum wells
and quantum dots, studied mostly by the electron spin resonance, which may have
extremely small line-widths.

Coupling of Spin and Charge Currents. Chapter 8 is devoted to the coupling between
the spin and charge currents due to spin–orbit interaction and the Spin Hall Effect,
which was observed only recently and caused widespread interest. A related subject
is treated in Chap. 9 describing spin-related photocurrents, or circular photo-galvanic
effect, in two-dimensional structures. There are a variety of interesting experiments,
which reveal subtle physics.

Spin Injection. Spin injection from a ferromagnet to a normal metal, originally pro-
posed by Aronov [47], and spin detection using a ferromagnet, originally proposed
by Silsbee [48], was first observed by Johnson and Silsbee [49]. Injection through
a ferromagnet/semiconductor junction has been investigated in many recent works.
Chapter 10 describes these and related phenomena, which have some promising ap-
plications.

Nuclear Spin Effects in Optics and Electron Transport. Chapter 11 discusses electron-
nuclear spin systems formed by the hyperfine interaction in quantum wells and quan-
tum dots. Nuclear spin polarization results in spectacular optical effects, including
unusual magnetic resonances and hysteretic behavior.

Chapter 12 describes some astonishing manifestations of nuclear spins in low
temperature magneto-transport in two dimensions, first observed by Dobers et al.
[50]. Strong changes of the magnetoresistance in the Quantum Hall Effect regime
are observed and shown to be caused by the dynamic nuclear spin polarization. Such
studies yield unique insights into the properties of fragile quantum Hall states, which
only exist at ultra-low temperatures and in the highest mobility samples. Some of the
experimental results still remain to be understood.

Spin Dynamics in Diluted Magnetic Semiconductors. Mn doped III–V and II–VI
systems, both bulk and two-dimensional, have attracted intense interest. The giant
Zeeman splitting due to exchange interaction with Mn, combination of ferromagnetic
and semiconductor properties, and the possibility of making a junction between a
ferromagnetic and a normal semiconductor have been the focus of numerous studies.
The basic physics, the magnetic and optical properties are reviewed in Chap. 13.
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2

Spin Dynamics of Free Carriers in Quantum Wells

R.T. Harley

2.1 Introduction

In this chapter we describe the spin-dynamics of free carriers in quantum wells, con-
centrating on zinc-blende structure semiconductors. The spin properties of electrons
in silicon are discussed in Chap. 7. The basic question in this chapter is: how does
a spin polarized carrier population return to equilibrium? We shall also specialize it
to exclude effects of spatial nonuniformity; so we are not talking of spin diffusion or
transport, an exciting field covered in Chaps. 8, 9, and 10.

The most important feature of the quantum wells to be discussed here is that their
constituents have direct band gaps so that optical excitation and probing directly
reveal spin phenomena. In Sect. 2.2 we approach the topic from an experimental
viewpoint discussing optical measurements and what they can be expected to reveal.
The sections which follow describe experiments on the spin-dynamics of electrons
and of holes relating them to theoretical mechanisms. This leads to a discussion of
methods for engineering and controlling the spin phenomena in quantum wells and
finally we look to the future of research in the area.

Apart from the intrinsic interest of this small piece of condensed matter physics,
one of its remarkable features is the way that it continues to throw surprises at
its aficionados. Perhaps the most obvious is how, under the frequently dominant
Dyakonov–Perel spin relaxation mechanism, strong scattering of the electron mo-
menta equates to weak spin relaxation; but there are other surprises.

2.2 Optical Measurements of Spin Dynamics

Almost all of the experiments on spin dynamics in semiconductors described in the
Optical Orientation book [1] were based on measurements of photoluminescence
under continuous wave excitation and these techniques are still useful, not least be-
cause they are relatively simple. More recent experiments have used time-resolved
techniques, based on mode-locked lasers, as are described in some detail in Chap. 5.
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In the continuous wave methods the sample is excited with circularly polarized
light which, due to the optical selection rules (see Chap. 1), results in generation of
spin-polarized populations of electrons and holes with spins oriented along the ex-
citing beam. The photoluminescence is measured in the backward direction, again
along the axis of the incident beam. A dynamic equilibrium is set up between ex-
citation, spin evolution or relaxation and recombination and the degree of circular
polarization of the photoluminescence is a direct measure of the degree of spin po-
larization of the photo-excited populations. On the assumption of exponential relax-
ation times for the spins (τs) and for recombination (τr), the degree of polarization of
photoluminescence is determined by the ratio τs/τr. Thus if the recombination time
is known independently, the spin relaxation time can be extracted. An example of
such measurements is discussed in Sect. 2.6.

The Hanle effect is a development of this method [1]. A magnetic field is applied
perpendicular to the exciting beam, at right angles to the initial direction of the spins,
causing the spins to precess at the Larmor frequency in a plane perpendicular to the
field axis. This produces a new dynamic equilibrium in which excitation, recombi-
nation, spin relaxation and spin precession are balanced. The measured polarization
now depends on three times; τs, τr and the Larmor precession period. The preces-
sion reduces the average spin component along the excitation direction, so reducing
the polarization of the photoluminescence. In the simplest case, the polarization is
theoretically a Lorentzian function of field. Such a curve is specified by two experi-
mentally accessible parameters, width and height. Thus it is necessary to know one
of the three times in order to determine the other two. As an example, the Hanle
effect, in combination with independent determination of τr, was used to make the
first measurements of electron Landé g-factor in quantum wells [2]. Other examples
are discussed in Sects. 2.4 and 2.5.2.

In time-resolved techniques, pulsed excitation followed by measurement of the
intensity and polarization of the transient photoluminescence gives directly the spin
evolution of the photo-excited populations. Time-resolved pump-and-probe
methods involve pulsed excitation followed by the measurement of the pump-induced
change of transmission (known as time-resolved Faraday effect) or reflection (Kerr
effect) using a weak, delayed probe pulse [3]. These measurements are indirect in the
sense that some nonlinear-optical modification of the optical constants determines
the signal. Fortunately, among the possible nonlinear mechanisms the most impor-
tant in a quantum well is ‘phase-space-filling’; as a result of the Pauli principle, states
in the conduction or valence bands which are occupied by photo-excited carriers are
not available for optical transitions so that the techniques are effectively sensitive
directly to the photo-excited populations [4, 5]. In some experiments two separate
measurements are made, one with the probe having the same circular polarization as
the pump and the other the opposite polarization. A more sensitive technique is to
use a linearly polarized probe in which case the rotation of its plane measures the
difference of pump-induced populations.

Interpretation of the signals from any of the experiments is quite subtle and often
rapidly glossed over in the literature. Interband excitation may produce excitons or
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Fig. 2.1. Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of a degen-
erate n-type quantum well and (inset) the conduction and valence band structure with arrows
indicating the optical transitions. The arrow marked pump–probe shows the photon energy of
a typical time-resolved Faraday or Kerr effect measurement [6]

free holes and electrons, and their contributions will depend on many factors such as
temperature, excitation energy and the sample—whether intrinsic, n-type or p-type,
etc. In Sect. 2.5.1 we discuss the interplay of excitons and free carriers in measure-
ments on intrinsic quantum wells.

Figure 2.1 illustrates the subtleties for one particular situation; a degenerate
n-type quantum well [6]. It shows the absorption (PLE) and emission (PL) spec-
tra and (inset) the band structure with arrows indicating the peak of the photolumi-
nescence and the onset of photoluminescence excitation which are separated by a
‘Stokes’ shift determined by the depth of the Fermi sea (EF). A pump–probe mea-
surement with low intensity, circular polarized optical excitation at the onset of pho-
toluminescence excitation, as indicated, will measure the phase-space-filling effect
of the photo-excited electrons and holes. This will be dominated by spin-evolution
of the electrons near the Fermi level because the holes will rapidly thermalize into
states near to the zone-center, under the ‘umbrella’ of the Fermi sea of filled electron
states, leaving the initially-occupied valence band states empty. Time-resolved or
continuous wave photoluminescence measurements will involve polarized excitation
at (or above) the photoluminescence excitation onset and detection of the emission
near the maximum of the photoluminescence spectrum. The degree of polarization
of the photoluminescence depends in a quite complicated way on the polarization
of the photo-excited holes and the net polarization of the electron Fermi sea when
recombination takes place [1, 7–9].
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2.3 Mechanisms of Spin Relaxation of Free Electrons

Three mechanisms are known for spin relaxation of free conduction electrons in
non-magnetic zinc-blende semiconductors [1]. Two usually make minor contribu-
tions and consequently have not been extensively investigated; they are spin–flips
accompanying electron scattering as a result of spin–orbit coupling, known as the
Elliott–Yafet (EY) mechanism [10, 11] and spin–flips induced by exchange interac-
tion with an unpolarized population of holes, known as the Bir, Aronov, and Pikus
(BAP) [12] mechanism. In both these mechanisms the spin relaxation rate is propor-
tional to the electron scattering rate. The third mechanism, the Dyakonov–Perel (DP)
mechanism [13], is the most important. In bulk material there is clear evidence for
involvement of both Bir–Aronov–Pikus and Elliott–Yafet mechanisms, as discussed
in Sect. 2.4, but in quantum wells there is very little evidence that mechanisms other
than Dyakonov–Perel are important.

In the Dyakonov–Perel mechanism, as described in Chap. 1, the driving force
for spin reorientation is the spin–orbit splitting of the conduction band which gives
an intrinsic tendency of electron spins to precess in flight between scattering events
with an effective, momentum-dependent, Larmor vector Ωp whose magnitude cor-
responds to the conduction band spin-splitting. Scattering of the momentum of the
electron randomizes the precession and, in the strong scattering limit, spin reorien-
tation proceeds as a series of random fractional rotations. The spin relaxation rate
along a particular axis, i, turns out to be

1/τs,i =
〈

Ω2
⊥
〉

τ ∗
p , (2.1)

where 〈Ω2
⊥〉 is the mean square precession vector in the plane perpendicular to i and

τ ∗
p is the momentum relaxation time of an individual electron [13, 14]. This formula

incorporates the counterintuitive, ‘motional slowing’ feature of the Dyakonov–Perel
mechanism whereby the spin relaxation rate is inversely proportional to the electron
scattering rate.

The presence of the two factors in (2.1) complicates the interpretation of exper-
imental measurements. The spin splitting can be calculated theoretically; its depen-
dence on momentum is determined to a large extent by symmetry considerations
and its magnitude can also be calculated for example by the k . p method [15]. On
the other hand the scattering time tends to be sample-dependent, being determined
in part by the degree of perfection of the structure. Alas, all too few experiments
have characterized the scattering time well enough for really hard conclusions to be
drawn.

The scattering represented by the rate, 1/τ ∗
p , randomizes the momentum of an

individual electron and is the sum of two rates

1/τ ∗
p = 1/τp + 1/τee, (2.2)

where 1/τee is due to electron–electron scattering and 1/τp is due to all other process-
es such as scattering from imperfections and phonons. The latter processes exchange
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momentum between the electrons and the crystal lattice and so determine the mobil-
ity of an ensemble of electrons. Electron–electron scattering becomes significant in
n-type semiconductors. It redistributes momentum within an ensemble of electrons
but does not contribute directly to the mobility.

For years it was stated in the literature that 1/τ ∗
p was the same as 1/τp [14] and

could therefore be determined experimentally from the mobility; no one seemed to
notice the potential importance of electron–electron scattering. So it was a surprise
when recent theoretical papers and experiments in two-dimensional electron gases,
described in Sect. 2.5.4, highlighted the importance of electron–electron scattering
[16–19].

The vector Ωp arises from combined effects of spin–orbit coupling and inversion
asymmetry. In bulk material there is just one contribution to Ωp, the Dresselhaus or
bulk inversion asymmetry (referred to in the literature as BIA) which arises because
the zinc-blende structure lacks inversion symmetry. What makes spin dynamics in
quantum wells much richer is the existence of two other contributions together with
possibilities for playing one off against the others. The extra contributions are, the
Rashba or structural inversion asymmetry (SIA) due to inversion asymmetry of the
quantum well potential including electric fields, built-in or externally applied, and the
natural interface asymmetry (NIA) due to asymmetry associated with the chemical
bonding within interfaces.1

The various contributions to Ωp have different dependences on the components
of momentum as was mentioned in Chap. 1. In bulk material, where only the bulk
inversion asymmetry exists,

ΩBIA = γ

h̄3

{

px

(

p2
y − p2

z

)

, py

(

p2
z − p2

x

)

, pz

(

p2
x − p2

y

)}

, (2.3)

where γ is known as the Dresselhaus coefficient and x, y, and z are the cubic crystal
axes. Thus |Ω|2 ∼ |p|6 and since the kinetic energy of an electron ∼p2, when the
average in (2.1) is taken at temperature T we get

1/τs ∼ (kBT )3τ ∗
p (2.4)

if the electrons are nondegenerate, where kB is Boltzmann’s constant, or

1/τs ∼ (EF)3τ ∗
p (2.5)

for a degenerate electron gas.
In a quantum well the momentum component along the growth axis is quantized

and the z-components are replaced by their expectation values 〈pz〉 = 0 and 〈p2
z 〉.

The latter is proportional to the electron confinement energy E1e; the leading term is
obtained from (2.3) by assuming 〈p2

z 〉 is much greater than p2
x and p2

y (see Chap. 1).
Then if we transform to ‘laboratory’ axes [20] in which the growth axis is z and the
principal axes in the quantum well plane are x and y, the leading terms are

1 The different contributions to Ωp are well reviewed by Flatté et al. in [14].
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ΩBIA = γ

h̄3

〈

p2
z

〉

{−px, py, 0} for [001] growth axis, (2.6)

ΩBIA = γ

2h̄3

〈

p2
z

〉

{0, 0, py} for [110] growth axis, (2.7)

ΩBIA = 2γ

h̄3
√

3

〈

p2
z

〉

{py,−px, 0} for [111] growth axis. (2.8)

Notice that for both [001] and [111] growth Ωp is oriented in the quantum well
plane so that the bulk inversion asymmetry will cause Dyakonov–Perel spin relax-
ation along the growth axis. For [110] grown wells Ωp is along z so that there is
no Dyakonov–Perel spin relaxation along the growth axis. We shall return to these
features in Sect. 2.5.

Since 〈p2
z 〉 is proportional to the quantum confinement energy E1e, we obtain,

for E1e > kBT ,
1/τs ∼ (kBT )E2

1eτ
∗
p (2.9)

for non-degenerate electrons and, assuming E1e ≫ EF,

1/τs ∼ (EF)E2
1eτ

∗
p (2.10)

for a degenerate Fermi sea.
In a wide quantum well at relatively high temperature we may have the condition

E1e ≤ kBT . This means that the thermal average kinetic energy of an electron in
the plane becomes comparable to or greater than the electron confinement energy;
in other words 〈p2

x〉 and 〈p2
y〉 become comparable to 〈p2

z 〉. Referring to (2.3) we see
that (2.9) must now be replaced by

1/τs ∼
[

(kBT )E2
1e + (kBT )3]τ ∗

p . (2.11)

Measurements which show this effect are described in Sect. 2.5.1.
The structural inversion asymmetry arises from inversion asymmetry of the quan-

tum well potential and vanishes in a symmetrical quantum well. It is typically pro-
duced by application of an external electric field or by asymmetry of doping which
generates a built-in electric field. The spin splitting is an example of the Rashba effect
for which Ω = βF × p where F is the electric field and β is known as the Rashba
coefficient. For field along the z axis this becomes, for all growth orientations,

ΩSIA = βF

h̄
{py,−px, 0}. (2.12)

Asymmetry of the potential may also be generated by asymmetric variation of the
alloy composition in the wells or barriers. The simultaneous presence of both bulk
inversion asymmetry and structural inversion asymmetry can produce interesting in-
terference effects, as described in Sects. 2.5.2 and 2.7, but if the structural inversion
asymmetry dominates, the corresponding spin relaxation rates are

1/τs ∼ (kBT )τ ∗
p (2.13)
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for non-degenerate electrons and

1/τs ∼ (EF)τ ∗
p (2.14)

for degenerate electrons.
The natural interface asymmetry component is discussed in more detail in

Sect. 2.5.3. It is zero if the well and barrier have anions or cations in common and
for some crystallographic orientations, notably [110].

It is important to note that the expressions for Ωp quoted here are leading terms
in a perturbation expansion. Lau et al. [21] have carried out non-perturbative calcu-
lations for a number of heterostructure systems and shown that, particularly at high
temperatures the simple perturbation theory is inadequate. We shall see an example
of this in Sect. 2.5.1.

2.4 Electron Spin Relaxation in Bulk Semiconductors

Although this chapter is mainly about quantum wells it is appropriate to include
a short discussion of recent studies of electron spin dynamics in bulk material be-
cause it is in bulk that interplay of the Dyakonov–Perel with the Elliott–Yafet and
Bir–Aronov–Pikus mechanisms has been observed. Early work was reviewed in the
Optical Orientation book [1].

Both the Dyakonov–Perel and the Elliott–Yafet mechanisms rely on spin orbit
coupling. The Elliott–Yafet is, in general, not only intrinsically weaker than the
Dyakonov–Perel mechanism but since it gives spin-relaxation rate 1/τs proportional
to the electron momentum scattering rate, 1/τ ∗

p , it becomes less significant where
scattering is minimized for example in high quality samples. On the other hand, spin
reorientation via precession, as in the Dyakonov–Perel mechanism, becomes more
efficient for weak momentum scattering.

The Elliott–Yafet mechanism can become important in particular circumstances
for example in narrow gap bulk material where the spin–orbit interaction is large;
Murzyn et al. [22] found that in bulk InAs the spin relaxation time measured at 300 K
increased from 20 ps to 1600 ps in going from intrinsic to weakly degenerate n-type
material, while in InSb there was a corresponding increase from 16 ps to 600 ps. The
interpretation of this surprising increase is that the Dyakonov–Perel mechanism is
dominant and the increased spin relaxation time, in going from intrinsic to n-type
material, corresponds to an increased momentum scattering rate of the electrons.
The increase is presumably due to electron–electron scattering. Furthermore in the
n-type samples, the Dyakonov–Perel spin relaxation is so completely suppressed that
the rate is actually limited by the Elliott–Yafet mechanism.

The Bir–Aronov–Pikus mechanism for electron spin relaxation requires a signif-
icant concentration of holes. The main studies of it have been made in p-type bulk
material; Fig. 2.2 shows the results of a calculation of the relative importance of
Bir–Aronov–Pikus and Dyakonov–Perel mechanisms in GaAs and GaSb [1]. This
summarizes the basic result that the Bir–Aronov–Pikus mechanism comes into play
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Fig. 2.2. Calculated boundaries of temperature and acceptor (hole) concentration where
Dyakonov–Perel (DP) and Bir–Aronov–Pikus (BAP) spin relaxation rates are equal for (1)
bulk GaAs and (2) bulk GaSb [1]

most strongly at low temperatures and at high hole concentrations; the holes may
originate from doping or from interband optical excitation.

A remarkable recent observation in n-type InSb at 300 K by Murdin et al. [23]
demonstrated a competition between the Bir–Aronov–Pikus and Dyakonov–Perel
mechanisms. Scattering of electrons from holes might increase the spin relaxation
rate if the Bir–Aronov–Pikus mechanism is dominant or reduce it if the Dyakonov–
Perel mechanism is more important. They measured an electron spin relaxation rate
1/τs = 26 ns−1 by means of interband excitation, in which holes are photocreated
with the electrons and in the same sample they obtained 1/τs = 71 ns−1 using an
intraband excitation technique in which no holes are excited. As the presence of holes
reduced the relaxation rate, it can be deduced that the Dyakonov–Perel mechanism
dominates over the Bir–Aronov–Pikus.

Among recent measurements of electron spin relaxation in bulk materials is the
important discovery of a maximum in the spin relaxation time in n-type material
at low temperatures at a concentration corresponding to the metal insulator transi-
tion [24]. Figure 2.3 shows the results from Dzhioev et al. for GaAs [9], similar data
have been obtained for GaN [25]. At very low concentrations the electrons are local-
ized and their spin relaxation is determined by a variety of processes, for example
fluctuating hyperfine fields, which we do not consider here. At the metal-insulator
transition the spin relaxation time reaches a value ∼200 ns and then falls rapidly as
∼N−1.7

D . This is as expected for the Dyakonov–Perel mechanism. At the peak, the
relaxation time approaches that expected for the Elliott–Yafet mechanism. As tem-
perature is increased the spin relaxation time becomes shorter in a way consistent
with the Dyakonov–Perel mechanism [24].

The very long spin relaxation time indicated in Fig. 2.3 has enabled beautiful
studies of electron spin transport and manipulation in bulk GaAs using optical tech-
niques particularly by Crooker and coworkers [26].
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Fig. 2.3. Spin relaxation time at low temperatures for electrons in bulk GaAs. For concentra-
tions below the metal-insulator transition electrons are localized. At higher concentrations the
Dyakonov–Perel (DP) relaxation mechanism dominates [9, 24]

2.5 Electron Spin Relaxation in [001]-Oriented Quantum Wells

The standard crystallographic orientation of substrate for growth of quantum wells
is [001] and many studies of spin dynamics have used this orientation. However it
was first realized theoretically by Dyakonov and Kachorovskii [27] that, for studies
of spin, other orientations, for example [110] and [111] are of great interest. Over
the past decade experiments have started to catch up with theory and ideas for ‘en-
gineering’ spin properties of quantum wells through the crystallography are being
investigated. Some of these developments are described in Sect. 2.7. In this section
we describe measurements on [001]-oriented wells.

2.5.1 Symmetrical [001]-Oriented Quantum Wells

We start by considering spin dynamics in symmetrical [001]-oriented quantum wells.
This means structures in which the only asymmetry is the bulk inversion asymmetry
and the precession vector is oriented in the plane of the wells (see (2.6)), giving spin-
relaxation along the growth axis. Firstly this requires structural inversion symmetry,
i.e., there must be no built-in or applied electric field (or other odd-parity external
perturbation of the layer structure); and it requires that spatial variations of alloy
composition in wells and barriers have inversion symmetry. Secondly the natural
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Fig. 2.4. (a) Temperature dependence of electron spin relaxation rate in undoped
GaAs/AlGaAs quantum wells of different widths grown sequentially on the same substrate.
The lines are to guide the eye. (b) Calculations of thermodynamic equilibrium ratio of electron
(Ne) and electron plus exciton (Ne +Nx) concentrations in GaAs quantum wells for excitation
densities of 109, 1010, and 1011 cm−2 and of ionization time for excitons [28]

interface asymmetry must also be absent; we discuss this requirement in more detail
in Sect. 2.5.3 but natural interface asymmetry is absent when the well and barrier
material share a common atom, as for example in GaAs/AlGaAs structures.

Some representative measurements of electron spin relaxation rates in such sam-
ples appear in Fig. 2.4(a) [28] which shows time resolved Kerr measurements of spin
relaxation along the growth axis in a sample containing a series of single, symmet-
rical and undoped GaAs/AlGaAs quantum wells of different widths. The excitation
energy corresponds to resonant creation of heavy-hole excitons but, even so, the mea-
sured spin evolution in this temperature range is controlled by free electrons for two
reasons. First the photo-excited excitons dissociate on a much faster timescale into
free holes and electrons and second the photo-excited holes lose their spin memory
very fast in this temperature range, in 1 ps or less.

We shall see the justification for the second assertion in Sect. 2.6 and to justify
the first Fig. 2.4(b) shows the calculated temperature dependences of the thermody-
namic equilibrium between excitons and free carriers and of the dissociation time
of excitons. The interesting point from these two calculation is that, although for
typical experimental excitation densities, ∼109 cm−2, thermodynamic equilibrium
favors free carriers at all temperatures above ∼20 K, the thermal dissociation of the
excitons, which is controlled by phonon interactions, is on a nanosecond time scale
at this temperature and only drops below 10 ps at about 80 K. Therefore up to this
temperature the spin evolution will still be dominated by excitonic effects because
thermal equilibrium is not established on the timescale of the spin evolution. Above
80 K the observed spin dynamics are dominated by free electrons.

The temperature dependence of the spin relaxation time Fig. 2.4(a) and its depen-
dence on electron confinement energy at 300 K (Fig. 2.5) indicate the dominance of
the Dyakonov–Perel mechanism. For narrow quantum wells where kBT < E1e, we
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Fig. 2.5. Dependence of electron spin relaxation rate on confinement energy at 300 K for a
series of undoped GaAs/AlGaAs quantum wells grown sequentially on the same substrate [28]

expect 1/τs ∼ E2
1e(kBT )τ ∗

p (cf. (2.9)) whereas for wider wells and high temperatures

with kBT > E1e we expect 1/τs ∼ [kBT E2
1e + (kBT )3]τ ∗

p (cf. (2.11)).
Figure 2.4(a) shows that, for the narrower wells, the experimental spin relaxation

rate is approximately temperature-independent. This is consistent with (2.9) provided
that τ ∗

p varies as T −1. Indeed this is the variation expected for a non-degenerate elec-
tron gas with dominant phonon scattering in a 2D system where the density of states
is constant [29]. For the wider wells at higher temperatures the variation becomes
approximately T 2, consistent with (2.11) with the same behavior of τ ∗

p . Although
τ ∗

p was not determined in this study, since all the wells were grown sequentially in
the same sample, it is likely that the temperature dependence and magnitude is con-
stant. At room temperature (Fig. 2.5) the spin relaxation rate shows an approximate
(constant + E2

1e)-dependence again consistent with (2.11). At the highest value of
confinement energy the spin relaxation rate falls sharply. This is probably a result of
strong interface scattering of the electrons.

Although the temperature and confinement energy dependencies just described
support the Dyakonov–Perel mechanism, it turns out that there is a discrepancy be-
tween the measured magnitudes of the spin relaxation rate and predictions based on
the leading term analysis of (2.9). This was revealed in work by Terauchi et al. [30]
who investigated the dependence of electron spin relaxation time in GaAs/AlGaAs
quantum wells on both mobility and confinement energy at 300 K. Their results are
shown in Fig. 2.6. These samples have comparatively low mobility and electron con-
centration so electron–electron scattering should be weak making τ ∗

p = τp (cf. (2.2)).
The calculated relaxation times are about a factor ten too short and the dependences
on both mobility and confinement are not as predicted. These discrepancies have
been explained by Lau et al. [21] (see also [14]) on the basis of a more refined
version of the Dyakonov–Perel mechanism; they used a nonperturbative method to
calculate 〈Ω2〉 which removed the order of magnitude discrepancy and reproduced
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Fig. 2.6. Electron spin relaxation times at 300 K as a function of (a) confinement energy and
(b) mobility in a variety of GaAs/AlGaAs quantum well samples. The Dyakonov–Perel theory
calculation is based on the simple, leading-term perturbation calculation outlined in (2.9) [30]

the observed dependence on confinement energy (Fig. 2.6(a)). They were also able to
interpret the departures from strict µ−1 behavior in Fig. 2.6(b) in terms of different
angular dependences for different scattering mechanisms in the samples [14].

2.5.2 Structural Inversion Asymmetry in [001]-Oriented Quantum Wells

In a quantum well grown on a [001]-oriented substrate the bulk inversion asymmetry
component of Ωp is oriented in the well plane and its magnitude is isotropic to lowest
order (see (2.6)). This not only produces Dyakonov–Perel relaxation for spins along
the growth direction but also isotropic spin-relaxation for electron spins oriented in
the plane.2 If there is a structural inversion asymmetry component it also is oriented
in-plane but it has different momentum dependence from the bulk inversion asymme-
try component (see (2.6) and (2.12)); the resultant precession vector is anisotropic.
Figure 2.7(a) illustrates, in a radial plot, the effect of adding (2.6) and (2.12), with
the arrows indicating the orientation of the precession vector. The anisotropy of the
plot reflects the fact that the additional asymmetry of the quantum well potential re-
moves the fourfold rotation/reflection symmetry (S4) of the quantum well reducing
the point group from D2d to C2v.

The anisotropy of the conduction band spin splitting in a quantum well was first
measured directly by Raman scattering by Jusserand et al. [31] and the anisotropy

2 If terms in p2
x and p2

y are retained in (3.6a) ΩBIA becomes anisotropic with four-fold
symmetry in the plane.
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Fig. 2.7. (a) Schematic radial plot of the conduction band spin splitting in a [001]-oriented
quantum well with combined bulk inversion and structural inversion asymmetry terms. The
axes are px and py and the curve represents the splitting for a given total in-plane momentum.
The arrows indicate the direction of the precession vector. When γ

�2 〈p2
z 〉 = −βF (see (2.6)

and (2.12)) the splitting for momentum in the (11̄0) direction vanishes and the precession
vector lies along that axis for all px and py . (b) Hanle depolarization curves measured at
80 K in an asymmetrically grown GaAs/AlGaAs quantum well as shown in the right inset.
The different widths of the curves indicate different spin relaxation times for spins along the
[110] and (11̄0) directions [34]

can also be observed in transport measurements (see Chap. 9). Averkiev and Golub
[32] pointed out that since the components of Ωp along the [110] and [1̄10] direc-
tions are different (see arrows in Fig. 2.7(a)) the anisotropy also implies that the spin
relaxation rates along these two directions should be different. Furthermore, if the
electric field is set so that γ

h̄2 〈p2
z 〉 = −βF the [110] component of Ωp would vanish

for all values of px and py and therefore the spin relaxation rate along [1̄10] would
vanish.

To measure the in-plane spin relaxation rate requires a spin polarization in the
plane. This can be achieved by the standard circular polarized optical excitation nor-
mal to the plane with magnetic field applied in the plane. The spins are thus first
oriented along the growth direction, then precess through the in-plane direction and
consequently sense the in-plane relaxation rate for 50% of their evolution.

Two schemes for achieving the possible cancellation have been proposed. The
first involves using degenerate n-type modulation doping of the well [32]. The doping
asymmetry produces a built-in electric field which determines the structural inver-
sion asymmetry (SIA) term (βF ) while the quantum well width and doping density
determine the bulk inversion asymmetry (BIA) contribution ( γ

h̄2 〈p2
z 〉). Very recently

progress on this has been reported by Stich et al. [33] using the time-resolved Faraday
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Fig. 2.8. Illustrating the origin of the natural interface asymmetry in quantum wells grown
on [001] substrates (a)–(c) and on a [011] substrate (d). (a) represents a common-atom sys-
tem and (b)–(d) no-common-atom systems. (a) and (d) have no natural interface asymmetry
because the top and bottom interfaces are equivalent. After [37]

rotation technique, showing an SIA/BIA ratio of 0.65 in a GaAs/AlGaAs modulation
doped quantum well. The second involves built-in asymmetry of the quantum well
by spatial grading of the alloy composition at one interface while maintaining the
other interface abrupt [34]. Figure 2.7(b) indicates the conduction band profile for
the sample (inset) and (main figure) the Hanle depolarization curves for magnetic
field oriented in the plane along [110] and [11̄0]. For these two field directions the
electron spins precess in orthogonal planes and thereby sample the two perpendicular
in-plane spin relaxation rates. There is a clear difference indicating that the SIA/BIA
ratio is ∼4 [34]. (Although it seems obvious that the source of asymmetry in the ex-
periment is the graded interface, analysis by Winkler [15, 35] appears to contradict
this interpretation, suggesting that the structural inversion asymmetry spin splitting
associated with alloy variations alone is very small.)

2.5.3 Natural Interface Asymmetry in Quantum Wells

The natural interface anisotropy (NIA) is a form of inversion asymmetry which re-
sults from the structure of chemical bonding at the interfaces of quantum wells. It
was first noted by Krebs and Voisin [36] and has received relatively low-level atten-
tion since, mainly because the ‘fruit fly’ material systems such as GaAs/AlGaAs, do
not show the effect. As with the structural inversion asymmetry, the effect of natural
interface asymmetry is to reduce the quantum well symmetry to C2v and to make the
precession vector anisotropic, as in Fig. 2.7(a). Here we outline the basic idea and
describe recent experiments which demonstrate natural interface asymmetry partic-
ularly clearly.

Figure 2.8 illustrates schematically the atomic structure of various zinc blend
quantum wells. In Figs. 2.8(a)–(c) we are looking along the [110] axis of a quantum
well, grown from bottom to top of the diagram, on a [001]-oriented substrate. In
Fig. 2.8(b) and (c) the well and barrier are depicted with no common atom; barriers
are black and black with white-dot, wells are white with black-dot and white. In
Fig. 2.8(b) the lower barrier is terminated with a layer of black atoms and the well
has been terminated with a layer of black-dot atoms. The interfaces are indicated by
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Fig. 2.9. Time-resolved Faraday signals at 115 K for InAs/GaSb superlattices grown on
(a) [001]- and (b) [110]-oriented substrates. The insets show the difference of measurements
with same-circular and opposite-circular probe polarization with respect to the pump (SCP-
OCP) and indicate the decay of electron spin polarization. The 25-fold increase of spin re-
laxation time for [110] is due to the absence of natural interface asymmetry for that growth
orientation [37]. Copyright by American Physical Society (2003)

dashed lines. The growth in Fig. 2.8(c) is the same except that the lower barrier has
been terminated with a layer of white-dot atoms; again the interfaces are indicated
with dashed lines. In both these examples it can be seen that the interface structure
removes the S4 symmetry operation and so the natural interface asymmetry will be
important. In Fig. 2.8(a) the barriers are again black and white-dot but now the well
is black and white giving the structure a common atom (black). In this case each
interface coincides with a layer of black (i.e., the common) atoms and the structure
retains the S4 symmetry and has no natural interface asymmetry. Figure 2.8(d) shows
the case of a quantum well grown along the [110] direction and viewed along [11̄0].
In this case the interfaces contain both anions and cations and, even when there is no
common atom no natural interface asymmetry is expected.

Of course, in practice interfaces between layers cannot be grown as perfectly
as depicted in Fig. 2.8 and there will always be a degree of disorder which tends
to reduce the natural interface asymmetry effect. Thus reliable calculations of the
magnitude of the effect are difficult. Another point is that, since it is an interface
effect, whereas the bulk inversion asymmetry is a bulk effect, the natural interface
asymmetry will be most significant in narrow quantum wells.

One particularly clear experimental demonstration of natural interface asymme-
try is illustrated in Fig. 2.9 which depicts time-resolved circular-polarized transmis-
sion measurements at 115 K on InAs/GaSb superlattice samples grown on both [001]
and [110] oriented substrates [37]. In these measurements the sample is excited with
a circularly polarized pump pulse and transmission of a delayed probe pulse is mea-
sured either having the same or opposite circular polarization as the pump. The dif-
ference of these two signals (inset) represents the decay of electron spin polarization
in the sample. For the [001]-grown sample the spin relaxation time is 700 fs; this
very short time can only be understood in terms of a dominant contribution from the
natural interface asymmetry in this sample. The interpretation is supported by the 25
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Fig. 2.10. Comparison of electron spin relaxation times for GaAs/AlGaAs and InGaAs/GaAs
quantum wells at 300 K. The large decrease in relaxation time in the latter system may be due
to natural interface asymmetry [38]

times enhancement of the spin relaxation time to, 18 ps, in the [110] sample where
natural interface asymmetry will be absent. Actually for a [110] sample with perfect
interfaces an enhancement to 600 ps was expected and the lesser observed enhance-
ment was interpreted as due to interface roughness on the scale of one monolayer
fluctuations [37].

The original paper by Krebs and Voisin [36] considered [001]-grown InGaAs/InP
quantum wells. There should be a natural interface asymmetry contribution to the
spin splitting of the conduction band because, although both well and barrier con-
tain indium, the ‘average’ atom (InGa) is, for this purpose, different from (In). Fig-
ure 2.10 shows spin relaxation times for GaAs/AlGaAs and (InGa)As/InP undoped
quantum wells at 300 K, measured as functions of the electron confinement energy
E1e [38]. The variation for GaAs/AlGaAs is E−2.2

1e , very close to that expected for
the Dyakonov–Perel mechanism (2.9). The spin relaxation times for (InGa)As/InP
are at least a factor ten shorter and show a weaker dependence on confinement en-
ergy. Taking into account the differences of effective mass and band gap between
the two material systems, without natural interface asymmetry the relaxation time in
(InGa)As/InP should be shorter than in GaAs/AlGaAs by a factor ∼2.5 at a given
confinement energy and its dependence on confinement energy should be the same
[38]. Thus it seems possible (but not conclusive) that the extra reduction is a result
of natural interface asymmetry in (InGa)As/InP [14].
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2.5.4 Oscillatory Spin-Dynamics in Two-dimensional Electron Gases

It is almost always safe to assume that the Dyakonov–Perel spin dynamics is in
a strong scattering regime, characterized by Ω⊥τ ∗

p ≪ 1 (2.1) where the electron
spins precess through small angles between momentum scattering events and the
resulting spin evolution is an exponential decay. This turns out not to be true in
two dimensional electron gases at low temperatures allowing investigation of the
weak scattering regime as well as the transition between weak and strong regimes
[6, 19, 39].

In a degenerate electron gas the Pauli principle inhibits electron–electron scatter-
ing and at absolute zero the electron–electron contribution to 1/τ ∗

p , 1/τee (2.2) van-
ishes. Furthermore the ensemble momentum scattering contribution, 1/τ ∗

p , can be
made small at low temperatures by modulation doping which physically separates
the electron gas from the donors. For example in a 10 nm GaAs/AlGaAs quantum
well, mobility ∼106 cm2 V−1 s−1 is possible, corresponding to τp = 38 ps. If the
two dimensional electron gas has a typical density, Ns, say ∼3 × 1011 cm−2, we can
estimate (2.6) the magnitude of the conduction band spin splitting at the Fermi mo-
mentum to be ∼0.2 ra ps−1, giving |Ω|τp ∼ 7.6 which is comfortably in the weak
scattering regime.

Thus we expect that at very low temperatures the electron spin will, on average,
precess through several full cycles before being scattered and therefore that such a
two dimensional electron gas will show oscillatory spin evolution with decay time
∼τp (Sect. 1.4.2). As the temperature is increased, 1/τ ∗

p will increase due to increases
of both electron-phonon and electron–electron scattering, the evolution will become
exponential and the decay time will increase corresponding to (2.1).

Figure 2.11(a) shows experimental time-resolved Kerr data for a two dimen-
sional electron gas in a quantum well with nominal width 10.2 nm and mobility
∼0.34 × 106 cm2 V−1 s−1 [6]. In these measurements the photo-excited electron
population is very low, about one percent of the density of the two dimensional elec-
tron gas. At 5 K (inset) the spin evolution is a damped oscillation and for higher
temperatures it becomes exponential with an increasing decay time. The degener-
acy temperature of the two dimensional electron gas is ∼129 K and it is possi-
ble to estimate that the value of 〈Ω2〉 increases slightly over this range of tem-
peratures. Thus the oscillatory behavior at low temperatures and the increase of
spin relaxation time with temperature is a clear example of the ‘motional slow-
ing’ which is integral to the Dyakonov–Perel mechanism. Calculation shows [6] that
it is electron–electron scattering which produces the rapid increase of spin relax-
ation time with temperature which actually reaches a peak near the Fermi tempera-
ture.

Figure 2.11(b) illustrates the oscillatory spin evolution for a range of quantum
well widths in the weak-scattering regime. The oscillation frequency increases as
the width is reduced, corresponding to increasing quantum confinement energy, E1e.
The data were analyzed to give the Dresselhaus coefficient, γ , (2.6) as a function of
the confinement energy (see inset).
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Fig. 2.11. (a) Spin relaxation at a range of temperatures for a small fraction of spin polarized
electrons injected at the Fermi energy in a GaAs/AlGaAs two dimensional electron gas in
a quantum well with nominal width 10.2 nm. The inset shows the oscillatory spin evolution
observed at 5 K in the weak scattering regime [6]. (b) Spin evolution in the weak-scattering
regime for five samples with different quantum well width (Lz) and electron concentration
(NS). From top to bottom the τp values given by the mobility are: 13 ps, 13 ps, 13 ps, 10 ps,
and 27 ps. Inset: Dresselhaus coefficient γ (2.6) vs. electron confinement energy E1e [39]

The photo-excited population in the experiments just described was deliberately
much less than the two-dimensional electron gas density so that the initial spin-
polarization of the two-dimensional electron gas was ∼1%. Remarkable many-body
effects occur when the initial polarization of the two-dimensional electron gas is
comparable to the density [40, 41]. Figure 2.12(a) shows the experimental time-
resolved Faraday signals obtained at 4.2 K by Stich et al. [40, 41] from a two-
dimensional electron gas sample with well width 20 nm, two-dimensional electron
gas density 2.1×1011 cm−2 and electron mobility 1.6×106 cm2 V−1 s−1. As the ini-
tial spin polarization is increased up to 30%, not only are the oscillations completely
suppressed but there is also a dramatic increase in spin decay time. Figure 2.12(b)
shows values of the spin relaxation time compared with calculations performed with
and without Hartree-Fock contribution to the Coulomb interaction. The latter serves
as an effective magnetic field along the z-axis and therefore strongly modifies the
spin precession driven by the bulk inversion asymmetry field, which is perpendicular
to z.
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Fig. 2.12. (a) Spin evolution in a two dimensional electron gas in a GaAs/AlGaAs quantum
well at 4.2 K as a function of the injected polarization P . (b) Comparison of experimental spin
relaxation (spin dephasing) times as function of initial polarization at 4.2 K with calculations
including (circles) and not including (triangles) the Hartree–Fock (HF) term which acts as
an effective internal magnetic field stabilizing the spin polarization [40, 41]. Copyright by
American Physical Society (2007)

2.6 Spin Dynamics of Free Holes in Bulk Material and Quantum

Wells

The spin relaxation of holes in bulk material is expected to be much more rapid than
for electrons because of the strong mixing of light and heavy hole valence bands,
as explained in Sect. 1.4. This was verified experimentally in GaAs by Titkov et al.
in 1978 [1, 42]; using Hanle measurements on weakly n-type material (1015 cm−3)
they measured 4 ps at 1.5 K. They also found that application of uniaxial stress along
[100] increased the spin relaxation time to ∼100 ps. The latter effect is consistent
with stress-induced splitting, and consequent decoupling of the heavy and light hole
bands at the center of the Brillouin zone (zero momentum).

In early experimental studies on quantum wells it was also assumed [43] that
the spin-relaxation of holes would be fast. It was therefore a surprise to find that,
at low temperatures, the circular polarization of photoluminescence from n-type
GaAs/AlGaAs quantum wells under circularly polarized optical excitation could ap-
proach ∼100% [7, 8, 43]. In such a measurement the polarization should be con-
trolled by the photo-excited holes, implying a very long hole spin relaxation time.
Furthermore, time-resolved photoluminescence measurements gave apparently con-
tradictory values for the heavy hole spin relaxation time in GaAs/AlGaAs quantum
wells; ∼1 ns at 4 K [44] and ∼4 ps at 10 K [45].

It was eventually pointed out theoretically in about 1990 by Uenoyama and Sham
[46] and by Ferreira and Bastard [47] that spin relaxation of heavy holes in quantum
wells should be very dependent on momentum. The quantum well potential splits
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Fig. 2.13. Spin relaxation time for a GaAs/AlGaAs quantum well as a function of electron
concentration obtained from measurements of polarization of photoluminescence under po-
larized continuous wave excitation. (b) Temperature dependence of the spin relaxation time at
a concentration ∼1011 cm−2 [7, 8]

the light and heavy hole bands and decouples them at the zone center. Therefore,
at the zone center the spin-relaxation time should be extremely long and limited by
processes similar to those of conduction electrons, while at finite momenta it would
fall very rapidly due to mixing of light and heavy hole bands. At low temperatures,
a thermalized population of holes would occupy states very close to the zone center
and therefore have long spin relaxation time. With increasing temperature the aver-
age spin relaxation time should fall due to thermal excitation of the holes to higher
momenta. (The situation is similar to that of bulk material under uniaxial strain but,
remarkably, it took more than a decade after Titkov’s work for this theoretical picture
to emerge for quantum wells.)

An example of continuous wave polarization measurements is shown in
Fig. 2.13(a) which plots the spin relaxation time as a function of electron concen-
tration in a 5.75 nm GaAs/AlGaAs quantum well. (The spin relaxation time was de-
duced from the polarization using a separate measurement of the photoluminescence
decay time [7, 8].) The electron concentration was varied by means of externally
applied bias voltage between the substrate and an electrode on top of the structure.
At very low concentrations the electrons and holes form excitons which have spin-
relaxation times below 100 ps. Above a density ∼5 × 1010 cm−2, corresponding to
screening-out of excitonic binding, the relaxation time increases dramatically. Fig-
ure 2.13(b) shows the temperature dependence of the spin relaxation time at a con-
centration ∼1011 cm−2. This can be interpreted as the spin relaxation time of the
heavy holes showing the expected strong temperature dependence.
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Fig. 2.14. Spin relaxation time as a function of temperature for holes in GaAs/AlGaAs quan-
tum wells of different width. The data in (a) are obtained in an n-type sample with width
4.8 nm by interband time-resolved photoluminescence measurements [48]. The data in (b) are
obtain by infrared intraband excitation in a p-type well with width 15 nm [49]

Figure 2.14(a) shows the results of a definitive time-resolved photoluminescence
investigation of hole spin relaxation in 4.8 nm wide GaAs/AlGaAs quantum wells
by Baylac et al. [48] confirming the strong temperature dependence. Figure 2.14(b)
shows data for 15 nm GaAs/AlGaAs quantum wells obtained using intraband in-
frared excitation and thereby avoiding photo-excitation of electrons [49].

The details of the spin relaxation mechanism for the holes in these experiments is
not clear. The continuous wave and time-resolved photoluminescence measurements
were both performed on relatively narrow quantum wells and give spin relaxation
times of order 500 ps to 800 ps at 4.2 K. The intraband measurement was made on a
much wider well and gave a spin-relaxation time more than an order of magnitude
faster, between 20 ps and 30 ps at 4.2 K. In order to distinguish the relative impor-
tance of precessional, Dyakonov–Perel-like, from spin–flip scattering mechanisms,
it would be necessary to make measurements on samples with known hole scattering
times. It would also be necessary to investigate the possibility that localization of the
holes is affecting the results. Such systematic experiments have yet to be made.

2.7 Engineering and Controlling the Spin Dynamics in Quantum

Wells

A number of possibilities for manipulating the Dyakonov–Perel spin dynamics in
quantum wells is embodied in (2.6)–(2.8) and (2.12). Averkiev and Golub [32] con-
sidered the possible interference between the bulk inversion asymmetry and struc-
tural inversion asymmetry components of Ωp in [100] oriented quantum wells, as
described above in Sect. 2.5.2. Recently Cartoixa et al. [20] have pointed out that for
the case of [111] oriented quantum wells the bulk inversion asymmetry and structural
inversion asymmetry terms, (2.8) and (2.12), have the same momentum dependence
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Fig. 2.15. Electron spin relaxation signals in (a) [110]-oriented and (b) [100]-oriented
GaAs/AaGlAs quantum well samples at 300 K, demonstrating the dramatic enhancement of
spin relaxation time for spins along the growth axis in [110]-grown wells [50]. Copyright by
American Physical Society (1999)

but their coefficients may be varied independently. One possibility is to engineer the

structure so that (2/
√

3)
γ 〈p2

z 〉
h̄2 = −βF . In this case, all components of Ωp vanish and

therefore the Dyakonov–Perel spin relaxation rate will ‘vanish’ for all spin orienta-
tions. In principle 〈p2

z 〉 can be adjusted by varying the electron confinement via the
well width and βF can be varied by built-in asymmetry and/or by applied electric
field. Actually (2.6)–(2.8) and (2.12) represent only the lowest order term in pertur-
bation expansions of the components of p, so the cancellations of the Dyakonov–
Perel mechanism will be only partial. To date no experimental measurements of spin
dynamics in [111] oriented quantum wells have been reported.

Dyakonov and Kachorovskii [27] were the first to point out that for [110]-oriented
wells the bulk inversion asymmetry vector is oriented along the growth axis for all
electron momenta and therefore spin relaxation along that axis vanishes. The first
experiments on electron spin dynamics in [110] oriented quantum wells were car-
ried out by Ohno et al. [50] They showed that the spin relaxation time of undoped
7.5 nm GaAs/AlGaAs quantum wells at 300 K increased from ∼70 ps for [100] ori-
entation to ∼2.1 ns for [110] orientation; the data are illustrated in Fig. 2.15. This
was a beautiful verification of the theoretical prediction but, in spite of systematic
measurements as a function of well width, temperature, and electron mobility, it was
not possible to determine the mechanism which limited the spin relaxation time in
the [110] case.

Lau and Flatté [51] pointed out that application of electric field along the growth
axis in a [110] oriented quantum well would induce an in-plane structural inversion
asymmetry component of Ωp (2.12) and thereby switch the Dyakonov–Perel mech-
anism back on for the z-component of spin. The effect of applied electric field on
the spin relaxation rate in undoped [110] oriented GaAs/AlGaAs quantum wells at
170 K is shown in Fig. 2.16 for a well width of 7.5 nm [52]. The quantum wells form
the insulating region of a pin structure and the electric field is the sum of the built-in
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Fig. 2.16. Dependence on electric field of the electron spin relaxation rate at 170 K in a 7.5 nm
wide [110]-oriented GaAs/AlGaAs quantum well sample. The data extrapolate through the
origin from high fields indicating no significant contribution of non-field-dependent terms in
the Dyakonov–Perel relaxation process. After [52]

field and that due to external reverse bias voltage. The data are interesting in several
ways. First, for sufficiently high fields the variation is accurately quadratic in field,
as expected for the Dyakonov–Perel relaxation mechanism (3.1) with 〈Ω2〉 from the
structural inversion asymmetry (2.12). Secondly, the variation extrapolates through
the origin, which appears to rule out any field-independent contributions to the spin
splitting in the Dyakonov–Perel spin relaxation. This contradicts a suggestion by Ka-
rimov et al. [52] that the spin relaxation in zero field for [110]-oriented wells is due
to interface roughness and leaves the mechanism of spin relaxation in zero electric
field undetermined.

Although the spin relaxation rate along the growth axis in a [110] oriented quan-
tum well is very low, spins oriented in the plane will be subject to the component
of Ω along the growth axis and consequently should show much higher rates. This
was verified by Döhrmann et al. [53] by measuring the decay rate of spin beats for
magnetic fields applied in-plane as described in Chap. 5.

2.8 Conclusions

In this chapter we have made a survey of spin dynamics of free carriers in quantum
wells, selecting a few pieces of data to discuss from the very large literature. The
emphasis has been on experiments which reveal the mechanisms of spin dynamics
and test our understanding of them. In quantum wells this turns out to mean investi-
gating the Dyakonov–Perel mechanism because in almost all experiments to date it
has been the dominant mechanism.

What are the exciting and important areas for future research?



52 R.T. Harley

Most of the work we have discussed has been on GaAs/AlGaAs because it is
the best developed material system and has its band gap in a particularly conve-
nient wavelength range for optical investigations. Investigation of other material sys-
tems is obviously desirable; for example narrow gap semiconductors, which have
larger spin-orbit interactions should enable the investigation of the alternatives to
the Dyakonov–Perel mechanism. Not very much is known about the spin dynamics
of holes in quantum wells, as reflected in the relatively short section in this chap-
ter. Systematic measurements on hole spin dynamics in well characterized samples
are necessary. Another important area involves engineering and controlling the spin
dynamics of the carriers in quantum wells as described in Sect. 2.5. We discussed
the possibilities of different crystallographic growth directions for quantum wells
and of applied electric fields. Measurements to test the predictions for [111] growth
will be very interesting as will studies of the interplay of applied electric fields and
other perturbations for example due to alloy asymmetry; can one design and realize
an asymmetric [111]-oriented quantum well sample in which the Dyakonov–Perel
mechanism of spin relaxation is canceled for all spin orientations? Other possibili-
ties include reduction of the dimensionality of the structure to one dimension [54,
55]. Finally spin diffusion and spin transport are receiving increasing attention; the
so-called spin grating technique, a powerful optical method for probing the dynam-
ics of spatially varying spin populations, which has been dormant since its first de-
velopment in 1996 [56], has come into use and is producing extremely interesting
results [57].

Acknowledgements. I wish to thank all authors who have kindly given permission for me to
use figures from their published papers.
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3

Exciton Spin Dynamics in Semiconductor Quantum

Wells

T. Amand and X. Marie

3.1 Two-dimensional Exciton Fine Structure

The spin properties of excitons in nanostructures are determined by their fine struc-
ture. Before analyzing the exciton spin dynamics, we give first a brief description
of the exciton spin states in quantum wells. We will mainly focus in this chapter
on GaAs or InGaAs quantum wells which are model systems. For more details, the
reader is referred to the reviews in [1, 2]. As in bulk material, exciton states in II–VI
and III–V quantum wells correspond to bound states between valence band holes
and conduction band electrons. As will be seen later, exciton states are shallow two-
particle states rather close to the nanostructure gap, i.e., their spatial extension is
relatively large with respect to the crystal lattice, so that the envelope function ap-
proximation can be used to describe these states. A description of the exciton fine
structure in bulk semiconductors can be found in [3].

In quantum well structures, as in bulk material, a conduction electron and a va-
lence hole can bind into an exciton, due to the Coulomb attraction. However, the ex-
citon states are strongly modified due to confinement of the carriers in one direction.
As we have seen, this confinement leads to the quantization the single electron and
hole states into sub-bands (cf. Chap. 2), and to the splitting of the heavy- and light-
hole band states. The description of the excitons is obtained, through the envelope
function approach, and the fine exciton structure is then deduced by a perturbation
calculation performed on the bound electron–hole states without electron–hole ex-
change. However, this approach becomes then more complex in the context of two
dimensional structures [4]. The full electron–hole wave function is usually approxi-
mated by

Ψα(re, rh) = χc,νe(ze)χj,νh(zh)
eiK⊥.R⊥

√
A

φjnl(r⊥)us(re)umh(rh), (3.1)
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where, α represents the full set of quantum indexes characterizing the exciton quan-
tum state, e.g., explicitly: |α〉 = |s,mh; νe, νh,K⊥, j, n, l〉. Here χc,νe(z) and χj,νh(z)

are the single particle envelope functions describing the electron, heavy-hole (j = h)
or light-hole (j = l) motion along the z-growth axis, R⊥ and K⊥ are the exci-
ton center of mass position and wave vector, respectively, A is the quantum well
quantization area, and φjnl(r⊥) characterizes the electron–hole relative motion in
the quantum well plane. This is in fact the function basis we shall take to formulate
the electron–hole exchange in a quantum well exciton.

The electron–hole exchange is determined through the evaluation of the direct
and exchange integrals:

Dβ,α =
∫

structure
Ψ ∗

β (re, rh)
e2

ǫb|re − rh|
Ψα(re, rh) dre drh, (3.2a)

−Eβ,α = −
∫

structure
Ψ ∗

β (re, rh)
e2

ǫb|re − rh|
Ψα(rh, re) dre drh. (3.2b)

In the calculations of integrals (3.2), two contributions appear: a short-range one,
which corresponds to the case where the electron and the hole are in the same Wigner
cell in the structure, and a long-range one, which corresponds to the case where they
are not.1 Such integrals have been computed in [5]. It turns out that, in narrow quan-
tum wells, they are much smaller than the heavy-/light-hole splitting ∆hl, as well
as the one between the different single particle sub-band states νe(h), and finally the
1s/2s exciton splitting. Then the first order perturbation theory, applied to the degen-
erated exciton states associated with a given sub-band pair, allows us to evaluate the
corrections brought by (3.2) perturbation.

3.1.1 Short-Range Electron–Hole Exchange

For the ground state of the heavy-hole exciton (XH), the short-range perturbation
matrix is

H (SR) = D(SR) − E(SR). (3.3)

In two-dimensional (2D) systems, due to the splitting ∆lh between heavy-hole and
light-hole excitons (labeled XH and XL, respectively), it is possible to use the restric-
tion of H (SR) to the XH subspace. The XH basis states are labeled according to their
projection to the quantization axis z (the structure growth axis), according to |M〉 =
|se + jh〉 (se = ±1/2, jh = ±3/2), so that BXH = {|+2〉, |+1〉, |−1〉, |−2〉}. It turns
out that H (SR) is proportional to |φhh,1s(r = 0)|2Ihh, where Ihh =

∫ +∞
−∞ |χc,1(z)|2 ×

|χh,1(z)|2 dz, a measure of the probability for the electron and the hole to be at the
same position in the quantum well. For XH excitons, the short-range exchange splits

1 In the latter contribution, only the exchange integral has to be taken into account, since the
direct long-range Coulomb interaction has already been considered in the equations of the 2D
mechanical exciton (i.e., without exchange).
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the J = 1 optically active exciton states with the non-optically active J = 2 ones. It
is convenient to evaluate (3.3) with respect to the 3D case. Then the short-range 2D
splitting takes the form:

∆0 = 3

4
∆3D

0
|φh,1s(0)|2

|φ3D
h,1s(0)|2

Ihh, (3.4)

where φ3D
1s and φ1s are the 3D and 2D exciton hydrogenic 1s function, respectively.

The short-range exchange correction ∆0 is independent of the exciton wave vec-
tor K⊥. In an infinite quantum well, the overlap integral is Ihh = 3/(2LW) where LW
is the quantum well width, so that, letting a3D

B be the usual three-dimensional exciton
Bohr radius, and EB, E3D

B the exciton binding energies in the 2D and 3D semicon-
ductor, respectively, we obtain ∆0 ≈ (9/16)∆3D

0 (EB/E3D
B )2a3D

B /LW, showing that
when the quantum well width decreases, the 2D short-range exchange first increases
since the exciton binding energy increases [4]. This corresponds to the trend observed
experimentally (see Fig. 3.15 later).

3.1.2 Long-Range Electron–Hole Exchange

An exciton can be viewed as a polarization wave propagating inside the semicon-
ductor structure. For a given |α〉 exciton eigenstate state, the associated polarization
field P (r, t) is oriented along the dipole erα,∅ = 〈α|er|∅〉. The exciton state prop-
agating with K⊥ parallel to rα,∅, called the longitudinal exciton, and the one prop-
agating with K⊥ perpendicular to rα,∅, called the transverse exciton, are slightly
split in energy, by the longitudinal-transverse splitting. In 3D semiconductor ma-
terial, this splitting ∆3D

LT does not depend on the exciton wave vector. For GaAs,
∆3D

LT ≈ 0.1 meV [7].
In quantum wells structure, the calculation can be found in [5]. For the lowest

heavy-hole excitons, it leads to

∆LT(K⊥) = 3

8
∆3D

LT
|φh,1s(0)|2

|φ3D
1s (0)|2

K⊥I0(K⊥), (3.5)

where I0 is a form factor which, for K⊥ ≪ π/LW, takes the simple form I0 ≈
|〈χe,1|χh,1〉|2, which corresponds to the overlap of the electron and hole single par-
ticle envelope functions (in the infinite barrier model, I0 = 1). Finally, we obtain
the approximation: ∆LT(K⊥) ≈ (3/16)∆3D

LT |〈χe,1|χh,1〉|2(EB/E3D
B )2a3D

B K⊥. Con-
trary to the 3D case, the 2D longitudinal transverse splitting is zero for K⊥ = 0,
and increases linearly with K⊥. For instance, if a3D

B K⊥ ≈ 0.1, one can estimate
∆LT ≈ 40 µeV typically for GaAs/AlGaAs quantum wells of 2D character. Simi-
larly to the short-range exchange ∆0, the long-range splitting ∆LT increases when
the confinement increases (i.e., when the well width decreases). As we shall see in
Sect. 3.3.4, the long-range exchange interaction is at the origin of an important spin
relaxation channel for excitons in type I quantum wells.
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Fig. 3.1. Intensities I+ and I− and polarization P = (I+ − I−)/(I+ + I−) of exciton
luminescence as a function of time following picosecond excitation at the exciton energy.
I+ (I−) corresponds to the intensity of σ+ emission for σ+ (σ−) excitation [10]

3.2 Optical Orientation of Exciton Spin in Quantum Wells

Thanks to the development of stable ultrafast laser sources at the end of the 1980s,
it has been possible to monitor directly in the time domain the carrier spin dynam-
ics in semiconductors [8, 9]. Time-resolved polarization absorption measurements
based on pump–probe techniques or time-resolved polarized photoluminescence ex-
periments were extensively used to measure the spin relaxation of excitons in semi-
conductor quantum wells [10–12]. These time-resolved techniques are very comple-
mentary tools to the well-established measurements methods based on cw photolu-
minescence spectroscopy or Hanle type experiments [3, 13]. The measurement of the
circular polarization dynamics of the exciton luminescence after a circularly polar-
ized (σ+) pulsed laser excitation allows one to measure both (i) the spin polarization
of the exciton just after the δ-like optical pump and compare it with the theoretical
value given by the optical selection rules (see Chap. 1) [4] and the band structure and
(ii) the decay time of the exciton spin polarization, which allows one to deduce the
dominant spin relaxation mechanism.

Figure 3.1 displays for a 8 nm GaAs/AlGaAs multiple quantum well the time
evolution of I+ and I− for resonant excitation of the heavy-hole exciton XH (I+

and I− correspond to the right circularly polarized (σ+) luminescence component
following a right (σ+) or left (σ−) circularly polarized picosecond laser excitation,
respectively). Since only the heavy-hole exciton is excited,2 the initial polarization
PL(t = 0) of the exciton luminescence is very large: PL(0) ≈ 70% (the time res-
olution of the streak camera used here as a detector is about 10 ps). The circular
polarization in Fig. 3.1 decays with a time constant of ≈50 ps. The link between
this decay time and the spin relaxation of exciton is not straightforward since several
spin relaxation channels can occur simultaneously [14, 15]. This will be discussed in
detail in Sect. 3.3.

2 Here the spectral width of the laser pulse is much smaller than the heavy-light hole split-
ting.
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Fig. 3.2. Photoluminescence excitation spectrum under cw stationary excitation. The initial
polarization degree PL(t = 0) in dynamical experiments of the heavy-hole exciton lumines-
cence as a function of the laser excitation energy is also displayed; (�): experimental data;
solid line: calculated values. T = 1.7 K [14]

Figure 3.2 presents the variation of the initial polarization PL(0) of the exciton lu-
minescence as a function of the picosecond laser excitation energy in a compressively
strained InGaAs/GaAs multiple quantum well (LW = 7 nm) [14]. When the incident
photon energy is larger than the quantum well gap but smaller than the light-hole ex-
citon transition (involving the E1 and LH1 sub-bands), the initial polarization PL(0)

is as high as 95% (the time resolution of the up-conversion time-resolved photolumi-
nescence spectroscopy technique used here is about 1 ps). This very high PL(0) value
proves that the initial carrier thermalization process which occurs on a few hundred
of femtosecond time scale, leads to very minor carrier depolarization (at least for the
conduction electrons under non resonant excitation). The calculated initial polariza-
tion for valence to conduction band transitions using the envelop function formalism
and the effective Luttinger Hamiltonian is also plotted in Fig. 3.2 (full line) [16]. The
variation of PL(0) versus the excitation energy is the result of valence band mixing.
The mismatch around the (E1 − LH1) excitation energy between the experiment and
the calculation is just due to the fact that the latter does not take into account the
absorption increase due to bound light-hole exciton state (XL) [17, 18]. As a fact,
the XL oscillator strength may become stronger than the one of unbound E1 − HH1
electron–hole pair states at the same energy [4]. For a strictly resonant excitation
of the light-hole exciton photoluminescence, the heavy hole exciton luminescence
polarization can indeed be negative (opposite to the helicity of the excitation laser
polarization), see the curve (3) in Fig. 3.3 for a LW = 4 nm GaAs/AlGaAs multiple
quantum well structure [17, 19].
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Fig. 3.3. Circular polarization dynamics of the heavy-hole exciton XH luminescence following
a (σ+)-polarized picosecond laser pulse. Four excitation energies: (1) hν = XH + 10 meV;
(2) hν = XH + 22 meV; (3) hν = XH + 32 meV, resonant with the light-hole exciton energy
XL; (4) hν = XH + 74 meV [19]. Inset: Schematic diagram of the different exciton spin
relaxation processes; τexc, τe, and τh represent the exciton, electron, and hole spin relaxation
time, respectively (see text)

3.3 Exciton Spin Dynamics in Quantum Wells

Exciton luminescence polarization studies in semiconductor quantum wells have re-
vealed the coexistence of two main mechanisms of exciton spin relaxation: the direct
relaxation with simultaneous electron and hole spin flip due to the electron–hole ex-
change interaction [5] and an indirect one with sequential spin flips of the single
particles (electron or hole), see the inset of Fig. 3.3. The rate of exciton spin relax-
ation in this indirect channel is limited by the slower single particle spin–flip rate,
which is typically the electron one [20]. The relative efficiency of these mechanisms
depends on the excitation conditions which can be resonant (the energy of the polar-
ized excitation photons is equal to the exciton energy) or non-resonant (the photon
excitation energy is typically above the quantum well gap energy E1 − HH1). In the
latter, the exciton spin dynamics is influenced by the exciton formation process [21].

3.3.1 Exciton Formation in Quantum Wells

In bulk semiconductors, two exciton formation processes are usually considered:
straight hot exciton photogeneration, with the simultaneous emission of an LO
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Fig. 3.4. (a) Initial circular polarization degree of the exciton photoluminescence PL(t = 0)

versus the excitation light polarization degree PE of the picosecond laser pulse in a LW =
7 nm In0.2Ga0.8As/GaAs multiple quantum well. The symbols represent the measured values
for (�) quasiresonant excitation: hν = XH + 4 meV; (∗) non-resonant excitation: hν = XH +
34 meV. The continuous lines are, respectively, the calculated PL(0) values for a geminate and
non-geminate (bimolecular) formation process. (b) Similar analysis on a GaAs/Al0.3Ga0.7As
multiple quantum well (LW = 4 nm); (�): resonant excitation, hν = XH; (∗): non-resonant
excitation, hν = XH + 15 meV [21]

phonon, in which the constitutive electron–hole pair is geminate; or bimolecular ex-
citon formation which consists of the random binding of electrons and holes under
the Coulomb interaction.

The analysis of the initial polarization PL(t = 0) of the exciton luminescence
in time-resolved optical orientation experiments performed in GaAs/AlGaAs or In-
GaAs/GaAs quantum wells reveals precious information about this exciton formation
process [21]. The idea is to measure the initial photoluminescence polarization PL(0)

using an elliptically polarized laser beam, characterized by its degree of circular po-
larization defined as PE = (Σ+ − Σ−)/(Σ+ + Σ−) where Σ+ and Σ− represents
the intensities of the right and left circularly-polarized optical excitation components.
Figure 3.4 presents the experimental photoluminescence circular polarization degree
PL(0) versus PE for non-resonant and resonant excitation conditions. The measure-
ments are performed in a 7 nm InGaAs/GaAs multiple quantum well structure. The
striking feature is that for non-resonant excitation (hν = XH + 34 meV < XL,
where XH is the heavy-hole exciton energy and XL the light-hole one), the initial
photoluminescence polarization degree is higher than the excitation light polariza-
tion. In contrast, in resonant excitation (hν ≈ XH), below the quantum well gap, the
behavior is completely different: within the experimental accuracy the initial photo-
luminescence polarization is equal to the excitation light polarization, whatever the
PE value is [21].
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In resonant excitation conditions, the excitons are formed from geminate pairs
which keep their initial spin orientation; the initial photoluminescence polarization
is thus

PL(0) = PE (3.6)

in agreement with the experimental results in Fig. 3.4.
In non-resonant excitation conditions (above the quantum well gap), the polar-

ized excitation pulse creates electron–hole pairs with a total spin M = +1 and
M = −1. The proportions are (1 + PE)/2 and (1 − PE)/2, respectively. If the exci-
tons are formed from spin-unrelaxed non-geminate pairs by a bimolecular formation
process the initial excitonic populations on optically active and inactive spin states,
|±1〉 and |±2〉, are respectively: N±1 ∝ (1 ± PE)2/4 and N±2 ∝ (1 − P 2

E )/4 .
The coherence effects are neglected here since the electron and hole angular mo-

menta are now uncorrelated. The initial polarization is then given by

PL(0) =
2PE

1 + P 2
E

≥ PE; (3.7)

an expression which shows that PL(0) is strictly higher than the polarization of the
excitation light when 0 < PE < 1. This is due to the fact that the electron |−1/2〉
states are more populated than the |+1/2〉 ones, and have a higher probability to bind
to a |+3/2〉 hole than to a |−3/2〉 one. Expression (3.7) is strictly independent both
of the initially created electron–hole pair density and the value of the bimolecular
formation coefficient [22–25]. The initial circular polarization PL(0) of the lumi-
nescence is plotted in Fig. 3.4 as a function of the excitation circular polarization
PE, according to (3.6) and (3.7); the full and dotted lines correspond, respectively,
to the geminate and non-geminate exciton formation process. The comparison of
the calculated and experimental polarization leads to the conclusion that following
non-resonant excitation most of the excitons are formed by the bimolecular process.

3.3.2 Spin Relaxation of Exciton-Bound Hole

In contrast to bulk materials in which the hole spin relaxation time is very fast (�1 ps,
characteristic time of the momentum relaxation time) [3, 26], the lifting of the de-
generacy in k = 0 between the heavy hole and light hole sub-bands in quantum
wells yields a decrease of the valence band mixing and hence an increase of the hole
spin relaxation time (see Chap. 2) [27–31]. The exciton spin dynamics can thus be
strongly affected by the hole single particle spin relaxation time, which occurs on
the same time-scale as the direct exciton spin relaxation which connects the two op-
tically active |+1〉 and |−1〉 exciton states (see Sect. 3.3.4) [5]. However the exciton-
bound hole spin relaxation time is usually shorter than the free hole spin relaxation in
quantum wells. As a fact, the exciton is composed of holes states with wave-vectors
ranging up to (aB)−1 typically (aB is the ground state 2D exciton Bohr radius [4],
and thus characterized by a significant valence band mixing).

Two experimental techniques have been used to measure directly the hole spin
relaxation time (τh) within the 2D exciton [21, 32].
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Fig. 3.5. (a) Time evolution of the ratio R(t) = Iσ+(t)/Iσ x (t) where Iσ+(t) and Iσ x (t)

are the total luminescence intensity following a (σ+) circularly-polarized or (σ x ) linearly-
polarized excitation pulse in a LW = 7 nm In0.2Ga0.8As/GaAs multiple quantum well. The

solid line is an exponential fit of R(t) according to R(t) = 1 + e−t/τh , with τh = 5.5 ps.
(b) Same measurements for a GaAs/Al0.3Ga0.7As multiple quantum well (LW = 4 nm) [31].
The experiment is performed at 1.7 K

Measurement of the Hole Spin Relaxation Time by Monitoring the Total

Luminescence Intensity Dynamics

This technique exploits the exciton bimolecular formation process in the non-
resonant excitation conditions. As shown in Sect. 3.3.1, the exciton bimolecular for-
mation process yields an initial population of the exciton in the optically inactive
states |±2〉 with a proportion (1 − P 2

E )/2.
Let us consider two different excitation conditions: first, a 100% circularly σ+

light excitation; second a linearly polarized σ x light excitation. In each case, the
total luminescence intensity Iσ+ and Iσ x are recorded. These two measurements are
performed at the same excitation energy (above the quantum well gap) and for the
same excitation intensity. The ratio R(t) = Iσ+/Iσ x is presented in Fig. 3.5 for the
quantum well structures already presented in Fig. 3.4. When the excitation is linearly
polarized (PE = 0), the excitonic population is initially equidistributed over the four
states. Consequently, only half of the excitons are initially active and this does not
change with time, since this distribution corresponds to the thermal equilibrium of
the electronic excitations.

When the excitation is 100% circular (PE = 1), only |+1〉 states are initially pop-
ulated so that all the excitons are optically active at t = 0. Consequently R(0) = 2.
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The system will then tend to equalize the optically active and optically inactive ex-
citonic population, due to the electron and hole single particle spin relaxation, so
one expects a rapid decrease of R(t) towards 1. The exciton spin-flip, governed by
the exchange interaction between the electron and the hole (see Sect. 3.3.4), which
changes the |+1〉 excitons into |−1〉 and vice versa, is strictly inoperative in the time
evolution of R(t), which decays according to R(t) = 1+e−t (1/τh+1/τe). As the single
particle exciton bound electron spin relaxation time is longer than the exciton bound
hole spin relaxation time (as can be inferred later from Sect. 3.3.3), the evolution
of R(t) in Fig. 3.5 reflects directly the hole spin relaxation time. The fit of the ex-
perimental curves yields a hole spin relaxation time of τh = 5.5 ps and τh = 2.5 ps
respectively in the InGaAs/GaAs and GaAs/AlGaAs quantum well structures pre-
sented. The advantage of this method is the direct measurement of τh in the exciton,
independently of the determination of the exciton spin relaxation time. Moreover, it
does not require the modeling of the exciton energy relaxation and the effective radia-
tive recombination processes as they are identical for the two Iσ+ and Iσ x recordings.
As expected in resonant excitation conditions (geminate formation of excitons), R(t)

does not depend on time and equals 1, as expected [21].
The energy dependence of the hole spin relaxation time has been studied by

Baylac et al. with this technique [31]. These authors found an hole spin relaxation
time of τh ≈ 15 ps for an excitation energy near the InGaAs/GaAs quantum well
gap Eg, dropping down to τh ≈ 6 ps for hν > Eg + 8 meV as a consequence of the
valence band mixing and the increasing of the electron–hole temperature with the
increase of the excitation energy.

Measurement of the Hole Spin Relaxation with a Two-photon Excitation

Process

A different experiment allows direct measurement of the conversion rate of J = 2
to J = 1 excitons in GaAs quantum wells due to hole single particle spin relaxation
[32]. The experiment is basically as follows. First, J = 2 excitons are created via
two-photon infrared excitation, using an optical parametric oscillator. Following the
generation of the excitons, the single-photon recombination luminescence (≈visible
or near infrared) from the J = 1 excitons is detected with a streak camera. The J = 2
excitons can by created by resonant excitation and observed immediately thereafter
(after the conversion to J = 1 states), without unwanted background from the laser
light (since the streak camera does not respond to the infrared exciting light).

This experiment relies on the fact that just as single photon emission from J = 2
states is forbidden, two-photon absorption by J = 1 excitons is forbidden by dipolar
selection rules but two-photon absorption by J = 2 excitons is allowed.

The lower curve of Fig. 3.6 shows as a function of time the XH (J = 1) exciton
luminescence at 730 nm, from a 3 nm quantum well at 2 K, excited by circularly
polarized optical parametric oscillator light, i.e., following two-photon excitation of
the 1s heavy-hole resonance. The rise time of the luminescence intensity after the
two-photon excitation is mainly governed by the hole spin relaxation time τh (which
is shorter than the single particle electron spin relaxation time [20], see Sect. 3.3.3).
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Fig. 3.6. Lower curve: Luminescence intensity dynamics of the heavy-hole exciton J = 1 in
a LW = 3 nm GaAs/AlGaAs quantum well, following the generation in the J = 2 spin state
by a 100 fs circularly polarized laser pulse at 1 471 nm. Upper curve: Luminescence intensity
dynamics of the heavy-hole exciton J = 1 in the same quantum well, following the generation
in the J = 1 spin state by a 730 nm laser pulse (the relative intensity scales of the two curves
are arbitrary) [32]

On the basis of simple rate equations for the J = 1 and J = 2 exciton states,
Snoke et al. concluded that the time scale for the hole spin-flip process in a narrow
(LW = 3 nm) GaAs quantum well is of the order of 60 ps [32], which corresponds
here to resonantly created XH excitons.

3.3.3 Spin Relaxation of Exciton-Bound Electron

The exciton-bound electron spin relaxation has been calculated by de Andrada e
Silva and La Rocca taking into account the conduction band splitting due to the
spin–orbit interaction [20]. They have shown that the off-diagonal matrix element
between optically active and inactive exciton states (e.g., |+1〉 and |+2〉, see insert
in Fig. 3.3) can be represented by an effective magnetic field with two contributions.
The first one, induced by spin–orbit interaction (cf. Chap. 2), changes randomly as
the exciton is elastically scattered and is responsible for the electron spin relaxation.
The second one arises due to the electron–hole short-range exchange splitting ∆0
between the optical active and inactive states (cf. (3.4)). It acts as a static external
magnetic field, which reduces the electron spin relaxation rate due to energy mis-
match. The estimated rate of the bound electron spin flip agrees well with values
obtained from fitting the experimental data (see Sect. 3.3.4) [14, 15].

This spin relaxation rate We = 1/2τe is [20]

We =
4α2

soK
2

h̄

τ ∗

1 + (∆0τ ∗/h̄)2
, (3.8)
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Fig. 3.7. Well width variation of the exciton-bound electron spin relaxation time τe for differ-
ent values of the elastic momentum scattering time τ∗ in GaAs/AlGaAs quantum wells [20]

where τ ∗ is the exciton elastic momentum scattering time, ∆0 is the exchange split-
ting between the optical active and inactive exciton states, K is the exciton wave
vector and αso a constant depending on spin–orbit interaction in the conduction band.

This means that, when (∆0τ
∗/h) > 1, the exciton-bound electron spin dynamics

presents a motional narrowing type of relaxation analogous to the Dyakonov–Perel
free-electron spin relaxation [33, 34]. Figure 3.7 displays the well-width dependence
of this exciton-bound electron spin relaxation τe for different values of the elastic
momentum scattering τ ∗ in GaAs/AlGaAs quantum well. The spin relaxation time
increases with the well width due to the corresponding decrease in the average spin–
orbit splitting in the conduction band that the bound electron feels.

Except in the narrow well limit, we observe the usual motional narrowing be-
havior with the exciton-bound spin-relaxation time roughly inversely proportional
to the momentum scattering time. Experimental investigations of the exciton-spin
dynamics in high-quality GaAs/AlxGa1−xAs multiple quantum wells (x = 0.3 and
LW = 15 nm) have determined through detailed fitting procedures that the exciton-
bound electron-spin relaxation rate lays in the range 3×108 s−1 < We < 3×109 s−1

[14, 15], in agreement with the calculated values plotted in Fig. 3.7.

3.3.4 Exciton Spin Relaxation Mechanism

Exciton Spin Relaxation Due to Electron–Hole Exchange: The Maille, Andrada

e Silva, and Sham Mechanism

The main exciton spin depolarization mechanism in quantum wells occurs via the
exchange Coulomb interaction between the electron and the hole. The theory of this
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Fig. 3.8. Calculated exciton spin relaxation time (Ts1 ≡ τexc) versus well width for different
values of the momentum scattering time in GaAs/AlGaAs quantum wells [5]. The experimen-
tal points are from [29] (△) and [10] (�)

mechanism has been developed by Maille, de Andrada e Silva, and Sham [5]. The
process may be viewed as due to a fluctuating effective-magnetic field in the well in-
terface plane, which originates in the electron–hole exchange (cf. Sects. 3.1.1, 3.1.2).
The magnitude and direction of this field depends on the exciton center of mass mo-
mentum K , vanishing for K = 0 states (cf. (3.5)). The fluctuations, due to the scat-
tering of the exciton center of mass momentum, are responsible for the exciton spin
relaxation, in the same manner as any other motional narrowing spin–flip processes,
with the characteristic dependence of the spin-relaxation time on the inverse mo-
mentum scattering time. In this process, the long range electron–hole exchange con-
tribution dominates, its strength being characterized by ∆LT(K) = h̄ΩLT(K). The
inverse exciton spin relaxation time (τexc, often labeled Ts1) is given, in the motional
narrowing regime (ΩLT(K)τ ∗ ≪ 1), by

1

Ts1
≈

〈

Ω2
LT

〉

τ ∗, (3.9)

where the square of the precession angular frequency Ω2
LT(K) is averaged on the

whole exciton population. The time Ts1 is called longitudinal spin relaxation time. It
corresponds to the relaxation between the |+1〉 and |−1〉 exciton states (i.e., circular
depolarization time of exciton luminescence).

Maille, de Andrada e Silva, and Sham [5] have also calculated the transverse

spin relaxation time Ts2 which corresponds to the relaxation time of the coherence
between |+1〉 and |−1〉 states. In the motional narrowing regime, and at low exciton
density, Ts2 ≈ 2Ts1. The transverse exciton spin relaxation can be measured by
recording the decay time of the exciton linear depolarization in optical alignment
experiments (see Sect. 3.4.2) [35].

Figure 3.8 presents the calculated exciton spin relaxation time Ts1 as a function of
the well width for different values of the exciton momentum scattering time τ ∗. The
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Fig. 3.9. Time evolution of the measured luminescence circular polarization for two excitation
energies in a InGaAs/GaAs quantum well structure: (a) �ω = XH + 22 meV and (b) �ω =
XH + 92 meV, i.e., larger than the light-hole exciton energy. The solid line corresponds to the
fit with the rate equation model (see text) [14]

quantum well confinement enhances the exchange interaction compared to its value
in bulk, as shown in Sect. 3.1.2. The long-range exchange interaction is found to be
the dominant contribution to the spin-relaxation process. The short-range contribu-
tion is rendered less important, since the coupling between heavy- and light-holes is
reduced due to sub-band formation in low-dimensional systems [5].

Measurement of the Maille, Andrada e Silva, and Sham Spin Relaxation Time

The measurement of the exciton spin relaxation time τexc (or Ts1) requires a fitting
procedure of the experimental data, taking into account the single particle spin relax-
ation time of electrons (τe) and holes (τh) within the exciton and the direct exciton
spin relaxation time (τexc), see the inset in Fig. 3.3. If the experiments are performed
in non-resonant excitation conditions, the model must also take into account the bi-
molecular formation process (see Sect. 3.3.1).

The balance equations describing the evolution of different exciton spin state
populations nM(t) (M = ±1,±2), once they have been created, where solved in
[5, 14, 15] as a function of the electron, hole and exciton spin transition rates,
We = 1/2τe, Wh = 1/2τh and Wexc = 1/2τexc, respectively (taking into account
the recombination time τr).

The calculated photoluminescence polarization is simply given by Pcal(t) =
(N1 −N−1)/(N1 +N−1). The comparison between calculated and experimental evo-
lution of the exciton luminescence polarization is presented in Fig. 3.9. The straight
lines in Figs. 3.9(a) and (b) correspond to least square fits of the experimental curves
of the exciton photoluminescence circular polarization dynamics using the rate equa-
tions for a LW = 7 nm InGaAs/GaAs quantum well structure. The depolarization
dynamics are well described by an exciton spin relaxation (τexc ≈ 58 ps and 79 ps,
respectively, for the two excitation conditions), and a shorter time (17 ps and 7 ps,
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Fig. 3.10. (a) Energy band diagram in a two-particle picture, showing the initial created exci-
ton distribution and a thermalized exciton distribution [10]. (b) Radiative recombination rate
(2Γ0) of the exciton population at K‖ = 0, exciton effective scattering rate with phonons
(WK) and exciton spin relaxation time (Wx = 1/2τexc). These rates are obtained from fits to
the measured exciton polarization photoluminescence dynamics at T = 12 K in GaAs/AlGaAs
quantum well structures[15]

respectively) which is identified as τh. The fit gives a much longer third time (τe),
greater than 1 ns: as a matter of fact, the fit is not very sensitive to this third time.
It is impossible to fit the data with only τe and τh: a finite excitonic spin relaxation
τexc is compulsory to get a good agreement. But the excitonic spin relaxation time
alone cannot explain the polarization decay as it leads to a calculated curve which is
mono-exponential whereas the experimental ones are not.

In contrast to what could be expected, the modeling of the exciton spin depolar-
ization dynamics measured by luminescence spectroscopy in strictly resonant excita-
tion is not straightforward [10, 15]. The measured temporal dynamics of resonantly-
excited luminescence is determined by the relaxation, thermalization and recom-
bination dynamics of this initial non-thermal distribution of exciton. Figure 3.10(a)
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schematically displays the relevant energy diagram in the two particle or exciton rep-
resentation [10]. The absorption of photons takes place only within the homogeneous
width of the exciton. The homogeneous exciton line width of high quality multiple
quantum well samples is usually less than the thermal energy kT (even at 10 K). As
the photoexcited cold excitons thermalize, their distribution becomes wider than the
initial distribution so that fewer excitons remain within the homogeneous line width
of the exciton with increasing time. Since only excitons within the homogeneous line
width couple to light as a consequence of the wave vector conservation, this leads to
a decrease in the luminescence intensity, even though the total number of excitons
has not decreased [15, 36]. Thus this process has to be taken into account in addition
to the spin relaxation mechanisms previously described. Vinattieri and co-workers
performed a comprehensive investigation of the dynamics of resonantly excited ex-
citons in GaAs/AlGaAs quantum wells on picosecond time-scales [15]. With sys-
tematic multiparameter fits, they managed to extract the different relaxation rates, as
shown in Fig. 3.10(b). They found, e.g., Wx = 1.5 × 1010 s−1, Wh = 0.7 × 1010 s−1,
and 3 × 108 s−1 < We < 3 × 109 s−1 for a 15 nm GaAs/AlGaAs quantum well
structure.

Non-degenerate, spectrally, and spin-resolved differential transmission experi-
ments allow us also to determine different spin-relaxation times within the exciton
[37, 38]. In these pump–probe experiments, the picosecond σ+ pump pulse is reso-
nant with the |+1〉 quantum well excitons formed with +3/2 heavy holes (hh) and
−1/2 electrons; the non-degenerate probe pulse measures the absorption at the light
hole (lh) transition. The transmission change of this probe pulse as a function of
time with polarization σ− is not sensitive to the population at the (hh) states with
the angular momentum +3/2 but it is sensitive to the population of electrons with
spins −1/2. In the same way, the σ− probe transmission change at the heavy-hole
excitonic transition is only sensitive to the population of +1/2 electrons and −3/2
holes. The last two bands are not initially populated by the pump pulse and, there-
fore, the population of these states results from electron or hole spin-flip processes.
Using this experimental technique, it is possible to extract unambiguously the time
constants corresponding to the spin relaxation of one of the three types of quasipar-
ticles. Ostatnicky et al. measured for instance τe = 250 ps and τh = 30 ps in a 10 nm
thick GaAs multiple quantum well structure [37].

The spin dynamics of neutral (X) and positively charged excitons (X+ made of
a hole singlet and one electron) have been measured and compared in modulation
p-doped CdTe/CdMgZnTe quantum wells [39]. Thanks to the larger binding energy
of the charged exciton (X+) in II–VI quantum wells compared to the one in GaAs
quantum wells [40–42], it is possible to study the neutral exciton X photolumines-
cence dynamics after a resonant excitation of X [noted X(X) in the following], the
X+ photoluminescence dynamics after a resonant excitation of X [noted X+(X)],
and the X+ photoluminescence dynamics after a resonant excitation of X+ [noted
X+(X+)]. Figure 3.11 illustrates the corresponding decay of the photoluminescence
circular polarization for the three configurations.

The neutral excitonic polarization [X(X) spectrum] decreases with a time con-
stant of 12 ps, four times shorter than in typical III–V quantum wells of comparable
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Fig. 3.11. Circular photoluminescence polarization dynamics in a modulation p-doped
CdTe/CdMgZnTe quantum well (LW = 7.7 nm), T = 10 K. The neutral exciton X photo-
luminescence dynamics is recorded after a resonant excitation of X [noted X(X)], the X+

photoluminescence dynamics is recorded after a resonant excitation of X [noted X+(X)], and
the X+ photoluminescence dynamics after a resonant excitation of X+ is also studied [noted
X+(X+)] [39]

sizes because of the larger exchange interaction (see Sect. 3.1) [15]. As the neural ex-
citons X are created resonantly, i.e., without kinetic energy, this time reflects mainly
the excitonic spin-flip time τexc, i.e., the simultaneous spin flip of the electron and
the hole within the neutral exciton due to electron–hole exchange [5].

The X+(X+) circular polarization decreases with a significantly longer time
(≈60 ps). As the X+ is formed with two heavy holes of opposite spin (i.e., mh =
+3/2 and mh = −3/2, respectively), the electron–hole exchange cancels in this
charged exciton complex, so that the polarization of the charged excitons reflects the
spin relaxation τe of the electron only, due to spin–orbit interaction.

The polarization decay time of the X+ generated via X states [X+(X) spectrum]
is intermediate, with an average time constant ≈22 ps. This intermediate behavior
originates directly from the continuous creation of X+ by the neutral X: the X+ cre-
ated at short times t < τexc result from highly polarized X and those retain their po-
larization for quite a long time (τe), while nonpolarized X+ are generated at slightly
longer delays from excitons that have already lost their spin orientation. The fact that
the X+(X) exhibits a strong initial polarization shows that the creation of X+ via X

states does not affect the spin orientation.



72 T. Amand and X. Marie

Fig. 3.12. (a) Measured dependence of the different spin relaxation rates Wx, Wh, and We on
the applied electric field for a 15 nm GaAs/AlGaAs quantum well, T = 20 K [15]. (b) Calcu-
lated dependence of the exciton-spin relaxation time for various well widths [5]

Electric Field Dependence of the Exciton Spin Relaxation Time

An electric field applied along the quantum well growth axis will increase the sep-
aration between the electron and the hole within the exciton. The reduction of the
overlap between the electron and the hole wave function will yield a decrease of the
long-range part of the exchange interaction (see Sect. 3.1.2). As a result, the exciton
spin relaxation rate decreases when the applied electric field increases (Fig. 3.12(a)).
The measured variation of Wx = 1/2τexc is in rather good agreement with the calcu-
lated one (Fig. 3.12(b)) [5, 15].

3.4 Exciton Exchange Energy and g-Factor in Quantum Wells

The exciton exchange energy and g-factor are strongly modified compared to bulk
values because of the confinement of the electron and hole wave functions along
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the quantum well growth direction. Both cw and time-resolved optical spectroscopy
techniques have been used to measure these parameters in various quantum well
structures [44, 46–48].

3.4.1 Exchange Interaction of Excitons and g-Factor Measured with cw

Magneto-Photoluminescence Spectroscopy

Exciton Exchange Energy

The value of the short-range exchange interaction in the GaAs quantum well was
first deduced from the measurements of the degree of circular polarization versus
magnetic field of photoexcited luminescence [49]. The results presented below show
evidence of exciton level crossings, which have been analyzed to give the short-range
exciton exchange energy, which is about ∆0 ≈ 150 µeV for a narrow GaAs/AlGaAs
quantum well (LW � 5 nm).

The elegant technique used by Blackwood et al. relies on the measurement of the
degree of circular polarization of the luminescence as a function of the applied mag-
netic field Bz (applied along the growth axis), under non-resonant linearly-polarized
cw laser excitation. Figure 3.13 presents the variation of the circular polarization
degrees P as a function of Bz for three quantum well structures with different well
widths [49]. There is a general monotonic increase of |P | with applied field, the sign
depending on the direction of the field, with a superimposed peak at a field which
varies with quantum well width.

This peak is due to magnetic field induced exciton level crossing (see Fig. 3.14).
As the excitation is non-resonant (photogeneration of electron–hole pairs in the quan-
tum well continuum), the bimolecular formation process of exciton will yield heavy-
hole excitons in each of the four spin states (|M〉 = |+1〉, |−1〉, |+2〉, |−2〉) with
equal probability and the relative populations of the states under cw excitation will
be determined by the balance of recombination processes and phonon-assisted relax-
ation between the levels. Thus populations of the two optically allowed levels will
tend towards the Boltzmann thermal distribution, with the degree of thermalization
depending on the relaxation rates between the levels. If these rates vary smoothly the
population difference of the optically allowed levels will increase steadily with ap-
plied field. However, the transition rate between a pair of levels will increase sharply
if their energies become equal, because the transition can then occur without the in-
tervention of a phonon. This will be reflected in an anomaly (presence of a peak) in
the population difference of the optically allowed levels and therefore in the degree
of circular polarization P of the integrated luminescence.

Referring to Fig. 3.14, there are in general two fields at which levels cross. The
calculation of the position of these level crossing allows one to estimate the zero-field
exchange energy ∆0. The effective Hamiltonian representing the interaction of a 1s

exciton with a longitudinal magnetic field Bz can be written generally, according to
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Fig. 3.13. Circular polarized cw photoluminescence for GaAs/AlGaAs multiple quantum well
samples with well widths (a) 2.5 nm, (b) 5.6 nm, and (c) 7.3 nm [49]

[1], as

Hex = H
(SR)
hh + HB‖

= 2∆0SezShz + ∆1(SexShy + SeyShx) + ∆2(SexShx + SeyShy)

+ µBBz(ge‖Sez + gh‖Shz), (3.10)

where Se is the electron spin operator and Sh is an effective spin operator represent-
ing the two heavy-hole states |±3/2〉 ≡ |∓1/2〉h. The parameters ge‖ and gh‖, which
are the electron and effective heavy-hole magnetic g-factors, and ∆i (i = 0, 1, 2),
which represent the short-range electron–hole exchange interaction, are functions of
the quantum well width [50, 52] (see Sect. 3.1.1). Note that the expression (3.10) is
valid down to C2v symmetry.

The energies of the four heavy-hole exciton states for applied field parallel to
z-axis are

δE±1 =
∆0

2
∓

1

2

√

µ2
BB2

z (gh‖ + ge‖)2 + ∆2
1, (3.11a)
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Fig. 3.14. Exciton energy levels as a function of the longitudinal magnetic field Bz. E±1 and
E±2 correspond to the |±1〉 optically active exciton states, and to the |±2〉 non-optically active
states, respectively [49]

δE±2 = −
∆0

2
∓

1

2

√

µ2
BB2

z (gh‖ − ge‖)2 + ∆2
2. (3.11b)

The levels are plotted in Fig. 3.14 for the ideal D2d symmetry and for ∆1 ≪ ∆0 [49].
The z component of exchange (∆0) causes a zero-field splitting between the optically
active and non optically active states and the ∆1 and ∆2 components cause small
additional zero-field splittings. D2d has a fourfold rotation–reflection axis along the
growth direction (z) which dictates ∆1 = 0, so that E+1 and E−1 are degenerate in
zero field. If this symmetry is broken a zero-field splitting ∆1 appears (see Sect. 3.5
on type II quantum wells or Chap. 4 on quantum dots).

The two fields, at which the exciton levels cross, are given by

B(h)
z ≈

∆0

gh‖µB
and B(e)

z ≈
∆0

ge‖µB
. (3.12)

From the measurements of the electron and hole g factors [50, 51], it turns out that
|gh‖| > |ge‖|. The peaks observed in Fig. 3.13 are thus associated to B

(h)
z (B(e)

z is

beyond the range of measurement). So, the measurement of B
(h)
z in Fig. 3.13 leads to

the value of the exciton exchange energy ∆0 plotted in Fig. 3.15. The exchange en-
ergy increases rapidly as the quantum well width decreases and as the barrier height
increases. The values are in satisfactory agreement with calculations of the enhance-
ment of the exchange relative to the bulk value (≈10 ± 5 µeV) due to enhanced
electron–hole overlap [49], as expected from Sect. 3.1.1.
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Fig. 3.15. Exciton exchange energy ∆0 as a function of the well widths in a GaAs/AlGaAs (•)
and GaAs/AlAs (�) quantum well. The full lines are the calculated values [49]

Exciton g-Factor

The effective Landé g-factor for the heavy-hole exciton in GaAs/AlGaAs quantum
well has been determined as a function of well width from the Zeeman splitting
of the cw luminescence spectra for moderate longitudinal magnetic fields (to avoid
level crossings presented above) [50]. Figure 3.16(a) shows the measured Zeeman
splittings up to Bz = 2 T for different well widths. The variations as a function of the
magnetic field are linear within the experimental uncertainties and the slopes give
the values of gexc‖(J = 1) = ge‖ + gh‖ which are plotted in Fig. 3.16(b), showing
the change of sign for LW between 7 and 11 nm.

3.4.2 Exciton Spin Quantum Beats Spectroscopy

Thanks to the development of ultrafast lasers and sensitive detectors, it has been
possible to measure in the time domain the interaction of the exciton states with the
external magnetic field [45–47, 53, 54]. This leads to measurements with a great
accuracy of the exciton g-factor and exciton exchange energy.

The principle is the following. When two energetically closely spaced transitions
are excited with a short optical pulse (with a spectral width larger than the splitting
between the transitions), the two-induced polarizations in the medium oscillate with
their slightly different frequencies. Their interference manifests itself in a modula-
tion of the net polarization, the so-called Quantum Beats [55]. This allows energy
splittings to be determined with higher resolution than in the spectral domain, pro-
vided that the beats period is shorter than their damping time.
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Fig. 3.16. (a) Low-field Zeeman splitting of the XH exciton luminescence lines in
GaAs/AlGaAs quantum well at T = 1.8 K. (b) Electron (ge ≡ ge‖), heavy-hole (gh ≡ gh‖)
and exciton [gexc ≡ gexc‖(J = 1)] g-factors in a GaAs/AlGaAs quantum well [50]

Exciton Spin Quantum Beats in Longitudinal Magnetic Fields

The exciton spin dynamics in longitudinal magnetic field (applied along the quan-
tum well growth axis, Faraday configuration) has been measured with different ex-
perimental techniques, including time-resolved pump–probe transmission [53], time-
resolved Faraday rotation [45, 54, 56] and time-resolved photoluminescence [46].

In a longitudinal magnetic field, the optically active exciton states are the |+1〉
and |−1〉 states split by the Zeeman energy h̄Ω‖ = gexcµBBz, where gexc = ge‖ +
gh‖. A linearly-polarized optical excitation pulse, resonant with the exciton energy,
will thus create a coherent superposition of |+1〉 and |−1〉 states, making the obser-
vation of quantum beats as a function of time possible. Figure 3.17 shows the tran-
sient birefringence from the heavy-hole exciton in a 2.75 nm GaAs/AlGaAs multiple
quantum well structure for various longitudinal magnetic fields [45]. The pump pulse
(linearly-polarized) is resonant with the exciton absorption and the probe pulse has
a linear polarization tilted by an angle of 45◦ with respect to the pump polarization.
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Fig. 3.17. Quantum beats observed in the transient birefringence from the XH exciton in a
2.75 nm GaAs/AlGaAs quantum well at T = 1.8 K for various applied longitudinal magnetic
fields [45]

In this time-resolved Kerr rotation experiment, the transient pump-induced birefrin-
gence plotted in Fig. 3.17 corresponds to the degree of induced elliptization of the
probe pulse reflected from the sample.

At zero field, there is an exponential decay, which corresponds to the coherent
decay of the exciton linear polarization; the corresponding decay time T ∗

s2 is given by
1/T ∗

s2 = 1/Ts2 + 1/τrad where Ts2 is the so-called exciton transverse spin relaxation
time presented in Sect. 3.3.4 and τrad is the radiative lifetime [5]. As the magnetic
field increases, the quantum beats observed in Fig. 3.17 correspond to the coherent
oscillation between the Zeeman-split exciton levels (M = ±1) at the pulsation Ω‖ =
gexcµBBz/h̄. The fit of the data in Fig. 3.17 gives the Zeeman splitting from which
the exciton g factor |gexc| = 1.52 ± 0.01 is obtained for a LW = 2.75 nm multiple
quantum well. This measurement is much more accurate than the ones performed
previously in the spectral domain presented in Fig. 3.16(b) [50].

Exciton Spin Quantum Beats in Transverse Magnetic Fields

The spin Hamiltonian of the heavy-hole exciton in a transverse magnetic field (ap-
plied in the quantum well plane, B//x) can be approximated by [47]

H = h̄ωSx −
2∆0

3
JzSz, (3.13)

where h̄ω = ge,xµBBx and ∆0 is the zero-field exciton exchange splitting between
the optically active states |±1〉 and the two dark states |±2〉 (the much smaller split-
ting between the |+2〉 and |−2〉 states is neglected, as well as ∆1) [1, 49]. We assume
here that the transverse g-factor of the jh,z = ±3/2 heavy hole is zero (spin quantum
beats experiments performed in n-doped GaAs quantum well show that gh,x ≈ 0.04
[57], so that gh,x ≪ ge,x = ge,y).
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The exciton quasistationary states |Ψ+〉 in the transverse magnetic field are two
linear combinations E± of optically active and inactive states split by the energy
h̄Ωexc and are written as [46, 48, 59]

|Ψ+〉 ≈ h̄ω|1〉 + (h̄Ωexc − ∆0)|2〉, (3.14)

|Ψ−〉 ≈ −(h̄Ωexc − ∆0)|1〉 + h̄ω|2〉, (3.15)

where h̄Ωexc = (∆2
0 + (h̄ω)2)1/2. A (σ+)-polarized pulsed excitation resonant

with the exciton energy will thus create a coherent superposition of |Ψ+〉 and |Ψ−〉
states. Ignoring any spin relaxation processes (as well as recombination), the right
(I+) and left (I−) circularly-polarized luminescence components are proportional to
|〈±1|Ψ (t)〉|2:

I+(t) = 1 −
(

ω

Ωexc

)2(1 − cos(Ωexct)

2

)

, (3.16)

I−(t) = 0. (3.17)

As a consequence, we expect to observe, in time-resolved photoluminescence, oscil-
lations of the polarized emission I+(t) which should occur with a pulsation Ωexc,
i.e., the pulsation should not depend linearly on the applied transverse field. The
co-polarized luminescence intensity I+, modulated at the pulsation Ωexc has an am-
plitude reduced by a factor (ω/Ωexc)

2, while the counter-polarized component is
unmodulated in this simplified approach.

These exciton-like spin quantum beats were indeed observed in narrow multiple
quantum well samples. Figure 3.18(b) presents the luminescence intensity dynam-
ics co-polarized (I+) and counter-polarized (I−) with the resonant (σ+)-polarized
picosecond laser in a LW = 3 nm multiple quantum well GaAs/AlGaAs sample.
Quantum beats are observed only at strong magnetic field values; they appear as a
weak amplitude modulation on the I+ component but are not observable on I− [18,
60]. If the excitation energy is higher than the quantum well band gap (E1 − HH1),
all the multiple quantum well samples exhibit quantum beats on I+ and I− with an
oscillation frequency proportional to the magnetic field, see Fig. 3.18(a) [61, 62].
Oscillations on I+ and I− are phase shifted by π . These oscillations are attributed to
the Larmor precession of the free electron with pulsation ω. This yields the accurate
measurement of ge,x = 0.50 ± 0.01 in Fig. 3.18(a). When the laser excitation is res-
onant, we see clearly in Fig. 3.18(c) that the beat period is very different than in the
non-resonant case. It is attributed to the exciton quantum beats and can be used to
measure the exciton exchange energy ∆0 = h̄(Ω2

exc−ω2)1/2; ∆0 = 130±15 µeV and
∆0 = 105 ± 10 µeV are measured in a LW = 3 nm and LW = 4.8 nm GaAs/AlGaAs
multiple quantum well structure respectively [46].

The following question arises now: why in most of the experiments performed
in transverse magnetic fields do the authors observe electron quantum beats (with
a pulsation ω = ge,⊥µBB/h̄) and not the exciton quantum beats [with a pulsation
Ωexc = ((∆0/h̄)2 + ω2)1/2] though the recorded signal corresponds to exciton tran-
sitions [54, 61]. This enigma has been explained by Dyakonov et al. [47]. It turns
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Fig. 3.18. Luminescence intensity dynamics after σ+ polarized excitation in a Lw = 3 nm
GaAs multiple quantum well, at T = 1.7 K. (a) The excitation energy is non-resonant
(E1 − HH1 < hν < XL, where XL is the light-hole exciton energy) and B = 3 T (in-
set, B = 0). (b) The excitation energy is resonant with XH and B = 3 T (inset, B = 0).
(c) The oscillations of the luminescence intensity component I+ in resonant excitation
(dashed line) and of the luminescence polarization photoluminescence in non-resonant ex-
citation E1 − HH1 < hν < XL (full line), under the same magnetic field B = 3 T. For the
sake of clarity, the monotonous component has been subtracted from I+. Inset: well-width
dependence of the exciton exchange energy δ0, from this experiment (dots with error bars)
and theory [49, 46] (full line)

out that the observation of quantum beats on the excitonic luminescence at the elec-
tronic or excitonic pulsation (ω or Ωexc, respectively) is related to the stability of
the hole-spin orientation within the exciton. The argument is the following. Within
the exciton, the correlation between electron and hole spins is held by the electron–
hole exchange interaction. However, if this correlation is not strong enough to reduce
the single-particle hole spin flip at a rate lower than ∆0/h̄, the exchange interaction
splitting ∆0 no longer plays a role in the quantum beats. Then the quantum beats
appear at the pulsation ω. Finally an electron bound into an exciton precesses like a



3 Exciton Spin Dynamics in Semiconductor Quantum Wells 81

free electron in the transverse magnetic field provided that τh ≪ h̄/∆0 where τh is
the single-particle hole spin–flip time.

This condition can be fulfilled in large and narrow quantum wells but for differ-
ent reasons. In large quantum wells (a fortiori in bulk material) such a hole spin flip
occurs as a consequence of the mixing of states in the valence band due to spin–orbit
interaction and small exchange interaction; the observation of the electron preces-
sion in a quantum well of 25 nm well width under the resonant or non-resonant

excitation conditions reported initially by Heberle et al. is understood on this ground
[61]. In narrow quantum wells the hole spin flip, which results in the observation
of quantum beats at the pulsation ω in non-resonant excitation, is related to the
formation-dissociation process of excitons and the related long cooling of the ex-
cited system [22, 23]. Quantum beats of the excitonic kind have been observed only
in narrow quantum wells (LW < 10 nm) under resonant excitation. This indicates
again that the hole-spin orientation is rather stable in cold two-dimensional excitons
(τh > h̄/∆0), see Sect. 3.3.2. A model based on a density matrix approach has been
developed in [47], which can reproduce the characteristic experimental features de-
scribed above.

3.5 Exciton Spin Dynamics in Type II Quantum Wells

In the previous sections, we discussed the exciton spin properties in the so-called type
I quantum well structures, i.e., where the conduction electron and the valence holes
are confined in the same material and the same region in space. In GaAs/AlGaAs
quantum wells, depending on the well width and Al percentage, it turns out that two
types of lowest energy transitions are possible. For low Al content the conduction
band-confined state in the well has the lowest energy (type I quantum well). For
large Al content and small well width, the lowest conduction band-confined state in
the well has a higher energy than the lowest X-confined state in the barrier [63]. As
the holes are still confined in the GaAs well, the recombination takes therefore place
between the hole in the well and the electrons in the barrier (type II quantum well).
This accounts for the long exciton photoluminescence lifetime, of the order of a few
microseconds [9].

The spin dynamics in these type II quantum well systems has been extensively
studied by optical orientation experiments in stationary or time-resolved regime
[1, 52, 58, 59, 64]. Because of the very small overlap between the electron and hole
wave function, the spin relaxation mechanism induced by the exchange interaction
between the electron and the hole does not play a significant role in contrast to type I
quantum wells (see Sects. 3.1.2, 3.3.4). However the strong localization of the carrier
wave function at the quantum well interface will (i) modify drastically the exciton
fine structure and (ii) yield very long electron spin relaxation times (≈a few tens of
ns) compared to type I quantum wells [65]. It has been shown that the symmetry of
the system is reduced form D2d to C2v and the two optically active exciton eigen-
states are linearly polarized, split by an energy of a few µeV, and aligned along the
X′ ≡ [1, 1, 0] and Y ′ ≡ [1,−1, 0] crystal directions [52, 58, 64]. The symmetry
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Fig. 3.19. Type II GaAs/AlAs 2.2/1.15 nm superlattice; T = 4.2 K. Degree of photolumi-
nescence linear polarization ρ[1,0,0] as a function of time. The excitation picosecond laser
pulse is linearly-polarized along the [1, 0, 0] axis. The intensities I// and I⊥ are detected with
polarization parallel and perpendicular to the excitation, respectively [58]

reduction in these type II GaAs superlattices was first explained by the presence of a
random local deformation (due to the presence of bonds of different nature (Al–As
or Ga–As) on each side of the interface taken as an As plane) which mixes the heavy
and light hole states [58]. It was then shown that the splitting, called anisotropic ex-
change splitting, arises from an intrinsic effect: the mixing of heavy- and light-hole
states at the interface due to the low (C2v) symmetry of the interface.

Since the splitting of the X′ and Y ′ excitonic sublevels (which is much smaller
than kBT ), is much smaller than the laser spectral width, the two sublevels can be
coherently excited at time t = 0 by a short pulse polarized along one of the [1, 0, 0]
axes (i.e., 45◦ angle with respect to the exciton eigenstates orientations) [64]. As
a consequence, the time-resolved luminescence signal, detected with polarization
either parallel or perpendicular to the excitation, decays and oscillates with a period
T ′ inversely proportional to the splitting ∆1 between the two sublevels (T ′ = h/∆1,
see Sect. 3.1.1). The time dependence of the photoluminescence linear polarization
is shown in Fig. 3.19 for a 2.2/1.5 nm type II GaAs/AlAs superlattice [58]. The
period T ′ is about 640 ps, which corresponds to an energy splitting of ≈6.3 µeV. The
application of a transverse magnetic field leads to a complex oscillation pattern with
several frequencies, since, besides the coupling between |+1〉 and |+2〉 and |−1〉 and
|−2〉 exciton states induced by the external magnetic field, the anisotropic exchange
also couples the |+1〉 and |−1〉 states [59].
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3.6 Spin Dynamics in Dense Excitonic Systems

When the exciton density becomes non-negligible with respect to the critical density
defined by nc = [32πa2

B]−1, the exciton mutual interactions start to modify signif-
icantly the single exciton picture we used up to now.3 The above-mentioned critical
density nc corresponds to the one where the exciton binding energy is zero, due to
phase space filling and screening of the Coulomb interaction. If the areal exciton
density nex approaches nc (nex � nc), the exciton energies EK must be corrected
by a complex self-energy term, of which the real part corresponds to the energy
shift and the imaginary part to the broadening of the single exciton states due to
the mutual Coulomb interactions [66]. The experimental manifestations of these two
complementary aspects in the case of two-dimensional structures, namely the spin
dependent exciton energy shift and the spin dependent exciton–exciton collisions at
high exciton densities, as revealed in elliptically polarized exciton populations, have
been investigated in [72, 76].

In the case of excitation by elliptical light, excitons are created in the elliptical
states:

|Eθ 〉 = sin(θ + π/4)| + 1〉 + cos(θ + π/4)| − 1〉 (3.18)

so that linear excitons are given by |X〉 = |E0〉 and i|Y 〉 = |Eπ/2〉. Excitons
|+1〉 = |Eπ/4〉 and |−1〉 = |E−π/4〉 , excited by σ+ or σ− light, respectively,
are called circular excitons. The circular polarization of the state |Eθ 〉 is simply
Pc(θ) = sin(2θ), while the linear one is Plin(θ) = cos(2θ).

We are interested here in describing experiences performed at low temperature
and under resonant (or quasiresonant) excitation with the heavy-hole excitons. The
latter are thus created in the 1s state with very small, or even zero wave vector, i.e.,
with very small kinetic energy. As a consequence, the scattering probability to 2s or
2p states, which are close to the quantum well gap [74], is low. We restrain thus to
the heavy-hole exciton subspace. The final result is that the interaction Hamiltonian
can be approximated for an exciton pair (i, j ), in a cold exciton population with low
density, as [4]

H
ij

exch ≈
6e2aB

ǫ0A

(

σ (i)
e .σ

(j)
e + σ

(i)
h .σ

(j)

h + 2
)

, (3.19)

where σ
(i)
e(h)

represent Pauli matrices vector operators for electron spins and heavy-
hole effective spins, and A is the quantum well quantization area. This expression
results from the fact that the electron–electron or the hole–hole exchange dominate
over direct Coulomb interaction as well as exciton exchange as a whole, provided
that the initial wave vector K and K ′ of the excitons which interact are small with
respect to (aB)−1 [77]. In such conditions, it neither depends on K , K ′, nor on the
wave vector Q transferred during the collision.

3 Note that the Bohr radius in two dimensions is 4 times smaller than the conventional Bohr
radius.
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The first evidence of exciton state energy shift at high density was obtained by
Hulin et al., who observed, in femtosecond pump–probe experiments performed on
GaAs/AlGaAs multiquantum well structures under a linearly polarized pump, a tran-
sient blue-shift of the exciton absorption line [67, 68]. The latter was shown to be
tied to the reduced dimensionality of excitons, being well apparent in GaAs wells
of thickness of the order of 5 nm, but disappearing rapidly for larger well sizes. The
authors interpreted this effect in terms of a strong reduction of long-range many-
body interactions in a 2D system, in agreement with the theory of Schmitt-Rink et
al. [69].

It is well documented that in 3D systems, the exciton absolute energy remains
unchanged, even at high densities [70]. This energy constancy is attributed to the
almost exact compensation between two many-body effects acting in opposite di-
rections: an interparticle attraction which, for bound electron–hole pairs at T ≈ 0, is
similar to a van der Waals interaction, and a repulsive contribution having its origin in
the Pauli exclusion principle acting on the Fermi particles (electron and holes) form-
ing the excitons. The argument of Schmitt-Rink et al. is that the long-range attractive
component is strongly reduced in a 2D system, so that the short-range repulsive part
becomes now unbalanced.

Using circularly polarized excitation in time resolved polarized luminescence, it
has been shown that this blue shift is spin dependent, and that in a dense and cir-
cularly polarized exciton gas, a splitting occurs between the line co-polarized with
the excitation, and the counter-polarized one, the former experiencing a blue shift,
while the latter is red shifted [19, 30, 71]. Figure 3.20 presents the result of an ex-
periment performed under resonant excitation on a high quality GaAs/AlGaAs mul-
tiquantum well structure (i.e., with the Stokes shift less than 0.1 meV and cw pho-
toluminescence line width Γ ≈ 0.9 meV at T ≈ 1.7 K). Two-color time resolved
up-conversion photoluminescence spectroscopy was used to perform such experi-
ments, the excitation laser pulse duration being δt ≈ 1.5 ps, so that only the 1s

heavy-hole exciton state is excited [72]. Just after a σ+ circularly polarized exci-
tation resonant with the XH exciton (PE ≈ 1, hνE = XH), the strongly polarized
emission (PL ≈ 0.9) displays a splitting between the co-polarized emission line I+

and the counter-polarized one I−.
In addition, the I+ emission is strongly blue shifted, while the I− is slightly

red shifted. When increasing the excitation power, the energetic positions first vary
linearly. A saturation then occurs at Psat ≈ 3 mW, when the I+ line shifts to energies
higher than the XH energy by the laser line width (δE ≈ 2 meV). The absorption
then drops, due to energy mismatch between the laser and the renormalized XH
exciton energy. This situation corresponds to the exciton density nsat estimated at
nsat ∼ 2 × 1010 cm−2. The splitting amounts then to about δE+1 ≈ 1.9 meV. For
P > Psat, a self-regulation effect appears for the exciton density. When the excitation
energy is increased at XH + 3 meV, the saturation effect occurs at higher excitation
power. The blue shift can thus become a significant fraction of the 1s exciton binding
energy, here estimated at EB ≈ 8 meV. The saturation exciton density is below the
critical density nc, here estimated to about 3×1011 cm−2. A good phenomenological
description of the line positions in the linear density regime (nex ≪ nc and nex <
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Fig. 3.20. Spectra of the exciton luminescence components co-polarized (I+) and counter-
polarized (I−) with the circularly polarized excitation (PE ≈ 1) at time delay t = 4 ps.
(a) The excitation energy is set to hνE = XH. The average excitation power P is P0 = 6 mW.
(b) hν = XH and P = 6P0. (c) hν = XH + 3 meV and P = 6P0. (d) Splitting energy
between the two luminescence components I+ and I− as a function of P : (•) hν = XH;
(�) hν = XH + 3 meV [72]

nsat) can be obtained for a cold exciton gas, according to [71]:

δE±1 = K1n±1 +
1

2
K1(n+2 + n−2) − K2nex, (3.20a)

∆E ≡ E+1 − E−1 = K1(n+1 − n−1), (3.20b)

where the nM are the exciton population densities corresponding to the |M〉 states
(nM = NM/A), nex is the total exciton density, and K1 and K2 are positive constants.
The first one, K1, represents the strength of the repulsive part of the interaction be-
tween J = 1 excitons of the same angular momentum projection M, which takes its
origin in the Pauli repulsion principle. Since the |+1〉 exciton shares its electron spin
states with the |−2〉 exciton, but not its hole state, the contribution to the exchange
energy shift of |+1〉 excitons by the |−2〉 excitons is taken as (K1/2)n−2. A similar
reason holds for the contribution of n+2 excitons to δE+1. The constant K2, also
positive, represents the weak attractive part of the interaction between excitons; for
the sake of simplicity, it is assumed spin independent [69, 73].

The experimental values of K1 and K2 can be determined from the initial split-
ting ∆E and energy shift E−1 just after the resonant excitation by σ+ light, so that
nM(0) = nex(0)δM,+1. It is found that 10−10 � K1 � 1.6 × 10−10 meV cm2, de-
pending on the quantum well, and K2/K1 ∼ 0.15 typically. From the theoretical
calculation of Schmitt-Rink et al. for a non-polarized exciton gas [69], we can infer
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that K1 ≈ 2 × 3.86π(aB)2EB ≈ 4 × 6.06e2/(2ǫ0aB). Considering now aB as a
variational parameter aeff, which is a good approximation for narrow quantum wells
with marked 2D character [74],4 the theoretical estimation of K1 is in reasonable
agreement with the experimental values.

Besides its contribution to the energy shift, the exchange interaction between ex-
citons at high density is at the origin of specific exciton spin relaxation processes.
In a dense gas of elliptical excitons, the exchange interaction between excitons be-
comes stronger than the internal electron–hole exchange within single excitons, and
destroys the intra-exciton spin coherence. These effects have been investigated in
[73, 76]. Spin-dependent mutual exciton scattering, as well as exchange assisted
transfer between dark and bright states were thus revealed. An important conse-
quence is the fast decay of both circular and linear exciton polarizations, in a dense
and strictly elliptically polarized exciton system, while, for a strictly circularly polar-
ized exciton system, the circular polarization decay does not depend on the exciton
density, provided the latter remains below the critical density.

To conclude this section, let us mention that experimental studies of spin dynam-
ics in the context of strong coupling of excitons with the electromagnetic field in
semiconductor microcavities have been also performed and analyzed. The quasipar-
ticle resulting from this coupling is called 2D excitonic-polariton, which is the 2D
analog of Hopfield 3D polaritons [78]. The exciton-polaritons present a more marked
bosonic character than bare excitons, due to their photon component. Specific aspects
of 2D polaritons spin dynamics which rely on their exchange driven spin dependent
scattering, such as spin dependent blue shift or parametric conversion of |X〉 to |Y 〉
linearly polarized states can be found, e.g., in [79–84]. Finally, let us mention that
optical Spin-Hall effect has been recently observed in such microcavities [85].
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4

Exciton Spin Dynamics in Semiconductor Quantum

Dots

X. Marie, B. Urbaszek, O. Krebs, and T. Amand

4.1 Introduction

Semiconductor quantum dots are nanometer sized objects that contain typically sev-
eral thousand atoms of a semiconducting compound resulting in a confinement of
the carriers in the three spatial directions. They can be synthesized by a large variety
of methods based on colloidal chemistry [1, 2], molecular beam epitaxy or metalor-
ganic chemical vapor deposition. Quantum dots can be formed at interface steps of
thin quantum wells [3, 4] or by self-assembly in the Stransky–Krastanov growth
mode during molecular beam epitaxy. This process is driven by the strain resulting
from the difference in lattice parameter between the matrix (barrier) and the dots, for
example 7% for InAs dots in GaAs. The quantum dots obtained in this well-studied
system are typically 20 nm in diameter and 5 nm in height and are formed on a thin
quantum well referred to as a wetting layer, see Fig. 4.1 for a transmission electron
microscope image [5]. Samples used for optical spectroscopy are then covered again
by the barrier material. The Stransky–Krastanov growth mode is applied to a large
variety of III–V and II–VI compounds [6–8]. An interesting alternative for fabricat-
ing GaAs or InAs dots is provided by a technique which is not strain driven, called
molecular droplet epitaxy [9]. Quantum dots defined by electrostatic potentials have
also shown very interesting effects at very low temperature [10, 11].

Quantum dots are often referred to as artificial atoms because of the discrete na-
ture of their valence and conduction states. The discrete nature of the electronic levels
involved in the optical transitions lies at the origin of fascinating experiments that use
dots as emitters of single, indistinguishable, and entangled photons [12–14]. Long
optical coherence times [15] have made coherent control experiments possible [7,
16]. In this chapter we describe the carrier spin dynamics in quantum dots with a di-
rect band gap. The absence of translational motion prolongs the carrier spin lifetimes
as compared to bulk (3D) and quantum well (2D) structures, because spin relaxation
mechanisms based on the spin–orbit interaction are strongly inhibited—see Chap. 1.
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Fig. 4.1. (a) Electron microscopy image of an InAs dot in GaAs [5]. (b) Sketch of the lowest
lying, discrete energy states in a quantum dot, where the energy separation Eg is determined
by the band gap energy and strain in the semiconducting quantum dot material

However, two spin interactions are enhanced by the strong quantum confinement,
namely the Coulomb exchange interaction between carriers and the hyperfine inter-
action between electron and nuclear spins [17]. The latter is a fascinating subject in
its own right and can give rise, for example, to dynamical nuclear polarization [18,
19], electron spin dephasing [10, 11, 20, 21] and bistable nuclear spin configurations
[22, 23]. The hyperfine effects will be evoked in this chapter where appropriate, but
for a more detailed discussion the reader is referred to Chap. 11. In the following
sections we will focus on the Coulomb exchange interaction which controls the spin
phenomena in dots containing an electron–hole pair (neutral exciton) and plays a key
role for spin dynamics of dots containing charged excitons, i.e., an electron–hole pair
and an additional hole or electron.

The crystal growth axis in quantum dot samples is the z axis. Along this spa-
tial direction the quantum confinement is the strongest. In optical spectroscopy, the
light propagation direction is often chosen to be along the z axis. An optically active
exciton in a neutral dot has a total angular momentum projection onto the z axis of
either |Jz = +1〉 or |Jz = −1〉, as will be detailed in Sect. 4.2. The optically active
exciton states have been found to be very robust against spin–flip mechanisms, al-
though they exhibit spin quantum beats already at zero external magnetic field due to
the anisotropic exchange interaction—see Sect. 4.3. In Sect. 4.4, the effect of an ex-
ternal magnetic field on the neutral exciton spin dynamics is investigated. The spin
dynamics of charged excitons without applied fields is discussed in Sect. 4.5, and
interesting effects, such as exchange driven negative polarization and gate voltage
controlled hole spin relaxation, are highlighted. Electron spin coherence and polar-
ization in charged excitons in magnetic fields parallel or perpendicular to the z axis
are examined in Sect. 4.6.

4.2 Electron–Hole Complexes in Quantum Dots

The electronic structure of quantum dots can be analyzed through techniques such
as capacitance–voltage measurements, electron spin resonance and a large variety of
optical spectroscopy experiments. The latter allows a detailed analysis of the opti-
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cally active eigenstates and their symmetry by analyzing the energy and polarization
of absorbed or emitted photons. These experiments probe the interplay between car-
rier confinement, direct and exchange Coulomb terms and eventually the hyperfine
interaction. In the following section the orders of magnitude of the different effects
that determine the exciton fine structure are outlined.

4.2.1 Coulomb Corrections to the Single Particle Picture

Quantum dots can be populated by valence holes and conduction electrons through
optical excitation and/or through controlled tunneling in charge tuneable structures
[6, 24]. The single particle energies may be reasonably well determined by assuming
a parabolic confinement potential. For self-assembled as well as interface fluctua-
tion dots the vertical confinement energies are almost an order of magnitude larger
than the lateral confinement energies. The quantization energies of both electrons
and holes are larger than the Coulomb energies. The Coulomb effects can therefore
be treated as perturbations to the single particle energy spectrum [24, 25]. At zero
magnetic field the lowest lying conduction (valence) level Sc (Sv) is twofold degen-
erate and the adjacent Pc (Pv) level is fourfold degenerate, see Fig. 4.1(b) for the
energy level diagram. For brevity a Coulomb correlated electron–hole pair trapped
inside a dot by the confinement potential will be referred to as an exciton.

4.2.2 Fine Structure of Neutral Excitons

In early measurements on single quantum dots, fine structure splittings due to
electron–hole exchange interaction of several tens of µeV were observed [3]. Al-
though small in energy, a thorough understanding of the exciton fine structure is nec-
essary to determine the eigenstates of the electron–hole complexes and the resulting
polarization direction and amplitude of the photons emitted or absorbed during op-
tical or electrical excitation. In its general form the exchange energy is proportional
to the integral:

EX
eh ∝

∫ ∫

Ψ ∗
eh(r1, r2)Ψeh(r2, r1)

|r1 − r2|
dr1 dr2, (4.1)

where Ψeh(re, rh) is the exciton wave function and re(h) is the electron (hole) coordi-
nate vector. The electron–hole pair fine structure is strongly affected by the interplay
between the exchange interaction and the reduced dot symmetry, usually C2v. In the
latter symmetry, the projection on the quantization axis z of the total angular mo-
mentum is not a good quantum number. Yet, the conduction (valence) single particle
states can still be described, to zeroth order, as the Sc (Sv) and Pc (Pv) 2D atomic like
orbitals. Taking into account the spin–orbit interaction, it is convenient to start with
the same basis as in (001)-grown type I quantum wells (for which the relevant sym-
metry is D2d), see Chap. 3. The lowest conduction state is then S-like, with two spin
states se,z = ±1/2; the upper valence band is split into a heavy-hole band with the
angular momentum projection jh,z = ±3/2 and a light-hole band with jh,z = ±1/2
at the center of the Brillouin zone. To simplify the discussion we focus on quantum
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dots with built-in strain such as self assembled dots. In this system the light-hole
states lie at much lower energy in the valence band than the heavy-hole ones. There-
fore, the optical transitions with the lowest energy will be between heavy holes and
conduction band electrons. Only these so called heavy-hole exciton states will be
considered in the following.

The heavy-hole exciton states can be described using the basis set |Jz〉 =
|jh,z, se,z〉, i.e., |Jz = +1〉 = |3/2,−1/2〉, |Jz = −1〉 = |−3/2, 1/2〉, |Jz = +2〉 =
|3/2, 1/2〉, |Jz = −2〉 = |−3/2,−1/2〉. The |±1〉 states are accessible through one
photon absorption or emission and are called radiative (optically active) states, in
contrast to the non-radiative |±2〉 states. At this point, it is convenient to describe the
heavy-hole states in the presence of spin–orbit interaction by a pseudospin 1/2, the
|±1/2〉h states corresponding to the | ∓ 3/2〉 states [26, 27]. The heavy-hole exciton
exchange Hamiltonian can then be written, in the C2v symmetry, in the general form
[28]:

H ex
e,h = 2δ0jzsz + δ1(jxsx − jysy) + δ2(jxsx + jysy), (4.2)

where the {sα} and {jα} (α = x, y, z) are Pauli matrices representing the elec-
tron spin and the heavy-hole pseudospin operators. δ0, δ1,δ2 are phenomenologi-
cal parameters corresponding to the energy distances between centers of the radia-
tive and non-radiative doublets, and between levels within the radiative and non-
radiative doublets, respectively. The splittings δ0 and δ2 originate from the short
range electron–hole Coulomb exchange contribution and usually obey the relation
δ2 ≪ δ0 [26]. The anisotropic part of the exchange interaction splits the |±1〉 ra-
diative exciton doublets into two eigenstates labeled |X〉 = (|+1〉 + |−1〉)/

√
2 and

|Y 〉 = (|+1〉 − |−1〉)/i
√

2, linearly polarized along the [110] and [11̄0] crystal-
lographic directions, respectively [29, 30]. The corresponding energy splitting δ1,
which includes short as well as long range contributions, is comparable to δ0 [31].
The two corresponding linearly polarized lines have been clearly identified in pho-
toluminescence (PL) experiments on individual interface fluctuation [3, 4] and self-
organized dots [29, 32, 33].

The anisotropic exchange splitting δ1 originates from quantum dot elongation
and/or interface optical anisotropy [3, 27] and varies from a few µeV in InAs dots,
see Figs. 4.2(a) and (c), up to several hundreds of µeV in CdSe dots [34]. A nice
demonstration of Kramers theorem is presented in Fig. 4.2(a) and (b): the neutral ex-
citon X0 shows a split doublet, while the charged exciton X− (two electrons in a spin
singlet state and one hole) consists of a single line [33]. This theorem states indeed
that particle complexes with an integer total spin (X0 case) may show a splitting at
zero applied magnetic field for low symmetry systems,1 whereas half-integer spin
complexes do not split irrespective of the quantum dot symmetry [26, 28, 35].

1 By adjusting the growth method or applying a magnetic or electric field perpendicular to
the growth direction [36] the fine structure splitting δ1 of neutral excitons can be tuned close
to zero, i.e., smaller than the homogeneous broadening of the optical transition. This is an
important feature for application of quantum dots as a source of entangled photon pairs [14].
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Fig. 4.2. Differential transmission of an individual InAs dot embedded in a charge tuneable
structure measured with an ultra-narrow line width laser [33]. (a) The two curves for the
neutral exciton were recorded with orthogonal linear polarizations, the splitting corresponding
to the anisotropic exchange energy is δ1. (b) The singly charged exciton and (c) dependence
of the transmission on the angle of the excitation laser field with respect to the [110] direction

4.3 Exciton Spin Dynamics in Neutral Quantum Dots without

Applied Magnetic Fields

Optical pumping experiments in Wurtzite-type nanocrystals have been among the
first to show a slowing down of the carrier spin relaxation processes in dot compared
to bulk or quantum well structures [37, 38]. These investigations have revealed the
importance of both the quantum dot size and the carrier trapping at surface sites for
the spin polarization time τs. Early experiments by Gotoh et al. [39] show exciton
spin relaxation times of about 900 ps in InGaAs quantum disks, which is almost twice
as long as the radiative recombination lifetime. These first results have been obtained
mostly in non-resonant excitation conditions (i.e., photogenerating the carriers in the
barrier). In this case the observed spin dynamics of the ground state reflects the spin
relaxation occurring in the bulk barrier, in the excited dot states, and finally in the dot
ground state, including any spin-flip scattering due to the energy relaxation process
itself. Hence a strictly resonant excitation of the ground state is desirable to study the
intrinsic quantum dot spin dynamics.

4.3.1 Exciton Spin Dynamics under Resonant Excitation

Figure 4.3(a) displays the time-resolved PL intensity for self-assembled InAs quan-
tum dots in GaAs. The detection polarization is parallel (IX) or perpendicular (IY )
to the linearly polarized σX excitation laser. The latter emits picosecond pulses every
12.5 ns [40]. The detection energy is strictly the same as the excitation one, so that
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Fig. 4.3. Time resolved PL measurements on self-assembled InAs dots [40]. (a) PL intensity
with polarization parallel IX (hollow circles) and perpendicular IY (solid squares) to the lin-
early polarized (σX) excitation laser (T = 10 K); the temporal evolution of the corresponding
linear polarization Plin (stars) is also displayed. The laser excitation and detection energies are
set to 1.137 eV (resonant excitation). (b) Temperature dependence of the linear polarization
dynamics of neutral excitons

only quantum dots with coinciding exciton ground state and laser energy contribute
to the PL signal. The corresponding kinetics of the linear polarization defined as
P lin = (IX−IY )/(IX+IY ) is also plotted. The experiment is performed at low laser
excitation power (which results in an estimated average density of photo-excited car-
riers less than one electron–hole pair per quantum dot).

The PL intensity decays with a characteristic time τrad ∼ 800 ps. After the pulsed
excitation, the quantum dot emission exhibits a strong linear polarization (Plin ∼
0.75) which remains constant during the exciton emission time (i.e., over ∼2.5 ns).
This behavior differs strongly from the exciton linear polarization dynamics in bulk
or type I quantum well structures, characterized by a linear polarization decay time of
a few tens of picoseconds [41]. The experimental observation of a linear polarization
of an exciton which does not decay with time is the proof that neither the electron, nor
the hole spin relax on the exciton lifetime scale. It also shows that the exciton spin
eigenstate is maintained during the whole exciton lifetime. From this observation,
we can infer that the exciton spin relaxation time is longer than 20 ns, i.e., at least
25 times larger than the radiative lifetime. Much shorter linear polarization decay
times in the order of 100 ps have been measured in large, individual GaAs interface
fluctuation dots in transient differential transmission experiments [42]. Since the car-
riers are more weakly confined in this kind of structures, spin relaxation mechanisms
related to the spin–orbit interaction for the valence states are not entirely suppressed.

Let us now examine the robustness of the exciton spin when raising the temper-
ature. Figure 4.3(b) displays the linear polarization of the quantum dot ground state
emission as a function of the temperature after a strictly resonant linearly polarized
excitation. Up to 30 K, the decay time is longer than 20 ns. At 80 K, the linear decay
time drops down to 20 ps with an activation energy Ea ∼ 30 meV. The dependence
of the linear polarization on the temperature can be well explained in terms of the
second order quasielastic interaction between LO phonons and carriers as proposed
by Tsitsishvili et al. [43]. The scattering events occur via the virtual excited states
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Fig. 4.4. (a) PL transients of a single CdSe/ZnSe quantum dot for excitation at the 1 LO-
phonon resonance for three polarization configurations. Dotted curves: experiment; For exper-
imental details and fitting procedure see [34]. (b) Resonant transient dichroism in an ensemble

of self-assembled InAs/GaAs dots from pump–probe measurements for σ− (open circles) and
σ+ (solid squares) pump polarization [44]

of the exciton built with an Sc and an P
x(y)
v state, which are coupled to both |X〉

and |Y 〉 exciton states via quasiresonant absorption and emission of LO phonons.
This process leads to exciton transitions between the ground |X〉 and |Y 〉 sublevels
and determines the temporal evolution of the linear polarization. The transition rate
is proportional to NLO(1 + NLO) ≈ exp(−h̄ωLO/kBT ), where h̄ωLO = 32 meV is
the InAs LO phonon energy and NLO their occupation factor. The calculated decay
times τs ∼ 3.5 ns (40 K) and τs ∼ 44 ps (80 K) closely agree with the experimental
results.

4.3.2 Exciton Spin Quantum Beats: The Role of Anisotropic Exchange

A linearly polarized laser excitation along the [100] or [010] directions (45◦ tilt with
respect to the [110] and [11̄0] directions) should lead to the observation of beats
of Plin at an angular frequency corresponding to the anisotropic exchange interac-
tion splitting δ1 (see the discussion in type II quantum wells in Chap. 3). This has
been clearly observed in an experiment performed on individual CdSe dots by Flis-
sikowski et al. presented in Fig. 4.4(a) showing that the exciton spin coherence time
T2 is longer than the radiative lifetime [34].

Similarly a circularly polarized (σ+) excitation should lead to the observation of
circular polarization Pc quantum beats at the angular frequency δ1/h̄ [44–46]. Fol-
lowing σ+ excitation, a coherent superposition of the two linearly polarized eigen-
states |X〉 and |Y 〉 is generated as the line width of the pulsed excitation laser is larger
than the anisotropic exchange interaction splitting δ1. This results in oscillations of
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the circular polarization (dichroism) with a period corresponding to the energy split-
ting between |X〉 and |Y 〉. An example of these oscillations in an ensemble of InAs
quantum dots in resonant transient dichroism measurements is shown in Fig. 4.4(b)
[44]. An oscillation period of 130 ps, corresponding to an average energy splitting
δ1 = 30 µeV, and an inhomogeneous decay time of T ∗

2 = 30 ps are found. This fast
damping of the oscillations is due to the fluctuations of δ1 from dot to dot. Similar
values for δ1 have been reported in different III–V samples [29, 45, 47].

To clarify the physical origin of the anisotropic exchange splitting, InAs quantum
dots of different sizes and grown under different conditions have been compared. The
splitting δ1 is usually found to decrease when going from dots with high confinement
energies (low emission energies) to dots with low confinement energies (high emis-
sion energies). This trend has been reported by several groups [47–50] and in general
smaller values of δ1 are found for samples annealed after growth. It is difficult to dis-
tinguish between the effects of Ga or In diffusion into the dot and a change in shape
or size, as all these parameters have an influence on the confinement potential and
hence on the measured emission energy. The observed fine structure is a fingerprint
of the symmetry of the dot investigated. Pseudopotential calculations [51] predict
the existence of an anisotropic exchange splitting even for dots with a cylindrical or
square base.2 This suggests that small, near zero values of δ1 found in annealed sam-
ples reflect the cancellation of different contributions to the fine structure splitting,
rather than the fact that all contributions to the fine structure splitting are negligible.

4.4 Exciton Spin Dynamics in Neutral Quantum Dots in External

Magnetic Fields

In the absence of an applied external field the energy splittings measured in single
dot spectroscopy and quantum beats in time resolved experiments have revealed two
linearly polarized eigenstates |X〉 and |Y 〉 along the [110] and [11̄0] crystallographic
directions. The linear polarization degree Plin measured in resonant PL experiments
is close to 100%, whereas the circular polarization degree Pc is close to zero.

In the following paragraphs the exciton fine structure revealed in continuous
wave and time resolved experiments will be discussed for magnetic fields parallel
to the growth axis z (Faraday configuration) and perpendicular to z, i.e., in the quan-
tum well plane (Voigt geometry). In particular, it will be shown that for a Zeeman
splitting that is much larger than the anisotropic exchange splitting δ1 the optically
active eigenstates are circularly polarized.

4.4.1 Zeeman Effect Versus Anisotropic Exchange Splittings in Single Dot

Spectroscopy

Faraday Configuration

Strong exchange effects are observed in II–VI interface fluctuation dots such as CdTe
dots in CdMgTe [4]. Figure 4.5 shows micro-photoluminescence spectra for an indi-

2 The quantum dot symmetry is reduced to C2v as soon as the symmetry along z is broken.
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Fig. 4.5. Micro-PL of an individual CdTe quantum dot in CdMgTe after reference [4]. (a) Lin-
early polarized PL of an exciton in a single quantum dot with reduced symmetry at zero
magnetic field for a laser excitation power P0 of about 1 W cm−2. (b) Circularly polarized
PL spectra (σ− and σ+ for solid and dotted lines, respectively) for various magnetic fields
increasing from bottom to top. Optically forbidden states (dark exciton) are marked with ar-
rows. (a′) and (b′) show the recombination of a biexciton state generated with a laser excitation
power of 4P0. (c) Sketch of the crossing of the bright and dark states

vidual dot at different magnetic fields. The anisotropic exchange splitting observed
for the neutral exciton at zero field in Fig. 4.5(a) is reversed for the biexciton peak in
Fig. 4.5(a′). The biexciton is a four particle complex made up of a ground state va-
lence hole singlet and a ground state conduction electron singlet. In this configuration
the anisotropic exchange effects are canceled out. For the spectra in Fig. 4.5(a′) the
exchange split exciton is the final state after photon emission, whereas in Fig. 4.5(a)
the exciton is the initial state before photon emission. This explains the reversal of
the exchange splitting for the two situations.

The magnetic field dependence in Figs. 4.5(b) and (b′) shows two important ef-
fects: (i) an increase of the observed splitting with the applied field due to the Zee-
man effect and (ii) a conversion of the polarization of the detected photons from
linear to circular, as reported in [29, 40, 52, 53]. The energy separation ∆E between
the two bright exciton states depends on the longitudinal electron and hole g factor,
the anisotropic exchange interaction splitting, and the applied magnetic field B:

∆E =
√

δ2
1 + ∆2

Z, (4.3)
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where ∆Z = (ge,z + gh,z)µBB and µB = 57.9 µeV/T is the Bohr magneton. Taking
the example of an InAs dot with δ1 ≃ 50 µeV, ge,z = −0.8 and gh,z = −2.2 [29]
gives ∆Z ≃ δ1 for an applied field of B = 0.3 T. In this case for fields B ≫ 0.3 T
the splitting δ1 can be neglected in (4.3).

The possible crossing between bright and dark states is sketched in Fig. 4.5(c).
In this magnetic field range an anticrossing is observed experimentally. In the case
of a dot with a fully broken symmetry a distinction between bright and dark states
is no longer possible as the |±1〉 states and the |±2〉 states are coupled [29]. The
appearance of additional transitions at high applied fields in Figs. 4.5(b) and (b′)
is due to this coupling and is a fingerprint of the particularly low symmetry of the
investigated dot.

Voigt Configuration

The application of an in-plane magnetic field destroys the remaining rotational sym-
metry of the system. This causes a mixing of the bright and dark states, so that dark
states become observable in the spectra. Typically, four mixed transitions are ob-
served at high in-plane magnetic fields [29], while in zero magnetic field two lines
are observed, which are split due to the anisotropic electron–hole exchange interac-
tion.

4.4.2 Exciton Spin Quantum Beats in Applied Magnetic Fields

Faraday Configuration

As explained above, a magnetic field applied along the growth axis of the sample
can be used to control the exciton spin eigenstates. A necessary but not sufficient
condition for the observation of spin quantum beats is a long carrier spin lifetime,
as discussed in Sect. 4.3. The effect of the anisotropic exchange interaction can be
visualized as an effective magnetic field acting in the quantum dot plane for the two
exciton bright states |±1〉 considered as a pseudospin 1/2 [27]. When applying an
external field Bz along z the total field felt by the carriers will be the sum of the
effective and the applied field (∆E = h̄|Ω|), as sketched in Fig. 4.6(b). The carrier
spin precess around the total field Ω which results in a periodic oscillation of the
projection of the spin polarization onto the z axis.

In analogy to the quantum beats observed at B = 0 for t < 300 ps (Fig. 4.4(a)),
one expects to measure quantum beats in magnetic fields with an oscillation period
T = h/∆E. The values of ∆E deduced from the measured beat periods for an InAs
dot ensemble are plotted in Fig. 4.6(c) for different fields and are fitted with (4.3). In
Fig. 4.6(a) oscillations of the PL intensity co- and cross-polarized with the linearly
polarized excitation laser are observed because quasiresonant laser excitation creates
a superposition of |+1〉 and |−1〉 states. Note that the damping of the oscillations
observed in Fig. 4.6(a) is not due to an intrinsic decoherence process. It simply comes
from the inhomogeneous character of the experiment performed on an ensemble of
dots. Similarly to CdSe dots [34], the intrinsic exciton spin coherence time T2 is of
the order of the radiative lifetime (a few hundred picoseconds).
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Fig. 4.6. Ensemble of InAs/GaAs quantum dots [44]. (a) Lower panel: Time resolved PL
signal co-(stars) and cross polarized (open circles) with the linearly polarized excitation laser;
Upper panel: A beat period of the linear polarization of T = 65 ps is extracted. (b) Pseudospin
formalism with �ωexch = δ1 and �Ωz = gµBBz. (c) Evolution of the exciton level splitting
in an applied magnetic field along z fitted with (4.3)

Voigt Configuration

Yugova and co-workers have studied quantum beat phenomenon as a function of
the angle between the direction of light propagation parallel to z and the applied
magnetic field in InP/InGaP dots [8]. Their work revealed beats between the dark and
bright states that are mixed by the transverse component of the magnetic field, similar
to the results obtained in quantum wells, see Chap. 3. In ensemble measurements
that probe not only neutral but also unintentionally doped dots, quantum beats due to
the Larmor precession of the electron or hole in the transverse field are observed at
different frequencies [54–57], as will be discussed in detail in the following sections.

4.5 Charged Exciton Complexes: Spin Dynamics without Applied

Magnetic Fields

Singly charged excitons X− or X+ are 3-particle complexes (named therefore “tri-
ons”) : in an X− trion two electrons occupy the conduction ground state in a singlet
configuration, whereas a single hole lies in the valence ground state. Similarly the
X+ trion is formed by a pair of holes in a singlet configuration and a conduction
band electron.

Trions offer the interesting possibility to investigate the spin physics of a sin-
gle particle (electron or hole) because the exchange interaction vanishes in the trion
ground state. For example, the spin of an X+ trion reduces to that of the single elec-
tron (both paired holes being then spectators) which makes this complex particularly
suitable for studying the electron–nuclei hyperfine interaction in a 3D confined sys-
tem (see Chap. 11). Like excitons, they are usually formed by an optical excitation
and recombine radiatively over a comparable timescale of a few hundred picosec-
onds. This time limitation can be however overcome in the case of trions. Indeed,
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Fig. 4.7. (a) Contour plot of the PL transition energy as a function of applied bias for a single
InAs quantum dot embedded in a charge tuneable structure, after reference [31, 60]. Black cor-
responds to strong PL signals (several thousand counts) for the neutral exciton X0, the charged
exciton X1− (trion, one hole and two electrons), the X2− (one hole and three electrons) and
the X3− (one hole and four electrons). (b) X2− PL for a single InAs dot (different from (a)).
The separation marked as ∆(eh) between the peaks a and b is given by the electron–hole
Coulomb exchange, whereas ∆(ee) is given by the electron–electron Coulomb exchange [31].
(c) Schematic drawing of the conduction band line up of a n-type charge tuneable structure
for two different applied gate voltages Vg [60]

since they are generally formed from singly charged dots, optical excitation and re-
combination offer a unique means to investigate and possibly manipulate the spin
state of a single carrier trapped in a quantum dot over a longer timescale.

4.5.1 Formation of Trions: Doped and Charge Tuneable Structures

Controlling the charge state of excitons relies on the possibility of doping semicon-
ductor materials with n-type or p-type impurities as reviewed in Chap. 1. The quan-
tum dots behave like traps for the free carriers released by the ionized impurities
and thus acquire one or several resident charge(s). In some cases the residual doping
of the materials is sufficient to obtain singly charged dots [58], but usually a delta-
doping layer is grown a few nanometers below the dot layer with a density adjusted
to reach the desired average charge [56, 59]. This modulation doping technique can
be significantly improved by controlling the position of the quantum dot levels with
respect to the Fermi level of an heavily doped region (n- or p-type). This is achieved
by applying an electric voltage between a top gate and the doped region grown 20 nm
below the layer of quantum dots [60, 61]. In such a charge-tuneable structure a given
quantum dot is coupled to a reservoir of free carriers through a tunneling barrier,
see Fig. 4.7(c), which enables to control the excess charge with the precision of a
single electron. This effect is characterized in micro-photoluminescence spectra by
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an abrupt shift of the recombination energy from the neutral to the charged exciton
line (see Fig. 4.7(a)).3

4.5.2 Fine Structure and Polarization of X+ and X− Excitons

As confirmed by high resolution transmission spectroscopy [33] (see Fig. 4.2(b)),
the trion ground state is perfectly degenerate in contrast to the neutral exciton. The
zero field quantum beats are thus suppressed [58] and optical orientation of trions
with circularly polarized light becomes possible providing a straightforward insight
into the spin relaxation of a single carrier in a quantum dot. A hole spin lifetime
of τs ∼ 20 ns (remarkably long compared to bulk or quantum wells) was found
for X− trions both in CdSe and in InAs quantum dots [61, 62]. However, even
though Kramers degeneracy holds for trions, the exchange interaction within each
pair of particles still plays an important role for the spin dynamics, when excitons
are created under non-resonant laser excitation. Indeed, hot trions (X±⋆

) with one
carrier in a P -like state (an electron for X−, a hole for X+) form an intermedi-
ate state for the relaxation towards the trion ground state with a non-vanishing fine
structure as shown in Fig. 4.8. The latter is dominated by the exchange between
identical carriers, namely between Sc and Pc electrons in X−⋆

with ∆ee ≈ 5 meV,
while the total electron–hole exchange ∆eh (with both Sc and Pc electrons) is a rel-
atively weak perturbation (a few hundred µeV) which splits the triplet configura-
tion.4

An important difference between the singlet and triplet configuration concerns
their relaxation towards the trion ground state. The electron triplet requires a spin-
dependent interaction in order to relax towards a singlet configuration, whereas the
hot singlet can relax much faster (in a few picoseconds) thanks to the interaction
with phonons.5 Yet, the projection of the total spin of trion states indicated in the
right-hand side of Fig. 4.8 is a good quantum number only when the dot in-plane
anisotropy is neglected. In actual quantum dots, the anisotropic electron–hole ex-
change gives rise to a coupling δ̃−

1 between the ±1/2 triplet states and the ∓3/2
singlet states as represented in Fig. 4.8 by dashed arrows. Experiments and theoret-
ical estimates show that this coupling is particularly strong for the Pc level [64–66]
and must therefore be taken into account when analyzing the spin dynamics during
the hot trion relaxation.

3 This shift is due to small change of the direct Coulomb interaction between the carriers
confined in the quantum dot, which in turn modifies the binding energy of an electron hole
pair.
4 This fine structure can be observed in the micro-photoluminescence spectrum of charged

biexcitons XX± or doubly charged excitons X2± (see, e.g., Fig. 4.7(b)) [31, 58], and a similar
fine structure is predicted for X+⋆

[35].
5 The difference in lifetimes manifests in the line width of the X2− transitions shown in

Fig. 4.7(b) [31, 60].



104 X. Marie et al.

Fig. 4.8. Fine structure of a hot trion X−⋆
, namely a trion with an electron on a Pc orbital of

the quantum dot. Only the spin degree of freedom is represented, with simple arrows (↑, ↓)
for the electrons and double arrows (⇑, ⇓) for the hole pseudospin jz. The hot trion singlet
relaxes in a few picoseconds by a phonon-mediated process (Γph), while triplet states require

a spin dependent interaction which is provided by the anisotropic electron–hole exchange δ̃−
1 ,

yet in the “bright” configuration only

4.5.3 Spin Dynamics in Negatively Charged Exciton Complexes Xn−

Optical orientation of charged excitons in a quantum dot follows a very specific
mechanism that is succinctly described in this section [59, 63, 67]. As shown in
Fig. 4.9 for different samples of self-assembled InGaAs/GaAs quantum dots with
different n-doping levels, the photoluminescence circular polarization is negative,
i.e., opposite to the excitation polarization, although the optical selection rules for
both excitation and radiative recombination imply only heavy-hole states. Besides,
time-resolved measurements reveal a quite unusual increase (in absolute value) of
this negative circular polarization in the timescale of the radiative recombination
(∼1 ns).

To understand this effect, let us consider the case of quantum dots doped with
a single resident electron (〈n〉 = 1). When a spin polarized electron, say with spin
↓ is captured after optical generation in the barrier material, it undergoes a strong
exchange interaction with the resident electron. It forms either a triplet pair ↓↓ when
both spins are parallel, or a spin configuration (singlet or triplet) with zero projection
along z, namely 1√

2
(↑↓ ± ↓↑), when both spins are antiparallel. On the other hand,

the captured hole is unpolarized, because its spin orientation relaxes in the energy
continuum where it is created (see Chap. 3).6 Four types of hot trion states are thus

6 Under quasiresonant excitation, such that the spin of the photo-created hole is conserved,
it is possible to select transitions giving rise to a strong (above 90%) positive optical orien-
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Fig. 4.9. Time-resolved study of optical orientation in n-doped InGaAs/GaAs quantum dots
under non-resonant excitation at low temperature and zero magnetic field [59, 67]. (a) Traces
of the polarization resolved PL intensity of a sample with average charge 〈n〉 ≈ 1.5 and
(b) PL polarization dynamics for different samples with increasing doping. (c) Schematics
of the pump–probe excitation sequence employed for measuring the spin lifetime of resident
electrons. (d) Evolution of the circular polarization of the probe PL following a circularly
polarized excitation

populated, among which only the trions ↓↓⇑ and ↓↓⇓ still carry information about
the initial spin orientation. The former can optically recombine in contrast to the
latter which is dipole inactive. They are respectively called “bright” and “dark” trions
in analogy to the neutral excitons (see Sect. 4.2.2). The bright trion initially emits a
positively polarized photon (i.e., with the same helicity as the excitation laser) when
recombining, but it relaxes in a few tens of picoseconds down to the singlet ground
state with a flipped hole spin ⇓ due to the anisotropic coupling δ̃−

1 (see Fig. 4.8). This
specific “flip–flop”-induced relaxation which transfers the electron spin orientation
to that of the hole changes the sign of the trion polarization. This explains the increase
of negative polarization during the radiative lifetime. Similar mechanisms relying on
the anisotropic exchange interaction take place for quantum dots with more than

tation [61, 69]. The reversal of polarization is however clearly observed in the PL excitation
spectroscopy of an individual charged quantum dot [63].
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one resident electron and lead also to a negative circular polarization, with yet a
somewhat different dynamics [67, 68].7

4.5.4 Spin Memory of Trapped Electrons

One of the motivations for studies of the optical orientation of trions is to initialize the
spin state of a resident electron in a quantum dot by a laser pulse and then to measure
the spin memory on a timescale longer than the radiative lifetime. This effect can be
observed in a pump–probe experiment as schematically represented in Fig. 4.9(c).
A circularly polarized excitation pulse (the pump) is used to polarize the spin of
resident electrons. After a certain delay, the spin memory is read out by analyzing
the circular polarization of the PL emitted from a linearly polarized excitation pulse
(the probe).

This technique was first employed by Cortez et al. [59] who reported a spin
memory effect of ∼15 ns in an ensemble of n-doped InGaAs/GaAs quantum dots
(see Fig. 4.9(d)). This result was rather surprising because a longer living memory
(∼100 µs) is expected when assuming that electron spin relaxation is governed by
the hyperfine interaction with the lattice nuclei [20]. This observation stimulated
several studies to further clarify the role of the hyperfine interaction which actually
manifests itself in a variety of new effects (see Chap. 11). Pump–probe experiments
similar to those in [59] but under different excitation conditions (which probably
enhance dynamic nuclear polarization) have been recently carried out by Oulton et
al. [72]. They actually reveal a very long spin lifetime (up to ∼0.1 s) of the coupled
electron to nuclear spin system in n-doped InAs quantum dots.

4.6 Charged Exciton Complexes: Spin Dynamics in Applied

Magnetic Fields

The X+ exciton is formed in quantum dots which contain a resident hole. When the
laser excitation energy is tuned to the heavy-hole to electron transition energy of the
wetting layer, the optically created carriers are subsequently captured by a dot and
relax in energy to the quantum dot ground state. The probability of the hole spin
losing its initial spin orientation during the capture and energy relaxation process is
very high [59]. This yields the formation of a hole spin singlet in the Sv valence state,
i.e., the total spin of the two holes is zero. It has been shown that the electron created
in the wetting layer can keep its initial spin orientation when reaching the Sc state to
form the X+ exciton with the hole spin singlet. The average electron spin is related
to the circular polarization degree Pc of the X+ emission simply by: 〈Ŝe

z〉 = −Pc/2.
The photoluminescence polarization is therefore a sensitive probe of the electron
spin orientation on the radiative lifetime scale, of typically 1 ns.

7 Negative circular polarization under non-resonant excitation is also observed in charged
GaAs/GaxAl1−xAs quantum dots, but is most likely due to another mechanism based on the
accumulation of “dark trions” [70, 71].
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Fig. 4.10. The excitation polarization is provided by a 50 kHz photo-elastic modulator. (a) Po-
larization resolved PL spectra of the X+ transition of a single InAs quantum dot without
(lower part) and with (upper) an applied magnetic field after [76]. (b) Circular polarization of
the X+ line as a function of magnetic field (squares). Fit (grey line) using model in reference
[20]. Inset: experimental geometry

After the radiative recombination of the X+ exciton, a hole with a certain spin
orientation is left behind in the dot. How long this resident hole keeps its spin orien-
tation is still an open question, that could be addressed, for example, in pump probe
type measurements—see Sect. 4.5.4. Preliminary results showed a hole spin lifetime
τs > 20 ns for zero external fields [73] and τs = 270 ± 180 µs in an external field of
1.5 T applied along the z axis [74]. The hole spin relaxation time for dots with strong
confinement potentials should in principle be prolonged compared to the equivalent
measurements for electrons as the hyperfine interaction plays a less important role.
The spin coherence of resident electrons left behind after the radiative recombination
of the X− [56] is discussed in detail in Chap. 6.

4.6.1 Electron Spin Polarization in Positively Charged Excitons in

Longitudinal Magnetic Fields

Since the electron–hole Coulomb exchange interaction vanishes during the radiative
lifetime of the X+ exciton, it is the hyperfine interaction between electron and nu-
clear spins that determines the X+ polarization dynamics observed experimentally.
In the following the effect of the nuclear spin orientation on the electron is con-
sidered. The reciprocal effect of the electron spin on the nuclear spin polarization
can lead to dynamical polarization of nuclear spins [18, 19, 23, 69] and is discussed
in detail in Chap. 11. Yet, since the nuclear polarization builds up on a timescale
of seconds, it is negligible in the experiments discussed below (e.g., see Fig. 4.10)
where the excitation laser polarization was changed from σ+ to σ− at a frequency
f = 50 kHz [18, 75].

At zero applied magnetic field the PL measurements on a single InAs dot show
a circular polarization degree of only 32% of the X+ emission, Fig. 4.10(a). By
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applying a relatively small magnetic field of only 150 mT this polarization degree
can be doubled, as can be seen in Fig. 4.10(b) [76]. This behavior is very unusual for
a non-magnetic semiconductor. It should be noted that the thermal energy is much
larger than the Zeeman splitting in these experiments, kBT ≫ gµBB. It will be
argued in the following that the initially low circular polarization is a consequence
of the interaction of the electron spins with the nuclear spins and that the effects of
this interaction can be inhibited by applying a magnetic field along the z-axis [21].

Theoretical studies have predicted that the dominant mechanism of electron spin
relaxation in quantum dots at low temperature is due to the hyperfine interaction with
nuclear spins [20, 77, 78]. An electron spin in a quantum dot interacts with a large
but finite number of nuclei NL ≈ 103–105. In the frozen fluctuation model, the sum
over the interacting nuclear spins gives rise to a finite magnetic like field BN, about
which the electron spin coherently precesses [20, 77]. However, the amplitude and
direction of BN vary randomly from dot to dot, so that the average electron spin
Se

z(t) of a dot ensemble decays rather fast (∼100 ps) as shown experimentally [21].8

For the sake of simplicity, this spin dephasing mechanism affecting a quantum dot
ensemble is termed here spin relaxation.

This spin relaxation mechanism manifests also in single dot measurements be-
cause the orientation of the nuclear field BN in a given quantum dot evolves ran-
domly on a time scale of 100 µs. The latter is much longer than the radiative lifetime
(∼1 ns), but much shorter than the typical integration time of several seconds used
for single dot measurements. Therefore, the electron spin dephasing due to averaging
over different nuclear field orientations still holds.

The effect of the fluctuating hyperfine field BN on the electron spin during the
radiative lifetime of the X+ exciton is revealed by applying a small magnetic field
B along the z axis—see Fig. 4.10. In a classical picture the electron spin precesses
about the total field B + BN. Applying a field |B| which largely exceeds the rms
value of BN (∼30 mT in InAs quantum dots) results in a precession vector almost
parallel to the z axis. In this case the electron spin keeps its initial spin orientation
along z if no spin relaxation due to another mechanism takes place. The gradual
suppression of precession about the in-plane component of BN can be fitted by the
model of Merkulov et al. [20] applied to the case of X+ trions [76]—see Fig. 4.10(b).
This confirms the role of the hyperfine interaction as the main cause of electron spin
relaxation in III–V quantum dots.9 Electron paramagnetic resonance spectroscopy
suggests that room temperature electron spin dynamics in free standing ZnO quan-
tum dots is also governed by the hyperfine interaction with nuclear spins [81]. Inter-
actions between carrier and nuclear spins have also to be taken into account in diodes
that emit polarized light following the electrical injection of spin polarized carriers
from a magnetic barrier into quantum dots [82].

8 The spin polarization decay is limited in amplitude because BN is almost collinear to the
spin direction for about 1/3 of the quantum dots. See Chap. 11 for details.
9 In a magnetic field of several Tesla, spin relaxation times in the ms range has been reported

for resident electrons in charge tuneable self-assembled InAs dots [79] and in electrostatically
defined dots [80].
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Fig. 4.11. (a) Experimental geometry. (b) Electron spin quantum beats in ensembles of X+

excitons in p-doped InAs quantum dots measured via the circular PL polarization. Data fitted
with and without fluctuations of the transverse electron g factor, after [55]. (c) Measurement
as in (b) for different fields and fits performed with the complete model developed in [55]

4.6.2 Electron Spin Coherence in Positively Charged Excitons in Transverse

Magnetic Fields

The eigenstates of the X+ exciton levels in a transverse magnetic field B parallel
to the x axis are the |X+,↑〉x and the |X+,↓〉x states (see Fig. 4.11(a) for the ex-
perimental geometry).10 Since the hole spin singlet is not split in external fields,
the Zeeman splitting during the radiative lifetime of the X+ exciton is given by the
conduction electron spin splitting ge,⊥µBB.

With a σ+ polarized excitation pulse the |X+,↓〉z state is created as a linear
superposition of |X+,↑〉x and |X+,↓〉x . The system evolves in time with beats be-
tween these states which can be evidenced by monitoring the evolution of the degree
of circular polarization during the radiative lifetime—see Fig. 4.11.11 The damping
of the oscillations gives the effective coherence time of the system. Here dephasing
effects due to averaging over dot ensembles and intrinsic sources of decoherence
have to be distinguished. The model by Merkulov et al. that includes only spin de-
phasing due to hyperfine effects fails to reproduce the fast damping of the oscilla-
tions. The main contribution to the observed dephasing time of 400 ps comes from
the inhomogeneous deviation of electron transverse g factor (∼7%). Obviously, this

10 Dynamical nuclear polarization does not play any role in this geometry because the average
electron spin is always perpendicular to the applied field [18].
11 The transverse electron g factor can be extracted from the dependence of the beat frequency
on the magnetic field strength. The value of ge,⊥ = 0.75 obtained in this way is in agreement
with the values measured in single dot spectroscopy [29].
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dephasing process vanishes for an individual quantum dot, a situation where the hy-
perfine interaction would remain the dominant source of decoherence at low tem-
perature. From the measurements presented in Fig. 4.11 a dephasing time of 1 ns
can be extracted for this contribution, which should be observable in time-resolved
experiments on a single dot.

4.7 Conclusions

In this chapter dedicated to exciton spin dynamics in quantum dots, we have re-
viewed some of the most striking properties recently uncovered in this system. The
three-dimensional confinement of carriers in quantum dots strongly enhances the
spin lifetime of excitons as compared to bulk or quantum wells. This is evidenced in
a large number of experiments where optical orientation or exciton dipole alignment
were investigated. However, the strong quantization of carriers on a few nanome-
ter length scale strongly alters their spin dependent properties by strengthening the
electron–hole exchange interaction. This effect gives rise to the splitting δ1 of the
exciton eigenstates into linearly polarized states at zero magnetic field, as a result
of the actual anisotropy of quantum dots. A neutral exciton can thus be seen as a
pseudospin 1/2 submitted to an internal magnetic-like field, which in general cannot
be suppressed, even though a longitudinal external field of a few Tesla can restore
circularly-polarized eigenstates. The exchange interaction influences also the spin
dynamics of singly charged excitons by introducing coupling between singlet and
triplet spin configuration in the fine structure of excited states. This gives rise to a
singular negative circular polarization of negatively charged excitons X− under non-
resonant circularly polarized excitation. Eventually, we introduced the role of the
hyperfine interaction which couples the spin of conduction electron to that of the lat-
tice nuclei. It manifests itself as a slowly fluctuating magnetic field of a few 10 mT in
III–V quantum dots leading to spin dephasing of unpaired electrons. In principle this
is a weak perturbation which can be almost canceled out by applying a small mag-
netic field (typically 150 mT for InAs dots), but requires yet great attention whenever
dynamical nuclear polarization takes place (see Chap. 11).
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5

Time-Resolved Spin Dynamics and Spin Noise

Spectroscopy

J. Hübner and M. Oestreich

This chapter gives an overview of the major experimental techniques employing op-
tical spectroscopy to unravel, exploit, and control the dynamics of the entity spin in
semiconductors. We describe the areas of application as well as the advantages and
drawbacks of the different techniques by means of selected examples from up-to-date
research in semiconductor spin physics.

5.1 Introduction

Already since 1969, [1] time integrated optical Hanle experiments have uncovered
interesting spin physics in semiconductors. Time-resolved Hanle experiments and
time-resolved Faraday rotation spectroscopy are the powerful successors which di-
rectly measure the precession frequency of the carrier spins in an external or internal
effective magnetic field. Most time-resolved optical experiments today employ short
optical laser pulses on the picosecond or femtosecond timescale to excite electrons
from the valence to the conduction band of the semiconductor. Excitation by circular
polarized light leads in most III–V and II–VI semiconductors to a preferential spin
orientation of the excited electrons in the conduction band and the remaining hole
in the valence band. The reasons for the preferential spin orientation of electrons
and holes are the optical selection rules which depend on the sample structure, the
semiconductor material, and the direction of excitation. The relaxation of the hole
spin towards thermal equilibrium occurs in many cases on the timescale of the mo-
mentum relaxation time, due to the strong spin–orbit interaction and mixing of light-
and heavy-hole spin states. The spin relaxation time of free holes in bulk GaAs is for
example at moderate temperatures faster than 100 fs [2] and a significant hole spin
polarization can thus be neglected in many experiments. The electron spin relaxation
is usually much slower so that most time-resolved optical experiments only observe
the electron spin dynamics.
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The excitation of a sample by a polarized laser pulse initializes the spin orienta-
tion and defines the time zero. Subsequently, the time-resolved experiment measures
the temporal evolution of the spin orientation. The dynamics can be dominated by
internal magnetic fields, which can be in the focus of the investigations themselves,
or external magnetic fields, which yield further fundamental parameters, such as, for
example, the electron g-factor [3]. In time-resolved photoluminescence experiments
the spin polarization is detected by measuring the degree of circular polarization of
the photoluminescence sent out from the sample after excitation. In time-resolved
Faraday rotation experiments, the spin polarization is obtained by measuring the ro-
tation of the linear polarization of a probe laser pulse. Usually, a single laser pulse
excites not a single electron but an ensemble of electrons and the experiments impart
the dynamics of the average spin polarization of the electron ensemble. This average
spin polarization is defined as Ps = (n+ −n−)/(n+ +n−), where n+ and n− are the
number of electrons with spin +1/2 and spin −1/2, respectively. The exponential
decay of the initial spin polarization to thermal equilibrium is described by the spin
relaxation time τs. Though in general, the spin relaxation depends also on tempo-
rally changing parameters like, for example, carrier density and carrier temperature.
Therefore the spin relaxation can not be exactly described by a mono-exponential
decay.

Time-integrated Hanle experiments, time-resolved Hanle experiments, and time-
resolved Faraday rotation spectroscopy employ optical excitation to create a prefer-
ential spin orientation. A very new kind of Faraday rotation experiment circumvents
this perturbation of the studied systems and uses the fluctuating natural spin polariza-
tion of a system in thermodynamical equilibrium. This technique was first introduced
in quantum optics in rubidium gas in the year 2000 [4] and a short time later was
successfully demonstrated in semiconductors [5]. The technique is called spin noise
spectroscopy and is based on the Faraday rotation of laser light in the non-absorptive
regime (i.e., of laser light with an energy below the band–gap of the semiconductor)
without a preceding excitation. Astonishingly, the technique is rather sensitive and
promises eminent advantages for distinctive types of spin measurements in semicon-
ductors.

In the following, Sect. 5.2 gives an overview about the time- and polarization-
resolved photoluminescence techniques and shows exemplarily photoluminescence
results concerning a new electron spin relaxation mechanism in (110) GaAs quantum
wells and on the coherent electron hole spin dynamics in natural GaAs quantum
dots. Afterwards, Sect. 5.3 describes the technique of time-resolved Faraday rotation
spectroscopy and introduces spin amplification as an experimental example. At last,
Sect. 5.4 introduces spin noise spectroscopy as a non-perturbative spin detection
technique and presents results on the spin dynamics in bulk GaAs.

5.2 Time- and Polarization-Resolved Photoluminescence

Optically excited semiconductors are not in thermal equilibrium and the photoex-
cited electrons in the conduction band recombine with holes in the valence band to
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Fig. 5.1. (a) Typical setup for time-resolved photoluminescence spectroscopy. (b) One circu-
larly polarized component of the time-resolved photoluminescence after excitation of the sam-
ple by a circularly polarized laser pulse. The decrease in oscillation amplitude with time results
from spin relaxation. The oscillation depth is a measure of the spin polarization, although, the
decrease of the beat modulation depth at 4 T results from lack of temporal resolution in this
specific experiment

restore the state of the lowest free energy of the system again. The optical selec-
tion rules for recombination are identical to the selection rules for absorption and
thereby the degree of circular polarization Pσ is a measure of the spin polarization.
The maximum degree of circular polarization of the photoluminescence from bulk
semiconductors like GaAs for 100% electron spin polarization and unpolarized holes
is Pσ = 50% (see Fig. 1.2 from Sect. 1.3.9). This is due to the fact that the energy
of heavy and light holes are degenerate at the Γ -point, where it is most likely that an
excitation takes place (p = 0 for direct gap semiconductors). Additionally the heavy
hole transition is three times stronger than the light hole transition, which yields
Pσ = (3 − 1)/(3 + 1) = 0.5 = 50%. But since photo-created electrons possess in
most bulk semiconductors a maximum spin polarization of 50%,1 the maximum Pσ

is equal to 0.5 × 0.5 = 0.25 = 25% in photoluminescence experiments. In lower-
dimensional semiconductors the degeneracy of heavy and light holes is lifted and
the degree of circular polarization can become nearly 100% for 100% electron spin
polarization.2 Knowing the optical selection rules, time- and polarization-resolved
photoluminescence becomes a powerful tool to study the spin dynamics in semicon-
ductors.

5.2.1 Experimental Technique

Figure 5.1(a) schematically depicts a typical setup for time- and polarization-resolved
photoluminescence measurements. A 10 W diode pumped, continuous wave solid

1 In some crystals symmetries, e.g., with hexagonal wurtzite structures, the valence band
degeneracy is lifted, enhancing the degree of polarization.
2 Please note that the depicted selection rules in Fig. 1.2 in Sect. 1.3.9 are strongly simpli-

fied and a more rigorous theoretical treatment by k · p theory including excitonic effects is
necessary to obtain more realistic predictions (see [6]).
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state laser pumps a pulsed picosecond or femtosecond Ti:Sapphire laser having a
repetition rate of 80 MHz and a maximum average output power of 2 W. The laser
light first passes an optional linear polarizer to enhance the degree of linear polar-
ization of the laser. Next, the linear polarization of the laser light is converted to
circular polarization by, e.g., a Soleil Babinet or Berek compensator, a liquid crystal
retarder, or a photoelastic or electro-optic modulator acting as a λ/4-plate. All these
retarders are adjusted to get circularly polarized light at the sample, i.e., changes of
light polarization at successive optics-like mirrors—especially dielectric or coated
mirrors show a strong birefringence—have to be compensated.3 After the retarder,
the circularly polarized laser pulse is focused on the sample that is mounted in a
variable temperature magneto-cryostat in Voigt geometry, i.e., the magnetic field is
perpendicular to the direction of excitation. The photoluminescence from the sample
is collected in backwards direction and passed through a λ/4-retarder followed by a
linear polarizer to select one circular component. The energy resolution is performed
by a monochromator and time resolution by a photomultiplier tube or a streak camera
system. A streak camera system has the significant advantage over a photomultiplier
tube in that it can detect simultaneously a two-dimensional data set due to a spa-
tially mapped photocathode. The data set can contain such information as, e.g., the
photoluminescence versus time and light frequency, polarization, or position of the
collected photoluminescence on the sample. Figure 5.1(b) shows, as an example for
time-resolved photoluminescence, the temporal dynamics of one circular component
of the photoluminescence of a 25 nm GaAs/(AlGaAs) quantum well after excitation
with a 2 ps, circularly polarized laser pulse. A magnetic field B perpendicular to the
excitation direction leads to a Larmor precession of the optically excited electron
spins around the axis of the magnetic field with a Larmor frequency ΩL = gµBB/h̄,
where g is the electron g-factor and µB is the Bohr magneton. The precession of
the electron spin is directly visible as modulation (beats) in the polarization resolved
photoluminescence intensity. The measured beat period is—as expected from the
equation for the Larmor frequency—proportional to the magnetic field. High preci-
sion measurements reveal a slight deviation from this linear proportionality since g

depends on the electron energy in the conduction band and thereby on the applied
magnetic field B (see [7] for further details). The photoluminescence intensity mod-
ulation (beats) start at time t = 0 with a minimum since the circular polarization of
excitation and detection are opposite. The overall increase of the photoluminescence
in the first 400 ps does not depend on the spin dynamics but results from the cooling
of initially hot electrons and holes to lattice temperature. The overall decrease of the
photoluminescence at later times results from the reduction of carrier density due to
recombination. In general the modulation of the normalized average photolumines-
cence intensity can be modeled in first approximation with the following formula:

3 Liquid crystal retarders have the advantage that the polarization can be controlled elec-
trically with a variable frequency of up to some 10 Hertz. Photoelastic modulators have the
advantage of higher but fixed frequencies of around 50 kHz while electro-optic modulators
are used up to MHz, but require a fast and accurate high voltage source. The best choice
concerning the retarder depends on the photoluminescence detection system.
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Fig. 5.2. Circular polarization resolved photoluminescence acquired with a streak camera sys-
tem. Left: The raw data depicted is photoluminescence from a GaAs quantum well sample
at low temperatures. The energy resolution follows the horizontal axis (right to left). In this
special case, the two orthogonal polarizations are sent through the monochromator at the same
time, shifted by a fixed distance horizontally with the help of a Wollaston prism. Right: De-
picted are the time transients of the intensity and of the extracted polarization

I (t) = I0
(

1 − e−t/τc
)

e−t/τr × M(t)

with
M(t) = 1 ± aM × e−t/τs cos(ΩLt),

where τc, τr, τs denote the cooling, recombination, and transverse spin relaxation
time. The sign of the modulation depth ±aM reflects the detection with the same
or opposite circular polarization, respectively, and ΩL is the modulation (Larmor)
frequency. The effects of the carrier dynamics of the spin independent photolumi-
nescence dynamics might seem to obscure the interpretation of the data yielding the
parameters of M(t) but subsequent or simultaneous measurement of the right (σ−)
and left (σ+) circular photoluminescence components allows for the direct extraction
of the time-resolved optical polarization Pσ = (σ− − σ+)/(σ− + σ+), i.e., unob-
scured extraction of the spin polarization Ps = aM × e−t/τs cos(ΩLt). A correspond-
ing data set is depicted in Fig. 5.2, where the two orthogonal circular polarizations
have been acquired simultaneously, allowing the distinctive and exact extraction of
the degree of polarization, the spin quantum beat frequency, and the spin relaxation
time.

5.2.2 Experimental Example I: Spin Relaxation in (110) Oriented Quantum

Wells

This first experimental example shows results from temperature dependent photolu-
minescence measurements on n-doped (110) GaAs quantum wells with a thickness
of 20 nm. The experiment yields a strong anisotropy of the electron spin relaxation
time and a new spin relaxation mechanism due to inter-sub-band scattering [8]. At
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Fig. 5.3. Left: Degree of polarization Pσ of the time-resolved photoluminescence for magnetic
fields of 0 T (solid line), 0.45 T (dashed line), and 1 T (dotted line) measured at 200 K. Inset:
Dependence of measured τs on magnetic field. Right: Temperature dependence of spin lifetime
τs for B = 0 T (closed circles) and B = 0.6 T (open circles). Inset: Corresponding temperature
dependence of spin relaxation anisotropy τx/τz. (From [8])

the same time, the experiment demonstrates nicely a major drawback of photolu-
minescence measurements to study the electron spin dynamics, i.e., the inevitable
presence and influence of holes.

We have seen in Sect. 1.4.2 that the random magnetic field depending on the
momentum p—that leads to spin relaxation—always points in (110) GaAs quantum
wells toward a growth direction. Thereby, spin relaxation due to the Dyakonov–Perel
mechanism [9] is suppressed for electron spins aligned in the z-direction. On the
other hand, electron spins in the quantum well plane precess around the p-dependent
magnetic field and thereby experience spin relaxation since every single electron
changes its momentum p stochastically. The resulting anisotropy of the spin re-
laxation time is directly observed by time- and polarization-resolved photolumines-
cence measurements: Fig. 5.3(a) shows the transients of Pσ after excitation in the
z-direction for three different external magnetic fields in y-direction. At zero mag-
netic field (B = 0 T) (solid line), the temporal decrease of Pσ is slow, i.e., the spin
relaxation is slow for spins in the z-direction. At finite magnetic field B (dashed and
dotted lines), the spins precess around the external magnetic field and the envelope
of Pσ (oscillation amplitude) decreases more rapidly since the precessing electron
spins are in average half the time oriented within the quantum well plane where they
experience fast Dyakonov–Perel spin relaxation. The inset of Fig. 5.3(a) shows τs
versus B. The almost constant spin lifetime for B > 0 T excludes a direct influ-
ence of the external magnetic field on the spin relaxation, i.e., τs depends strongly
on the spin orientation and only weakly on the magnitude of the external magnetic
field.

Next, we study the temperature dependence of τs for B = 0 T and B = 0.6 T. The
data acquired at B = 0 T yield τs in the z-direction and thereby the spin relaxation
rate in the z-direction γz = 1/τs. Measuring at B = 0.6 T yields the composed spin
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relaxation time in x- and z-directions and thereby the spin relaxation rate (γx+γz)/2.
Since γz can be extracted from the B = 0 T measurement, the B = 0.6 T measure-
ment yields γx .4

Figure 5.3(b) shows an increase of the spin relaxation time with increasing tem-
perature for temperatures between 2 K and 80 K and B = 0.6 T (open circles). This
increase is a typical artifact of photoluminescence measurements: Photolumines-
cence depends on the presence of holes and these holes lead to electron spin relax-
ation by the Bir–Aronov–Pikus mechanism [13]. The spin relaxation via hole spins
decreases with increasing temperature since the electron hole exchange interaction
becomes weaker at higher temperatures. Above 80 K, τs decreases for B = 0.6 T
again since the Dyakonov–Perel mechanism becomes more effective at higher tem-
peratures due to the occupation of higher momentum states. In contrast, the spin
relaxation time increases for spins in the z-direction (closed circles) up to 6.5 ns at
120 K since the Dyakonov–Perel mechanism is not effective for spins in the
z-direction and the Bir–Aronov–Pikus mechanism decreases even further with higher
temperatures. However, above 120 K, τs decreases again and that is astonishingly
since the Dyakonov–Perel mechanism is suppressed, the hole spin influence be-
comes weaker at higher temperatures, and as well the Elliott–Yafet mechanism as
the hyperfine interaction with nuclear spins are also too weak to explain the decrease.
The explanation of this puzzle is a new spin relaxation mechanism that depends on
inter-sub-band scattering, the so-called inter-sub-band spin relaxation mechanism.
This mechanism can be understood in the following way: Without spin–orbit in-
teraction, scattering between sub-bands, e.g., the first (1) and second (2) sub-band
would be spin-conserving. If spin–orbit interaction present, which in parallel leads
to Dyakonov–Perel spin dephasing, transitions in the form of |ψ (1)

pi ,↑〉 ↔ |ψ (2)
pj ,↓〉 be-

come possible with a scattering rate given by the sub-band splitting and the strength
of the spin–orbit interaction, i.e., the Dresselhaus spin splitting [8]. This example
shows that even in the presence of holes time-resolved photoluminescence experi-
ments yield be spin physics.

4 Direct measurement of γx by excitation and photoluminescence detection in an x-direction
is not possible due to the optical selection rules in quantum wells. The interband matrix el-
ements of the heavy hole transition in quantum wells read uhh1 = −1/

√
2|X + iY↑〉 and

uhh2 = 1/
√

2|X − iY↓〉, i.e., the heavy hole transition has no z-component and quantum
wells emit linear polarized photoluminescence in x-direction irrespectively from the elec-
tron or hole spin polarization. Note that this fact has been ignored in several publications
(see for example [10, 11]). The interband matrix element of the light hole transition reads
ulh1 = −1/

√
6|X + iY↓〉 +

√
2/3|Z↑〉 and ulh2 = 1/

√
6|X − iY↑〉 +

√
2/3|Z↓〉, i.e., the

light hole transition has a z-component and spin polarization and circular polarization are in-
terconnected. This interconnection can be seen at resonant excitation of the light hole [12]
and in photoluminescence in very wide quantum wells with strong heavy-light hole mixing
and specially strained quantum wells, where the light hole has a higher energy than the heavy
hole.
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5.2.3 Experimental Example II: Coherent Dynamics of Coupled Electron and

Hole Spins in Semiconductors

This second photoluminescence experiment demonstrates that the interaction of elec-
trons and holes also yields interesting spin physics [14]. The spin relaxation of holes
is not always fast. The large energy splitting of the heavy and light hole states in
thin quantum wells and quantum dots leads for example to very long spin relax-
ation times of free holes [15–18]. Also, localized holes exhibit long spin relaxation
times. In the following, we show, as a nice example for slow hole spin relaxation,
results from photoluminescence experiments on undoped 3 nm GaAs/AlGaAs quan-
tum wells. Surface fluctuations lead in thin quantum wells to strongly localized states
which are called natural quantum dots. These natural quantum dots are excited reso-
nantly by ps laser pulses at low temperatures. The excited electrons and holes form
excitons with a large electron hole exchange energy in the direction of strongest
confinement, i.e., in growth direction. The spin dynamics of an electron and a hole
within an exciton is described for an arbitrary magnetic field B = (Bx, By, Bz) by
the Hamiltonian

Ĥ = 1

2

∑

i,j=x,y,z

{

µBBj

(

g
(e)
ij σ̂

(e)
i + g

(h)
ij σ̂

(h)
i

)

− cij σ̂
(h)
i σ̂

(e)
j

}

, (5.1)

where g
(e)
ij and g

(h)
ij are the g-factor tensors, σ̂ (e)

i and σ̂
(h)
i are the Pauli-spin operators

of the electron and hole, respectively, cij is the electron–hole exchange tensor, µB is
Bohr’s magneton, and z is the growth and quantization direction. The light hole is
neglected in the Hamiltonian since the heavy and light hole energy splitting is large
in thin quantum wells. The temporal evolution of the corresponding exciton spin
states ψ(σ

e,h
i , t) can be easily solved with standard methods and the time dependent

Schrödinger’s equation.
Figure 5.4 shows the complex dynamics of one linear polarization component

of the photoluminescence after linearly polarized optical excitation of the quantum
dots. The weak modulation depth of the experimentally observed oscillations results
from the limited temporal resolution of the setup. The observed decay of the fast
oscillations within the observation time of 50 ps is not due to decoherence but due to
destructive interference of spin quantum beats from individual excitons with varying
parameters for the exchange energy and g-factors. The photoluminescence dynamics
shows such a rich structure since the linear polarized light coherently excites the
four eigenstates of the Hamiltonian. The four eigenstates are composed by the two
electronic spin states |+1/2〉 and |−1/2〉 and the two hole spin states |+3/2〉 and
|−3/2〉 yielding the so-called dark and bright states which are mixed by the electron–
hole exchange interaction and the external magnetic field. The complete dynamics
is destroyed as soon as the electron or the hole spin relaxes, i.e., the observation
of the linearly polarized photoluminescence beatings manifests the long hole spin
relaxation times. Most interestingly, the dynamics yields directly a controlled not

gate operation for the electron–hole spin states if the orientation and strength of the
magnetic field are chosen properly. Thereby, the electron–hole spin interaction is in
principle a candidate for new concepts of solid state quantum devices.
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Fig. 5.4. Measured (thick line) and calculated (thin line) temporal evolution of the photolumi-
nescence for linear polarized excitation and detection and a magnetic field tilted by 45◦ from
the growth direction, i.e., from the excitation and detection direction. From [14]

5.2.4 Photoluminescence and Spin-Optoelectronic Devices

The preceding two examples have shown advantages and disadvantages of photolu-
minescence measurements concerning the spin dynamics in semiconductors. Besides
many other experiments, polarization resolved photoluminescence has probably the
most attractive success story in the field of spin-optoelectronic device research. Pho-
toluminescence measurements have demonstrated spin transport in high electric field
[19], the efficient electrical spin injection [20, 21], polarized emission from electri-
cally pumped spin light emitting diodes [22–24], the GHz modulation of the stimu-
lated emission of a vertical cavity surface emission laser by modulation of the spin
orientation [25], the threshold reduction of such a laser by injection of spin polarized
electrons [26–28], and many more results on spin devices, i.e., photoluminescence
and spin-optoelectronic devices are strongly linked with each other and the reader is
referred to the literature for further information.

5.3 Time-Resolved Faraday/Kerr Rotation

Time-resolved Faraday or Kerr rotation are two established pump–probe techniques
to measure the spin dynamics in doped semiconductors. Assume for example n-
doped GaAs where the electrons in the conduction band are unpolarized in thermal
equilibrium, i.e., we neglect any stochastic spin polarization which is insignificant in
this experiment but plays the dominant role in spin noise spectroscopy (see Sect. 5.4).
A short, circularly polarized laser pulse pumps similarly to the photoluminescence
experiment spin polarized electrons from the valence band to the conduction band
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Fig. 5.5. A change in absorption ∆α is always connected with a change of the refractive
index ∆n (shown here for a single, homogeneously broadened transition which is described
by a Lorentzian absorption). The change of the refractive index becomes zero slightly below
the maximum of ∆α. At optical frequencies, ∆n is in very good approximation zero at the
maximum of ∆α

and partially polarizes the electron ensemble. The degree of polarization is weak
for small excitation densities compared to the doping density and large for high ex-
citation densities. After excitation, the excited holes recombine with the electron
ensemble composed of doping and optically created electrons and a partially polar-
ized electron ensemble remains. The degree of polarization of the partially polarized
electron ensemble is detected by a second laser pulse that is linearly polarized and
temporally delayed to the pump pulse. This second laser pulse is called the probe
pulse. The probe pulse is either transmitted through the sample (Faraday) [29] or
reflected (Kerr) rotation geometry [30, 31]. The degree of rotation of the linearly po-
larization of the probe pulse is for a normal incidence of the probe pulse proportional
to the carrier spin orientation in the sample. This rotation is again the result of opti-
cal selection rules: The spin polarized electrons block optical transitions around the
Fermi energy for one circular polarization stronger than for the other one. The differ-
ence in absorption ∆α leads, via the Kramers–Kronig relation, to a difference in the
refractive index ∆n for σ+ and σ− polarized light (see Fig. 5.5). Linear polarized
light is a coherent superposition of σ+ and σ− polarized light. The different refrac-
tive indexes nσ+ and nσ− induce a phase shift between the two components, leading
to a rotation of the linear polarization direction. As a consequence the time-resolved
amplitude of the rotation of the linear polarization of the probe pulse directly reflects
the degree and dynamics of the electron spin polarization.5

5 In addition to the rotation, the slight absorption will cause a reduction in the amplitude of
one circular component. This leads to an effective rotated elliptical polarization. The ellipticity
is usually small compared to the phase shift, especially in non-magnetic semiconductors , i.e.,
the polarization bridge set-up in the described configuration is not sensitive to this so-called
circular dichroism [32].
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One advantage of the Faraday rotation technique over the described time-resolved
photoluminescence technique in Sect. 5.2.1 is the better temporal resolution which
is limited in the Faraday rotation experiments mainly by the temporal length of the
pump and probe pulse. Another advantage of the Faraday rotation technique is the
smaller influence of optically created holes on the electron spin relaxation in n-doped
systems.6 The influence of holes is smaller since time-resolved photoluminescence
measurements usually require much higher degrees of electron spin polarization for
a reliable signal. Additionally the Faraday rotation signal does not depend on the
presence of holes at the time of measurement, i.e., at large delay times where the
optically injected holes by the pump pulse have already recombined and only the
polarized electron ensemble remains.

5.3.1 Experimental Set-Up

Figure 5.6 schematically depicts a typical setup for a Faraday rotation experiment.
The linear polarized pico- or femtosecond laser pulses from a Ti:Sapphire laser are
split by a beam splitter in a strong pump pulse and a significantly weaker probe
pulse (e.g., in a ratio of 10:1 in intensities). The pump pulse is time-delayed versus
the probe pulse by a mechanical delay stage to scan the temporal dynamics.7 Subse-
quently, the intensities of pump and probe beams are modulated in the kHz regime
with two different frequencies by an optical chopper. The pump beam is circularly
polarized and focused on the sample which can be mounted in a magneto-optical
cryostat. The probe beam is focused on the same spot on the sample,8 passes after
transmission through the sample and through a Wollaston prism (linear polarization
sensitive beam splitter), and is focused on the two photodiodes of a balanced re-
ceiver. A λ/2-retarder plate before or after the sample is used to rotate the linear
polarization of the probe beam in order to balance the intensities on the two photodi-
odes. A small change of the linear polarization direction due to the spin polarization

6 In n-doped systems, another effect can arise from the increased influence of nuclear spins
since especially localized electrons have a strong interaction with nuclear spins due to their
s-type wave function, i.e., a local non-vanishing probability distribution at its center. Nuclear
spin effects arise on very different timescales: from femtoseconds on the microscopic sam-
ple scale, to micro- and milliseconds on the mesoscopic scale, to hours on the macroscopic
(diffusion) scale and are basically present in every optical excitation involving either circular
polarized light or magnetic fields: Polarized electron spins can relax via flip–flop processes
with nuclear spins and thereby pump the nuclear spin system. The same holds even for an
excitation with linear polarized light if an external magnetic field is applied, since the mag-
netic field induces a macroscopic electronic spin-polarization in thermal equilibrium. In this
case, the optically excited unpolarized electrons make a spin flip–flop with the nuclear spins to
reach the thermal equilibrium condition of the macroscopic spin polarization (see Chap. 11).
7 It is the pump pulse, not the probe pulse that is delayed by the mechanical delay stage, since

even small unintentional changes of the probe pulse direction usually change the intensity on
the photodiodes of the balanced receiver.
8 The probe beam is often focused to a smaller diameter than the pump beam to detect an

area of nearly constant excitation density of the pump beam.
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Fig. 5.6. (a) Set-up for time-resolved Faraday rotation spectroscopy. (b) Typical transient
of the difference signal of the balanced receiver, i.e., the time-resolved dynamics of the
pump-induced magnetization of a sample. In this case, the sample is a 10 nm n-doped
GaAs/(Al, Ga)As multiple quantum well at 10 K. The pump and probe intensities are 2 mW
and 80 µW, respectively

of the electron ensemble increases the intensity of one photodiode and decreases the
intensity on the other photodiode. This difference in intensity is measured by the bal-
anced receiver9 and sent to a lock-in amplifier that is locked to the difference or sum
frequency of the pump and probe frequencies, i.e., the lock-in signal directly reflects
the Faraday rotation signal which is proportional to the electron spin polarization.
A typical Faraday rotation signal is shown in Fig. 5.6(b).

Most Faraday rotation experiments are frequency degenerate measurements
where the pump and probe pulses have the same light frequency. One should keep in
mind that this degeneracy in the frequency can lead to artifacts especially at nearly
resonant excitation of the sample. Figure 5.5 shows that ∆n is zero at the maximum
of ∆α. A short, resonant probe pulse has a finite width in energy and integrates ∆n

9 A balanced receiver is used for several reasons. First, the signal of an balanced receiver is
nearly independent on intensity fluctuations of the laser. Second, one might be tempted not to
use a Wollaston prism and a balanced receiver but to measure the change of intensity through
a polarizer, that crosses out the probe beam after the sample, i.e., the rotation of the linear
polarization in the sample results in a linear polarization that is partially transmitted by the
succeeding polarizer. This does usually not work out since in most cases the Faraday rotation
angle ϕ is very small. The transmitted intensity through a polarizer is IT = I0 cos2(φ), where
I0 is the incoming intensity and φ is the angle between the light polarization and the axes of
the polarizer. A Taylor expansion for crossed polarization directly yields that the transmitted
intensity is not proportional to ϕ but to ϕ2, i.e., negligibly small for small ϕ. For the described
Wollaston prism the light polarization is 45◦ to the polarizing axis and the Taylor expansion
is linear to ϕ, i.e., the balanced receiver signal is directly proportional to the Faraday rotation
angle.
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symmetrically around the center frequency, where ∆n changes the sign. The con-
sequence is that the average signal is vanishing since ∆n is antisymmetric, i.e., the
Faraday rotation signal is zero although the electrons are spin polarized. For non-
resonant excitation, the photoexcited electrons and thereby ∆α and ∆n relax in time
to lower energy and the Faraday rotation signal changes solely due to carrier cool-
ing. This problem can be solved by non-degenerate Faraday rotation if the Faraday
rotation signal is also measured in dependence on the probe beam frequency.10

5.3.2 Experimental Example: Spin Amplification

This experimental example shows results on the spin relaxation in n-doped GaAs at
low temperatures. The experiment demonstrates nicely the strength of the Faraday
rotation spectroscopy in n-doped samples with very long spin relaxation times.

The spin relaxation at low temperatures in bulk GaAs strongly depends on the
doping level. At low doping levels, electrons are localized to the donor, electron
spin interaction with nuclear spins is large, and electron spin relaxation is fast. At
high doping levels, the electrons occupy high momentum states due to the Pauli
exclusion principle, and spin relaxation due to the Dyakonov–Perel mechanism is
fast. At intermediate doping levels close the Mott insulator transition, the electron
spin relaxation becomes long. Actually, at doping levels around 1 × 1016 cm−3 the
spin relaxation becomes much longer than the 12.5 ns repetition rate of a standard
Ti:Sapphire laser and resonant spin amplification can be observed, as demonstrated
by Kikkawa et al. [34]. This experiment is discussed in the following.

The left side of Fig. 5.7 shows the time-resolved Faraday rotation measurements
on undoped and various Si-doped bulk GaAs samples at a temperature of 5 K and
a magnetic field in Voigt geometry of 4 T. The 50 µm thick samples are excited
by 100 fs pulses from an 80 MHz Ti:Sapphire laser. All samples nicely show spin
quantum beats, i.e., the precession of the electron spin around the magnetic field,
as observed in the time-resolved photoluminescence measurements in Sect. 5.2.1.
The highly doped (1 × 1018 cm−3) sample has a slower precession frequency than
the lower doped samples since electrons occupy higher energies and the g-factor is
energy dependent.

But first, we will focus on the envelope of the Faraday rotation signal. The un-
doped sample exhibits a moderately fast decay of the envelope of the Faraday rota-
tion signal. However, this decay is not necessarily dominated by the spin relaxation
but might be dominated by electron–hole recombination. Faraday rotation measure-
ments cannot distinguish between spin relaxation and electron–hole recombination
which is a clear disadvantage to time-resolved photoluminescence measurements.11

10 Non-degenerate Faraday rotation can for example reveal spin dependent many-body ef-
fects [33].
11 A similar problem in Faraday rotation arises from holes. Holes can have extremely long
lifetimes at low hole densities and influence the electron spin relaxation by the Bir–Aronov–
Pikus mechanism. These long hole lifetimes are not directly accessible to Faraday rotation
measurements and are sometimes underestimated. Pump intensity dependent measurements
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Fig. 5.7. Left: Time-resolved Faraday rotation signal for undoped and doped GaAs. Right:
(a) Time-resolved Faraday rotation signal for n = 1016 cm−3 taken at ∆t = 1 ns. (c) Power
spectrum of (a) taken over the interval B = 1 to 2.5 T. (d) Time-resolved Faraday rotation
signal showing resonant and off-resonant behavior. From [34]

If the spin relaxation time becomes much longer than the time between the laser
pulses, i.e., τ−1

s ≪ 80 MHz, another interesting effect can be observed: Fig. 5.7(a)
shows the Faraday rotation signal at a fixed pump probe delay of 1 ns in dependence
on the magnetic field. The Faraday rotation signal exposes periodic changes since the
Larmor frequency changes with the magnetic field. Consequently the Faraday rota-
tion signal has a maximum if n × Tp = 1 ns and a minimum if (n + 1

2 ) × Tp = 1 ns,
where n is an integer and Tp = 2πh̄/(g∗µBB) is the precession period of the elec-
trons. This behavior is also expected for relatively fast spin relaxation (≤1 ns). How-
ever, Fig. 5.7(b) shows that a second period appears at low magnetic fields. The
power spectrum of Fig. 5.7(a) taken over the interval from B = 1 to 2.5 T shows that
the frequency of the fast oscillations corresponds to the pulse repetition frequency of
the laser (see Fig. 5.7(c)). This fast oscillation signal is unique to long spin relaxation
samples and arises from an increased polarization when the spin precession is com-
mensurable with the pulse repetition rate, meaning polarized electrons are injected
at exactly that moment, when the precessing ensemble—injected by the previous
pulse—has the same spin orientation. This “hitting the nail right on the head” effect

piles up and leads to a bigger than usual spin polarization. The width of the peak is

inverse proportional to the transverse spin relaxation time and a T ∗
2 time of more than

and extrapolation to pump density zero are often used to account for the influence of holes. In

contrast to Faraday rotation, the Kerr rotation also measures the total reflectivity of the sample

which gives a good indication on the carrier density.
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100 ns can be extracted (see also Sect. 5.4). Figure 5.7(d) shows this “resonant spin
amplification” even more clearly for different magnetic fields corresponding to dif-

ferent resonant conditions. An almost identical signature would also be measurable

in time-resolved photoluminescence measurements employing a pulsed laser source.

5.4 Spin Noise Spectroscopy

Time-resolved Faraday and Kerr rotation and photoluminescence measurements are

very powerful tools to directly probe the dynamics on ultrashort timescales but they

bear two intrinsic disadvantages. First of all, the optical creation of holes which is

connected with every optical interband excitation leads to electron spin relaxation

due to the Bir–Aronov–Pikus mechanism. Secondly, at low lattice temperatures even

the resonant excitation of carriers leads in doped samples to a heating of the carrier

system.12 These two disadvantages are not present in all optical spin noise spec-

troscopy.

In general noise spectroscopy is an elegant method to unravel properties of a sys-

tem in thermal equilibrium without exposing the system to unnecessary excitations.

While electrical noise measurements yield information about the physical processes

of the underlying electrical transport mechanisms, all optical spin noise spectroscopy

yields information about the intrinsic spin dynamics and the g-factor g∗. For sim-

plicity let us assume at first a weakly n-doped bulk GaAs sample where the electrons

located at the donors are independent from each other and do not interact. The spins

of these non-interacting electrons are Poisson distributed at thermal equilibrium, i.e.,

if the number of electrons is N , the average spin polarization in thermal equilibrium

at arbitrary times is according to statistical physics
√

N . The projection of the spin

polarization on the direction of light propagation leads again to a Faraday rotation

which can be sensed by linearly polarized, below band gap probe light.

5.4.1 Experimental Realization

Figure 5.8 schematically depicts a typical experimental set-up for spin noise spec-

troscopy. The laser is an easy to use, tunable, continuous wave laser diode in either

Littmann or Littrow configuration, which is temperature and current stabilized. The

laser light passes a Faraday isolator to avoid backscattering of laser light into the

diode. A linear polarizer and a spatial filter ensure a high linear polarization ratio

and a good quality of the spatial mode. The below band-gap laser light is focused on

the antireflection coated sample, recollimated after transmission through the sample,

and the Faraday rotation of the linear polarization is measured by a polarizing beam

12 Assume for example an n-doped bulk GaAs sample: The excitation of cold electrons is

synonymous to the excitation of electrons at the Fermi energy and thereby of electrons with a

finite quasimomentum p. The excited holes have the same quasimomentum due to momentum

conservation and thereby a finite excess energy. The relaxation of the photoexcited holes to

p = 0 thus heats the electron system due to the strong Coulomb interaction.
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Fig. 5.8. Experimental set-up for spin noise spectroscopy in semiconductors. The spectrum
analyzer can be either read out by a computer or for better averaging completely replaced by a
fast PC, which acquires the data with a high speed time domain digitizer. The power spectrum
is then computed by a FFT routine. From [35]

splitter or a Wollaston prism and a balanced receiver. A small external magnetic field
B perpendicular to the beam propagation direction is used to increase the sensitivity
of the method: the magnetic field causes the stochastic spin polarization to precess
around the magnetic field axis with the Larmor frequency ΩL and shifts the signal
to frequencies where electrical and optical noise is mainly shot noise limited and
thereby frequency independent. The transients recorded at B = 0 mT then serves as
background spectra.13 Additionally the magnetic field enables the measurement of
the electron g-factor. In contrast to the time-resolved Faraday rotation experiments,
spin noise spectroscopy measures the radio frequency power spectrum of the Faraday
rotation by a spectrum analyzation technique as shown in Fig. 5.8. The amplitude,
center frequency, and width contain the information on the spin dynamics in the
sample (see [35] for experimental details).

Figure 5.9 shows a typical spin noise spectrum for an external magnetic field of
30 mT in Voigt geometry at low temperatures. The maximum of the spin noise signal
is centered at the Larmor precession frequency ΩL = gµBB/h̄ of the stochastic
electron spin polarization. The depicted spin noise spectrum can be excellently fitted
by a single Lorentz fit which is a clear indication for a single spin relaxation time.14

The full width at half maximum of the Lorentzian lineshape wf directly yields the
spin relaxation time τs = (πwf)

−1. For a Poisson distribution, the area A below the

13 Instead of switching the magnetic field on and off to obtain signal and background spectra,
a liquid crystal retarder can be placed after the sample to transmit or suppress the Faraday
rotation signal: If the liquid crystal retarder is set to λ/4-retardance the rotation of the linear
probe light is effectively projected equally onto the two diodes of the balanced receiver, i.e.,
a background spectrum is obtained, containing only the electrical and photon shot noise. If
the liquid crystal retarder is set to λ/2-retardance, it is basically ineffective and the Faraday
rotation signal can be measured as usual. Care has to be taken for the orientation of the optical
axis with respect to the other polarizing components.
14 The Fourier transformation of a mono-exponential decay yields a Lorentzian lineshape in
frequency.
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Fig. 5.9. Typical spin noise spectrum. Shown is the noise power density vs. frequency. The
information that can be extracted from the Lorentz curve fit is described in the text

lineshape is proportional to the total number of electron spins contributing to the
spin noise signal. For interacting electrons, A can be reduced due to Pauli blocking
or enhanced due to positive (ferromagnetic) spin–spin correlations, i.e., spin noise
spectroscopy can be employed as an elegant method to study usually frail spin–spin
interactions in the many body regime.

5.5 Spin Noise Measurements in n-GaAs

The spin noise signal is generally very weak compared to the white photon shot noise
and the electrical noise of the amplifiers. However, spin noise can be most easily ex-
tracted by subtracting two noise spectra at different magnetic fields, since only the
spin noise is magnetic field dependent. The sensitivity of spin noise spectroscopy
is therefore astonishingly high and calculations show that single spin measurements
should feasibly be relatively easy.15 In Fig. 5.10(left) the dependence of the spin re-
laxation time as well as the transmission as a measure for the light absorption in the
sample is presented as a function of the probe wavelength. The larger transmission
is due to less light absorption in the sample and the spin relaxation time increases.
This directly reflects the described suppressed perturbation due to holes and carrier
heating. Figure 5.10(right) shows as an example the measurement of an ultra-long

15 The sensitivity of spin noise spectroscopy is physically limited by the photon shot noise.
Electrical noise and laser noise play, even in the simple setup of Fig. 5.8, a secondary role.
Since photon shot noise is white noise, it is the art of averaging which brings this technique
forward.
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Fig. 5.10. Left: The open squares (left axis) denote the overall transmission through (in this
case uncoated, nd = 1.8 × 1016 cm−3) the GaAs sample in dependence on wavelength at low
temperatures. The filled circles (right axis) give the corresponding peak width of the spin noise
spectrum and accordingly the spin relaxation time (B = 30 mT, T = 18 K). Right: Spin noise
spectrum recorded in n-GaAs (B = 30 mT, T = 1.4 K, and λLaser = 1.485 eV) yielding very
long spin relaxation times

spin relaxation time in n-doped bulk GaAs at low temperatures for a very large en-
ergy distance to the electronic transition. In this case, the width at half maximum
of the frequency power spectrum is only 1.36 MHz corresponding to a spin relax-
ation time of τs = 234 ns, much longer compared to time-resolved Faraday rotation
measurements in the same material system with comparable doping densities.

This experiment is only a convincing first step, and the very young technique of
spin noise spectroscopy will surely demonstrate its fascinating capabilities in further
experiments which are inaccessible to the long established time-integrated and time-
resolved Hanle and photoluminescence experiments.

5.6 Conclusions

This chapter presented the three major optical techniques: picosecond spin-resolved
photoluminescence, femtosecond Faraday rotation, and frequency resolved spin noise
spectroscopy. All three techniques rest upon the optical selection rules, win overall
electrical measurements by their ease of use, and possess the quality to unveil the
spin dynamics in direct semiconductors from different starting points: Time and po-
larization resolved photoluminescence yield the most direct results concerning the
complete electron and hole dynamics following an optical spin-selective excitation.
Compared to the photoluminescence measurements, the pump–probe Faraday rota-
tion technique yields a higher time resolution and has the advantage to be sensitive
even after the optically excited holes have recombined. Spin noise spectroscopy is
the most juvenescent technique and reveals intrinsic properties of the unperturbed
spin system. The optical techniques have been substantiated in this chapter with ex-
perimental data from works on anomalous spin relaxation in (110) quantum wells,
electron hole spin interaction, spin amplification, and ultra long spin relaxation. The
examples given above are a modest selection of experiments, being only the tip of
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an iceberg of a vast variety of exciting contributions to the field of spin dynamics in
semiconductors.
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6

Coherent Spin Dynamics of Carriers

D.R. Yakovlev and M. Bayer

6.1 Introduction

In this chapter we discuss the coherent spin dynamics of carriers confined in semi-
conductor nanostructures. To monitor this dynamics, the spins are oriented optically
by polarized pulsed laser excitation and their subsequent coherent precession about
an external magnetic field is detected. The precession frequency is determined by
the splitting between the spin levels. Any zero field splitting induced by hyperfine
or spin–orbit interaction can be tailored through the magnetic field. Destruction of
spin coherence by scattering leads to a change of the phase of the precession, so that
through a phase measurement detailed insight in the spin dynamics can be taken. In
addition to its generation the spin coherence can be monitored also optically using
ultra-short pulses of polarized light. Aside from these fundamental studies, recently
the control and manipulation of spin coherence also attract more and more attention.
Initial steps along these lines have been taken and further progress can be expected
in the near future.

The experimental studies in this chapter are based on quantum well and quantum
dot structures containing resident carriers (electrons or holes). An ensemble of carrier
spins is addressed, which complicates the task due to variations of the precession
frequencies, which are particularly prominent for the quantum dot case. However, a
remarkable tool to overcome this limitation has been discovered in our experiments.
The spin ensemble can be synchronized by and with a periodic train of laser pulses,
thus providing a locking of several electron spin precession modes. On a time scale
of a microsecond the excitation protocol selects only a fraction of dots, namely those
which satisfy the phase synchronization conditions. However, on a longer time scale
of seconds up to minutes the nuclear fields in the quantum dots are rearranged such
that all dots contribute to the coherent signal.
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6.1.1 Spin Coherence and Spin Dephasing Times

In the presence of an external magnetic field B the spin states are Zeeman split. If ori-
ented normal to the field the spins undergo a precession with the Larmor frequency
Ω = gµBB/h̄. Here g is carrier g-factor along the field and µB is the Bohr magne-
ton. The two relaxation times T1 and T2 describe the relaxation of the longitudinal
and transverse spin components (with respect to B), respectively [1]. During the T1
time the relaxation from the upper to the lower Zeeman state occurs, for example.
This process requires energy dissipation, which in most cases is matched by acoustic
phonon emission or by energy exchange with the carrier kinetic energy. The phase of
the precession of the transverse spin component is lost during the T2 time, which we
will refer to as spin coherence time. The phase relaxation does not cost any energy
and an arbitrary scattering event can lead to spin decoherence. In quantum mechanics
terms the Larmor spin precession is described as the time evolution of the coherent
superposition state of the two spin states split by the magnetic field. The populations
of these states oscillate with period 2π/Ω for which the term spin beats is commonly
used.

An ensemble of carrier spins with a dispersion of precession frequencies loses its
macroscopic spin coherence considerably faster than the individual spin coherence
time T2. This happens because a phase shift between spins with different precession
frequencies develops fast in time, while the spin coherence of each individual spin is
still preserved. The ensemble coherence is lost during the spin dephasing time T ∗

2 .
We can introduce the inhomogeneous spin relaxation time T inh

2 in the following way:

1

T ∗
2

=
1

T2
+

1

T inh
2

. (6.1)

In strong magnetic fields, the dispersion of the precession frequency is due to varia-
tions of the carrier g-factors. This results in a 1/B dependence of T inh

2 . At zero field
the T inh

2 time is limited by variations of the nuclear fluctuation fields about which
each electron precesses.

It is obvious that T ∗
2 cannot exceed T2, and indeed in semiconductors the differ-

ence between these times can reach a few orders of magnitude. Usually it is the T ∗
2

that is measured experimentally, and it is a challenging task requiring sophisticated
techniques to measure the T2 time of an individual spin, which theoretically can be as
long as twice T1. One such technique is the well-established spin-echo technique [2]
and another one is based on the novel phenomenon of mode-locking of the electron
spin coherence, as presented in Sect. 6.3.3.

The spin coherence of electronic states has been studied in semiconductor struc-
tures of different dimensionality, including bulk-like thin films, quantum wells, and
quantum dots [3, 4]. The spin coherence time of an electron has been found to
vary over a wide range from a few picoseconds up to a few microseconds. A T ∗

2
time of 300 ns has been measured in bulk GaAs at liquid helium temperature [5].
For quantum wells the longest spin dephasing times reported so far are 10 ns for
GaAs/(Al, Ga)As [6] and 30 ns for CdTe/(Cd, Mg)Te [7, 8]. They have been found for
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Fig. 6.1. Schematic presentation of a generation of carrier spin coherence by circular polar-
ized laser pulses. The three cases differ with respect to the density of the 2DEG in the quantum
well: (a) empty well, only photogenerated carriers are present, which become bound to form
excitons; (b) low density 2DEG, trions with a singlet ground state are formed by a photo-
generated exciton and a background electron. The interaction of the trion with the 2DEG is
negligible; (c) dense 2DEG with a Fermi energy exceeding the exciton binding energy. Bound
complexes such as excitons and trions are suppressed

structures with a very diluted two-dimensional electron gas (2DEG). For (In, Ga)As/
GaAs quantum dots T2 = 3 µs and T ∗

2 = 0.4 ns have been measured at B = 6 T
[9, 10].

6.1.2 Optical Generation of Spin Coherent Carriers

Time-resolved optical spectroscopy using ultra-short laser pulses as short as ∼100 fs
allow one to explore carrier spin coherence. The corresponding techniques were de-
scribed in Chap. 5.

Figure 6.1 illustrates three different situations occurring in experiments on the
coherent spin dynamics in quantum wells under resonant optical excitation. These
cases differ in the density of resident 2D electrons, ne. In undoped samples (panel (a),
ne = 0) spin oriented excitons are photogenerated. Depending on the experimental
details, the coherent spin dynamics of either an exciton or an electron in the exciton
can be measured in this case (Chap. 3). However, this dynamics can be monitored
only during the exciton lifetime, which is typically in the range from 30 ps to 1 ns.

For high density 2DEGs (panel (c), nea
2
B > 1, where aB is the exciton Bohr

radius), exciton formation is suppressed because of state-filling and screening effects.
After photogeneration the hole loses its spin and energy and recombines with an
electron from the Fermi see. However, the spin oriented electron photogenerated
at the Fermi level has infinite lifetime, which allows one to study its long-lived spin
coherence. As a result, a circularly polarized photon can change the spin polarization
of the 2DEG by S = ±1/2.

In the case of diluted 2DEGs (panel (b), nea
2
B ≪ 1) the mechanism for generation

of electron spin coherence is not as obvious. The lowest in energy optical transition
corresponds to a negatively charged exciton (trion), which consists of two electrons
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and one hole [11]. The ground state is a singlet trion with antiparallel orientation of
the electron spins. When excited resonantly, this state does not contribute directly to
the spin polarization because the hole undergoes fast decoherence and the total spin
of the two electrons is S = 0.

However, a generation of electron spin coherence has been observed experimen-
tally under resonant excitation of trions, both for quantum wells [7, 12] and quantum
dots [9]. There are two equivalent approaches to explain this generation. The first one
suggests that a coherent superposition of electron and trion states is excited by a cir-
cular polarized light pulse when the system is subject to an external magnetic field [9,
12, 13]. The second one is based on considering the 2D electrons which are involved
in the trion formation: under circular polarized excitation electrons with a specific
spin orientation will be taken from the 2DEG and, consequently, a spin polarization
with opposite sign is induced [7, 16]. More details will be given in this chapter.

6.1.3 Experimental Technique

The experimental results described in this chapter have been obtained by applying
the techniques of time-resolved pump–probe Faraday rotation or Kerr rotation, see
Chap. 5 and [14, 15]. In order to have sufficient spectral resolution all experiments
have been performed with laser pulses with 1.5 ps duration, corresponding to about
1.5 meV spectral width. 100 fs pulses, on the other hand, have a spectral width of
20 meV, potentially also leading to the excitation of excited states. The pulses were
taken from a mode-locked Ti:Sapphire oscillator generating pulses at a repetition
rate of 75.6 MHz, i.e., with a period of 13.2 ns between the pulses. A scheme of the
Faraday rotation experiment is given in Fig. 6.2(a).

The basic features of the experiment can be summarized as follows. The quan-
tum well sample with the 2DEG is excited along the structure growth axis (z-axis) by
an intense circular-polarized pump pulse, which induces resonant interband transi-
tions and generates spin oriented electrons and holes. Then a much weaker, linearly-
polarized probe pulse with the frequency either identical to or different from the
pump frequency arrives at the sample. The rotation of the polarization plane of the
transmitted probe pulse is analyzed as a function of the delay between the pump and
probe pulses. An external magnetic field B is applied in the quantum well plane, say,
along the x-axis and leads to precession of the z and y electron spin components
with the Larmor frequency Ω ≡ Ωx = geµBB/h̄, where ge is the electron g-factor
along the magnetic field. For 2D heavy-holes bound in excitons or trions, the in-plane
g-factor is very small and can be ignored. The Faraday rotation angle of the probe
beam gives direct access to the induced spin coherence.

A typical Faraday rotation signal is shown in Fig. 6.2(b). It contains informa-
tion about the (static) spin splitting and the (dynamic) spin coherence. The Zeeman
splitting and the underlying g-factor values are evaluated from the oscillation period:
TL = 2π/Ω = h/gµBB. The exponential decay of the signal amplitude gives the
spin dephasing time T ∗

2 . Experimentally observed signals may look more compli-
cated, for example two types of carriers or localized and free carriers of the same
type, which differ in g-factor and dephasing time, may contribute.
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Fig. 6.2. (a) Experimental geometry for pump–probe Faraday rotation. The pump is circular
polarized and the probe is linearly polarized. (b) Scheme of the Faraday rotation signal due
to precession of the electron spin. (c) Classical approach to Larmor electron spin precession
about the magnetic field direction. (d) Two electron Zeeman states split by a magnetic field.
The quantum mechanical approach to spin precession is based on a coherent excitation of the
two states. (e) Energy level diagram for heavy-hole exciton transitions in quantum wells in a
magnetic field along the x-axis (Voigt geometry)

The Faraday/Kerr rotation technique can be used in two regimes. For the de-
generate case, the pump and probe beams have the same photon energy, denoted as
one-color experiment in the following. In a non-degenerate two-color experiment the
pump and probe energies can be tuned independently. This can be realized either by
two synchronized Ti:Sapphire lasers [16] or by pump and probe pulses shaped by
spectral filtering of 100 fs laser pulses [17].

The scheme in Fig. 6.2(e) explains how the coherent superposition of two elec-
tron spin states is excited in a quantum well subject to an external magnetic field.
The optical transitions involve the heavy-holes at the top of the valence band and the
electrons at the bottom of the conduction band. The heavy-hole state has no spin pro-
jection on the field applied along the x-axis, and therefore it does not split. However
the electron state is split. σ+ polarized light, for example, couples the Jz = −3/2
hole state with both electron states sx = −1/2 and +1/2. To generate a coherent su-
perposition of these states the laser spectral width must exceed the Zeeman splitting.

In this chapter we describe the current status of the coherent optical manipula-
tion of carrier spins in semiconductor nanostructures. In Sect. 6.2 electron and hole
spin coherence in CdTe and GaAs based quantum wells will be examined. We con-
centrate on low free carrier densities, i.e., on a regime in which the optical spectra
in the vicinity of the band edge are dominated by the neutral and charged exciton
resonances. Section 6.3 describes experimental results for (In, Ga)As/GaAs quantum
dots charged by a single electron.
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6.2 Spin Coherence in Quantum Wells

Carriers in ideal quantum wells are strongly confined along the structure growth di-
rection (along the z-axis) but are free to move in the well plane. This modifies the spin
relaxation, as discussed in Chap. 1. The main localization mechanism for the in-plane
carrier motion is provided by well width fluctuations, which result from monolayer
steps at the heterointerfaces formed during molecular-beam epitaxy growth. At low
temperatures and in structures with relatively low carrier density, where the Fermi
energy does not exceed the localization potential, carriers are localized. As a result,
most of spin relaxation mechanisms which require carrier motion become inefficient.
In this regime a long coherence time is expected for the carriers, as confirmed by the
experimental data given below. This is valid for both electrons and holes.

In quantum wells based on semiconductors with a zinc-blende lattice structure,
like GaAs or CdTe, the band gap is given by the bottom of the isotropic conduction
band and the top of the strongly anisotropic heavy-hole band. The heavy-hole has
a spin projection Jz = ±3/2 along the structure growth axis and its in-plane com-
ponents are equal to zero: Jx,y = 0. Therefore, a transverse magnetic field applied
in Voigt geometry does not induce a hole spin precession, but acts only on the elec-
trons. Note that in real quantum wells this statement based on symmetry arguments
may not hold strictly, so that a finite in-plane component of the heavy-hole spin may
appear due to mixing with the light-hole states.

The carrier confinement in the quantum wells enhances the electron–hole
Coulomb interaction, which results in an increase of the exciton (X) binding energy.
The confinement also stabilizes the charged exciton complexes (trions) consisting of
either two electrons and one hole (negatively charged trion, T−) or two holes and one
electron (positively charged trion, T+). Both types of trions have been well demon-
strated for GaAs, CdTe, and ZnSe based quantum wells [18–20]. They are formed in
structures with low carrier density, when the interaction between the resident carriers
can be neglected. The trion line appears in absorption and emission spectra below the
exciton resonance. It is shifted from the exciton by the trion binding energy, which
is about 10% of the exciton binding energy. The ground trion state has a singlet
spin structure, i.e., for T− the two electrons have an antiparallel spin configuration.
Therefore the probability of trion generation by a resonant light depends on the spin
orientation of the resident electron. This is of key importance for optical genera-
tion, control, and manipulation of the electron spin coherence in quantum wells and
quantum dots.

Samples. In this chapter we present selected results of two quantum well samples
to illustrate carrier spin coherence phenomena. Both samples have been fabricated
by molecular beam epitaxy. The first one is a CdTe/Cd0.78Mg0.22Te structure with
five 20-nm-thick CdTe wells, each containing a 2DEG of low density, ne = 1.1 ×
1010 cm−2 [16]. The second structure contains a two-dimensional hole gas, nh =
1.51 × 1011 cm−2, which is confined in a single 15-nm-thick GaAs quantum well
sandwiched between Al0.34Ga0.66As barriers [21]. Both samples have been grown on
GaAs substrates which are opaque at the energies of the exciton and trion resonances
in the quantum wells. Therefore, the Faraday rotation technique, where the probe
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Fig. 6.3. (a) Photoluminescence spectrum of a 20-nm-thick CdTe/(Cd, Mg)Te quantum well
measured under nonresonant continuous-wave excitation with a photon energy of 2.33 eV.
The exciton (X) and trion (T) resonances are separated by the trion binding energy of 2 meV.
(b) Reflectivity spectrum of the same structure. (c) Kinetics of the photoluminescence mea-
sured by a streak camera under 1.5 ps pulsed excitation resonant at the trion energy (curve 2)
and detuned from it by 0.8 meV (curve 3) and 27 meV (curve 4) to higher energies. The laser
pulse is shown by the dashed line [16]

beam is detected after transmission through the sample, cannot be applied and Kerr
rotation was used in which the reflected probe beam is analyzed.

6.2.1 Electron Spin Coherence

n-type doped structures are best suited to study electron spin coherence because the
lifetime of the resident electrons is not limited by radiative recombination with holes.
Further, in such structures the resident electrons are not perturbed by the presence of
holes at times exceeding the exciton lifetime.

Optical Spectra of the CdTe/CdMgTe Quantum Well

A photoluminescence (PL) spectrum of the n-type CdTe/Cd0.78Mg0.22Te quantum
well measured at temperature T = 1.9 K is given in Fig. 6.3(a). The spectrum shows
the exciton and trion recombination lines separated by 2 meV due to the trion binding
energy. The exciton binding energy is 12 meV. The full width at half maximum of
the exciton line is about 0.5 meV and arises mainly from exciton localization in well
width fluctuations.

The reflectivity spectrum of the same quantum well is given in Fig. 6.3(b). Fol-
lowing the procedure described in [22] we have found that the exciton oscillator
strength is ten times larger than that of the trion. This fact should be taken into ac-
count when the intensities of the Kerr rotation signals at the exciton and trion energies
are compared. Both the probe response and the number of photogenerated carriers
are proportional to the oscillator strength.

The interpretation of the observed spin dynamics requires information on the re-
combination times of excitons and trions under resonant excitation. We performed
corresponding measurements under linearly polarized excitation using a streak cam-
era. The results for pumping into the exciton and trion resonances are very similar
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to each other. The typical recombination kinetics for the trion is given in Fig. 6.3(c).
For resonant excitation at the trion energy (curve 2, detuning �E = 0) about 80% of
the luminescence intensity decays on a time scale of 30 ps and the rest decays with a
time of 100 ps. When the excitation energy is detuned 0.8 meV above the trion reso-
nance a redistribution of the two exponential decays with 30 and 100 ps time occurs
in favor of the longer decay component. Such a behavior is typical for quantum well
emission [23, 24]. The shorter decay time, 30 ps, can be attributed to radiative re-
combination of trions and excitons generated in the radiative cone where their wave
vectors match those of the photons. For excitons scattered out of the radiative cone,
a longer time of about 100 ps is required to be returned to the cone via emission of
acoustical phonons. The exciton luminescence lifetime is slowed down to 100 ps in
this case.

The recombination of trions is not restricted to the radiative cone since the re-
maining electron can take the required momentum for momentum conservation.
Therefore, we may expect a fast decay of the trion emission of about 30 ps even
for nonresonant photoexcitation. In most cases, however, the trions are formed from
photogenerated excitons under these experimental conditions, and the excitons dom-
inate the absorption due to their larger oscillator strength. As a result, the decay of the
trion luminescence is determined not by trion recombination but by trion formation
and is contributed by the trion formation time and exciton lifetime. For small detun-
ing (curve 3), the fast 30 ps process coexists with the longer 100 ps one. When the
excitation energy is tuned to the band-to-band absorption (curve 4, �E = 27 meV),
the emission decay is prolongated to 250 ps as additional time is required for the free
carriers to be bound to excitons.

Long-Lived Electron Spin Coherence

In this part we examine the electron spin coherence with the goal to identify the
experimental conditions under which the longest relaxation times are achieved and
to collect information about spin dephasing mechanisms.

A typical time evolution of Kerr signals measured for resonant excitation in the
trion state is given in Fig. 6.4(a). Several characteristic features are to be noted
here: (i) The spin beat oscillation frequency increases linearly with the magnetic
field (panel (b)) and the slope of this dependence gives the value of the electron
g-factor |ge| = 1.64. In CdTe based quantum wells of comparable thickness, the
g-factor is negative [25]. (ii) The spin beats at B = 0.25 T show a very weak damp-
ing at positive delays traced up to 4 ns and are clearly seen also at negative delays.
This means that they do not fully decay over the time interval of 13.2 ns between
the pump pulses. With exciton and trion lifetimes below 100 ps the long-living spin
beats can be therefore assigned to the coherent spin dynamics of the resident elec-
trons. (iii) The dephasing accelerates with increasing magnetic field so that no beats
at negative delays are seen at 0.65 T and higher.

The magnetic field dependence of the spin dephasing time T ∗
2 is shown in

Fig. 6.4(c). The dephasing increases with increasing field strengths. In the field range
from 0.5 to 7 T, T ∗

2 follows a 1/B dependence (solid line) and tends to saturate for
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Fig. 6.4. (a) Dynamics of the Kerr rotation signal measured for a 20-nm-thick
CdTe/(Cd, Mg)Te quantum well for resonant trion excitation. T = 1.9 K. Inset (b) displays the
beat frequency vs. magnetic field. (c) Spin dephasing time of electrons as function of magnetic
field. Line is a 1/B interpolation. (d) Spin dephasing time T ∗

2 (closed circles) and dephasing
rate 1/T ∗

2 of electrons (open circles) as functions of bath temperature. The line is a linear
interpolation [7, 24]

weaker fields. As an ensemble of electron spins is addressed in this experiment, an
inhomogeneous dephasing is caused by a spread �ge of the electron g-factors which
is given by

T inh
2 (�ge) =

h̄

�geµBB
. (6.2)

From the 1/B interpolation of experimental data we evaluate �ge = 0.001, which
is only 0.6% of the mean ge value. The saturation value of 10 ns gives a lower limit
for T2, see (6.1).

The temperature dependencies of the dephasing time T ∗
2 and dephasing rate

1/T ∗
2 are plotted in Fig. 6.4(d). The dephasing rate is about constant in the range

from 1.9 to 7 K and it increases linearly up to 100 K. The characteristic depth of
the electron localization potential evaluated from the exciton line width is about
0.5 meV, which corresponds to an activation temperature of 6 K. For higher tem-
peratures a T ∗

2 ∝ 1/T dependence is observed. Such behavior is characteristic
for the Dyakonov–Perel mechanism of spin relaxation. Theoretical consideration of
this mechanism gives the following expression for the electron spin relaxation rate
[26, 27]:

1

τs
= α2

c τp(T )
E2

1ekBT

h̄2Eg
. (6.3)
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Fig. 6.5. (a), (b) Resonant spin amplification signal for a 20-nm-thick CdTe/(Cd, Mg)Te quan-
tum well measured at a weak excitation density of 0.05 W/cm2. (c) Spin dephasing time T ∗

2
(closed circles) and dephasing rate 1/T ∗

2 (open circles) of electrons as functions of pump
power [7]

Here τp is the momentum relaxation time, αc is a parameter related to the spin split-
ting of the conduction band, Eg is the band gap energy, and E1e is the electron
confinement energy. Equation (6.3) is valid for E1e ≫ kBT as well as for relax-
ation of the spin components along the growth direction in a (100)-oriented quantum
well. The linear T -dependence measured experimentally allows us to suggest that in
the studied sample τp is independent of temperature for T < 100 K, which seems
reasonable. The electron mobility in CdTe based quantum wells is not high (usu-
ally does not exceed a few tens of thousands V cm2/s) and τp is rather short falling
in the picosecond range. Therefore, the Dyakonov–Perel spin relaxation mechanism
controls the electron spin coherence in the temperature range from 7 to 100 K.

The technique of resonant spin amplification is ideally suited for studying long-
lived spin beats, when the signal has a considerable amplitude at negative delays and
interferes with the signal at positive delays [28] (Chap. 5). It allows one to measure
T ∗

2 times also at zero magnetic field. In this method the external magnetic field is
scanned from small negative to small positive field strengths and a small negative
time delay for the probe pulse is chosen. This delay was �t = −100 ps for the data
shown in Fig. 6.5. The T ∗

2 time can be directly evaluated from the width of the peaks.
At T = 1.9 K the dephasing time T ∗

2 = 30 ns. To achieve such a long time, the pump
density was reduced as much as possible to 0.05 W/cm2 where the signal is still
detectable with reasonable intensity. Increasing the temperature causes a broadening
of the peaks, which reflects a shortening of the dephasing time. A similar behavior
is observed when the pump density is increased at a fixed temperature (Fig. 6.5(c)).
This effect is related to heating and delocalization of the electrons localized in well
width fluctuations. Free electrons have more relaxation channels so that their spin
coherence decays faster.

Generation Mechanism: Model Considerations

We now turn to the problem of the generation of carrier spin coherence in quantum
wells with low electron density (Fig. 6.1(b)). The formation of trions plays a key role
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in this process. We first discuss the main points of the model consideration developed
by Ivchenko and Glazov [16] and then present experimental data supporting this
model.

Resonant Excitation of Trions

We start the analysis from the case of resonant trion excitation. According to the
selection rules, the absorption of a circular polarized photon leads to the forma-
tion of an electron–hole pair with fixed spin projections: (e,−1/2; hh,+3/2) and
(e,+1/2; hh,−3/2) for right (σ+) and left (σ−) circular polarized photons, respec-
tively. At weak and moderate magnetic fields the ground state of the negatively
charged trion has a singlet electron configuration with antiparallel orientation of the
electron spins. Therefore for resonant excitation only resident electrons with orienta-
tion opposite to the photogenerated electrons can contribute to trion formation. This
results in a depletion of electrons with a z-spin component Sz = +1/2 under σ+

pumping and of Sz = −1/2 electrons for σ− pumping. As a result the remaining
resident electrons become spin polarized. An external magnetic field applied in the
QW plane leads to precession of the spin polarization of the resident electrons and,
therefore, to oscillations of the Kerr signal.

The rate equations describing the spin dynamics of the electrons and trions after
resonant, pulsed excitation of trions are given by [16]

dSz

dt
= SyΩ − Sz

τs
+ ST

τT
0

,
dSy

dt
= −SzΩ − Sy

τs
,

dST

dt
= −ST

τT . (6.4)

Here ST = (T+ − T−)/2 is the effective trion spin density with T± being the den-
sities of negatively-charged trions with heavy-hole spin ±3/2, Sy and Sz are the
corresponding components of the electron–gas spin density, τT is the lifetime of
the trion spin including the trion lifetime τT

0 and the spin relaxation time τT
s , i.e.,

τT = τT
0 τT

s /(τT
0 + τT

s ), and τs is the electron spin relaxation time. This time can be
identified as the ensemble transverse spin relaxation time T ∗

2 . For normal incidence
of the σ+ polarized pump pulse the initial conditions for solving the rate equations
are Sy(0) = 0, ST(0) = −Sz(0) = nT

0 /2 with nT
0 being the initial density of photo-

generated trions. The x component of the electron spin density is conserved.
At zero magnetic field one finds

Sz(t) = −
nT

0

2

[

η0 exp
(

−t/τT)

+ (1 − η0) exp(−t/τs)
]

, (6.5)

where η0 = (τT
0 )−1/[(τT)−1 − τ−1

s ]. This result can be understood as follows. Right
after photoexcitation by σ− polarized light, the system contains nT

0 singlet trions
with −3/2 polarized holes, and nT

0 electrons with uncompensated spin +1/2, be-
cause the same number of electrons with spin −1/2 were taken from the 2DEG for
trion formation, as illustrated by Fig. 6.6(b). In the absence of spin relaxation, tri-
ons decay by emitting σ− photons and leave behind electrons with spin −1/2. As
a result, the initially generated electron spin polarization is compensated by these
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Fig. 6.6. Scheme of generation of electron spin coherence in an external magnetic field by
resonant photogeneration of trions. (a) Initial state of a 2DEG whose polarization in the plane
perpendicular to the magnetic field is zero. The spins precess around B. (b) A σ− polarized
photon generates an (e, +1/2; hh, −3/2) electron–hole pair, which captures a −1/2 resident
electron to form a trion. The 2DEG becomes polarized due to the uncompensated +1/2 elec-
tron spin in the 2DEG. (c) During the trion lifetime, τT

0 , the 2DEG polarization precesses
around the magnetic field. The trion state does not precess in a magnetic field because of the
electron singlet configuration and the zero in-plane hole g-factor. (d) After trion recombina-
tion the −1/2 electron contributes again to the 2DEG spin polarization (we neglect here the
spin relaxation of the hole in the trion). Shown is the final state of the 2DEG with the induced
spin polarization [16]

‘trion’ electrons and goes to zero during the trion decay. Spin relaxation of electrons
and/or trions leads, however, to an imbalance. Namely, the spins of the unbound and
the ‘trion’ electrons do not completely compensate each other, and therefore, a spin
polarization is induced.

For an in-plane magnetic field the imbalance appears even if spin relaxation is
absent. Indeed, the heavy-hole and the singlet electron pair bound in a trion are not
affected by the magnetic field, whereas the spins of the resident electrons precess
(Fig. 6.6(c)). The trion recombines by emission of a σ− photon, leaving behind a
−1/2 electron. As a result, even after the trions have decayed, the electron spin
polarization is non-zero and oscillates with frequency Ω .

For resonant excitation, the initial number of photogenerated trions, nT
0 , cannot

exceed ne/2. Thus, nT
0 increases linearly with pump intensity for small excitation

density and then saturates at ne/2. In the simplest model

nT
0 = ne

2
GτT

0 /
(

1 + GτT
0

)

, (6.6)

where G is the generation rate proportional to the pump power. As a result, the initial
electron spin polarization also shows a saturation behavior, caused by the saturation
of trion absorption. This conclusion is confirmed by the experiments (Fig. 6.8).
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Resonant Excitation of Excitons in a Diluted 2DEG

If the pump photon energy is tuned to the exciton transition, the photogenerated exci-
tons tend to bind to trions at low temperatures as long as they find resident electrons
with proper spin orientation.

At low excitation intensities satisfying the condition nX
0 ≪ ne/2 (here nX

0 is the
number of photogenerated excitons) the total spin of the electron gas after decay of
all excitons can be estimated as

|Se| =
τX

2τb
nX

0 , (6.7)

where τX is the total lifetime of the exciton spin, including the radiative decay time,
the time of exciton binding into a trion, τb ∼ (γ ne)

−1, and the spin relaxation time
(τX)−1 = (τX

0 )−1 + τ−1
b + (τX

s )−1. In order to simplify the analysis we assume that
the time of exciton binding into a trion, τb ∼ (γ ne)

−1, is shorter than the exciton
radiative lifetime τX

0 and also shorter than the spin relaxation time of the electron
in an exciton τX

s . In this case, shortly after pulsed excitation all excitons are bound
to trions and nX

0 trions are formed. As a result, nX
0 spins of the resident electrons

contribute to the Kerr rotation signal.
At higher excitation intensities, nX

0 ≥ ne/2. A fraction of the spin-polarized exci-
tons determined by the number of electrons ne/2 immediately form trions. Therefore,
in absence of electron-in-exciton spin relaxation processes the trion density cannot
exceed ne/2, and the total number of spin coherent electrons will be ne/2. Note,
that this is the maximum value, which can be achieved for resonant trion excita-
tion. However, in presence of electron-in-exciton spin relaxation also the remaining
nX

0 − (ne/2) excitons can be converted to trions. Obviously, the maximum number of
formed trions cannot exceed the concentration of resident electrons, ne. This process
decreases the number of coherent resident electrons and at high excitation densities
can bring it to zero. The reason is that all resident electrons will be bound to trions.
Their release from the trions by radiative recombination is spread in time and can
not provide any spin synchronization.

Detection Aspects

Turning to detection, we find that selective addressing of the exciton resonance re-
sults in temporal oscillations of the probe–pulse Kerr rotation signal. The modulation
comes from the photoinduced difference in the resonance frequencies ω0,± and/or in
the non-radiative damping rates Γ±. Both differences, ω0,+ − ω0,− and Γ+ − Γ−,
appear because of the exchange interaction between an electron in an exciton and
the resident electrons: the first difference is related to the Hartree–Fock renormaliza-
tion of the electron energy in the spin-polarized electron gas, and the second one is
related to the spin dependence of the electron–exciton scattering [22]. As a result,
the rotation of the total electron spin leads to a modulation of the exciton resonance
frequency and non-radiative broadening, and thus to oscillations of the Kerr rotation
angle. Note, that an in-plane magnetic field results also in spin precession of the
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electron in an exciton and the total Kerr signal will be a superposition of 2DEG and
exciton signals.

The situation for the probe tuned to the trion resonance is qualitatively the same.
The Kerr rotation signal contains components arising from the spin precession of
the 2DEG and the electron-in-exciton spin precession. However, one can expect that
detection at the trion resonance is less sensitive to the exciton spin dynamics as com-
pared to detection at the exciton resonance.

Two-Color Pump–Probe Experiments

A two-color Kerr rotation technique allows independent tuning of the energies of the
pump and probe beams. Consequently either the excitation or detection conditions
can be kept constant, which simplifies the identification of relaxation processes.

Figure 6.7 shows Kerr rotation signals detected at the trion and exciton reso-
nances for three different pump energies: (a) resonant with the trion, (b) resonant
with the exciton, and (c) non-resonant 72 meV above the exciton energy. A common
feature of all signals is the appearance of long-living spin beats related to coher-
ent spin precession of resident electrons. This coherence is excited efficiently for all
pump energies and can be detected by probing the trion or exciton resonance.

Some of the signals shown in Fig. 6.7 contain a short-living contribution right af-
ter the pump pulse with a decay time of 50–70 ps. This part is especially pronounced
for the “pump X/probe X” situation (i.e., pump and probe degenerate with the exciton
resonance), see panel (b). The fast component is related to the exciton contribution
to the Kerr rotation signal. To extract the times and relative amplitudes of the short
and long-living components in the spin beat signals each trace has been fitted with a
biexponential decay function:

y(t) =
(

A exp(−t/τ1) + B exp(−t/τ2)
)

cos(geµBBt/h̄), (6.8)

where A and B are constants describing the amplitudes of the fast (τ1) and slow (τ2)
components, respectively. The parameters extracted from these fits are collected in
Table 6.1.

All signals, except the one for “pump T/probe T”, are symmetric with respect to
the abscissa. The “pump T/probe T” signal shows an initial relaxation of the center-
of-gravity of the electron beats with a time of 75 ps, which can be attributed to hole
spin relaxation in the trions, see Sect. 6.2.2.

The decay times and relative amplitudes in Table 6.1 are given for B = 1 T and
T = 1.9 K. In general, these parameters depend strongly on pump intensity, mag-
netic field strength and lattice temperature. Here we focus on the pump energy de-
pendence and address first the amplitudes because they are the key to understanding
the generation of electron spin coherence and the role of the trions in this process.

In the “pump T/probe T” experiment only the long-living 2DEG signal is ob-
served (Fig. 6.7(a)). This is in line with the model expectations since in this case
only trions are photoexcited. Moving the pump energy to resonance with the exci-
ton and further to the interband transition leads to appearance of the fast decaying
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Fig. 6.7. Kerr rotation signals of a CdTe/(Cd, Mg)Te quantum well measured by a two-color
technique at T = 1.9 K using various pump excitation energies: (a) resonant with the trion
at 1.5982 eV, (b) resonant with the exciton at 1.6005 eV, and (c) nonresonant at 1.6718 eV,
which is 72 meV above the exciton resonance. Pump density 56 W/cm2 and probe density
8 W/cm2 [16]

Table 6.1. Decay times τ1/τ2 and amplitude ratios A/B extracted from bi-exponential fits
(6.8) to the experimental data in Fig. 6.7

Pump T Pump X Non-resonant
Probe T –/5.7 ns 40 ps/3.5 ns 56 ps/3.6 ns

0/1 0.5/0.5 0.2/0.8

Probe X –/2.6 ns 50 ps/2.0 ns 70 ps/2.8 ns
0/1 0.9/0.1 0.5/0.5
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component when the signal is probed at the trion energy. This appearance can be
attributed to the spin dynamics of the exciton, which is excited either resonantly or
non-resonantly.

The Kerr rotation signal probed at the exciton energy has two contributions given
(i) by the coherent precession of electrons in excitons and (ii) by the spin precession
of free electrons. The former decays with the exciton recombination time. This fast
exciton component is clearly seen in panels (b) and (c) but is absent for pumping
at the trion resonance. For non-resonant excitation its relative amplitude does not
exceed 50%. In this case electrons and holes are photogenerated 72 meV above the
exciton resonance, and therefore they have a high probability to scatter and relax in-
dependently to the bottoms of their bands, where they become bound to trions and
excitons. The relative amplitudes of the fast and long-living signals reflect the prob-
ability of trion and exciton formation. We expect that trion formation is preferable as
the 2DEG density exceeds the concentration of photocarriers by at least an order of
magnitude.

A very different ratio of the relative amplitudes, 90% for the fast decay and 10%
for the long-living dynamics, is observed for resonant pumping of the exciton and
detecting at the exciton (Fig. 6.7(b)). There are at least two factors which favor the
exciton population in comparison with that of the trion under resonant pumping of
the exciton. First, the photogeneration leads to the formation of excitons with very
low kinetic energy, and therefore, they remain within the radiative cone and quickly
recombine (during 30–50 ps) before becoming bound to trions [23]. Second, an exci-
ton fraction is localized, so that they are not mobile and cannot reach the sites in the
quantum well where the background electrons are localized. Consequently, the for-
mation of trions out of this exciton reservoir is suppressed. Moreover, the ratio of the
contributions of the excitons and the 2DEG to the Kerr rotation signal is spectrally
dependent: detection at the exciton resonance is more sensitive to the spin precession
of the electron in the exciton.

The results of the two-color experiments in Fig. 6.7 are in good agreement with
our model; namely, (i) the signal oscillating with the electron Larmor frequency is
contributed by precessing electrons which are resident or exciton constituents, and
(ii) the trion formation resulting either from resonant photoexcitation or from capture
of excitons and resident electrons is a very efficient mechanism for spin coherence
generation in a diluted 2DEG.

Pump Power Dependence of the Kerr Rotation Amplitude

The Kerr rotation amplitudes of the 2DEG measured at the trion and exciton reso-
nances as function of pump density are shown in Fig. 6.8. The signal was measured
at a delay of 0.5 ns, where the contribution of the fast decaying component is vanish-
ingly small. At low excitation density both dependencies show a linear behavior. At
higher density the amplitudes demonstrate pronounced non-linear behavior: for the
“pump T/probe T” configuration the signal saturates, while for the “pump X/probe
X” configuration it decreases with increasing excitation density. Both results are in
agreement with the model calculations [16]. The dashed curve corresponds to trion
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Fig. 6.8. Normalized long-lived amplitude of the 2DEG Kerr rotation signal from a
CdTe/(Cd, Mg)Te quantum well measured at a delay of 0.5 ns under resonant pumping of
the excitons (closed circles) and the trions (open circles). Model calculations are shown by the
lines [16]

excitation, while the solid line is for exciton pumping. For the dashed curve the only
fit parameter was the saturation level. For the solid line the only fit parameter was the
ratio between the electron-in-exciton spin relaxation time and the exciton radiative
lifetime, τX

s /τX
0 = 10.

6.2.2 Hole Spin Coherence

The spin coherence of holes can also be studied by a pump–probe Kerr rotation.
However, its experimental observation is more challenging. First, the heavy holes
have zero in-plane spin components, and cannot precess about an in-plane magnetic
field. Tilting the field out of plane allows one to observe the hole spin beats, which
however have a long period (proportional to the small out-of-plane field component).
Usually only a few oscillation periods can be observed during the hole dephasing
time [21, 29]. Second, the spin–orbit interaction in the valence band is considerably
stronger than in the conduction band, and consequently spin relaxation is very effi-
cient for free holes. The reported relaxation times vary from 4 ps [30] up to ∼1 ns
[29, 31] demonstrating a strong dependence on the doping level, doping density and
excitation energy. For localized holes most of the spin relaxation mechanisms should
be suppressed, including the one due to hyperfine interaction with the nuclear spins,
which is inherent for electrons [32]. Therefore, a long spin coherence time for holes
is expected.

In n-type quantum wells the lifetime of the photogenerated holes is limited by re-
combination. For non-resonant excitation of, e.g., GaAs/(Al, Ga)As quantum wells it
can last up to a few hundred picoseconds [29], but for resonant trion excitation it does
not exceed a few tens of picoseconds. In the latter case, which is typical for pump–
probe Kerr rotation experiments, the spin dynamics of holes bound to trions can be
seen as an asymmetric shift of the center-of-gravity of the electron oscillations. An
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Fig. 6.9. Time-resolved Kerr rotation signal measured on a n-type CdTe/(Cd, Mg)Te quantum
well. The laser is resonant with the trion energy. The experimental data are shown by the
solid line. The dashed line gives the exponentially decaying part of the center-of-gravity of
the electron spin beats which is assigned to the hole spins in the trions [24]

example of such behavior in an n-type CdTe/Cd0.78Mg0.22Te quantum well is shown
in Fig. 6.9. The decay of this shift on a time scale of about 20 ps (dashed line) is con-
tributed by hole spin dephasing and by trion recombination. It is not easy to separate
these contributions and to extract the spin dephasing time.

In p-type quantum wells the lifetime of the resident holes is infinitely long, which
makes these structures attractive for studies of the hole spin coherence. An example
considered here is a 15-nm-thick GaAs/Al0.34Ga0.66As quantum well with nh =
1.51 × 1011 cm−2.

The Kerr rotation signal for resonant excitation of the positively charged trion
is shown by the upper curve in Fig. 6.10(a). It consists of two coherent signals.
After decomposition by a fit, the two contributions are shown in panel (a). The one
with a faster precession frequency corresponds to |ge| = 0.285, which is typical for
electrons in GaAs-based quantum wells. It is observed only during ∼200 ps after
pump arrival and decays with a time of 50 ps, which coincides with the lifetime of
the resonantly excited T+. The other contribution with a small precession frequency
is assigned to the hole spin beats. In a magnetic field of 7 T they decay with a time of
about 100 ps. The hole beats can be followed up to 500 ps delay. At these long times
the Kerr rotation signal is solely due to the coherent hole precession.

Experimentally it is difficult to observe the hole spin quantum beats due to the
very small in-plane hole g-factor. To enhance the visibility, the magnetic field was
tilted slightly out of plane by an angle ϑ = 4◦ to increase the hole g-factor by mixing
the in-plane component (gh,⊥) with the one parallel to the quantum well growth axis
(gh,‖), which typically is much larger: gh(ϑ) = (g2

h,‖ sin2 ϑ + g2
h,⊥ cos2 ϑ)1/2. For

the studied structure |gh,⊥| = 0.012 ± 0.005 and |gh,‖| = 0.60 ± 0.01 [21].
Figure 6.10(b) shows the hole contribution to the Kerr rotation signal for different

magnetic fields. The hole spin dephasing time T ∗
2 is plotted versus B in the inset.

A long-living hole spin coherence with T ∗
2 = 650 ps is found at B = 1 T. With

increasing B up to 10 T it shortens to 70 ps. The field dependence is well described
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Fig. 6.10. Kerr rotation traces for a p-type 15-nm-thick GaAs/(Al, Ga)As quantum well. The
magnetic field was tilted by ϑ = 4◦ out of the quantum well plane. The laser energy of
1.5365 eV is resonant with T+. The powers were set to 5 and 1 W/cm2 for pump and probe,
respectively. (a) Top trace is the measured signal. Bottom traces are obtained by separating
electron and hole contributions. (b) Hole component extracted from a fit to the Kerr rotation
signals at different magnetic fields. The inset shows the magnetic field dependence of the hole
spin dephasing time T ∗

2 . The solid line is a 1/B fit to the data. The closed and open circles

are data measured for pump to probe powers of 1 to 5 W/cm2 and 5 to 1 W/cm2, respectively.
T = 1.6 K [21]

by a 1/B-form, from which we conclude that the dephasing shortening arises from
the inhomogeneity of the hole g-factor �gh = 0.0007. The hole spin dephasing time
decreases drastically by elevating the lattice temperature to 5–10 K [21]. The main
reason for that is hole delocalization, which activates spin relaxation caused by the
spin–orbit interaction.

6.3 Spin Coherence in Singly Charged Quantum Dots

Semiconductor quantum dots have attracted considerable interest due to the three-
dimensional confinement of carriers. For confined electrons, most of the spin re-
laxation mechanisms related to the spin–orbit interaction are inefficient. For a singly
charged dot containing only one electron the carrier-carrier interaction is also absent.
However, the hyperfine interaction of the electron with the dot nuclei is enhanced be-
cause of the localization (Chap. 11).

In order to avoid the inhomogeneity of the quantum dot ensemble, which leads
to a considerable broadening of the optical spectra, techniques for single dot spec-
troscopy have been developed. These techniques have also been applied to study the
energy and spin structure of neutral and charged dots and the recombination and spin
relaxation dynamics [33] (Chap. 4). However, these techniques require the growth of
diluted ensembles of dots and/or post-growth sample structuring, i.e., making opaque
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Fig. 6.11. (a) Photoluminescence spectrum of an (In, Ga)As/GaAs quantum dot sample. The
filled trace gives the spectrum of the excitation laser used in the Faraday rotation experiments,
which could be tuned across the inhomogeneously broadened emission band. The symbols
give the electron in-plane g-factor along the [11̄0] direction across this band. (b) In-plane
angular dependence of the electron (circles) and exciton (triangles) g-factors obtained from
circular dichroism experiments. Lines are fits to the data using (6.10). B = 5 T. Angle zero
corresponds to a field orientation along the x-direction which is defined by the [110] crystal
axis [34]

masks or etching mesas in order to select one or only a few dots. Also the optical
signals from a single dot are pretty weak and long accumulation times of minutes
or hours are often required. In this section we show some examples of studies of
an ensemble of (In, Ga)As/GaAs dots by time-resolved techniques. They allow us to
obtain detailed information on the coherent spin dynamics of excitons and resident
electrons.

Samples. The (In, Ga)As/GaAs quantum dot sample contained 20 layers of dots sep-
arated from each other by 60 nm GaAs barriers [9]. The density of dots in each
layer was about 1010 cm−2. 20 nm below each dot layer an n-doping δ-sheet with
a Si-dopant density roughly equal to the dot density was positioned. The as-grown
InAs/GaAs sample shows a ground state luminescence at a wavelength around 1.2 µm
at cryogenic temperatures. After thermal annealing for 30 s at 960◦C, which causes
intermixing of the In and Ga atoms, the ground state emission was shifted to 0.89 µm
which lies in the sensitivity range of a Si-detector. From Faraday rotation studies [9]
we estimate that about 75% of the dots are occupied by a single electron, while 25%
contain no residual charge. Transmission electron microscopy studies have shown
that after overgrowth the as-grown dots are still about dome-shaped and are rather
large with a diameter of about 25 nm and a height of about 5 nm. Thermal annealing
increases these parameters.

A photoluminescence spectrum of this sample measured under excitation into
the wetting layer at 1.46 eV is shown in Fig. 6.11(a). The emission band has a full
width at a half maximum of 15 meV. For pump–probe Faraday rotation experiments
spectrally narrow laser pulses and resonant excitation were used.
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6.3.1 Exciton and Electron Spin Beats Probed by Faraday Rotation

The energy splittings of the exciton states in quantum dots due to the electron–hole
exchange interaction (the so-called fine structure) can be changed by a magnetic
field (Zeeman splitting). The size of the splittings is in the range from 0.01 to 1 meV
(Chap. 4), which can be typically studied by high-resolution spectroscopy in the
spectral domain using luminescence or absorption [35]. To reach the required spec-
tral resolution in such experiments, single dots have to be isolated. An alternative
possibility is spectroscopy in the temporal domain.

For measuring fine structure splittings between two levels, the quantum beat
spectroscopy can be used. The levels are excited coherently by a pulsed laser into
a superposition state. As a result, the probability of the excited superposition shows
oscillations in time with a period corresponding to the level splitting. The technique
is also suited for ensemble measurements, but one should keep in mind that the re-
sults correspond to an average over a large number of addressed dots. A detailed
study of the exciton fine structure in (In, Ga)As/GaAs dots is presented in [34]. We
present here only a short overview of these results to give comprehensive informa-
tion on carrier g-factors and exciton fine structure in the dots for which the spin
coherence has been investigated.

Experiment. Two modifications of the time-resolved pump–probe Faraday rotation
technique similar to those developed in [36, 37] have been used to address the
(In, Ga)As/GaAs dots. The first technique, optically induced linear dichroism, uses
a linearly polarized pump beam, which leads to optical alignment of excitons in the
dots. The second technique uses an intense circular polarized pump pulse for induc-
ing circular dichroism by optical orientation of the carrier spins. In both cases, the
optical anisotropy induced by the pump pulse is analyzed by measuring the rota-
tion angle of the polarization plane of a linearly polarized probe pulse. The circular
dichroism results from orientation of either the electron or the hole spin and, there-
fore, persists until the spin orientation of both carriers is destroyed. In case of linear
dichroism, a coherent superposition of the +1 and −1 exciton states is created. This
superposition is destroyed by any spin relaxation process and its lifetime is limited
by the fastest process.

Linear dichroism signals in longitudinal magnetic field (B ‖ z) are shown in
Fig. 6.12(a). The strongly damped oscillation at zero field is caused by the anisotropic
exchange splitting of the bright exciton states with δ1 = 4 ± 4 µeV. From the pre-
cession frequency in high fields plotted in Fig. 6.12(b) the exciton g-factor, gX‖ =
gh‖ −ge‖, can be extracted: |gX‖| = |gh‖ −ge‖| = 0.16 ± 0.11. Experiments in tilted
magnetic fields allow to measure the longitudinal g-factors for electrons and holes:
|ge‖| = 0.61 and |gh‖| = 0.45.

Circular dichroism signals in transverse magnetic field are presented in
Fig. 6.12(c). Quantum beats with at least two different frequencies are clearly ob-
served, resulting in a modulation of the signal at short delay times. After 300 ps,
which is close to the exciton lifetime, the modulation vanishes, and a monotonic de-
cay of the beats amplitude is seen. The decay time strongly depends on magnetic
field, decreasing from 3 ns at 1 T to 0.5 ns at 6 T.
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Fig. 6.12. (a) Linear dichroism signals in longitudinal magnetic fields (Faraday geometry).
Thick lines are fits to the data by exponentially damped harmonics. (b) Field dependence of the
precession frequency extracted from the fits. The line is a B-linear fit. (c) Circular dichroism
traces in transverse magnetic fields (Voigt geometry). Lines at 2 and 4 T give fits to the initial
part of the traces by exponentially damped harmonic functions. (d) Spin beat frequencies vs.
magnetic field for the long-lasting oscillations (solid squares) as well as for the initial part
oscillations (open circles and open squares). Dashed line is a B-linear fit. Solid lines are fits
of the exciton fine structure. (e) Spin dephasing time T ∗

2 of the long-lasting oscillations as
function of magnetic field. The line gives a 1/B fit. T = 2 K [34]

The long-lived component of the circular dichroism signal is caused by a spin
precession of the resident electrons in the singly charged quantum dots [9]. Its fre-
quency is ωe = ge⊥µBB/h̄, where ge⊥ is the electron g-factor in the dot plane. We
find |ge⊥| = 0.54 (dashed line in Fig. 6.12(d)). The dephasing time of the long-lived
beats shows a 1/B dependence (Fig. 6.12(e)) from which we obtain |�ge⊥| = 0.005
using (6.1) and (6.2).

A Fourier analysis of the circular dichroism signals during the first 0.5 ns shows
three distinct frequencies. One of them coincides with the electron frequency seen
at longer delays. The two others (shown by the open symbols in Fig. 6.12(d)) are
related to the exciton fine structure. By fitting the experimental data (the solid lines)
with the non-approximate forms given in [34] one obtains an isotropic exchange
splitting between the bright and dark excitons δ0 = 0.10 ± 0.01 meV and the hole
g-factor |gh⊥| = 0.15.
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Spectral Dependence of the Electron g-Factor

The energy dispersion of the electron g-factor within the dot ensemble has been
measured by varying the excitation energy across the emission band. Figure 6.11(a)
shows that from the low to the high energy side the g-factor decreases from 0.57 to
0.49. This variation can be understood if one makes the assumption that the main
effect of the confinement is an increase of the band gap Eg. The deviation of ge from
the free electron g-factor g0 = 2, determined from k · p calculations, is given by
[38, 39]

ge = g0 − 4m0P
2

3h̄2

∆

Eg(Eg + ∆)
. (6.9)

Here m0 is the free electron mass, P is the matrix element describing the coupling
between valence and conduction band, and ∆ is the spin–orbit splitting of the valence
band. The decrease of the g-factor modulus with increasing emission energy could
be then only explained if the g-factor has a negative sign. This argument is supported
by measurements of the dynamic nuclear polarization [34], similar to those described
in [40]. This allows us to determine also signs for the exciton and hole g-factors.

Anisotropy of Electron g-Factor in Quantum Dot Plane

By varying the field orientation in the quantum dot plane one can determine the in-
plane anisotropy of the electron g-factor. For an arbitrary direction, characterized by
the angle α relative to the x-axis, the electron g-factor is

∣

∣ge⊥(α)
∣

∣ =

√

g2
e,x cos2 α + g2

e,y sin2 α, (6.10)

where ge,x and ge,y are the g-factors along the x and y axes, [110] and [11̄0], re-
spectively. The circular dichroism signal has been measured as a function of α. Fig-
ure 6.11(b) shows the resulting angular dependence of the electron (circles) and the
exciton (triangles) g-factors. One finds from fits by (6.10) that |ge,x | = 0.57 and
|ge,y | = 0.54. The origin of the in-plane anisotropy is not understood. It could pos-
sibly be explained by piezoelectric effects, modifying the band structure.

6.3.2 Generation of Electron Spin Coherence

We turn now to the generation of electron spin coherence in singly charged quantum
dots under resonant excitation into a trion. The problem is similar to the one in quan-
tum wells with a diluted carrier gas (Sect. 6.2.1). Instead of the classical approach
used for the quantum wells we present here the quantum mechanical formulation of
this problem. The detailed consideration can be found in [9, 10, 13].

It is well documented by the experimental results in Fig. 6.12(c) that spin co-
herence of the resident electron in a singly charged quantum dot can be generated
optically. Deeper insight into the underlying mechanism is provided by the excita-
tion density dependence of the generation efficiency. Figure 6.13(a) shows Faraday
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Fig. 6.13. Pump power dependence of the spin coherence generation in (In, Ga)As/GaAs quan-
tum dots. (a) Faraday rotation signals for different pump powers. (b) Faraday rotation ampli-
tude versus laser pulse area Θ . The line is a guide to the eye [9]. (c) The scheme illustrates the
generation process for π and 2π -pulses

rotation signals for different pump powers. The corresponding amplitudes are plotted
in Fig. 6.13(b) versus the laser pulse area Θ defined as Θ = 2

∫

[dE(t)] dt/h̄ in di-
mensionless units. d is the dipole matrix element for the transition from the valence
to the conduction band. E(t) is the electric field amplitude of the laser pulse. For
pulses of constant duration, Θ is proportional to the square root of excitation power.

The Faraday rotation amplitude shows a non-monotonic behavior with increasing
pulse area. First, it rises to reach a maximum, then drops to about 60%. Thereafter it
shows another strongly damped oscillation. This behavior is similar to the one known
from Rabi oscillations of a Bloch vector, whose z-component describes the electron–
hole population [41, 42]. The laser pulse drives coherently this population, leading to
coherent oscillations as function of the pulse area Θ . In this case the ground state is
an empty dot, and the excited state represents a dot with a photogenerated electron–
hole pair.

For the case of a singly charged dot, the ground state is a dot with an electron
and the excited state is a dot with a trion, i.e., a dot containing two electrons and one
hole (see Fig. 6.13(c)). A laser pulse with Θ = π drives the system from the ground
to the excited state, which corresponds to maximal generation efficiency. Further, an
increase of the laser power does not increase the generated spin polarization. The
reason is that the very same pulse with Θ > π starts to drive the system back to
the ground state. For Θ = 2π the system returns to the ground state and no spin
polarization is generated. Thus the Faraday rotation amplitude achieves a maximum
for a π-pulse, and a minimum for a 2π-pulse. The damping of the oscillations most
likely is due to ensemble inhomogeneities of quantum dot properties such as the
dipole moment d [43].

With these observations at hand one can understand the origin of the observed
spin coherence. We discuss first neutral dots. Resonant optical pulses with σ− polar-
ization create a superposition state of vacuum and exciton:

cos

(

Θ

2

)

|0〉 − i sin

(

Θ

2

)

|↑⇓〉, (6.11)
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where |0〉 describes the deexcited semiconductor. The hole spin orientations Jz =
±3/2 are symbolized by the arrows ⇑ and ⇓, respectively. The electron and hole
spins become reversed for σ+ excitation. The exciton component precesses in mag-
netic field for a time, which cannot last longer than the exciton lifetime. In an ensem-
ble, the precession can be seen until the coherence is destroyed by spin scattering of
either electron or hole. The strength of the contribution to the ensemble Faraday
rotation signal is given by the square of the exciton amplitude sin2(Θ/2).

Let us turn now to singly charged quantum dots, for which the resonant excitation
can lead to the excitation of trions. We assume that the deexcited quantum dot state
is given by an electron with arbitrary spin orientation:

α|↑〉 + β|↓〉, (6.12)

with |α|2 + |β|2 = 1. A σ−-polarized laser pulse would create an exciton with spin
configuration |↑⇓〉. This is, however, restricted by the Pauli-principle, due to which
the optically excited electron must have a spin orientation opposite to the resident
one in order to form a trion singlet state |↑↓⇓〉. Therefore, the pulse excites only
the second component of the initial electron state, i.e., β|↓〉. As a consequence, a
coherent superposition state of an electron and a trion is created:

α|↑〉 + β cos

(

Θ

2

)

|↓〉 − iβ sin

(

Θ

2

)

|↓↑⇓〉, (6.13)

which consists of two spin singlet electrons and a hole in state |⇓〉. We assume that
decoherence does not occur during the excitation process, i.e., the pulse length is
much shorter than the radiative decay and the carrier spin relaxation times. One sees
that the electron–hole population oscillates with pulse area Θ . The excitation is most
efficient for Θ = π , which gives the superposition state:

α|↑〉 − iβ|↓↑⇓〉. (6.14)

After some time the electron–hole pair will relax, leaving the resident electron in
the quantum dot. This occurs on the time scale of the trion radiative lifetime. At
zero magnetic field and in the absence of hole spin relaxation within the trion, the
system will return to its initial state described by (6.12). Therefore, no electron spin
coherence will be generated. However, spin coherence will be generated, if hole spin
relaxation takes place before the trion recombination.

In an external magnetic field in the Voigt geometry, the hole relaxation is no more
the crucial factor for spin coherence generation. The reason is that the electron part
of (6.14), i.e., α|↑〉 will precess around the magnetic field, while the singlet state of
trion does not precess. Therefore, full compensation of the induced spin polarization
after trion recombination is impossible and spin coherence is induced.

Modeling the electron and trion spin dynamics under pulsed resonant excitation
[9] gives the following equation for the amplitude of the long-lived electron spin
polarization after trion recombination:

Sz(t) = Re

{(

Sz(0) +
0.5Jz(0)/τT

0

γT + i(ωe + Ωh)
+

0.5Jz(0)/τT
0

γT + i(ωe − Ωh)

)

exp(iωet)

}

, (6.15)
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where Sz(0) and Jz(0) are the electron and trion spin polarizations created by the
pulse, ωe = Ωe + ΩN,x is the electron precession frequency in the magnetic field
resulting from the external field and the effective nuclear field. γT = 1/τT

0 + 1/τT
s

is the total trion decoherence rate contributed by the trion radiative recombination
time τT

0 and the hole spin relaxation in the trion τT
s . If the radiative relaxation is fast

τT
0 ≪ τT

s , Ω−1
e,h , the induced spin polarization Sz(t) is nullified on average by trion

relaxation, as Sz(0) = −Jz(0). This corresponds to the situation at zero magnetic
field. In contrast, if the spin precession is fast, Ωe,h ≫ (τT

0 )−1, the electron spin
polarization is maintained after trion decay [13, 44]. It is the case for the studied
(In, Ga)As/GaAs dots.

6.3.3 Mode Locking of Spin Coherence in an Ensemble of Quantum Dots

The ensemble dephasing does not lead to a destruction of the individual spin co-
herence, but masks it due to the rapid accumulation of phase differences among
different spins. The T2 time may be obtained by sophisticated spin-echo techniques
[2], which typically are quite laborious. A less complicated and robust measurement
scheme would be therefore highly desirable. Such a scheme may be also useful for
the processing of quantum information, including initialization, manipulation, and
read-out of a coherent spin state.

To address this point, we look again at Faraday rotation traces, especially for
negative delays, shown in Fig. 6.14(a). Long-lived electron spin quantum beats are
seen at positive delays, as discussed before. Surprisingly, for negative delays strong
spin beats with frequencies identical to those of the electron precession are also ob-
served. The amplitude of these beats increases when approaching zero delay t = 0.
Note, that spin beats at negative delay have been reported for experimental situations
in which the dephasing time exceeds the time interval between the pump pulses:
T ∗

2 ≥ TR, see Fig. 6.4(a) and [3]. This is clearly not the case here because the Fara-
day rotation signal has fully vanished after 1.5 ns at B = 6 T, so that the dephasing is
much faster than the pulse repetition period. The frequency and rise time of the sig-
nal at negative delays are the same as at positive delays, indicating that the negative
delay signal is given by the electron spin precession.

Figure 6.14(b) shows the signal when scanning the delay over a larger time inter-
val, in which three pump pulses, separated by 13.2 ns from each other, are located. At
each pump pulse arrival electron spin coherence is created, which is dephased after
a few ns. Before the next pump arrival coherent signal from the electrons reappears.
This negative delay precession can occur only if the coherence of the electron spin
in each single dot prevails for much longer times than TR, i.e., if T2 ≫ TR.

Spin Coherence Time of an Individual Electron

Independent of the origin of the coherent signal at negative delays, its observation
opens a pathway towards measuring the spin coherence time T2: When increasing
the pump pulse separation until it becomes comparable with T2, the amplitude of the
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Fig. 6.14. (a) Pump–probe Faraday rotation signals at different magnetic fields in singly
charged (In, Ga)As/GaAs quantum dots. The pump power density is 60 W/cm2, the probe
density is 20 W/cm2 [10]. (b) Faraday rotation signal recorded for a longer delay range in
which three pump pulses were located

Fig. 6.15. Faraday rotation amplitude at negative delay as function of the time interval between
subsequent pump pulses measured at B = 6 T and T = 6 K. The line shows calculations with
a single fit parameter T2 = 3 µs [10]

negative delay signal should decrease. Corresponding data are given in Fig. 6.15. The
Faraday rotation amplitude detected at a fixed negative delay shortly before the next
pump arrival is shown there as function of TR. TR is increased from 13.2 up to 990 ns.
A decrease of the amplitude is seen, demonstrating that TR becomes comparable
to T2. The result of model calculations shown by the line allow us to determine the
coherence time of a single dot, T2 = 3.0 ± 0.3 µs, which is four orders of magnitude
longer than the ensemble dephasing time T ⋆

2 = 0.4 ns at B = 6 T.

Mechanism of Spin Synchronization

In order to understand the striking fact that the single quantum dot coherence time
can be seen in an ensemble measurement, let us consider the excitation of a single
quantum dot by a periodic train of circular polarized π-pulses. The first impact of
the pulse train is a synchronization of the electron spin precession. We define the
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Fig. 6.16. Scheme of the phase synchronization condition for the electron spin coherence with
a periodic train of laser pulses. On the left modes satisfying the PSC (6.16) are shown. On the

right a non-PSC dot is given. The arrows show the spin orientation of a resident electron in a
quantum dot. Bottom right: The thick solid line shows the distribution of electron precession
frequencies in the dot ensemble caused by the dispersion of the electron g-factor. The PSC
modes selected from this distribution are shown by the dashed lines

degree of spin synchronization by P(ωe) = 2|Sz(ωe)|. Here the z-component of
the electron spin vector, Sz(ωe), is taken at the moment of pulse arrival. If the pulse
period, TR, is equal to an integer number N times the electron spin precession period,
2π/ωe, the action of such π-pulses leads to almost complete electron spin alignment
along the light propagation direction z [13]. In general, the degree of synchronization
for π-pulses is given by Pπ = exp(−TR/T2)/[2 − exp(−TR/T2)]. In our case it
reaches almost its largest value Pπ = 1, corresponding to 100% synchronization,
because for excitation with high repetition rate such as 75.6 MHz TR ≪ T2 so that
exp(−TR/T2) ≈ 1.

We remind the reader that in an ensemble of quantum dots, the electrons do not
precess with the same frequency, but have a frequency distributions with a broaden-
ing γ . The latter is determined by the electron g-factor dispersion and the spectral
width of the pump laser (Fig. 6.11(a)).

The ensemble contains quantum dots whose precession frequencies fulfil a syn-
chronization relation with the laser, which we term phase synchronization condition
(PSC) in the following:

ωe = 2πN/TR ≡ NωR. (6.16)

Here ωR is the repetition frequency of the pump pulses. The PSC modes selected
from the continuous distribution of electron precession frequencies are shown by the
dashed lines in Fig. 6.16. Since the electron spin precession frequency is typically
much bigger than the laser repetition rate, we have N ≫ 1 for not too small magnetic
fields. Since in addition the spread of precession frequencies is also much larger than
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the laser repetition rate, multiple subsets within the optically excited quantum dot
ensemble satisfy (6.16) for different N . This is illustrated schematically by Fig. 6.16.
In the left side three precession modes satisfying the PSC (6.16) with N = 4, 6, 8 are
given. The spin precession with a frequency different from the PSC is shown in the
right side of the figure. Two important conclusions can be drawn from this scheme.

First, for the PSC dots spin synchronization will be accumulated until it reaches
its maximum value, see discussion above for the single dot synchronization. The
reason is that at the moment of the pump pulse arrival the spin coherence generated
by the previous pulse has the same orientation as the one which the subsequent pulse
induces. In other words the contributions of all pulses in the train are constructive.
In contrast, the contributions have arbitrary orientations in the non-PSC dots (right
panel of Fig. 6.16) and for these dots the degree of spin synchronization will be
always far from saturation. Practically, this means that a PSC dot gives a stronger
signal to the Faraday rotation signal than a non-PSC dot.

Second, in the PSC dots (left panels) the electron spins indicated by the arrows
have the same phase at the moments of pump pulse arrival, but they have different
orientation between the pulses. As a result, the signal from the dot subsets satisfy-
ing the PSC dephases shortly after each pump pulse. However it is revived before
the next pulse leading to the characteristic signal shown in Fig. 6.14(b). To be more
specific, the spins in each PSC subset precess between the pump pulses with fre-
quency NωR, starting with an initial phase which is the same for all subsets. Their
contribution to the spin polarization of the ensemble at a time t after the pulse is
given by −0.5 cos(NωRt). The sum of oscillating terms from all synchronized sub-
sets leads to a constructive interference of their contributions to the Faraday rotation
signal around the times of pump pulse arrival. The rest of the quantum dots does
not contribute to the average electron spin polarization Sz(t) at times t ≫ T ∗

2 , due
to dephasing. The synchronized spins therefore move on a background of dephased
electrons, which however still precess individually during the spin coherence time.
The number of synchronized PSC subsets can be estimated by �N ∼ γ /ωR. It in-
creases linearly with magnetic field and TR.

The π-pulse excitation is not critical for the electron spin phase synchronization
by the pulse train. Any resonant pulse train of arbitrary intensity creates a coherent
superposition of trion and electron in a quantum dot, leading to a long-lived co-
herence of the resident electron spins, because the coherence is not affected by the
radiative decay of the trion component. Each pulse of σ+ polarized light changes
the electron spin projection along the light propagation direction by �Sz = −(1 −

2|Sz(t → tn)|)W/2, where tn = nTR is the time of the nth pulse arrival, and
W = sin2(Θ/2) [9, 12]. Consequently, a train of such pulses orients the electron
spin opposite to the light propagation direction, and it also increases the degree of
electron spin synchronization P . Application of Θ = π-pulses (corresponding to
W = 1) leads to a 99% degree of electron spin synchronization already after a dozen
pulses. However, if the electron spin coherence time is long enough (T2 ≫ TR), an
extended train of pulses leads as well to a high degree of spin synchronization, also
for Θ ≪ 1 (W ≈ Θ2/4).
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Fig. 6.17. Spectra of phase synchronized electron spin precession modes created by a train
of circularly polarized pulses calculated for the pulse area Θ = 0.4π and π at the moment
of pulse arrival. TR = 13.2 ns. (a) At low pumping intensity the pulse train synchronizes the
electron spin precession in a very narrow frequency range around the phase synchronization
condition: ωe = 2πN/TR. (b) π -pulses widen the range of synchronized precession frequen-
cies. In addition, electron spins with opposite polarization at frequencies between the phase
synchronization condition become significantly synchronized. Calculations have been done
for B = 2 T, |ge| = 0.57, �ge = 0.005 and T2 = 3 µs [10]

The effect of the pump intensity (pump area) on the distribution of the spin po-
larization, which is synchronized with the pulse train for Θ = 0.4π and π , is shown
in Fig. 6.17. The density of the electron spin precession modes is shown by the solid
line, which gives the envelop of the spin polarization distribution. The quasidiscrete
structure of the distribution created by the pulse train (the dashed lines) is the most
important feature, which allows us to measure the long spin coherence time of a sin-
gle quantum dot within an ensemble: A continuous density of spin precession modes
would cause fast dephasing on a time inversely proportional to the total width of the
frequency distribution: T ∗

2 = h̄/γ . However the gaps in the density of precession
modes facilitate the constructive interference at negative delay times. These gaps
are created by mode locking of the electron spin precession with the periodic pulse
sequence.

Control of Ensemble Spin Precession

In this part we turn to testing the degree of control over the spin coherence of an
ensemble of singly charged dots that can be achieved by periodic laser excitation. For
that purpose, a train of two pump pulses is used. Adjustments of the delay between
these pulses and their polarization are used to control the shape and phase of the spin
coherent signal. The robustness of the mode-locked spin coherence with respect to
variations of lattice temperature and magnetic field strength is demonstrated.

Two Pump Pulse Excitation Protocol

Each pump pulse in a train is now split into two pulses with a fixed delay TD < TR
between them. The results for TD = 1.84 ns are shown in Fig. 6.18(a). Both pumps
are circular co-polarized and have the same intensities. When the quantum dots are
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Fig. 6.18. Control of the electron spin synchronization in (In, Ga)As/GaAs quantum dots by
two trains of pump pulses with TR = 13.2 ns, shifted in time by TD = 1.84 ns. (a) Experimen-
tal Faraday rotation signal measured for separate action of the first or the second pump (the

two upper curves) and for joint action of both pumps (the bottom curve). The pumps were co-
polarized (σ+). (b) Modeling of the Faraday rotation signal in the two pump pulse experiment
with the parameters Θ = π and γ = 3.2 GHz. (c, d, e) illustrate the modification of the PSC
mode spectrum under two pump pulse action. Model parameters: Θ = 0.4π , γ = 3.2 GHz,
|ge| = 0.57 and �ge = 0.005. Panel (c) is for the single pump protocol, measured just before
the pump pulse, see upper curve in panel (a). Panels (d) and (e) are for two pump pulses shown
by the lower curve in (a) measured before pump 1 and pump 2, respectively [10]

exposed to only one of the pump pulses (the two upper traces), the Faraday rotation
signals are identical except for a shift by TD. The signal changes drastically under
excitation by the two pulse train (lower trace): Around the arrival of pump 1 the same
Faraday rotation response is observed as before in the one-pump experiment. Also
around pump 2 qualitatively the same signal is observed with a considerably larger
amplitude. This means that the coherent response of the synchronized quantum dot
ensemble can be amplified by the second laser pulse.

Even more remarkable are the echo-like responses showing up before the first
and after the second pump pulse. They have a symmetric shape with the same decay
and rise times T ∗

2 . The temporal separation between them is a multiple of TD. Note
that these Faraday rotation bursts show no additional modulation as seen at posi-
tive delays when a pump is applied. The reason is that excitons generated in charge
neutral dots have already recombined and do not contribute to these signals.

Apparently, the electron spins in the quantum dot sub-ensemble, which is syn-
chronized with the laser repetition rate, have been clocked by introducing a second
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Fig. 6.19. Faraday rotation traces measured as function of delay between probe and first pump
pulse at time zero. A second pump pulse was delayed relative to the first one by TD, as indi-
cated at each trace. The top left trace is measured without the second pump [45]

frequency, which is determined by the laser pulse separation TD. The clocking results
in multiple bursts in the Faraday rotation response. The conditions for this clocking
are analyzed in further detail in the next paragraph. Here we demonstrate how the
two pump pulses modify the spectrum of the spin precession modes. The changes
become very clear when one compares the single pump spectrum in Fig. 6.18(c) with
the two pump spectra in panels (d) and (e). The model calculations of the Faraday
rotation signal shown in panel (b) reproduce the experimental burst signals.

Signal Shaping by Changing Delay between Pump Pulses

Figure 6.19 shows Faraday rotation traces excited by a two-pulse train with a repeti-
tion period TR = 13.2 ns between the pump doublet. The two pulses have the same
intensity and polarization. The delay between these pulses TD was varied between
∼TR/7 and ∼TR/2. The signal varies strongly, depending on whether the delay time
TD is commensurate with the repetition period TR, TD = TR/i with i = 2, 3, 4, . . . ,
or incommensurate, TD �= TR/i. For commensurability the signal shows strong peri-
odic bursts of quantum oscillations only at times equal to multiples of TD, as seen for
TD = 1.86 ns ≈ TR/7. Commensurability is also achieved for TD = TR/4 ≈ 3.26 ns
and TD = TR/3 ≈ 4.26 ns.

When TD and TR are incommensurate, the Faraday rotation signal shows bursts
of spin beats between the two pulses of each pump doublet, in addition to the bursts
outside of the doublet. One can see a single burst midway between the pumps for
TD = 3.76 and 5.22 ns. Two bursts, each equidistant from the closest pump and also
equidistant from one another, appear at TD = 4.92 and 5.62 ns. Three equidistant
bursts occur at TD = 5.92 ns.
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Although the time dependencies of the Faraday rotation signals look very differ-
ent for commensurate and incommensurate TD and TR, in both cases they result from
constructive interference of synchronized spin precession modes [45]. For a train of
pump pulse doublets the phase synchronization conditions involve the intervals TD
and TR − TD in the laser excitation protocol

ωe = 2πNK/TD = 2πNL/(TR − TD), (6.17)

where K and L are integers. This condition imposes limitations on the TD values, for
which synchronization is obtained:

TD =
[

K/(K + L)
]

TR, (6.18)

which for TD < TR/2 leads to K < L. This phase synchronization condition explains
the position of all bursts in the signals from Fig. 6.19. For commensurability, one has
K = 1 so that TD = TR/(1 +L). In this case constructive interferences should occur
with a period TD as seen for TD = 1.86 ns (L = 6).

For incommensurability the number of bursts between the pulses and the delays
at which they appear can be tailored. There should be just one burst, when K = 2,
because then the constructive interference must have a period TD/2. In experiment,
a single burst is indeed seen for TD = 3.76 ns (L = 5) and 5.22 ns (L = 3), see
Fig. 6.19. Two bursts are seen for TD = 4.92 and 5.62 ns, corresponding to K = 3
and L = 5 and 4, respectively. Finally, the Faraday rotation signal with TD = 5.92 ns
shows three bursts between the pumps, which is described by K = 4 and L = 5.
Thus a good agreement between experiment and theory is established, highlighting
the high flexibility of the pump protocol.

Polarization Control of Signal Phase

To obtain further insight into the tailoring of electron spin coherence by a two-pulse
train, we change from co- to counter-circular polarized pumps. TD is fixed at TR/6 ≈
2.2 ns. The appearances of the corresponding Faraday rotation signals are similar, as
shown in Fig. 6.20. Besides the two bursts directly connected to the pump pulses one
sees one further +1 burst. The insets show closeups of different bursts. The phase
of the spin beats differs by π between the co- and counter-polarized configuration
for the pump 1 and +1 bursts. On the other hand, there is no phase difference for
the pump 2, −1 and +2 bursts (the last two signals are not shown here). The sign,
κ , of the Faraday rotation amplitude in the counter-circular configuration undergoes
TD-periodic changes in time as compared to the constancy in the co-circular case,
see Fig. 6.20(b). This demonstrates optical switching of the electron spin precession
phase by π in an ensemble of quantum dots.

The observed effect of phase sign reversal is well described by the model [45].
A detailed consideration shows that the modulus of the spin synchronization ex-
hibits constructive interference with a period TR/6 and changes its sign with a pe-
riod 2TR/6. The relative sign of the Faraday rotation amplitude for the counter- and
co-circular cases, κ = sign{cos[πt/(TR/6)]}, is in agreement with the experimental
data in Fig. 6.20(b).
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Fig. 6.20. (a) Faraday rotation traces in the co-circular (solid line) or counter-circular (dashed

line) polarized two pump pulse experiments, measured for TD = 2.2 ns. B = 6 T and T =
6 K. The signal amplitudes look very similar for the two configurations and can hardly be
distinguished on the displayed time scale. Therefore the three additional panels give close-ups
of the two traces showing the relative sign, κ , of the Faraday rotation amplitudes. κ is plotted
in panel (b) vs. time [45]

Stability Against Temperature Increase and Magnetic Field Variation

The Faraday rotation bursts due to constructive interference of the electron spin con-
tributions show remarkable stability against variations of the magnetic field in the
range from 1 to 10 T. While the appearance of bursts changes with the field strength
(the bursts are squeezed due to the decrease of T ∗

2 with increasing field), the delay
times at which the bursts appear remain unchanged. Also the bursts amplitude does
not vary strongly in this field range.

Further, both at positive and negative delays, the Faraday rotation signals remain
almost unchanged for temperature changes from 2 up to 25 K [45]. The stability
against variations of magnetic field and temperature is a consequence of the mode-
locking generation mechanism, which is not fixed to the properties of specific dots,
e.g., their spectral energy or spin precession frequency. The periodic pump laser train
always selects the proper subsets of dots which satisfy the phase synchronization
condition, even for strongly varying experimental conditions.

Requirements for Quantum Dot Ensemble

The mode locking mechanism in an ensemble of quantum dots with inhomoge-
neously broadened precession frequencies rises the question what properties a quan-
tum dot ensemble should have for application in quantum coherent devices. In gen-
eral, quantum dot ensembles whose spin states are homogeneously broadened would
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be optimal for quantum information processing. However, fabrication of such en-
sembles cannot be foreseen on the basis of current state-of-the-art technology, which
always gives a sizable inhomogeneity. Under these circumstances, a distribution of
the electron g-factor is favorable to enable realization of mode locking, because the
phase synchronization condition is fulfilled by many quantum dot subsets, leading
to a strong spectroscopic response. Further, it gives some flexibility when changing,
for example, the laser protocol (e.g., wavelength, pulse duration and repetition rate)
by which the quantum dots are addressed, and therefore changing the phase syn-
chronization condition. In response to such a change, the ensemble involves other
quantum dot subsets in the synchronization such that again the single dot coherence
can be recovered. However, a very broad distribution of electron g-factors would lead
to a very fast dephasing in the ensemble, making it difficult to observe the Faraday
rotation both after and before pulse arrival. In this case the phase synchronization
can be exploited only during a quite short range of time.

6.3.4 Nuclei Induced Frequency Focusing of Spin Coherence

In this section we describe an effect which originates from the hyperfine interaction
of an electron spin with the nuclear spins. An in-depth consideration of hyperfine
interaction effects can be found in Chap. 11. The spatial confinement in quantum dots
protects the electron spins against most relaxation mechanisms (Chap. 1). However,
the hyperfine interaction with the lattice nuclei is enhanced by confinement, leading
to spin decoherence and dephasing [32, 46]. This problem may be overcome by
polarizing the nuclear spins [47], but the high degree of polarization required, close
to 100%, has not been achieved so far.

However, as we will show, the hyperfine interaction, rather than being detrimen-
tal, can be utilized as a precision tool. We demonstrate that it can modify the con-
tinuous mode spectrum of the electron spin precession in a dot ensemble into a few
discrete modes. The information on this digital spectrum can be stored in the nuclear
spin system for tens of minutes because of the long nuclear memory times [3, 48–50].

In a dot ensemble, fast electron spin dephasing arises not only from variations of
the electron g-factor, but also from nuclear field fluctuations, leading to different spin
precession frequencies. The dephasing due to the g-factor variations can be partly
overcome by the described mode-locking [10], which synchronizes the precession of
specific electron spin modes in the ensemble with the clocking rate of the periodic
pulsed excitation laser. Still, it would leave a significant fraction of dephased elec-
tron spins, whose precession frequencies would not satisfy the phase synchronization
condition. However, the nuclear spin polarization can adjust the electron spin preces-
sion frequency in each quantum dot such that the whole ensemble becomes locked
on only a few frequencies.

The experiments were done on the same sample containing an ensemble of self-
assembled (In, Ga)As/GaAs dots as used in the previous section. Further, the two
pump pulse Faraday rotation technique was applied. Signals measured for single
pump and two pump protocols are shown in Fig. 6.21(a). Surprisingly, the signal
pattern created by the two pulse protocol is memorized over several minutes. One
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Fig. 6.21. (a) Faraday rotation traces measured on an ensemble of singly-charged
(In, Ga)As/GaAs quantum dots. Details of the optical excitation protocol are given in the
sketch. The top trace was measured using a train of single pump pulses. The middle trace

was excited by a two pump pulse protocol with the second pump delayed by TD = 1.86 ns
relative to the first one. The measurement over the whole delay time range took about 20 min.
The lowest trace was taken for a single pump pulse excitation protocol with pump 2 closed.
Recording started right after measurement of the middle trace. Some times at which the dif-
ferent bursts were measured are indicated. The pump and probe power density were 50 and
10 W/cm2. (b) Faraday rotation signals measured over a small delay range at the maximum of
‘burst 0’ for different times after closing the second pump, while pump 1 and the probe were
always on. (c) Relaxation kinetics of the Faraday rotation amplitude at a delay of 1.857 ns after
switching off pump 2. Before this recording, the system was treated for 20 minutes by the two
pump excitation. The curve was measured with pump 2 blocked at t = 0. The circles show the
signal for different times in complete darkness (both pumps and probe were blocked). B = 6 T
and T = 6 K [51]

would expect that blocking of the second pulse in a pump doublet would destroy the
periodic burst pattern on a µs time scale according to the electron spin coherence
time, T2, in these dots [10]. Only the signal around the first pump should remain
over the scanned range of pump–probe delays. The middle trace was recorded after
the sample was illuminated for ∼20 minutes by the pump-doublet train. Immediately
after this measurement, the second pump was blocked and a measurement using only
the single pump train was started (bottom trace). Contrary to the expectations, the
signal shows qualitatively all characteristic for a pump doublet protocol. A strong
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signal (‘burst 0’) appears around the delays where the second pump was located.
Further signals, denoted ‘burst 1’ and ‘burst 2’, also appear. The system, therefore,
remembers for minutes its previous exposure to a two pump protocol!

Additional Faraday rotation traces were recorded in a short delay range around
‘burst 0’ for different times after closing the second pump (Fig. 6.21(b)). The decay
kinetics was measured at a fixed delay of 1.857 ns (corresponding to the maximum
signal) vs. the time after switching off pump 2 (curve in Fig. 6.21(c)). A strong
signal is seen even after 40 min. The observed dynamics is well described by a bi-
exponential dependence on elapsed time t , a1 exp(−t/τ1) + a2 exp(−t/τ2) with a
memory time τ1 of a minute and τ2 = 10.4 min. The decay, however, critically de-
pends on the light illumination conditions. When the system is held in darkness (both
pumps and probe are blocked), no relaxation occurs at all on an hour time scale. This
is shown by circles in Fig. 6.21(c), which give the Faraday rotation amplitude when
switching on pump 1 as well as the probe after a dark period t . Note, that the rise
time of the effect also has a slow component on a minute time scale.

The observed long memory of the excitation protocol must be imprinted in the
dot nuclei, for which long spin relaxation times up to hours or even days have been
reported in high magnetic fields [48, 49]. The nuclei in a particular dot must have
been aligned along the magnetic field through the hyperfine interaction with the elec-
tron during exposure to the pump train. This alignment, in turn, changes the electron
spin precession frequency, ωe = Ωe + ΩN,x , where the nuclear contribution, ΩN,x ,
is proportional to the nuclear polarization. The slow rise and decay dynamics of the
Faraday rotation signal indicate that the periodic optical pulse train stimulates the nu-
clei to increase the number of dots, for which the electron spin precession frequencies
satisfy the phase synchronization condition for a particular excitation protocol. But
what is driving the projection of the nuclear spin polarization on the magnetic field
to a value that allows an electron spin to satisfy the PSC?

The nuclear polarization is changed by electron–nuclear spin flip–flop processes
resulting from the Fermi-contact-type hyperfine interaction [52]. Such processes,
however, are suppressed in a strong magnetic field due to the energy mismatch be-
tween the electron and nuclear Zeeman splittings by about three orders of magnitude.
Flip–flop transitions, which are assisted by phonons compensating this mismatch,
have a low probability due to the phonon-bottleneck [53, 54]. This explains the ro-
bustness of the nuclear spin polarization in darkness (Fig. 6.21(c)).

Consequently, the resonant optical excitation of the singlet trion becomes the
most efficient mechanism in the nuclear spin polarization dynamics. The excitation
process rapidly turns “off” the hyperfine field of a resident electron acting on the
nuclei, and the field is subsequently turned “on” again by the trion radiative decay.
Thereby it allows a flip–flop process during switching without energy conservation.

The nuclear spin–flip rate for this mechanism is proportional to the rate of optical
excitation of the electron, Γl(ωe). According to the selection rules, the probability
of exciting the electron to a trion by σ+ polarized light is proportional to 1/2 +
Sz(ωe), where Sz(ωe) is the component of the electron spin polarization along the
light propagation direction taken at the moment of pump pulse arrival. Therefore,
the excitation rate Γl(ωe) ∼ [1/2 + Sz(ωe)]/TR. For electrons satisfying the PSC,
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Fig. 6.22. Scheme for explaining the nuclear induced frequency focusing of the electron spin
precession modes. The periodic resonant excitation by a mode-locked circular polarized laser
synchronizes the precessions of electron spins whose frequency satisfy the phase synchroniza-
tion conditions (PSC). At the same time this excitation leads to a fast nuclear relaxation time
in quantum dots, which do not satisfy the PSCs, via optically stimulated electron–nuclei spin
flip–flop processes. The random fluctuation of the nuclear spin modifies the electron spin pre-
cession frequency and becomes frozen when this frequency reaches a PSC. (a) Average spin
relaxation time of the As nuclei vs. the electron spin precession frequency calculated for the
single pump pulse (dashed) and the two pump pulse (solid) excitation protocols. (b) Density
of electron spin precession modes in an ensemble of singly charged dots modified by the nu-
clei, calculated for the single pump (dashed) and the two pump (solid) excitation protocols.
The thick black line shows the unmodified density of electron spin precession modes due to
the dispersion of the electron g-factor in the dot ensemble and due to nuclear polarization fluc-
tuations. This is better seen in panel (c), which is a close-up of panel (b). Calculations were
done for B = 6 T, |ge| = 0.555, �ge = 0.0037, γ = 1 GHz, TR = 13.2 ns, TD = TR/7 ns,
and T2 = 3 µs [51]

Sz(ωe) ≈ −1/2, the excitation probability is very low due to Pauli blocking [10].
Due to the very long spin coherence time, T2, the excitation rate for these electrons
is reduced by two orders of magnitude to 1/T2 as compared to 1/TR + 1/T2 for the
rest of electrons (in the present experiments T2/TR ≈ 200) [51].

Due to the factor Γl(ωe), the nuclear relaxation rate has a strong and periodic
dependence on ωe, with the period determined by the PSC of a particular excita-
tion protocol: 2π/TR for the single pulse train and 2π/TD for the double pulse train
(Fig. 6.22(a)). The huge difference in the nuclear flip rate explains why ΩN,x in
each dot tends to reach a value allowing the electron spin to fulfil the PSC. In dots
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where the PSC is not fulfilled, the nuclear contribution to ωe changes randomly due
to the light stimulated nuclear flip–flop processes on a seconds time scale. The typ-
ical range �ΩN,x of this contribution to ωe is limited by statistical fluctuations of
the nuclear spin polarization. For the studied (In, Ga)As dots, �ΩN,x lies on a GHz
scale [51] which is comparable with the separation between the phase synchronized
modes 2π/TR ∼ 0.48 GHz. As a result, the nuclear contribution occasionally drives
an electron to a PSC mode, where its precession frequency is virtually frozen on a
minutes time scale. This leads to the frequency focusing in each dot and to accumu-
lation of the dots, for which electron spins match the PSC.

The frequency focusing modifies the spin precession mode density of the dot en-
semble (Fig. 6.22(b) and its close-up in panel (c)). Without focusing, the density of
the electron spin precession modes is Gaussian with a width: �ωe = [(�ΩN,x)

2 +

(µB�geB/h̄)2]1/2, where �ge is the g-factor dispersion. Frequency focusing modi-
fies the original continuum density to a comb-like distribution. Eventually the whole
ensemble participates in a coherent precession locked on only a few precession fre-
quencies. This suggests that a laser protocol (defined by pulse sequence, width, and
rate) can be designed such that it focuses the electron–spin precession frequencies in
the dot ensemble to a single mode. It this case the spin coherence of the ensemble
will dephase with the single electron coherence time T2.

The focusing of electrons into PSC modes is directly manifested by the Faraday
rotation signals in Fig. 6.21(a), as it causes comparable amplitudes before and after
the pump pulses. The calculations demonstrate that, without frequency focusing, the
amplitude at negative delays, Aneg, does not exceed 30% of the positive delay signal
amplitude, Apos (Fig. 6.23(a)). The strong optical pump pulses in the experiment ad-
dress all quantum dots, and their total contribution should make the Faraday rotation
signal much stronger after the pulse than before, when only mode-locked electrons
are relevant. However, the nuclear adjustment increases the negative delay signal to
more than 90% (Fig. 6.23(b)) of the positive delay signal. The large experimental
value of Aneg/Apos (panel (c)) confirms that in our experiment almost all electrons in
the optically excited dot ensemble become involved in the coherent spin precession.
Calculations of the pump intensity dependence of the ratio Aneg/Apos show that the
nuclear focusing increases the ratio of electrons involved in the coherent spin pre-
cession relative to their total number, npsc/n, almost to unity, even at low excitation
density (Figs. 6.23(e, d)).

Therefore, the nuclei in singly charged quantum dots exposed to a periodic pulsed
laser excitation drive almost all the electrons in the ensemble into a coherent spin pre-
cession. The exciting laser acts as a metronome and establishes a robust macroscopic
quantum bit in dephasing free subspaces. This may open new promising perspectives
on the use of an ensemble of charged quantum dots during the single electron coher-
ence time T2.

The results presented in Sect. 6.3 show that the shortcomings which are typi-
cally attributed to quantum dot spin ensembles may be overcome by elaborated laser
excitation protocols. The related advantages are due to the robustness of the phase
synchronization of the quantum dot ensemble: (i) a strong detection signal with rel-
atively small noise; (ii) changes of external parameters like repetition rate and mag-
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Fig. 6.23. Panels (a), (b) and (c) show Faraday rotation traces of an ensemble of charged
quantum dots subject to a single pump pulse excitation protocol with pulse area Θ = π at
a magnetic field B = 6 T. (a) Faraday rotation traces calculated with the density of electron
spin precession modes unchanged by the nuclei. (b) Faraday rotation traces calculated with
the density of electron spin precession modes modified by the nuclei. (c) Experimental trace
of the Faraday rotation signal obtained after extracting the contribution of neutral excitons.
(d) Calculated ratio of the signal amplitudes, Aneg/Apos, with (solid) and without (dashed)
including the nuclear rearrangement, as function of the pump pulse area. (e) Dependence of the
relative number of electrons, npsc/n, in a quantum dot ensemble involved in the mode-locked
precession as function of the pump pulse area. For the calculation parameters see Fig. 6.22 [51]

netic field strength can be accommodated for in the phase synchronization condition
due to the broad distribution of electron spin precession frequencies in the ensemble
and the large number of involved quantum dots.

6.4 Conclusions

We have shown that the spin coherence of carries in semiconductor nanostructures
(quantum wells and quantum dots) can be addressed by time-resolved optical spec-
troscopy. Using short laser pulses spin coherence can be generated, detected, con-
trolled, and manipulated. Still, there are plenty of open questions and challenging
problems, especially concerning spin coherence manipulation. Here all-optical tech-
niques can be combined with other established methods, e.g., the electron spin reso-
nance or nuclei magnetic resonance.
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7

Spin Properties of Confined Electrons in Si

W. Jantsch and Z. Wilamowski

7.1 Introduction

Silicon is a rather light element with its nuclear charge of Z = 14. Therefore spin–
orbit interaction is weak in Si crystals as it is dominated also in solids by atomic
effects (see Chap. 1). From a band structure point of view, the weak spin–orbit inter-
action of Si has been explained by the only possible interaction of the ∆1 conduction
band minimum with very deep core states [1, 2].

The spin–orbit interaction in solids arises from the effective magnetic field seen
by electrons moving with respect to other charges in the solid (see Sect. 1.2.3 and
[2]). The weakness of the spin–orbit interaction in Si manifests itself also by the
small deviation of the g-factor of the conduction electrons which is very close to
2.000.1 Apart from the (weak) influence of the spin–orbit interaction on the g-factor,
it is also important for the spin lifetime and spin dephasing. Therefore we expect
particularly long spin coherence in Si, and Si has been considered as an attractive
material for spintronic applications right from the beginning [4–6].

In addition, Si has only one isotope, 29Si, with nuclear spin (I = 1/2) with an
abundance of less than 5%, in contrast to III–V compounds which have 100% nuclear
spins, many of which have higher I values. The hyperfine interaction with nuclear
spins is ruled by the Fermi contact term (see Sect. 1.2.4), and thus the probability of

1 The precise value of the g-factor is not easy to determine in a three-dimensional semi-
conductor since at low temperatures, which are necessary to exclude effects due to thermal
excitation, carriers are frozen-out and one can determine only the g-factor of electrons bound
to donors. If they are shallow enough, then their g-factor should be close to that of the con-
duction band, but there are “chemical shifts” [3]. Therefore heavily doped samples have been
investigated which, beyond the Mott transition, have free carriers also at low temperatures.
The required high doping concentrations change, however, the band structure slightly and
they cause heavy scattering. In two-dimensional structures, these effects can be avoided using
modulation doping.
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finding the electron at the site of the nucleus. For delocalized electrons, this proba-
bility is small. In contrast, when the electrons are confined to a small volume, like in
a donor state or in a quantum dot, the role of coupling of electronic and nuclear spins
increases. For Si this problem can be avoided using isotopically purified 28Si and a
60 ms lifetime, and a 60 ms lifetime has been demonstrated for P -bound electrons
[7]. The nuclear spins have still longer lifetimes (they can be hours). Therefore one
concept for utilizing spin information is based on the nuclear spins of P -donors in
Si [4].

Si also poses, however, a few problems when considered, e.g., for the realization
of a quantum computer. Si has an indirect gap—its minimum of the conduction band
is located in the [100] direction close to 85% of the diameter of the Brillouin zone and
therefore the conduction band not only has the two-fold spin degeneracy but also the
valley degeneracy. This may cause an additional spin dephasing and it would make
control and detection of spin states difficult according to the present concepts. In the
presence of strain—e.g., in heterostructures—the sixfold valley degeneracy can be
lowered to two and, for still lower symmetry, in principle, it can be lifted [8] but
nevertheless this poses additional complications as compared to the mostly direct
gap III–V or II–VI semiconductors.

Interest in the spin properties of Si is much older though. It started in the 1950s
stimulated by the possibility to learn a lot about defects in the most important ma-
terial of electronics [9]. Electron spin resonance (ESR) was shown to yield a lot of
detailed information on point defects, in particular on the highly localized, so-called
deep levels in semiconductors. The corresponding deep states have a very small Bohr
radius, comparable to the lattice constant, and, therefore, the hyperfine interaction of
the bound electron with its nucleus is strong and can be easily resolved. Due to the
2I + 1 different possible orientations of the nuclear spin, the bound electron may
experience 2I + 1 different magnetic field situations and therefore the ESR spectra
exhibit the corresponding splitting. The ESR spectra thus reflect the natural abun-
dance of the isotopes of that impurity which in many cases allows for an unequivocal
chemical identification of the impurity species. In addition, the g-factor anisotropy
and a possible “fine structure” splitting contain information on the spin magnitude
and on the symmetry of the local environment.

A hyperfine interaction may also occur with nuclear spins of host atoms within
the radius of the wave function of the bound state. This ligand hyperfine interaction
provides information on the arrangement of the impurity or, more general, the atoms
constituting the defect. This information can be obtained by investigating the angu-
lar dependencies of the hyperfine structure in the ESR spectra. The g-factor and the
fine-structure of the ESR spectra contain additional information on the angular mo-
mentum of the electronic state. Altogether ESR yields very detailed information on
the electronic state of the defect, but no direct information on its activation energy
and thus on its effect on the electronic properties of the host. In order to get those,
one has to combine ESR with other techniques, like photo-ESR [10], where the effect
of illumination on the ESR amplitude is investigated, or optically detected magnetic
resonance, where the effect of ESR is on the photoluminescence yield, or its polar-
ization is used to identify the defects involved in some luminescence feature [11].
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For free, delocalized carriers, ESR does not yield that much information at first
glance. Usually there is only one fairly wide line and the g-factor can be evaluated
from it. Nevertheless, in the case of Si quantum wells ESR proved to be a very valu-
able tool to investigate spin properties of the two-dimensional electron gas [12–16].
This was surprising since the sensitivity of ESR is characterized by a minimum num-
ber of spins in the microwave cavity of a traditional spectrometer. In such spectrom-
eters, the magnetic field is modulated and lock-in detection is used to increase the
sensitivity. Therefore the ESR linewidth enters the sensitivity as well, and the sen-
sitivity can be characterized by the minimum number of detectable spins per Gauss
linewidth. At liquid He sample temperature this figure is typically on the order of
1010 spins/G. For a sample with a sheet carrier density of 1011 cm−2 this would cause
substantial sensitivity problems if the linewidth of the free carrier resonance would
be comparable to that of shallow donors, namely a few Gauss. Fortunately, due to
the long spin lifetimes in Si quantum wells, the linewidth of the conduction electron
resonance in Si quantum wells is a hundred times smaller and therefore the signal is
not huge but easily detectable. In addition, there is also an electric dipole contribu-
tion to the transition probability which becomes partially allowed in low symmetry
samples [17] (see Sect. 7.5).

There are only very few other materials where conduction electron spin reso-
nance has been reported for low-dimensional structures. Heterostructures of AlAs/
GaAlAs and GaN/GaAlN are examples where the g-factor is also close to 2.000, in-
dicative of small a spin–orbit interaction and accordingly the ESR linewidth is small
enough to allow detection of a signal [18, 19]. ESR offers a few advantages in the
investigation of spin properties:

• For sufficiently small linewidth, it allows a very accurate determination of the
g-factor: in the case of Si quantum wells, a resolution of 1 : 105 is easily possible
and therefore small effects can be detected;

• The anisotropy of the g-factor and the linewidth can be easily measured since the
sample can be rotated within the cavity;

• In many cases, other free carrier effects also appear in the spectra, like cyclotron
resonance [14], or, more general, magnetoplasma effects [20], which can be very
useful since they allow us to measure also the momentum relaxation time in situ
[21]. Also in a few cases (but not in Si) Shubnikov–deHaas oscillations were seen
which allow also a precise evaluation of the carrier density [20];

• The conduction electron resonance amplitude in principle allows us also to eval-
uate the contribution of the free carriers to the magnetic susceptibility separately,
i.e., independent of other contributions, e.g., from defects in the substrate [22].

• There is also the possibility for time-resolved “spin–echo” experiments [23]

which directly demonstrate the possibility to manipulate spins by microwave

pulses [24]. In spin–echo experiments, dephasing due to spatial fluctuations of

the magnetic field, which vary slowly on the timescale of the experiment (usu-

ally due to nuclear spins), can be recognized and repaired.

In this chapter we restrict the discussion to ESR results in Si with carrier confinement

into two or “zero” dimensions, i.e., to quantum wells and to donors and “dots”, re-
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spectively, as these results yield more detailed information on the effect of spin–orbit
interaction in Si.

In Sect. 7.2 we introduce the spin–orbit effects in asymmetric quantum wells
and their effect on the spin splitting which is seen as an additional anisotropy of
the g-factor. In Sect. 7.3 we review the effects of spin–orbit interaction in asymmet-
ric Si-quantum wells on the spin relaxation and dephasing. In Sect. 7.4 we discuss
the recently found effect of a dc current on the ESR. Section 7.5 discusses the na-
ture of the ESR excitation in asymmetric quantum wells and we show that there
is a substantial contribution of the spin–orbit field which is induced by high fre-
quency currents. Modeling of this effect indicates an increase in the efficiency of
spin excitation—monitored by an increase in ESR sensitivity—by four orders of
magnitude. In Sect. 7.6 we review work on shallow donors and we describe recent
results for laterally confined electrons. Recently for the shallow donors in isotopi-
cally enriched 28Si a spin coherence time of 60 ms was demonstrated. For quantum
dots, the expected quenching of spin relaxation was so far not found—apparently it
is limited by the interaction of simultaneously optically excited and closely located
electron–hole pairs in these experiments. Nevertheless, the spin dephasing time of
0.3 ms demonstrates the superior potential of Si due to, among others, the small
abundance of 29Si.

7.2 Spin–Orbit Effects in Si Quantum Wells

7.2.1 The Bychkov–Rashba Field

In a non-centro-symmetrical quantum well the spin–orbit coupling leads to a zero
field splitting. Within the picture of a one-electron band structure this splitting is
described by the so-called Rashba [25], or Bychkov–Rashba [26] term in the Hamil-
tonian:

HBR = αBR(σ × k) · n, (7.1)

where σα are vectors of the Pauli matrices, or by the spin Hamiltonian:

HBR = aBR(s × k) · n, (7.2)

using the spin operator, s. Here h̄k is the electron momentum, n is the unit vector
perpendicular to the sample layer and the constant aBR = 2αBR reflects the strength
of the spin–orbit coupling. Within a coordinate system related to the layer, where the
z axis is along n, the Bychkov–Rashba term takes the form:

HBR = aBR(sxky − sykx). (7.3)

In general, the lower symmetry can originate from a lack of inversion symmetry of
the crystal or from an asymmetry of some layer structure grown by epitaxy. The
first case, introduced by Dresselhaus [27] and Rashba [25], is sometimes also as-
cribed “bulk inversion asymmetry”, while the second case, discussed by Bychkov
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and Rashba [26], to “structure inversion asymmetry”. Because of the high symmetry
of the diamond structure, Si based layers exhibit a structure inversion asymmetry
only. The latter is dominated by the effect of a doping layer, accommodated at a dis-
tance of 10 to 20 nm on top of the quantum well. There is neither the linear bulk
inversion asymmetry term nor its cubic “Dresselhaus” counterpart [27] which oc-
cur, e.g., in III–V compounds, but in principle, symmetry considerations would also
allow for an additional third order term [28–30]. In this review, however, we will
not treat that type of spin–orbit coupling because no experimental evidence has been
found for it in Si/SiGe structures [28].

The occurrence of the Bychkov–Rashba coupling is equivalent to an effective,
spin–orbit induced magnetic field, BBR, acting on electron spins. This field can be
defined by

gµBBBR = aBR(k × n). (7.4)

The Bychkov–Rashba field is thus in-plane oriented. It is perpendicular to the
k-vector and proportional to the magnitude of the k-vector. The total spin splitting,
h̄ΩBR(k), i.e., the difference in energy between parallel and antiparallel spin orien-
tation is given by h̄ΩBR = aBRk.

Thermal Distribution of the Bychkov–Rashba Field

A Si layer, grown pseudomorphically on the (100) surface plane of a relaxed
Si0.75Ge0.25 buffer, will be under tensile strain. Therefore the six-fold valley de-
generacy of the conduction band is partially lifted [31]: the four in-plane valleys
(synonymous for valleys with their main axis in-plane) are shifted up in energy and
only the two “perpendicular” valleys are occupied at low temperatures, and their de-
generacy is thus gv = 2. The in-plane motion is thus ruled by the small isotropic
transverse effective mass, m∗ = 0.19m0, and all Fermi vectors are of the same mag-
nitude:

kF =

√

4πns

gsgν

=
√

πns, (7.5)

where gs = 2 stands for the spin degeneracy. These two valleys are lower in energy
than the conduction band edge of Si0.75Ge0.25 layers, which thus constitute barriers
confining a two-dimensional electron gas in the embedded Si layer.

For all electrons at the Fermi circle, the Bychkov–Rashba field has the same
magnitude. The directions of the k-vectors, and thus also the direction of BBR(k),
are uniformly distributed in the two-dimensional sample plane. Therefore, at ther-
mal equilibrium, the mean value of the Bychkov–Rashba field, averaged over the
ensemble of all electrons vanishes, 〈BBR〉 = 0. The mean value of the Bychkov–
Rashba field, averaged over all uncompensated spins, i.e., those participating in spin
resonance, vanishes as well. On the other hand, each uncompensated spin in the
vicinity of the Fermi k-vector experiences a Bychkov–Rashba field of |BBR(k)| =
aBRkF/gµB = ΩBR(kF )/γ , where γ is the gyromagnetic ratio. Therefore, the mean
square value of the Bychkov–Rashba field, averaged over all uncompensated spins, is
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Fig. 7.1. Dependence of the resonance field, B0, on the direction of the applied field for a
modulation doped SiGe/Si/SiGe quantum well. The arrows indicate the shift of the resonance
field caused by the Bychkov–Rashba field (see (7.10))

〈

B2
BR

〉

= Ω2
BR

γ 2
=

(

aBRkF

gµB

)2

=
(

aBR

gµB

)2

πns. (7.6)

The distribution of the Bychkov–Rashba field affects the position of the reso-
nance field and the magnitude of the linewidth. For the discussion of these phenom-
ena it is convenient to consider mean values of squares of each component of the
individual Bychkov–Rashba frequency. The in-plane components are

Ω2
BRx = Ω2

BRy = γ 2〈B2
BRx(k)

〉

= γ 2〈B2
BRy(k)

〉

= γ 2

2

〈

B2
BR

〉

= a2
BRk2

F

2h̄
, (7.7)

and the out-of-plane component is

Ω2
BRz = γ 2〈B2

BRz(k)
〉

= 0. (7.8)

Experimentally, one can evaluate 〈B2
BR〉 from the anisotropy of the resonance

field [21].

g-Factor Anisotropy—Bychkov–Rashba Field in Si/SiGe Structures

The anisotropic distribution of the Bychkov–Rashba field also causes anisotropy of
the resonance field. Resonance occurs when the sum of the applied and the Bychkov–
Rashba field is equal to the resonance field BR = B0 + BBR. The momentum
relaxation is much faster than the spin relaxation: in high mobility Si/SiGe layers
1/τp ≈ 1011 to 1012 s−1 while 1/T2 ≈ 106 s−1. Therefore the time fluctuations are
well averaged and the resonance position reflects the mean resonance field only.

For perpendicular field, B0‖n̂ (i.e., θ = 0), the Bychkov–Rashba fields of all
electrons are perpendicular to B0. Therefore, in spite of the fact that the direction of
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Fig. 7.2. Measured g-factor anisotropy (circles) vs. electron concentration. Dashed line: fit
resulting in a Bychkov–Rashba parameter of αBR = 1.1 × 1012 eV cm. After [21]

BBR fluctuates in time, the magnitude of BR is constant and equal for all electrons.
Resonance occurs when the external field is given by

B0 =
√

B2
R − B2

BR ≈ BR − 〈B2
BR〉

2BR
(7.9)

and the resulting resonance field is smaller than without Bychkov–Rashba field and
the reduction is indicated in Fig. 7.1.

For the angular dependence of the resonance field the distribution of BBR, caused
by the distribution of the k-vectors has to be taken into account. For in-plane orien-
tation of B0 the shift is smaller by a factor 2. Here the longitudinal components of
BBR with respect to B0 average to zero and only its perpendicular component affects
the mean value of the resonance field. Consequently, the mean value of the square
of the perpendicular component is equal to B2

BR/2. The anisotropy of the resonance
field, i.e., the difference between B0 for in-plane and for perpendicular orientation of
the applied field, is equal to

B0
(

90◦) − B0
(

0◦) = B2
BR(EF)

4BR
. (7.10)

When the Bychkov–Rashba field dominates the g-factor anisotropy, (7.10) allows us
to evaluate the absolute value of the Bychkov–Rashba field for electrons at the Fermi
energy.

This type of analysis of the experimental data for Si/SiGe structures shows that
BBR is of the order of 100 G and it increases with increasing Fermi k-vector. The
observed g-factor anisotropy is shown in Fig. 7.2 as a function of electron concen-
tration, ns, and the evaluated dependence of BBR on the electron concentration is
shown in Fig. 7.3 [21].
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Fig. 7.3. Dependence of the Bychkov–Rashba field, as evaluated from g-factor anisotropy,
on the electron concentration. The dashed line is plotted assuming the constant value aBR =
1.1 × 1012 eV cm, independent of the carrier concentration. After [21]

7.3 Spin Relaxation of Conduction Electrons in Si/SiGe Quantum

Wells

7.3.1 Mechanisms of Spin Relaxation of Conduction Electrons

At low temperatures three mechanisms dominate the spin relaxation of conduction
electrons. Elliott and Yafet considered the probability for a spin flip which accom-
panies momentum scattering events [2, 32]. This probability arises from the fact that
in the presence of spin–orbit interaction the pure spin states are not eigenstates any-
more: each state has a finite admixture of the opposite spin state which depends on
the k-vector. The Elliott–Yafet rate is thus proportional to the momentum scattering
rate [2, 32]:

∆ω = αEY

τp
. (7.11)

Bir, Aronov, and Picus analyzed the electron hole scattering which can be very ef-
fective in semiconductors when both types of carriers occur [33]. The Dyakonov–
Perel mechanism is the most common type of spin relaxation [34]. The classical
Dyakonov–Perel relaxation originates from a dependence of the resonance frequency
on electron k-vector, ω(k), which leads to a spread of the resonance frequency, and
thus to a broadening of the resonance line. Since the momentum relaxation usually is
much faster than the spin relaxation, the original spread of the resonance frequency
is motionally averaged. As a result, the resonance line is of the Lorentzian shape with
a width of

∆ω = Ω2τc. (7.12)
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Here Ω2 is the variance of the distribution of ω(k) and τc is the correlation time.
In the simplest case, when the resonance frequencies before and after a scattering
event are not correlated, the correlation time is just equal to the momentum scatter-
ing time, τc = τp. When small angle scattering occurs, then τc can be dependent
on the peculiar distribution of the resonance frequencies. In general, the correlation
time is defined by the correlator 〈ω(0)ω(t)〉 [35, 36]. The detailed analysis of the
Dyakonov–Perel mechanism requires also a discussion of the cyclotron motion [28,
37, 38], electron–electron scattering and electron–electron exchange [29, 39].

The Dyakonov–Perel relaxation is sometimes generalized for a broad class of
spin relaxation mechanisms which can be analyzed within the Dyakonov–Perel for-
mula, including the motional narrowing due to electron hopping, where the spread
of frequencies is caused by hyperfine coupling to nuclear spins or by dipolar spin-
spin interaction, in a manner similar to the motional narrowing in nuclear magnetic
resonance [36].

The spin relaxation of the two-dimensional electrons in high mobility Si/SiGe
structures is dominated by the Dyakonov–Perel mechanism where the spread of the
resonance frequency is caused by a spin–orbit field of the Bychkov–Rashba type.
Since the momentum relaxation rate in the high mobility layers is of the order of
1/τp ≃ 1011 s−1, it is easy to fulfill the condition ωcτp > 1, which implies that
the modulation frequency is dominated by the cyclotron motion rather than by the
momentum scattering [28, 38]. For the low temperature range and moderate electron
concentrations no evidence of the effect of electron–electron scattering [29] has been
found so far.

7.3.2 Linewidth and the Longitudinal Relaxation Time of the Two-dimensional

Electron Gas in Si/SiGe

Normally, in an ESR apparatus, the first derivative of the microwave absorption is
measured with respect to the applied magnetic field. Unless a special setup is used,
the in-phase component of the absorption is detected and dispersion effects are elimi-
nated using an automatic frequency control circuit. Nevertheless, the ESR absorption
signal of a two-dimensional electron gas in Si/SiGe is characterized by a complex
line shape which results from a superposition of absorptive, χ ′′(ω), and dispersive,
χ ′(ω), components of the dynamic magnetic susceptibility. Moreover, with increas-
ing microwave power the absorption component changes its sign from the classical
positive to negative sign (see line shapes in Fig. 7.4).

The explanation of the ESR signal shape requires detailed studies of the mech-
anisms of excitation and power absorption. In particular, one has to consider the
resonance excitation by both the magnetic microwave field and the effective spin–
orbit field [40–42] and various mechanisms of dissipation of the absorbed power.
Some details are discussed below in Sect. 7.5 showing that because of the complex
dependence of the electric conductivity on spin polarization, the discussion of the
signal amplitude is difficult and does not allow for a simple analysis of the signal
saturation in order to evaluate the longitudinal spin relaxation rate. But, without any
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Fig. 7.4. Dependence of the ESR linewidth for perpendicular orientation of the applied field on
microwave power for two different Si/SiGe samples (solid and open dots). The line broadening
caused by saturation of the ESR signals allows us to evaluate the longitudinal relaxation rate
1/T1. The icons show the evolution of the line shape for different microwave powers

analysis of the power absorption mechanisms, one can evaluate the power dependent
resonance linewidth, ∆ω, and from that the longitudinal spin relaxation rate 1/T1.

A phenomenological deconvolution of the experimental line shape as a combi-
nation of χ ′′(ω) and χ ′(ω) allows us to evaluate ∆ω and its dependence on the mi-
crowave power, P . An example of the line broadening at high microwave power is
shown in Fig. 7.4. The fitting curves correspond to the known dependence ∆ω(P ) =
∆ω0(1 + γ 2B2

1T1/∆ω0)
1/2 [43, 44], where ∆ω0 is the unsaturated, narrowed line-

width, and B2
1 is the square of the microwave magnetic field, proportional to the

microwave power, P .
The single ESR line of Si/SiGe quantum well structures is very narrow. Depend-

ing on the electric properties of the two-dimensional electrons and on the direction of
the applied field the linewidth varies from 3 to 100 µT. The smallest width is observed
for layers with the smallest electron concentration.

The dependence of ∆ω on the momentum relaxation rate is shown in Fig. 7.5.
The narrowing of the linewidth with increasing momentum scattering frequency is
well visible in the intermediate scattering regime, indicating that the spin relaxation
is dominated by the Dyakonov–Perel mechanism. The dashed line shows the upper
limit of the Elliott–Yafet mechanism, which can play a role for low mobility only.
For low mobility, the total spin relaxation rate (see Fig. 7.5) approaches a value half
of the longitudinal relaxation rate, ∆ω ≃ 1/2T1. This observation demonstrates, that
the linewidth is dominated by the longitudinal spin relaxation, which is an attribute
of the Elliott–Yafet relaxation.
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Fig. 7.5. Longitudinal spin relaxation rate, 1/T1 (solid dots) and the doubled linewidth, 2∆ω,
(open squares) measured at θ = 0 as a function of the momentum relaxation rate. The dashed

line stands for the upper limit of the Elliott–Yafet rate: αEY = 2.4 × 10−6. After [28]

Another argument for the Elliott–Yafet spin relaxation can be also found in the
temperature dependence of the resonance linewidth. For samples with a moderate
electron mobility, ∆ω slightly decreases first with increasing temperature, indicating
enhanced motional narrowing—characteristic for the Dyakonov–Perel relaxation. At
higher temperatures, when the mobility decreases, it saturates, however, and then it
increases in the high temperature range. This leads to the conclusion that Elliott–
Yafet becomes the dominant mechanism at high temperatures. In addition, it shows
that the real value of αEY is not much smaller than the upper limit evaluated in
Fig. 7.5.

In the high mobility range a non-monotonic dependence of ∆ω on the scattering
rate is observed. Such a behavior cannot be explained solely by the dependence of
τp on the carrier concentration [22]. Low concentration layers are characterized by
a lower mobility. Therefore, the Dyakonov–Perel linewidth is expected to approach
the highest values for samples with high electron concentration and high mobility
corresponding to the longest τm. In addition, large fluctuations of the spin–orbit field
occur due to the large Fermi k-vector. The experimentally observed decrease of ∆ω,
for small momentum relaxation rates, indicates that τm is not directly ruled by τp
but rather by an additional mechanism of field modulation. The detailed analysis
brought us to the conclusion that the cyclotron motion, where the direction of the
carrier velocity changes continuously, leads to an additional modulation rate [28, 37,
38].

Experimental evidence for the effect of cyclotron motion on the modulation
frequency can be found in the angular dependence of the linewidth. For a two-
dimensional electron gas, the cyclotron frequency ωc = eB cos θ/m∗ scales with



190 W. Jantsch and Z. Wilamowski

Fig. 7.6. Dependence of the linewidth on the direction of the applied field for a two-
dimensional electron concentration of ns = 2 × 1011 cm−2 measured at a frequency of
ω = 2π · 9.4 GHz. At the ESR, the cyclotron frequency is ωc = 3.1 × 1011 s−1. The solid

line is described by (7.24), the dotted one corresponds to one half of the longitudinal re-
laxation rate and the dashed one to the contribution due to longitudinal fluctuations (7.25).
ΩBR and τp are fitting parameters listed in the figure. The corresponding Bychkov–Rashba
field is BBR = 6 mT. After [28]

the transverse component of the applied field. Therefore, ωc vanishes for in-plane
orientation of the applied magnetic field (θ = 90◦) and comparison of the linewidth
for different orientations of the magnetic field allows for an estimation of the role of
the cyclotron motion on the modulation frequency.

An example of the angular dependence of the linewidth on the direction of the
applied field is shown in Fig. 7.6. The linewidth is characterized by a pronounced
anisotropy. For perpendicular orientation of the applied field, (θ = 0), ωc is big and
∆ω is a few times smaller as compared to θ = 90◦, where no effect of the cyclotron
motion occurs. In that sense the strong anisotropy of ∆ω confirms the influence of
cyclotron motion on τm. The quantitative description requires also a discussion of
the anisotropy of the fluctuations of the Bychkov–Rashba field. The modeling is
presented below in Sect. 7.3.3. When the cyclotron motion does not play any role,
e.g., for strong momentum scattering, the linewidth for perpendicular orientation is
2/3 of the linewidth for in-plane orientation (see Fig. 7.7).

Further experimental evidence for the influence of the cyclotron motion on τc
can be found in the dependence of the anisotropy of ∆ω on electron mobility. For
low mobility, where ωcτp ≪ 1, the k-vector does not change considerably between
scattering events, and therefore τc is expected to approach τp. On the other hand, for
ωcτp ≫ 1, an electron performs a few cyclotron orbits between successive scattering
events, and then the modulation is expected to be defined by ωc [37].

The dependence of the linewidth anisotropy, as a function of the momentum
scattering rate, is shown in Fig. 7.7. The experimental values for the electron mobility
were evaluated from the cyclotron resonance linewidth. These data give the proper
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Fig. 7.7. Dependence of the spin relaxation anisotropy on the momentum relaxation rate.
Squares stand for the transverse relaxation, 1/T2(0◦) = ∆ω(0◦), and circles for 1/2T1(0◦),
both normalized by the in-plane linewidth 1/T2(90◦) [28]. The dash-dotted line is described
by (7.24) and (7.25). For 1/τp ≫ ωc, the anisotropy of the Dyakonov–Perel linewidth origi-
nating from Bychkov–Rashba splitting tends to a value of 2/3

trend, but because measurements were done at low frequency and no correction due
to the plasma shift has been taken into consideration [20] a moderate systematic
experimental error may occur (the carrier density here is much smaller than in the
case of the GaN quantum wells).

For high electron mobility (long τp) the anisotropy is most pronounced, con-
firming the role of the cyclotron modulation of the Bychkov–Rashba field in the
Dyakonov–Perel spin relaxation.

7.3.3 Dephasing and Longitudinal Spin Relaxation

Transverse and Longitudinal Relaxation Originating from the Classical

Dyakonov–Perel Relaxation

The discussion of the spin relaxation times usually is based on the Bloch equa-
tions, where the transverse relaxation rate, 1/T2 = ∆ω, defines the linewidth of
the resonance line, at least in the case when the line shape can be described by a
Lorentzian function [44]. The Lorentzian linewidth is related to the half-width by
∆ω1/2 = 2∆ω and with the peak-to-peak width of the differential line shape given
by ∆ωp−p = 2∆ω/

√
3 [44].

The transverse relaxation rate is equivalent to the dephasing rate of an ensemble
of precessing spins, and equal to the mean value of the relaxation rates of both trans-
verse spin components, 1/T2 = 1/Tϕ = (1/Tx′ + 1/Ty′)/2. The dashed coordinate
system is related to the external magnetic field, B, which is directed along the z′-axis,
while the x′ and y′ axes are perpendicular to the applied field. The dephasing rate
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originates from the spread of the precession frequency. In particular, fluctuations of
the z component of effective fields, as described by the variance Ω2

z′ , directly result
in the dephasing rate according to the Dyakonov–Perel model (see (7.12)):

(1/T2)Ωz′ = Ω2
z′τc. (7.13)

This is the result of motional narrowing of the initial line broadening caused by
the variance of the z′ component of the spin–orbit field and can be evaluated as the
Fourier transform (at zero frequency) of the correlator 〈Ω(0)Ω(t)〉.

Fluctuations of the transverse effective field components contribute to the spin
flip probability, 1/Tsf, i.e., they enhance the longitudinal spin relaxation rate by

1

T1
= 1

Tz′
= 2

Tsf
=

(

Ω2
x′ + Ω2

y′
)

τ ′
c. (7.14)

The dash at the modulation time indicates that the longitudinal relaxation rate is
dominated by the fluctuations at the Larmor frequency, ωL. Strictly speaking, 1/T1
corresponds to the Fourier transform of 〈Ωx(0)Ωx(t)〉 and 〈Ωy(0)Ωy(t)〉, both taken
at the Larmor frequency. For the simplest case of an exponential decay of the corre-
lation function, τ ′

c is obtained as

τ ′
c = τp

1 + ω2
Lτ 2

p

, (7.15)

whereas τc = τp.
When ωcτp ≥ 1, the Bychkov–Rashba field, and the corresponding precession

frequency of an individual spin, are modulated with the cyclotron frequency. Conse-
quently, the correlation function oscillates as well, and this oscillation decays with
the momentum relaxation time τp. Generally, the correlation times are described by

τ ′
c = τp

1 + (ωL − ωc)2τ 2
p

, (7.16)

and
τc = τp

1 + ω2
cτ

2
p

. (7.17)

The transverse components of the fluctuating fields contribute also to the resonance
linewidth, i.e., to the transverse relaxation rate, 1/T2. There are two approaches.
The classical one [2, 28] assumes that the total linewidth, i.e., the Bloch transverse
relaxation rate, is the sum of the dephasing rate caused by longitudinal fluctuations,
Ω2

z′ , as described by (7.13), and the contribution originating from fluctuations of the
transverse components, which is equal to half of the longitudinal relaxation rate (see
(7.15)). The linewidth is equal to

∆ω = 1

T2
=

(

1

T2

)

Ωz′
+ 1

2T1
. (7.18)
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The more systematic notation [29, 45] states that fluctuations of an effective field
along an axis α result in dephasing of the two other components. In particular, the
longitudinal relaxation rate is described by (7.14) and the transverse components are
given by

1

Tx′
= Ω2

y′τ
′
c + Ω2

z′τc (7.19)

and
1

Ty′
= Ω2

x′τ
′
c + Ω2

z′τc. (7.20)

The total linewidth is thus given by

∆ω = 1

T2
= 1

2

(

1

Tx′
+ 1

Ty′

)

= 1

2

(

Ω2
x′ + Ω2

y′
)

τc′ + Ω2
z′τc. (7.21)

That expression is equivalent to (7.18) with contributions given by (7.13) and (7.14).

Angular Dependence of the Dyakonov–Perel Spin Relaxation

The variance of the Bychkov–Rashba frequency due to the distribution of k-vectors
is described by (7.7) and (7.18). When the applied magnetic field is tilted by an angle
θ from the normal to the layer, then in the primed coordinate system related to the
applied field the components of the fluctuations in the Bychkov–Rashba frequency
are

Ω2
z′ = Ω2

BR

2
sin2 θ, (7.22)

and

Ω2
x′ + Ω2

y′ = Ω2
BR

2

(

cos2 θ + 1
)

. (7.23)

The dependence of the transverse relaxation rate on the direction of the external
magnetic field is [28, 38, 46]2

1

T2
= Ω2

BR(cos2 θ + 1)

4

τp

1 + (ωL − ωc)2τ 2
p

+ Ω2
BR sin2 θ

2

τp

1 + ω2
cτ

2
p

. (7.24)

2 In [28] a factor 2 was missing in the denominator of the expression for 1/T1 as pointed out
in [38]. This error came from the erroneous assumption that T1 and the spin–flip time were
equivalent. The expression in this paper has the same factors as in the paper by Glazov [38].
Additional discrepancies with [38] arose since there in Fig. 4 our data from Fig. 5 in [28] were
used, but for an unknown reason they were considered as the double linewidth. Here we are
analyzing the same data in Fig. 3.3. Our fitting value of τp is the same but ΩBR in [38] is
smaller (because the double linewidth is assumed). The second point concerns a detail in the
denominator in the part describing the contribution to 1/T2 due to the transverse fluctuations.
In our approach, we claim it is exactly half of 1/T1 (compare (7.24) and (7.25)). Consequently,
for the modulation time we take the Fourier transform at the Larmor frequency, which gives
a factor in the denominator. Glazov does the same to evaluate 1/T1, but he omits ωL when
discussing the same contribution to 1/T2.
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The first term is half of the longitudinal relaxation rate:

1

T1
= Ω2

BR(cos2 θ + 1)

2

τp

1 + (ωL − ωc)2τ 2
p

(7.25)

and the second one is the contribution originating from the longitudinal fluctuations:
(1/T2)Ωz′ .

7.3.4 Comparison with Experiment

Generally, comparison of all experimental data with the model well confirm that the
spin relaxation in Si/SiGe layers is dominated by the Dyakonov–Perel mechanism
caused by the Bychkov–Rashba field. The expressions for the spin relaxation rates
(7.24), (7.25) describe the anisotropy of the relaxation times (see Fig. 7.6) showing
the importance of the cyclotron modulation in the Dyakonov–Perel spin relaxation.
This effect is important in high mobility samples as it is seen in Fig. 7.5 where for
weak momentum scattering both spin relaxation rates, measured for perpendicular
orientation of the applied field, approach very small values. This narrowing does not
occur, when the magnetic field is oriented in-plane, and ωc = 0. As it is shown in
Fig. 7.7, in the high mobility range the strongest anisotropy (and thus the lowest
anisotropy ratio) of the linewidth is observed.

For high mobility quantum wells, the fitting of (7.24) and (7.25) to the angu-
lar dependencies of the relaxation rates allows for a sensitive evaluation of Ω2

BR
and τp. The lines in Fig. 7.6 correspond to the dependencies described by (7.24) and
(7.25) and the best fit parameter values are listed in the figure. The magnitude of the
Bychkov–Rashba field, BBR = 6 mT, for the sample with ns = 2 × 1011 s−1 fits well
to the Bychkov–Rashba field evaluated from the g-factor anisotropy (see Figs. 7.2
and 7.3). For low mobility samples the relaxation rates and their weak anisotropy
are determined by the product Ω2

BRτp and these two factors cannot be determined
independently from the experimentally observed linewidth. In that mobility range,
the linewidth anisotropy becomes independent of momentum scattering and tends to
a constant value of 2/3 (see Fig. 7.7).

In the high mobility range, for Ω2
BRτp ≫ 1, and for perpendicular orientation

(θ = 0), the spin relaxation and the anisotropy ratio, caused by the Dyakonov–Perel
mechanism, tend to zero. This allows us to investigate other spin relaxation mecha-
nisms. As it is seen in Fig. 7.7, the linewidth for (θ = 0) is larger than the value
expected for the Dyakonov–Perel mechanism, indicating the occurrence of other
spin relaxation mechanisms. As mentioned in Sect. 7.3.1, most likely the Elliott–
Yafet relaxation becomes visible. Generally, a high anisotropy of the linewidth re-
flects high quality of the two-dimensional layer with high electron mobility and
lack of other mechanisms, e.g., those originating from non-uniformity of the sam-
ple.

In principle, the structure inversion asymmetry in these samples could be avoided
using symmetrical doping. This asymmetry in our samples limits the spin lifetime to
a few microseconds at a magnetic field of 0.34 T. In practice, symmetrical doping
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Fig. 7.8. ESR spectra of a two-dimensional electron gas in a Si quantum well for various values
of an electric current density passing a 3 mm wide sample. Measurements were performed
with B perpendicular to the current and tilted by θ = −45◦ from the direction normal to the
sample plane, at a microwave frequency of 9.4421 GHz

does not improve the situation because donors “float” at the surface during the MBE
growth and any attempt to dope the deeper barrier results in donor proliferation into
the channel causing low mobility. Possibly symmetry could be achieved applying
some gate voltage to an asymmetrical sample or by some other technological trick.
In that case we can extrapolate the Elliott–Yafet rate for high mobilities, lets say
400,000 cm2/Vs, and we would expect then a spin lifetime of 25 µs.

7.4 Current Induced Spin–Orbit Field

Recently we found more direct evidence for the Bychkov–Rashba field in our one-
sided modulation doped quantum well samples [40]: when we pass a moderate dc
current through our two-dimensional electron gas we see a shift of the ESR line po-
sition and the shift changes its sign when either the current or the magnetic field
direction is reversed (see Fig. 7.8). A similar effect, namely the influence of the
current-induced Rashba field on the Hanle depolarization, has been observed by
Kalevich and Korenev [47]. The current-induced Bychkov–Rashba field is a direct
consequence of the k × σ term in the Hamiltonian. The application of an in-plane
electric field (as needed to obtain the electric current, jx , see Fig. 7.9) causes a shift
of the Fermi circle and thus an additional δkx for each electron. This results in the ad-
ditional Zeeman splitting which manifests itself in a shift of the spin resonance field.
The corresponding Bychkov–Rashba field is perpendicular to both δkx and the z di-
rection in which the symmetry is distorted. Therefore an additional δBBR is caused
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Fig. 7.9. A current jx passes through a two-dimensional electron gas (xy plane). The Fermi cir-
cle shifts by an amount δkx . Within this approximation, each electron experiences a Bychkov–
Rashba field, δBBR, in addition to that resulting from its thermal momentum. The static field
B0 (drawn not to scale) is applied in the yz plane to enable ESR measurements. After [40]

by δkx , which is perpendicular to δkx , and it is in-plane:

δBBR = βBR

nse
(n × j). (7.26)

Here βBR = aBRm∗/gµBh̄. When the static field is applied in-plane and perpendicu-
lar to the dc current, the additional δBBR is either parallel or anti-parallel to the static
field (see Fig. 7.9) which is seen by the shift in ESR.

The observed angular dependence of the ESR field is shown in Fig. 7.10 with
and without current. When the current direction is inverted, the shift in the resonance
field, which reflects directly the current induced Bychkov–Rashba field, is also re-
versed. Altogether this angular dependence shows all features expected from the
k × σ term.

This finding implies a number of effects and consequences. It shows directly
that the ESR field can be adjusted by a current. This kind of “ESR tuning” could
be utilized, e.g., for selective spin manipulation: in a system of wires in a resonator,
spins can be manipulated in one particular wire by bringing that wire into resonance
by some current pulse. Once in resonance, the electron spins precess at the Rabi
frequency (determined by the microwave intensity) and a specific rotation angle can
be achieved by choice of the current pulse duration. A Rabi frequency of 100 MHz
can been obtained in spin–echo experiments and thus up to about 100 rotation periods
can be achieved within the dephasing time of more than 1 µs.

The observation of a dc Bychkov–Rashba field implies also the possibility to
generate ac fields by applying ac currents. This should be possible up to frequencies
of the order of the inverse momentum scattering time, τp. (Beyond that frequency we
have ballistic oscillations which still should give rise to spin rotation.) Experimental
evidence for such effects are described in the next section.
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Fig. 7.10. Angular dependence of the ESR field for a current of J = 0 (squares) and J =
±1 mA (open and full circles, respectively). The electron concentration is ns = 5×1011 cm−2

and the sample width w = 3 mm. After [40]

7.5 ESR Excited by an ac Current

7.5.1 Electric Dipole vs. Magnetic Dipole Spin Excitation

It has been shown by Rashba in his early theoretical work that the spin–orbit cou-
pling causes electric dipole transitions between the states of a spin doublet [17]. The
transition probability of electric dipole transitions, when allowed, can be by orders of
magnitude higher than that of the magnetic dipole transitions [17, 48, 49]. Therefore
even a small admixture of excited states, which would allow electric dipole transi-
tions, can lead to a substantial increase of the ESR amplitude. The investigation of
the absolute ESR amplitude is experimentally difficult. Therefore experimental evi-
dence of electric dipole ESR usually is based on a specific angular dependence of the
ESR amplitude. In contrast to magnetic dipole transitions, the efficiency of electric
dipole transitions strongly depends on the experimental geometry. In particular, the
electric dipole transition probability vanishes for specific relative orientations of the
sample, the external static magnetic field and the direction of the microwave electric
field. Dobrowolska et al. demonstrated the occurrence of such effects specific for
the electric dipole ESR of conduction electrons (originally called electric dipole spin
resonance) in a broad class of semiconductors and metals [50].

Recent papers, investigating spin properties of high mobility two-dimensional
electrons, indicate some unsolved problems in understanding the details of electric
dipole ESR. Originally in Rashba’s model dissipation mechanisms were not taken
into account [48, 49]. On the other hand, it is experimentally well evidenced now that
the electric dipole ESR scales with the electron mobility [40]. A general theoretical
treatment, taking into account momentum and spin dissipation, has been proposed
by Duckheim and Loss [51].
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The finding of the effect of the current induced Bychkov–Rashba field, as de-
scribed in Sect. 7.4, may give new insight into the mechanisms of electric dipole
ESR. The main idea is that the electric microwave field induces an ac electric current
which leads to an effective ac magnetic field that stimulates spin–flip transitions. The
ac current is proportional to the electron conductivity, and the dependence of the ef-
fective field on electron dissipation becomes thus obvious within this approach. In
that sense this approach of current induced transitions is different from the electric
dipole model. Both approaches describe, however, the same phenomenon, namely,
the excitation of the spin resonance by an electric field via spin–orbit coupling. As it
is shown by the recent papers [41, 51] two different limits should be considered. The
model of current-induced transitions describes the case when a low frequency field
induces a drift current while the electric dipole model stands for a high frequency
range were a displacement current is induced, equivalent to the dissipationless oscil-
lation of an electric dipole.

7.5.2 The ESR Signal Strength in Two-dimensional Si/SiGe Structures—

Experimental Results

Sensitivity of ESR in Two-dimensional Si/SiGe

The ESR of two-dimensional electrons in Si can be easily observed in spite of the
fact that the number of spins is rather small. For a typical sample area of 10 mm2 the
number of spins is of the order of 108. Nevertheless, the ESR can be easily observed
with a reasonable signal to noise ratio.

The narrow linewidth of the two-dimensional electron resonance in Si/SiGe struc-
tures is only one reason for the high sensitivity of ESR. A comparison of the observed
sensitivity with the instrument specifications (only a rough estimation is possible)
shows that the experimental sensitivity is at least by an order of magnitude higher
than expected for magnetic dipole ESR, indicating the role of the spin–orbit cou-
pling in the resonance excitation and detection mechanisms. The ESR signal is also
big enough to allow for spin echo experiments [24].

Temperature Dependence

With increasing temperature, the line shape and the width of the ESR in Si/SiGe does
not change significantly. In the low temperature range the width slightly decreases
with increasing temperature reflecting the increase of the momentum relaxation rate
and thus less effective Dyakonov–Perel spin relaxation. In the high temperature range
a weak increase of the linewidth is observed, probably due to spin–phonon cou-
pling [52].

Investigations of ESR above 40 K are very difficult because the signal amplitude
strongly decreases. As it was shown recently, the decrease of ESR signal amplitude is
correlated with momentum scattering and scales with the square of the electron mo-
bility [18, 41]. This observation clearly indicates that the ESR in Si/SiGe structures
is induced by an ac electric current via spin–orbit coupling.
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Power Dependence of the Line Shape and Amplitude

The line shape of the two-dimensional electron resonance in Si/SiGe layers is very
different from the classical ESR shape which is usually described by the imag-
inary part of the dynamic magnetic susceptibility, χ ′′(ω), and the corresponding
Lorentzian shape function (see Fig. 7.4). The experimentally observed line shape is
of the so-called Dysonian type [53], i.e., it can be described by a combination of real
(dispersive), χ ′(ω), and imaginary (absorption), χ ′′(ω), contributions [22, 40]. The
amplitudes of both contributions depend on the experimental geometry, microwave
power, temperature, etc. A deconvolution of the experimental line shape into these
two contributions is easily achievable and all dependencies can be independently
investigated for both types of signals.

Angular Dependence of the Amplitudes of ESR Signals

As discussed above, a rotation of the sample in the external magnetic field leads to
a variation of the resonance position and the linewidth. The amplitude of the signal
additionally depends on the position of the sample in the microwave cavity, i.e., on
the magnitude of the magnetic, B1, and electric, E1, components of the microwave
field and on the direction of both components [18, 40].

The complex angular dependence of the ESR amplitude shows that the ESR is
not of the magnetic dipole type but rather that it is excited by an effective spin–orbit
field. In that case, when the ESR can be excited by both magnetic dipole (i.e., by B1)
and by the current induced or electric dipole field (i.e., by E1) the signal amplitude
depends on the experimental geometry in a really complex way [40, 42, 54].

7.5.3 Modeling the Current Induced Excitation and Detection of ESR

Two different types of electrical excitations can be distinguished [40, 51]. In the low
frequency range, when ωτp ≪ 1, the drift current is limited by momentum scattering.
In the high frequency limit, when ωτp ≫ 1, the displacement current dominates and
the amplitude of the current becomes independent of momentum dissipation. This
type of electric dipole ESR has been analyzed by Rashba and coworkers [17, 48, 49]
and there is ample experimental evidence for it [50].

A detailed comparison of current induced and electric dipole ESR will be pre-
sented elsewhere [42]. The effective Bychkov–Rashba field is given by (7.26), where
now BBR and j are complex quantities describing amplitudes and phase shifts.
Within the Drude model, the current j = σ̂ (ω)E1 is induced by the ac electric
field and described by the complex conductivity:

σ̂ (ω) = nse
2τp

m∗
1

1 − iωτp
. (7.27)

The driving force for ESR is obtained from the transverse component of the ac
Bychkov–Rashba field, |BBR⊥|. In general, this field depends in a complex way on
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Fig. 7.11. Dependence of the ESR driving field on frequency. The effective ac field is normal-
ized by βBReE/m∗ and evaluated for the material parameters of Si/SiGe layers

geometry and frequency. For a specific geometry, however, when microwave electric
field, E1, and external magnetic field B0 are parallel and both are oriented in the
sample plane, the expression for |BBR⊥| has a simple form:

|BBR⊥| =
βBReE1

m∗
τp

√

1 + ω2τ 2
p

. (7.28)

This dependence is plotted in Fig. 7.11 as a function of frequency for various values
of τp. The vertical axis is normalized by βBReE1/m∗ and evaluated for the material
parameters of Si/SiGe layers. To compare |BBR⊥| with the driving force in magnetic
dipole excitation, caused by a microwave field B1, we assume that the sample is
placed at the respective positions with maximum amplitude of E1 and B1 in the
microwave cavity.

In Fig. 7.11 one can distinguish two ranges of frequency with different char-
acteristic dependencies. At low frequency, ωτp ≪ 1, the driving force of current
induced ESR is independent of frequency and proportional to the electron mobility.
Even for Si/SiGe, where the spin–orbit interaction is rather small, its driving force
can strongly exceed that of magnetic dipole transitions. A typical value of τp for high
quality Si/SiGe is on the order of 10−11 s. Therefore |BBR⊥| is two orders of magni-
tude higher than B1. Because the absorption signal scales with the square of the ac
field, the current induced ESR signal can be 4 orders of magnitude stronger than the
magnetic dipole ESR signal.

In the high frequency range, for ωτp ≫ 1, the driving force of the electric dipole
ESR decreases with frequency and becomes independent of the electron mobility.
This originates from the fact that the amplitude of the charge oscillations decreases
with frequency. As a result, for very high frequency, the electric dipole ESR signal
becomes smaller than that caused by magnetic dipole transitions.
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7.5.4 Power Absorption, Line Shape

As long as the effect of the ac electric field can be expressed by the time dependent
Bychkov–Rashba field, the power absorption originating from spin–orbit interaction
can be described by the Bloch equations, which lead to the known expression for the
power absorption. The power absorbed per unit area is described by [44]

dP

dA
= 1

2
µ0ωχ ′′(ω)|HBR⊥|2. (7.29)

This power is proportional thus to the imaginary part of the dynamic susceptibility,
χ ′′(ω), which in turn is proportional to the Lorentz shape function, fL(ω). For the
discussed experimental geometry, the final expression for the frequency dependence
of the ESR, caused by spin–orbit interaction, is

dP

dA
= 1

2µ0

(

βBReE

m∗

)2 ωτ 2
p

1 + ω2τ 2
p

πγM0fL(ω). (7.30)

The discussion presented above is based on the simultaneous solution of the Bloch
equations for the precession of the magnetic moment and the Boltzmann equation
for the motion of electrical charges. The solution leads to the conclusion that the
line shape is expected to be of pure absorption type. The experimentally observed
line shape of the absorption spectra shows, however, not only the absorption-like
contribution, proportional to χ ′′(ω), but also a pronounced dispersive contribution,
proportional to the dispersive component χ ′(ω). The occurrence of this component
can neither be explained by the model described above, which discusses a channel
of energy transfer from the ac electric field via excitation of charge motion, to the
spin system, nor by the Dyson effect [53], which for two-dimensional system also
predicts a pure absorption line shape.3

Therefore, the experimentally observed line shape indicates that other channels
for the energy transfer are spin dependent leading to the occurrence of a dispersive
component of the absorption signal. We infer that the dispersive component reflects
the spin dependent Joule heating, namely, the dependence of the electron velocity on
the precession phase and precession angle.

7.6 Spin Relaxation under Lateral Confinement

Interest in the spin properties of electrons, confined in all three dimensions, was
stimulated recently by the fact that the spin–orbit driven spin relaxation processes can
be suppressed by confinement [55–57] and long spin coherence times are necessary

3 Dyson considered the ESR line shape in metals. He showed that spin diffusion beyond
the skin depth and the effect of the induction of eddy currents by the oscillating magnetiza-
tion leads to a dispersive component of the absorption signal. In two-dimensional samples,
however, both mechanisms are not effective.
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for quantum computers. Present technology allows lateral confinement by chemical
composition to a radius down to about 50 nm. Much smaller confinement radii occur
in impurity bound electron states. Shallow donors have a ground state Bohr radius
of about 3 to 7 nm, whereas deep impurity states are confined essentially to the unit
cell containing the defect. At present, mostly artificial quantum dots and shallow
impurity states are considered as candidates in quantum computing concepts.

Shallow and deep defect states in Si were investigated most thoroughly in the
1960s and ESR was a most successful method to reveal microscopic details of the
electronic defect states. Right from the beginning it was clear that the low tempera-
ture spin coherence was limited by hyperfine interaction of the bound electron with
nuclear spins of the host material [3]. Hyperfine interaction is described by the Fermi
contact term, i.e., the probability of finding an electron at the site of a nucleus with a
spin I . For delocalized electrons in two-dimensional or three-dimensional structures,
this probability is small and the wave function extends over a huge number of such
sites, so that the effect is averaged out.

For the highly localized defect states, on the other hand, only a small number of
nuclear spins are seen by the bound electron and their discrete arrangement and their
finite number of quantized orientations (2I + 1) may lead to well resolved spectra
which yield very detailed information on the defect composition and its geometry [3].
Si was the best investigated material right from the beginning, mostly because of its
importance as the main material in electronics, but also because of the low abundance
(<5%) of 29Si (I = 1/2) which allows for well resolved hyperfine splittings in the
spectra in contrast to III–V compounds where each host atom carries nuclear spin.

In the first part of this section we recall early and recent work on shallow donors
in Si which demonstrate the probably longest spin coherence times seen in solids.
Work on quantum dots in Si is still in its infancy in contrast to III–V compounds,
mostly because of technological issues. In the second part of this section we discuss
first results which do not show the expected quenching of spin dephasing, possibly
because of electron–hole interaction of photogenerated carriers. We find that effects
of hyperfine dephasing also become appreciable.

7.6.1 Shallow Donors

Hyperfine Interaction in Shallow Donors

The basic spin properties of shallow donors in Si were investigated 50 years ago
[3, 52, 58]. A full comprehensive picture was experimentally established by Feher
verifying the theoretical description of Kohn and Luttinger [59]. Using the method
of electron–nuclear double resonance (ENDOR) in which the effect of a nuclear spin
transition on the ESR is detected, Feher [3] was able to map out the wave function of
donor-bound electrons in Si: the hyperfine splitting caused by a particular host atom
with nuclear spin within the Bohr radius of the donor bound electron is proportional
to the probability of finding the electron at this site, ψ2(r l), where ψ is the wave
function of the bound electron and r l a vector pointing from the donor nucleus to
the 29Si site. The hyperfine interaction with the nucleus at r l thus depends on the
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orientation of the vector r l with respect to the external static magnetic field. Analysis
of the NMR induced spectra allows thus to determine ψ2(r l).

Feher was able to show in this way that ψ2(r l) does not fall off monotonically
with increasing r l as one might expect for s states. Due to the six-fold degeneracy of
the Si conduction band minimum, the donor wave function is a linear combination
of six terms related to the Bloch waves at the six minima, multiplied by hydrogen-
like envelope functions. For finite r l , the six oscillatory terms interfere and cause
additional maxima of ψ2(r l). In addition, he obtained also a value for the position of
the conduction band minima which occur at 85% of the radius of the Brillouin zone
in good agreement with band structure calculations [3].

In this most influential paper, Feher also analyzed the observed ESR line shape
and thus the spin coherence time. In the case of dilute, noninteracting donors in pure
Si, the line shape results from the actual distribution of the host atoms with nuclear
spins within the orbit of the bound electron and their spin orientation. The observed
Gaussian ESR line shape with a linewidth of 2.3 G for the ESR of Sb, P, As donors in
Si at 1.25 K could be explained by summing up the contributions of hyperfine cou-
pling to all the 29Si host atoms situated within reach of the donor electron, identified
before by the ENDOR experiments [3].

Recently, in the context of developing concepts for quantum computers, inter-
est in the spin properties of shallow donors has revived. Feher had obtained a spin
relaxation time of T1 = 3 000 s at 1.25 K at 0.32 T, falling off rapidly with tempera-
ture [58]. In view of the inhomogeneous broadening due to hyperfine interaction, it
appeared natural to apply the spin–echo techniques to distinguish homogeneous and
inhomogeneous contributions to spin dephasing of the donors. Tyryshkin et al. inves-
tigated isotopically enriched 28Si, in which the concentration of 29Si was less than
0.1%. In that material, they found a donor spin coherence time of 60 ms which they
consider as the intrinsic decoherence time for an isolated phosphorus donor bound

electron in Si at 6.9 K. They seem to be the longest electron spin coherence times

ever observed [7, 60].
Summarizing, for strongly confined electrons the decoherence rate of an ensem-

ble of electron spins is dominated by the hyperfine coupling to nuclear spins. The
dynamics of the relaxation is additionally complicated due to spin diffusion, which
results in non-exponential relaxation processes. A smart application of the spin–echo
technique by Tyryshkin et al. [7, 60] allows to distinguish decoherence of the ensem-
ble of donors in the presence of spin diffusion from the transverse spin relaxation
of a single donor. The main contribution to the decoherence rate originates from the
variety of configurations of nuclear spins. The decoherence rate of individual spins is
much smaller, determined by fluctuations of nuclear spins [61] and by the longitudi-
nal relaxation mechanisms. This fact stimulated Stoneham et al. to propose a Si based
quantum computer making use of deep donor qubits which can be spectroscopically
distinguished due to their surrounding [62].

Using spin–echo methods, the effect of dephasing due to hyperfine interaction
can be repaired as long as the time required to invert the spin orientation (by a so-
called π-pulse) is short as compared to the spin coherence time. In addition, the
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principle of Stark tuning of the ESR of 121Sb donors as a method for selective spin
manipulation has been demonstrated recently [63].

Longitudinal Spin Relaxation in Donors

In contrast to the Dyakonov–Perel relaxation in metallic layers, which is almost tem-
perature independent (apart from the effect of a temperature dependent scattering
rate) down to very low temperature (kBT ≪ µB), the longitudinal rate of the donor
spins is temperature activated in a wide range [7, 60]. For donors in Si the activation
energy corresponds to the valley splitting of the donor ground state. The longitu-
dinal relaxation rate 1/T1 is thus attributed to the well-known Orbach process [64]
in which thermal excitation to real excited states stimulate spin flip processes due
to spin–orbit interaction. In the high temperature range (T > 10 K), for 28Si:P, the
longitudinal relaxation rate therefore exceeds the transverse one caused by the hy-
perfine coupling. The spin coherence becomes lifetime-limited which constitutes the
real limitation for spin coherence in donors in Si.

7.6.2 From the Two-dimensional Electron Gas to Quantum Dots

The spin relaxation mechanisms in two-dimensional layers and in a donor are com-
pletely different. In the two-dimensional limit at low temperature the longitudinal
and transverse relaxation of the spin ensemble are dominated by Elliott–Yafet or by
Dyakonov–Perel relaxation, where the spin–orbit field is modulated by momentum
scattering and in the latter case also by the cyclotron motion. In the other extreme, for
a donor bound spin, decoherence is caused by hyperfine coupling, while the (longi-
tudinal) spin–flip rate is governed by thermal excitations from the ground to excited
state within the ground state multiplet caused by valley splitting.

We expect thus a qualitative change in the mechanism of spin relaxation when
the effective confinement radius, r , becomes shorter than the electron mean free
path, λp. For an electron mobility of 105 cm2/Vs in Si and an electron concentra-
tion ns = 5 × 1011 cm−2 the mean free path is λp ∼= 0.8 µm. For quantum dots of
smaller size, r < λp, the modulation frequency in the Dyakonov–Perel mechanism
is determined rather by the confinement frequency, but not by the momentum relax-
ation rate. In this stage, scattering at the dot surface dominates momentum scattering
imposing a new contribution to the modulation of the spin–orbit field. As a conse-
quence, the Dyakonov–Perel spin relaxation rate is reduced and other mechanisms
become dominant.

Finally, when the states become localized to an extent such that sharp levels exist
which are separated by more than kBT , spin–orbit effects are suppressed [55]. In the
quantum mechanical description, the continuous density of state, characteristic for
two-dimensional systems becomes quantized, with an energy splitting of h̄ωconf ∼=
4h̄2π2/r2. The confinement frequency ωconf is inversely proportional to the square
of the quantum dot diameter, and thus the Dyakonov–Perel rate is strongly reduced
in small quantum dots. For example, for r = 20 nm the reduction amounts to 3 orders
of magnitude.
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7.6.3 Spin Relaxation and Dephasing in Si Quantum Dots

Extremely long spin lifetimes (>ms) [56] but short dephasing times (10 ns) [57] have
been already found in III–V quantum dots. For Si the situation is less favorable to
start with: the higher effective mass requires smaller structures which are difficult
to make. Only recently gate defined single electron transistor structures and double
dots made of Si were reported in the literature [65, 66] whereas in III–V compounds
they have been used for many years already.

Another approach to achieve localization of electrons in Si is based on the self-
organized or the seeded growth of Ge dots on Si [67, 68]. Due to the large lattice mis-
match of Si and Ge, the latter shows two-dimensional growth only for 2–3 monolay-
ers and switches spontaneously to the 3D Stranski–Krastanow growth mode. These
islands are under compressive strain and cause dilatational strain in the adjacent Si
layer. Dilatation in Si causes a lowering of the conduction band and thus localiza-
tion of electrons. The strain distribution is essential for the splitting of the sixfold
degenerate conduction band states. Usually the lowest state derives from the doubly
degenerate ∆z valley which is oriented in the growth direction.

In order to reduce the fluctuations in size and location of self-organized grown
dots, the method of seeded growth was developed in which prestructured surfaces
are used to obtain controllable nucleation of quantum dots. Using various nanolitho-
graphy techniques, regular arrays of pits can be produced on a Si (100) surface.
Typically, the period is 200 nm, the pit diameter less than 100 nm [67, 68].

Both in self-organized dot samples and seeded growth samples spin resonance
has been observed: a single narrow line is seen during illumination with sub-band-
gap light [69]. Typically the ESR linewidth is of the order of a few tenths of a Gauss,
one order of magnitude smaller than that of shallow donors, but one order of magni-
tude wider than that of the two-dimensional electrons. Surprisingly there was no big
difference between self-organized and seeded samples in spite of a quite substantial
improvement in the size distribution of the latter ones.

Spin–echo experiments were performed in order to measure the spin lifetime and
coherence in these quantum dots [69]. As a result, we saw practically no improve-
ment in the spin lifetime as compared to two-dimensional electrons. Probably the
presence on the holes in Ge islands in the direct neighborhood of the Si quantum
dots opens a fast spin relaxation channel, similar to the Bir–Aronov–Pikus mech-
anism [33, 70]. This mechanism is known to be very effective because the strong
spin–orbit interaction mixes holes states leading to strong spin lattice relaxation of
holes. The electron–hole coupling is evident from the effective photoluminescence
of electron–hole pairs seen in the discussed type of quantum dots.

The concept of electron spin relaxation via coupling to holes is supported by the
angular dependence of the spin relaxation rate. In the Dyakonov–Perel relaxation the
cyclotron motion, which appears for perpendicular magnetic field, leads to a faster
modulation and thus to narrowing of the resonance linewidth (see Sect. 7.3.2). For
the Si quantum dots, however, the linewidth and the relaxation rate are higher for
perpendicular than for in-plane orientation of the applied magnetic field. This op-
posite angular dependence of the linewidth could be accounted for by noting that
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the perpendicular magnetic field leads to an additional localization of states amplify-
ing electron–hole coupling. The main relaxation effect is expected to occur for hole
states in the Ge quantum dots which are less localized than the electron states in Si
and comparable with the magnetic length.

In these experiments we obtained a spin coherence time of about 300 ns, much
longer than the coherence time observed for III–V quantum dots (10 ns) but shorter
than in Si quantum wells. We expect a shorter spin coherence time because of the
hyperfine interaction of the localized electrons with the 29Si nuclei within the dot.
A detailed modeling of the effect of hyperfine interaction on spin coherence, as was
done by Feher for the shallow donors, is hardly possible here since these quantum
dots show a wide variation in size and shape in addition to the statistical arrangement
of 29Si nuclei within the dot.

At present there is also no way to model the wave functions of the confined elec-
trons reliably. Therefore we adopted a most simple model to estimate the hyperfine
broadening ∆Bhf. We assume that the rms value of the hyperfine field due to 29Si
scales with the inverse volume V of the quantum dot and that each 29Si contributes
in the same way to the hyperfine broadening. In this way we obtain a broadening
of: ∆Bhf = chf(a29/V )1/2, where chf is a phenomenological constant describing the
strength of the hyperfine interaction which can be estimated by comparison to the
effect for a shallow donor, and a29 stands for the abundance of nuclear spin iso-
topes. We obtain thus a broadening of 0.1 G for a dot with a diameter of 60 nm and a
height of 5 nm which is the order of magnitude for the size of our dots, and the value
obtained is comparable also to the observed linewidth.

7.7 Conclusions

Silicon definitely is a candidate for a material with long spin lifetime and spin coher-
ence. The spin coherence time of donors in isotopically purified 28Si was found to be
at least 60 ms which seems to be the longest ever seen. In a modulation doped two-
dimensional electron gas with high electron mobility there is ample evidence for the
dominating effect of the Bychkov–Rashba spin–orbit field which limits both the spin
lifetime and coherence in spite of the weak spin–orbit interaction. The Bychkov–
Rashba field also enables interaction of currents and spins which manifests itself in
a shift of the ESR, when a dc current is applied to the two-dimensional electron gas.
This effect could be used to tune the resonance to a given frequency. It is also re-
sponsible for a microwave current-induced contribution to the ESR which can be by
orders of magnitude more efficient than the usual magnetic dipole transition.

First experiments on the spin coherence in laterally confined Si structures did not
show the anticipated prolongation of the spin lifetime—for strain induced quantum
dots it is still on the order of 0.3 µs or less. We attribute this to the fact that in these
undoped structures electron–hole pairs were generated by optical interband excita-
tion and the resulting electron–hole pair spin interaction reduces the spin lifetime.
Residual effects of spin–orbit interaction are unlikely since the linewidth anisotropy
shows the opposite behavior as compared to two-dimensional layers.
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It is also not simple to estimate the spin–flip relaxation rate in Si quantum dots
without this effect. By analogy to the longitudinal relaxation of donor electron spins,
spin relaxation is caused by thermal excitation within the valley multiplet. For
strained two-dimensional Si layers the six-fold degeneracy of the bulk Si (and donors
in bulk Si) is reduced to a two-fold valley degeneracy. The remaining degeneracy
could be a serious problem in the construction of a quantum computer but the de-
generacy can be lifted by a lateral confinement. Recent experimental data show that
atomic steps cause a splitting of the ground doublet. Modification of the potential
by a point contact leads to a splitting in Si/SiGe structures by up to 1.5 meV, corre-
sponding to an activation temperature of 17 K [8]. A higher valley splitting can in
principle be obtained by a construction of a low symmetry quantum dot.
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Spin Hall Effect

M.I. Dyakonov and A.V. Khaetskii

Since the electrons have an internal degree of freedom, spin, they are characterized
not only by charge density and electric current, but also by spin density and spin
current. The spin current is described by a tensor qij , where the first index indicates
the direction of flow, while the second one says which component of the spin is
flowing. Thus, if all electrons with concentration n are completely spin-polarized
along z and move with a velocity v in the x direction, the only non-zero component
of qij is qxz = nv.1

Both the charge current and the spin current change sign under space inversion
(because spin is a pseudovector). In contrast, they behave differently with respect
to time inversion: while the electric current changes sign, the spin current does not
(because spin, like velocity, changes sign under time inversion).

This chapter is devoted to transport phenomena, predicted a long time ago [1, 2]
and originating from the mutual transformation of the charge and spin currents due
to spin–orbit interaction. Recently, this has become a subject of considerable interest
and intense research, both experimental and theoretical.

8.1 Background: Magnetotransport in Molecular Gases

Like much of the spin physics in semiconductors, the subject of this chapter has its
roots in atomic physics. Atoms and molecules also have internal degrees of freedom,
their orbital and/or spin angular momentum, which can have an influence (albeit a
rather weak one) on transport properties of gases. Historically, the first phenomenon
of this kind was the Senftleben effect. In 1930, Senftleben discovered [3, 4] that the

1 Since s = 1/2, it might be more natural to define the spin current density for this case
as (1/2)nv. We find it more convenient to omit 1/2, because this allows to avoid numerous
factors 1/2 and 2 in other places. It would be more correct to describe our definition of qij as
the spin polarization current density tensor. Below we will use the shorthand “spin current”.
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electrical resistance of a thin platinum wire, immersed in oxygen gas, slightly (less
than 1%) increases when a weak magnetic field is applied. The effect was not seen
for other gases. Senftleben understood that the observed resistance increase is due to
the magnetic field induced decrease of the thermal conductivity of oxygen.2

The influence of the magnetic field on the transport properties of oxygen was
explained by Gorter [5]. The O2 molecule is one of only two diatomic molecules (the
other one is NO), that are diamagnetic: in its ground state it has a non-compensated
total electron spin, equal to 1, as well as an associated magnetic moment. Because
of the spin–orbit interaction, this spin in the ground state is directed along the orbital
momentum related to the rotation of the molecule.

Qualitatively, one might say that there is a mixture of two species with angular
momenta parallel and perpendicular to the velocity. The important point is that the
transport cross section depends on the orientation of the axis of rotation with respect
to the translational velocity, the collisions being more effective when the angular mo-
mentum and the velocity are aligned. As a result of this asymmetry, the two species
have thermal resistances that are slightly different, and the total resistance will be
less than it would be in the absence of asymmetry.3

The role of the magnetic field is to produce a precession of the rotation axis
of the molecule (or its angular momentum) with a frequency Ω , depending on the
magnetic moment of the molecule. If the magnetic field is strong enough for the
angular momentum to make many rotations during the time τp between collisions,
Ωτp ≫ 1, then the effect of asymmetry in scattering will be averaged out. As a result,
the two species become identical, and the thermal resistivity will increase. Since
τp is inversely proportional to the gas pressure, P , this explains the experimental
observation that the effect scales as B/P .

More recently, Gorelik [6] experimentally observed that the thermal conductiv-
ity of oxygen shows spectacular irregular oscillations as a function of the magnetic
field. The oscillation amplitude is very small, on the order of 10−5, but well repro-
ducible. An explanation proposed in [7] relates these oscillations to small changes
in the transport cross section which occur at numerous level crossing in the rota-
tional spectrum in the presence of the spin–orbit interaction. It is a pity, that those
experiments were never reproduced.

Thus, there is a variety of transport phenomena in molecular gases, related to the
existence of internal degrees of freedom, which can be influenced by the application
of a magnetic field.

2 The resistance of a metal increases with temperature, while the temperature depends on the
balance between the Joule heating and the cooling via thermal conductivity of the surrounding
media. Thus, a decrease of the thermal conductivity will result in an increase of the wire
temperature, and hence of its resistance.
3 Consider two parallel resistances R+∆R and R−∆R. The total resistance will be smaller

by an amount ∼(∆R/R)2 compared to the case when both resistances are equal to R.
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8.2 Phenomenology (with Inversion Symmetry)

We will now discuss, from pure symmetry considerations, what phenomena of spin-
charge coupling are, in principle, possible. For the moment, we restrict ourselves
to an isotropic media with inversion symmetry. This does not mean that the results
obtained below are not valid when inversion symmetry is absent. Rather, it means
that we will not take into account additional specific effects, which are due entirely
to the lack of inversion symmetry.

It will be shown, that the phenomenological approach allows to describe a num-
ber of interesting physical effects by introducing a single dimensionless parameter.

8.2.1 Preliminaries

To begin, consider spin-up and spin-down (with respect to the z axis) electrons and
suppose that we force our electrons to flow in the direction x. Let q±

x be the corre-
sponding flow densities, which are not necessarily equal.

The crucial point is that because of the spin–orbit interaction these currents will
induce currents of opposite signs for the two spin species in the y-direction4:

q±
y = ∓γ q±

x , (8.1)

where γ is a dimensionless parameter proportional to the strength of the spin–orbit
interaction. We assume that |γ | is small, the sign of γ is a priori unknown. Note, that
under time inversion we have: q± → −q∓. Consequently, γ changes sign under

time inversion.
We now introduce the total (charge) flow density q = q+ + q−, and the spin

current qiz = q+
i − q−

i . It follows from (8.1) that

qy = −γ qxz, qyz = −γ qx . (8.2)

These equations demonstrate the mutual transformations of spin and charge currents.

8.2.2 Spin and Charge Current Coupling

More accurately, the transport phenomena related to coupling of the spin and charge
currents can be described phenomenologically in the following simple way [8]. We
introduce the charge and spin currents, q(0) and q

(0)
ij , which would exist in the ab-

sence of a spin–orbit interaction:

q(0) = −µnE − D∇n, (8.3)

q
(0)
ij = −µEiPj − D

∂Pj

∂xi

, (8.4)

4 This is reminiscent of the Magnus effect: a spinning tennis ball deviates from its straight
path in air in a direction depending on the sign of its rotation. From the point of view of
symmetry, this effect is described by (8.1).
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where µ and D are the mobility and the diffusion coefficient, connected by the Ein-
stein relation, P is the vector of spin polarization density.5

Equation (8.3) is the standard drift–diffusion expression for the electron flow.
Equation (8.4) describes the spin current of polarized electrons, which may exist
even in the absence of a spin–orbit interaction simply because spins are carried by
the electron flow. We ignore possible dependence of mobility on spin polarization,
which is assumed to be small.

If there are other sources for currents, like, for example, a temperature gradient,
the corresponding terms should be included in (8.3) and (8.4).

A spin–orbit interaction couples the two currents and gives corrections to the
values q(0) and q

(0)
ij . For an isotropic material with inversion symmetry, the only

possibility is6

qi = q
(0)
i + γ ǫijkq

(0)
jk , (8.5)

qij = q
(0)
ij − γ ǫijkq

(0)
k , (8.6)

where qi and qij are the corrected currents, ǫijk is the unit antisymmetric tensor7 and
γ is the small dimensionless parameter introduced above. The difference in signs in
(8.5) and (8.6) is consistent with the Onsager relations and is due to the different
properties of charge and spin currents with respect to time inversion. One can check
that (8.2) follows from these equations.

8.2.3 Phenomenological Equations

Explicit phenomenological expressions for the two currents follow from (8.3)–(8.6)
(the electric current density j is related to q by j = −eq):

j/e = µnE + D∇n + βE × P + δ curl P , (8.7)

qij = −µEiPj − D
∂Pj

∂xi

+ ǫijk

(

βnEk + δ
∂n

∂xk

)

. (8.8)

Here
β = γµ, δ = γD, (8.9)

so that the coefficients β and δ, similar to µ and D, satisfy the Einstein relation.
However, since γ changes sign under time inversion (Sect. 8.2.1), β and δ are non-

dissipative kinetic coefficients, unlike µ and D. Equations (8.7) and (8.8) should be
complemented by the continuity equation for the vector of spin polarization:

∂Pj

∂t
+ ∂qij

∂xi

+ Pj

τs
= 0, (8.10)

where τs is the spin relaxation time.

5 It is convenient to use this quantity, instead of the normal spin density S = P /2, see
footnote 1.
6 Not exactly, see Sect. 8.2.5 below.
7 This tensor is defined by: ǫxyz = ǫzxy = ǫyzx = −ǫyxz = −ǫzyx = −ǫxzy = 1.
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While (8.7)–(8.10) are written for a three-dimensional sample, they are equally
applicable to the 2D case, with obvious modifications: the electric field, space gradi-
ents, and all currents (but not the spin polarization vector) should have components
in the 2D plane only.

Another remark concerns the equilibrium situation when obviously all currents
should vanish. If an inhomogeneous magnetic field B(r) exists, the equilibrium spin
polarization will be space dependent, however this by itself should produce neither
spin, nor charge currents. To assure this, an additional counter-term should be intro-
duced into the right-hand side of (8.4), proportional to ∂Bj/∂xi , which takes care
of the force acting on the electron with a given spin in an inhomogeneous magnetic
field. Corresponding terms will appear in (8.7) and (8.8). We ignore these terms as-
suming that, if present, the magnetic field is homogeneous.

8.2.4 Physical Consequences of Spin–Charge Coupling

Equations (8.7)–(8.10), which appeared for the first time in [1, 2], describe all the
physical consequences of spin–charge current coupling. The effects of spin–orbit
interaction are contained in the additional terms with the coefficients β and δ.

Anomalous Hall Effect

The term βE × P in (8.7) describes the anomalous Hall effect, which was first ob-
served in ferromagnets by Hall himself [9, 10]. The measured Hall voltage contains a
part, which is proportional to magnetization, but cannot be explained as being due to
the magnetic field produced by magnetization (it is much greater than that, especially
at elevated temperatures). It took 70 years to understand [11–14] that the anomalous
Hall effect is due to a spin–orbit interaction.

The anomalous Hall effect can also be seen in nonmagnetic semiconductors,
where the spin polarization is created by application of a magnetic field. The spin-
related anomalous effect can be separated from the much larger ordinary Hall ef-
fect by magnetic resonance of the conduction electrons, which results in a resonant
change of the Hall voltage [15]. Non-equilibrium spin polarization, produced either
by optical means or by spin injection, should also result in an anomalous Hall volt-
age. Such an experiment was recently done by Miah [16] with GaAs illuminated by
circularly polarized light.

Electric Current Induced by curl P

The term δ curl P in (8.7) describes an electrical current induced by an inhomo-
geneous spin density (now referred to as the Inverse Spin Hall Effect). A way to
measure this current under the conditions of optical spin orientation was proposed
in [17]. The circularly polarized exciting light is absorbed in a thin layer near the
surface of the sample. As a consequence, the photo-created electron spin density is
inhomogeneous, however curl P = 0, since P is perpendicular to the surface and
it varies in the same direction. By applying a magnetic field parallel to the surface,
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Fig. 8.1. First experimental observation of the inverse Spin Hall Effect [18]. (a) The experi-
mental setup. (b) Voltage measured between the contacts K as a function of magnetic field.
(c) Measured degree of circular polarization of luminescence, equal to the normal component
of the average electron spin, as a function of magnetic field. The solid line in (b) is calculated
using the results in (c)

one can create a parallel component of P , thus inducing a non-zero curl P and the
corresponding surface electric current (or voltage).

This effect was found by Bakun et al. [18], thus providing the first experimen-
tal observation of the Inverse Spin Hall Effect, see Fig. 8.1. In a later publication
by Tkachuk et al. [19] observed very clear manifestations of the nuclear magnetic
resonance in the surface current induced by curl P .

Current-Induced Spin Accumulation, or Spin Hall Effect

The term βnǫijkEk (and its diffusive counterpart δǫijk∂n/∂xk) in (8.8), describes
what is now called (after Hirsch [20]) the Spin Hall Effect: an electrical current
induces a transverse spin current, resulting in spin accumulation near the sample
boundaries [1, 2]. This phenomenon was observed experimentally only in recent
years [21, 22] and has attracted widespread interest. Spin accumulation can be seen
by solving (8.10) in the steady state (∂Pj/∂t = 0) and using (8.8) for the spin current.
Since the spin polarization will be proportional to the electric field, terms EP can be
neglected. Also, the electron concentration should be considered uniform.
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We take the electric field along the x axis and look at what happens near the
boundary y = 0 of a wide sample situated at y > 0 (when the sample size is greater
than the spin diffusion length, spin accumulation near the other boundary can be
considered independently). The boundary condition obviously should correspond to
a vanishing of the normal to the boundary component of the spin current, qyj = 0.

The solution of the diffusion equation

D
d2P

dy2
= P

τs
(8.11)

with the boundary conditions at y = 0, following from (8.8),

dPx

dy
= 0,

dPy

dy
= 0,

dPz

dy
= βnE

D
, (8.12)

gives the result:

Pz(y) = Pz(0) exp

(

− y

Ls

)

, Pz(0) = −βnELs

D
, Px = Py = 0, (8.13)

where Ls =
√

Dτs is the spin diffusion length.
Thus the current-induced spin accumulation exists in thin layers (the spin layers)

near the sample boundaries. The width of the spin layer is given by the spin–diffusion
length, Ls, which is typically on the order of 1 µm. The polarization within the spin
layer is proportional to the driving current, and the signs of spin polarization at the
opposing boundaries are opposite. For a cylindrical wire the spins wind around the
surface.

It should be stressed that all these phenomena are closely related and have their
common origin in the coupling between spin and charge currents given by (8.5) and
(8.6). Any mechanism that produces the anomalous Hall effect will also lead to the
spin Hall effect and vice versa.

It is remarkable that there is a single dimensionless parameter, γ , that governs
the resulting physics. The calculation of this parameter should be the objective of a
microscopic theory, see Sect. 8.4 below.

The Degree of Polarization in the Spin Layer

Using (8.13) and (8.9), the degree of polarization in the spin layer, P = Pz(0)/n,
can be rewritten as follows:

P = −γ
vd

vF

(

3τs

τp

)1/2

, (8.14)

where we have introduced the electron drift velocity vd = µE and used the con-
ventional expression for the diffusion coefficient of degenerate 3D electrons D =
v2

Fτp/3, vF is the Fermi velocity, τp is the momentum relaxation time.8

8 For 2D electrons, the factor 1/3 should be replaced by 1/2. If the electrons are not degen-
erate, vF should be replaced by the thermal velocity.
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In materials with inversion symmetry, like Si, where both the spin–charge cou-
pling and spin relaxation via the Elliott–Yaffet mechanism are due to spin asymmetry
in scattering by impurities, the strength of the spin–orbit interaction cancels out in
(8.14), since τs ∼ γ −2.

Thus the most optimistic estimate for the degree of polarization within the spin
layer is P ∼ vd/vF [1]. In semiconductors, this ratio may be, in principle, on the
order of 1. In the absence of inversion symmetry, usually the Dyakonov–Perel mech-
anism makes the spin relaxation time considerably shorter, which is unfavorable for
an appreciable spin accumulation.

8.2.5 Related Problems

Here we briefly discuss some more subtle points related to our subject.

The Validity of the Approach Based on the Diffusion Equation

The diffusion equation is valid, when the scale of spatial variation of concentration
(in our case, of spin polarization density) is large compared to the mean free path
ℓ = vFτp. The variation of P occurs on the spin diffusion length, so the condition
Ls ≫ ℓ should be satisfied. Since Ls/ℓ ∼ (τs/τp)

1/2, this condition can be equiva-
lently rewritten as τs ≫ τp.

Thus, if the spin relaxation time becomes comparable to the momentum relax-
ation time (which is the case of the so-called “clean limit”, when the spin band split-
ting is greater than h̄/τp, see Chap. 1, Sect. 1.4.2), the diffusion equation approach
breaks down.

The diffusion equation still can be derived for spatial scales much greater than ℓ,
but it will be of no help for the problem at hand, because neither this equation, nor
the boundary conditions in (8.12) can any longer be used to study spin accumulation.
Surface spin effects will occur on distances less than ℓ from the boundaries and will
crucially depend on the properties of the interfaces (e.g., flat or rough interface, etc).

How the Spin Current Should Be Defined

There was a discussion concerning the correct microscopic definition of spin cur-
rents, and the form of the boundary conditions, see [23]. Our point of view is the
following. One should distinguish two situations: (1) the case when τs ≫ τp and (2)
the case, when τs is comparable to τp.

In the first case, spin accumulation can be studied by the diffusion equation ap-
proach. Microscopically, one has to derive (8.10). The quantity entering the ∂qij/∂xi

term will be the true spin current, and it is this quantity, whose normal component
should vanish at the boundary.

In the second case, the diffusion equation approach cannot be used (see above),
because all the spin effects near the boundary occur on the spatial scale ℓ or even
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less.9 To understand what happens near the boundaries, one must address the
quantum-mechanical problem of electrons reflecting from the boundary in the pres-
ence of an electric field and spin–orbit interaction. Under such circumstances the
definition of the bulk spin current (which cannot be measured directly), as well of
the “Spin Hall conductivity”, β, is immaterial, since it has no bearing on the possible
spin polarization near the boundaries, see Sect. 8.4.3.

Apart from the boundary spin accumulation, there are also bulk effects of second
order in the spin–orbit interaction (see Sect. 8.2.6). The “normally” defined spin
current (as an anticommutator of the spin and velocity operators) shows up in such
effects.

Additional Terms in (8.6)

In fact, symmetry considerations allow additional terms in one of our basic equations
(8.5), (8.6). Namely, it is possible to complement the rhs of (8.6) for the spin current
by additional terms of the type: q

(0)
j i (note the transposition of the indices i and j !)

and δijq
(0)
kk (the sum over repeating indices is assumed).

These terms will result [1, 2] in corresponding additional terms in (8.8): µEjPi +
D∂Pi/∂xj (note again the transposition of i and j with respect to (8.8)) and
δij (µEP + D div P ) with some new coefficients.

These additional terms are of no importance for all the effects considered so far.
Their origin and their physical meaning will be discussed in Sect. 8.4.1.

8.2.6 Electrical Effects of Second Order in Spin–Orbit Interaction

An electrical current produces a spin current, which in turn gives an additional elec-
tric current. Thus there should be a correction to the sample resistance, which is
second order in the coupling parameter γ . This effect reduces the bulk conductivity
[24, 25], which can be seen from Fig. 8.2, illustrating the double scattering effect
known in atomic physics [26]. Since there is no way to determine experimentally
what is the uncorrected value of resistance, such effects can be revealed only by
influencing the intermediate link, the spin current. This can be done by applying a
magnetic field. Below we consider separately corrections to the bulk conductivity
and surface effects related to spin accumulation.

9 In the absence of inversion symmetry, spin relaxation is usually related to the spin band
splitting. If the splitting at the Fermi level, h̄Ω(p) is such that Ω(p)τp ≪ 1, then τs ≫ τp. In
the opposite case, spin relaxation goes through two stages (see Sect. 1.4.2). The first one has
a duration ∼1/Ω(p) and the second one is characterized by the time τp. Thus there are also
two characteristic spatial scales: vF/Ω(p) and vFτp = ℓ, and the first one is much smaller
than the second one. Obviously, the physics on these scales can not be treated by the diffusion
equation.
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Fig. 8.2. Appearance of a negative correction to electric current due to double spin-asymmetric
scattering

Bulk Effects

One can easily understand what happens by using the Drude-like equations taking
into account the spin–charge current coupling [25]:

dqi

dt
= −en

m
Ei − (q × ωc)i − qi

τp
+ γ

τp
ǫijkqjk, (8.15)

dqij

dt
= ǫiklωckqlj + ǫjklΩkqil − qij

τp
− γ

τp
ǫijkqk. (8.16)

Here ωc = eB/mc and Ω = gµBB/h̄, ωc and Ω are the cyclotron and spin pre-
cession frequencies, respectively, n is the electron concentration. The two first terms
in the right side of (8.16) describe the influence of the magnetic field on the spin
current due to the rotation of the velocity (with frequency ωc) and of the spin (with
frequency Ω). The third term describes the spin current relaxation due to scattering.
Strictly speaking, the spin relaxation rate should be also taken into account. We have
ignored it, assuming that the spin–orbit interaction is weak and τs ≫ τp.

In the steady state and in the absence of a magnetic field (8.15), (8.16) reduce to
(8.5) and (8.6), and the conductivity is given by

σ = σ0
(

1 − 2γ 2), σ0 = ne2τp

m
, (8.17)

where σ0 is the normal Drude conductivity. In the magnetic field (directed along the
z axis), the steady state solution of (8.15), (8.16) gives the following results [25] for
the resistivity components:

ρzz = ρ0

(

1 + 2γ 2

1 + (ωc − Ω)2τ 2
p

)

, (8.18)

ρxx = ρ0

[

1 + γ 2
(

1

1 + (ωcτp)2
+ 1

1 + (Ωτp)2

)]

, (8.19)

ρxy = − B

nec

[

1 − γ 2
(

1

1 + (ωcτp)2
+ Ω

ωc

1

1 + (Ωτp)2

)]

, (8.20)

where ρ0 = 1/σ0 is the Drude resistivity.
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The most unusual result is the magnetic field dependence of the ρzz component.
While qz is not influenced directly by the Lorentz force, it is coupled to the spin
current component qxy . By changing the relative orientation of spin and velocity, the
magnetic field destroys the spin current. As a result, the negative correction to the
conductivity in (8.17) disappears. The scale of the relevant magnetic fields is defined
by the classical condition ωcτp ∼ 1.

Note, that there are cases (Sect. 8.4.3) when the parameter γ is not necessarily
small, so that the magnetic effects due to the spin–charge coupling can be really
important. In particular, as seen from (8.20), the Hall constant may even change
sign!

Surface Effects

These second order effects are related to the surface (or edge) spin accumulation
and can be visible if the sample lateral width is comparable to or less than the spin
diffusion length Ls. Now an additional correction to the electric current comes from
the curl P term in (8.7).

While being a small correction, it hopefully can be measured because (i) the
intermediate link, the spin density, can be influenced by application of a magnetic
field, and (ii) the precision of electric measurements is far greater than that of optical
measurements, usually used to reveal the spin polarization (see Sect. 8.5 below). One
might say that these kinds of phenomena are a combination of the direct and inverse
spin Hall effects, and the Hanle effect.

One of them was proposed in [8]. Near the boundary, the z component of spin
polarization changes in the direction perpendicular to the sample boundary (the y

direction). Thus curl P 	= 0, and according to (8.7), a correction to the electric cur-
rent should exist within the spin layer. It turns out that this correction is always
positive,10 i.e., it leads to a slight decrease of the sample resistance. By applying a
magnetic field in the xy plane, we can destroy the spin polarization and thus observe
a positive magnetoresistance. For wide samples (L ≫ Ls), the relevant field scale
corresponds to Ωτs ∼ 1, where Ω is the spin precession frequency.11 However, for
narrow samples (L ≪ Ls), the width of the Hanle curve is determined by the con-
dition Ωτd ∼ 1, where τd = L2/D ≪ τs is the time of diffusion on a distance L.
Similar results for the Hanle effect in the case when spin diffusion is important were
obtained previously [27].

Another interesting effect is predicted in [28], where a narrow 2D strip with two
pairs of point contacts A, B and C, D is considered. The two pairs are separated by
a distance x that is much larger than the strip width, w, but comparable to the spin
diffusion length, Ls. Normally, if x ≫ w a current passing across the strip through

10 The sign is opposite to that of the correction in the bulk. The reason is that in the spin
layers the spin current induced by electric field is compensated by the opposing diffusion spin
current due to the polarization gradient. It is this diffusion spin current that causes the surface
correction to the electric current.
11 To take account of the magnetic field, an additional term Ω ×P should be added to (8.10).
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the A, B contacts will not induce any noticeable voltage between C and D. However,
the spin current and the spin density will appear on distances on the order of Ls

from the current source. As a result, a voltage, which is second order in γ , should
appear between C and D. This spin-mediated non-local charge transport can be again
destroyed by applying a magnetic field, which will diminish the spin polarization.

8.3 Phenomenology (without Inversion Symmetry)

If inversion symmetry is absent, whether in a bulk crystal, or in a two-dimensional
structure, effects additional to those considered above can arise. In gyrotropic crys-
tals a current can be induced by a homogeneous non-equilibrium spin density, as
it was shown theoretically by Ivchenko and Pikus [29] and by Belinicher [30, 31].
The first experimental demonstration of this effect was reported in [32]. Inversely, an
electric current will generate a uniform spin polarization.

Phenomenologically, this sort of effects can be described by a second rank tensor
Qij , which connects the pseudovector of spin polarization P with the polar vector
of electric current j :

ji = QikPk, Pi = Rikjk, (8.21)

where the tensor Rik is the inverse of Qik . Note, that the left- and right-hand sides
of (8.21) behave similarly with respect to time inversion, which means that these
equations describe non-dissipative phenomena. We refer the reader to Chap. 9 for a
detailed description of these effects.

The physical reason for this interconnection can be illustrated by the case of the
(110) quantum well (see Sect. 1.4.2), where the spin band splitting term is propor-
tional to pxsz, the z and x axes being chosen along the [110] and [11̄0] direction,
respectively [33].

In this case, the energy spectrum consists of two parabolic bands with sz = ±1/2,
which are oppositely shifted in p-space in the x direction. Each band has a non-zero
average px , however, in equilibrium both bands are equally filled, so that on the
average neither current, nor spin polarization exists. It is now obvious that a non-
equilibrium net spin polarization along z means that one band is populated more
than the other one, and consequently 〈px〉 	= 0. Thus, spin polarization along z will
produce a current along x and vice versa.

For a 2D electron gas with the Bychkov–Rashba splitting [34] the tensor Qij can
be constructed using the Rashba field ER, a vector pointing in the growth direction
z: Qij ∼ ǫijkE

R
k , so that (8.21) reduces simply to

j ∼ ER × P . (8.22)

Concerning the spin current, in the latter case it may contain two additional terms.
The first one is quadratic in the Rashba field and proportional to the in-plane electric
field E:

qij ∼
(

ER × E
)

i
ER

j . (8.23)
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If we do not care about the dependence on ER, this term has the same symmetry
properties as the previously considered ǫijkEk term, with i, k = x, y.

The second term was first derived by Kalevich, Korenev, and Merkulov [35]. It
is linear in the Rashba field and proportional to the spin polarization:

qij ∼ PiE
R
j − δij

(

PER)

, i = x, y, j = x, y, z. (8.24)

For this term, the non-zero components are

qxz ∼ Px, qyz ∼ Py, qxx = qyy ∼ −Pz. (8.25)

Thus, the most important new phenomena, that may exist in the absence of inver-
sion symmetry, are the generation of both charge and spin currents by a uniform

non-equilibrium spin polarization and the inverse effect of producing a bulk spin
polarization by charge or spin current.

8.4 Microscopic Mechanisms

The microscopic mechanisms responsible for the spin–charge coupling, and their
relative role are still not sufficiently well understood, in spite of a half a century
of theoretical efforts, and especially in recent years. We refer the reader to Sinit-
syn’s review [36] providing the history of this research and recent developments, see
also [37]. Here we will limit ourselves to qualitative considerations. The originally
proposed mechanism for the spin Hall effect [1, 2] is related to the spin asymmetry in
electron scattering due to the spin–orbit interaction (the Mott effect [26, 38]), which
was previously used to explain the anomalous Hall effect [11–13]. It is likely that
this mechanism accounts for the existing experimental observations (see Sect. 8.5).
Also related to scattering is the side jump mechanism proposed by Berger [39, 40] in
the contest of the anomalous Hall effect in ferromagnets. Another, “intrinsic”, mech-
anism was first considered by Karplus and Luttinger [14] and proposed recently for
specific cases [46, 47], causing much excitement. It is related exclusively to the spin
band splitting and does not involve spin asymmetry in scattering.

8.4.1 Spin Asymmetry in Electron Scattering

Mott has shown [26, 38] that the spin–orbit interaction results in an asymmetric
scattering of polarized electrons. If a polarized electron beam hits a target, it will
deviate in a direction depending on the sign of polarization (similar to a rotating
tennis ball in air). The Mott detectors based on this effect are used in high-energy
facilities to analyze the electron spin polarization.12

12 Interestingly, the sources of polarized electrons use optical spin orientation in semicon-
ductors. A GaAs sample pumped by circularly polarized light serves as a photocathode and
emits polarized electrons coming from the conduction band, which are then accelerated to
high energy. To date, this is the most important practical application of semiconductor spin
physics.
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Fig. 8.3. Schematics of electron scattering by a negative charge. The electron spin sees a
magnetic field B ∼ v × E perpendicular to the plane of the electron trajectory. Note that the
magnetic field has opposite directions for electrons scattered to the left and to the right

The scattering of electrons by a charged center is schematically depicted in
Fig. 8.3. The most important element for us is the magnetic field B existing in the
electron’s moving frame and seen by the electron spin, as explained in Sect. 1.2.3.
This field is perpendicular to the plane of the electron trajectory and has opposite
signs for electrons moving to the right and to the left of the charged center.

Simply looking at Fig. 8.3, one can make the following observations:

Electron Spin Rotates

If the electron spin is not exactly perpendicular to the trajectory plane, it will make a
precession around B during the time of collision. The angle of spin rotation during
an individual collision depends on the impact parameter and on the orientation of the
trajectory plane with respect to spin. This precession is at the origin of the Elliott–
Yafet mechanism of spin relaxation.

The Scattering Angle Depends on Spin

The magnetic field B in Fig. 8.3 is inhomogeneous in space because the electric
field E is non-uniform and also because the velocity v changes along the trajectory.
For this reason there is a spin-dependent force (proportional to the gradient of the
Zeeman energy 2µB(BS)), which acts on the electron. As a consequence, a left-
right asymmetry in scattering of electrons with a given spin appears. This is the Mott
effect, or skew scattering, resulting, among other things, in the anomalous Hall effect.

If the incoming electrons are not polarized the same spin asymmetry in scattering
will result in separation of spin-up and spin-down electrons. Spin-ups will go to the
right, while spin-downs will go to the left, which means that a spin current in the
direction perpendicular to the incoming flux will appear (the Spin Hall Effect).



8 Spin Hall Effect 225

In quantum mechanics, the spin-dependent asymmetry in scattering appears only
beyond the Born approximation.

Spin Rotation is Correlated with Scattering

As seen from Fig. 8.3, the spin rotation around the field B is correlated with scat-
tering. If the spin on the right trajectory (corresponding to scattering to the right) is
rotated clockwise, then the spin on the left trajectory (scattered to the left) is rotated
counterclockwise. Let us see what happens if the incoming beam (x axis) is polarized
along the y axis in the trajectory plane, i.e., characterized by a spin current qxy . After
scattering, the electrons going to the right will have some spin component along the
x axis, while the electrons going to the left will have an x component of the oppo-
site sign! This means that scattering transforms the initial spin current qxy to qyx .
Similarly, qxx will transform to −qyy .

Such an analysis shows that during the scattering process the initial spin current
q

(0)
ij generates a new spin current qij according to the rule:

q
(0)
j i − δijq

(0)
kk → qij . (8.26)

Thus the correlation between spin rotation and the direction of scattering gives a
physical reason for the additional terms described in Sect. 8.2.5. At present is not
clear, under what conditions the two terms can enter not only in the special combina-
tion given by (8.26), but with arbitrary coefficients. The experimental consequences
of this effect are also not obvious.

The Value of γ for Skew Scattering

The general expressions for the kinetic coefficients in (8.7), (8.8) through the scatter-
ing amplitude were derived in [2]. In the presence of the spin–orbit interaction, the
scattering amplitude is a matrix in spin indices of the form [41]:

F̂
p

p′ = A(θ)Î + B(θ)σ̂ · n, (8.27)

where θ is the scattering angle, n = p′ × p/|p′ × p| is the unit vector normal to the
scattering plane, Î is the unit 2 × 2 matrix, and σ̂ are Pauli matrices. The solution of
the kinetic equation (Appendix A) gives the coefficients β and β1, which are the real
and imaginary parts of a single expression [2]:

β + iβ1 = 4π
e

m
N

〈

vτ 2
p

∫ π

0
AB∗ sin2 θ dθ

〉

, (8.28)

where N is the concentration of scatterers, τp is the momentum relaxation time for
a given energy, brackets stand for averaging over the equilibrium distribution. The
coefficient β1 defines the magnitude of the additional terms in the expression for the
spin current qij , which were discussed in Sect. 8.2.5 and above: β1(EjPi − δijEP ).
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In this case γ depends only on the form of the scattering potential, the electron
energy, and the strength of the spin–orbit interaction. In the Born approximation the
functions A(θ) and B(θ) have a phase difference of π/2, so that in order to obtain a
non-zero β one has to go beyond this approximation. In contrast, the coefficient β1,
originating from the correlation between spin rotation and the scattering direction,
exists already within the Born approximation.

Abakumov and Yassievich [42] have considered spin-dependent scattering by a
charged center in the first order beyond the Born approximation. From their results
one can deduce

γ ∼ λkF

aB
, (8.29)

where aB = h̄2ǫ/me2 is the Bohr radius, kF is the Fermi wave vector, ǫ is the dielec-
tric constant, and the constant λ determines the strength of the spin–orbit interaction,
see (8.31) below.

For a 3D bulk concentration of 1017 cm−3 (or a 2D surface concentration of
3 × 1011 cm−2) one gets the estimates γ ∼ 4 × 10−4 for GaAs and γ ∼ 2 × 10−2

for InSb. It should be noted that for the same electron concentration the value of the
Born parameter e2/(ǫh̄vF), where vF is the Fermi velocity, for GaAs is ≃1.2.13 Thus
the Born expansion is practically not always justified.

We equivalently rewrite (8.29) in the form:

γ ∼ λk2
F

(

e2

ǫh̄vF

)

, (8.30)

which explicitly displays the Born parameter, considered as small in [42]. If this
parameter becomes equal to 1, we have γ ∼ λk2

F, or γ ∼ EF/Eg (for ∆ ≫ Eg) and
γ ∼ (EF/Eg)(∆/Eg) (for ∆ ≪ Eg).14 It is likely that these estimates will hold also
when the Born parameter becomes large.

8.4.2 The Side Jump Mechanism

The side jump mechanism for the anomalous Hall effect was proposed by Berger [39,
40] and studied in detail by Nozières and Lewiner [43], see also [44]. It is described
as a spin-dependent lateral displacement of the electron wave packet during each
scattering event. In our opinion, the role of the side jump effect is still not very
well understood. Here we will discuss this effect from the point of view of classical
mechanics, which allows to achieve clarity and transparency lacking so far in the
quantum-mechanical approach.

13 For a degenerate electron gas, the Born parameter coincides with the parameter rs, the ratio
of the mean potential energy to the kinetic energy, which defines whether the gas is ideal, or
not. At relatively low electron concentration, this parameter may be quite large.
14 These formulas are analogous to the estimate γ ∼ (v/c)2 for the scattering of an electron

by a proton in vacuum, the velocity of light, c, being replaced by (Eg/m)1/2 for the case
∆ ≫ Eg or by (E2

g/(∆m))1/2 for ∆ ≪ Eg.
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The effective mass Hamiltonian describing the spin–orbit interaction is conven-
tionally written as

Hso = 2λ(k × ∇V ) · s, (8.31)

where k is the electron wave vector, s = σ/2 is the electron spin operator, and V (r)

is the electron potential energy. In vacuum λ = −h̄2/(4m2
0c

2), m0 being the free
electron mass. In semiconductors with the band structure of GaAs, in the limit when
the effective mass m is much smaller than m0, the Kane model gives [45]

λ = h̄2

4mEg
for ∆ ≫ Eg, (8.32)

λ = h̄2

3mEg

∆

Eg
for ∆ ≪ Eg, (8.33)

where ∆ is the spin–orbit splitting of the valence band (Sect. 1.3.6).

Classical Mechanics of a Spinning Particle

We can eliminate the Planck constant by rewriting (8.31) in the form

Hso = A(p × ∇V ) · S. (8.34)

Here we have introduced the constant A = 2λ/h̄2 with the dimension (momentum)−2

and the dimensional intrinsic angular momentum of the electron S = h̄s, p = h̄k

is the electron momentum. We can now write down the classical Hamiltonian equa-
tions, corresponding to the Hamiltonian function H = p2/(2m) + V (r) + Hso:

ṙ = p

m
+ A(∇V × S), (8.35)

ṗ = −∇
[

V + A(p × ∇V ) · S
]

, (8.36)

Ṡ = A(p × ∇V ) × S. (8.37)

These equations can be applied to a classical object with an internal angular momen-
tum S (e.g., a tennis ball, with an appropriate choice of the constant A). Obviously,

they are identical to the quantum-mechanical operator equations for r̂ , p̂, and Ŝ.
Note, that the observable quantities are r and v = ṙ , not the canonical momentum p.
Therefore, it may be useful to rewrite these equations in form of Newton’s law for
the variables r and v. In the two-dimensional case one obtains

mv̇ = −∇V + mA(v × S)∆2V, (8.38)

where ∆2 stands for the two-dimensional Laplacian.15 A similar, but more compli-
cated, equation can be easily derived for the three-dimensional case.

15 Note that unlike the full Laplacian of V , ∆2V is not related to the charge density by the
Poisson equation.
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One can see from (8.38) that in the two-dimensional case the role of the spin–
orbit interaction for the particle motion reduces to the action of an effective inho-
mogeneous magnetic field directed along S and proportional to ∆2V . One of the
consequences of (8.38) is that the accelerated motion of an electron in a uniform
electric field (V = eEr) is not modified by the spin–orbit interaction.16

Nozières and Lewiner [43] derive the side jump in the following simple way. To
the first order in the spin–orbit interaction, on can replace ∇V in the second term
of (8.35) by −ṗ. Then, considering S as being constant and integrating this term
over time from −∞ to +∞, one obtains the generally accepted result for the spin-
dependent displacement during an individual collision:

δr = A(S × δp), δp = p′ − p, (8.39)

where p and p′ are the electron momenta before and after the collision. However,
it is noted in [43] that (8.39) might be not generally true, because the first term in
(8.35) may also contribute to this displacement. We will see below that this is indeed
the case.

Reflection from a Flat Wall

We start with the simplest problem: the reflection from a flat wall located in the plane
y = 0. We chose the potential energy to be zero for y > 0, the actual form of the
repulsive potential at y < 0 is not really important. The incident velocity of the
particle lies in the xy plane, while S is directed along z, so that S remains constant.

For y < 0 (8.35), (8.36) yield

ẋ = px

m
+ AS

∂V

∂y
, ẏ = py

m
, ṗx = 0, ṗy = −∂V

∂y
− ASpx

∂2V

∂y2
.

(8.40)
The trajectories are schematically depicted in Fig. 8.4. Since energy and px are con-
served, the reflection angle is equal to the incidence angle, like in the absence of
spin–orbit coupling. However, because of spin–orbit interaction there is an addi-
tional spin-dependent shift of the outgoing part of the trajectory by an amount δx.
This value can be calculated exactly for a parabolic potential V (y) = ky2/2. To the
first order in A one finds17

δx = δx(0)
(

1 − tan2 θ
)

, (8.41)

16 The opposite statement can be found in the literature. By looking at the “anomalous ve-
locity” (the second term in (8.35)) one can be tempted to claim the existence of a transverse
velocity eA(E ×S). This is an illusion: the transverse to the electric field component of p be-
ing conserved (see (8.36)), the transverse component of velocity is a constant. This constant is
equal to the initial value of the transverse velocity, exactly like in the absence of the spin–orbit
interaction.
17 This result was derived by Maria Lifshits (to be published).
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Fig. 8.4. Reflection of a spinning particle from a flat wall. (a) Angle of incidence θ < π/4.
(b) θ > π/4. (1) With spin–orbit interaction for S > 0. (2) Without spin–orbit interaction.
(3) With spin–orbit interaction for S < 0. Note that the spin-dependent shifts of the outgoing
trajectory have opposite signs in (a) and (b)

where δx(0) is given by (8.39) and θ is the incidence angle. Thus the expression
(8.39) is true for normal incidence only. The shift changes sign at θ = π/4. It can be
shown that (8.41) does not depend on the actual form of V (y).18

The difference between (8.41) and (8.39) can be explained as follows. Let us
integrate the first of (8.40) over time from the moment t = 0 when the particle hits
the wall to the moment t0, when it reappears at y = 0 on its way backwards. One
finds δx = δx(0) + (px/m)t0 (since px = const). The time t0 is modified by a
spin–orbit interaction term in the last of (8.40). To the first order in A this gives the
correction in (8.41), proportional to tan2 θ .

We must also remember, that the spin–orbit term in (8.31) or (8.34) should always
be considered as a small perturbation to the main Hamiltonian, i.e., it should only
slightly modify the particle trajectory. This forbids us to consider spin–orbit effects
in the limit of an absolutely rigid wall: the spin-dependent shift in Fig. 8.4 should
always remain a small correction.

Scattering by a Hard Sphere

If the sphere radius r0 is much greater than the particle penetration depth (and hence,
than δr), its surface may be locally considered as flat and we can use the previous
result to calculate not only the side jump (which remains the same), but also the
spin-dependent correction to the scattering angle δθ . Let again S be perpendicular to
the scattering plane. Then the orbital angular momentum is conserved, which means
that the minimal distance from the sphere center to the continuation of the outgoing
trajectory should be equal to the impact parameter ρ, see Fig. 8.5. This consideration
gives the relation between the side jump δr and the correction to the scattering angle:
δθ = δr/r0.

A similar relation should exist for classical scattering by an arbitrary potential
V (r), with r0 replaced by the effective scattering radius.

18 The vicinity of θ = π/2, where (8.41) diverges, requires a more accurate approach. It can

be shown that in fact at π/2 − θ ∼ AS(km)1/2 ≪ 1 the value of δx as a function of θ has
a sharp extremum and becomes zero at θ = π/2. The details of this behavior depend on the
form of V (y).
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Fig. 8.5. Scattering of a spinning particle by a hard sphere of radius r0. (1) With spin–orbit
interaction. (2) Without spin–orbit interaction. The shift of the outgoing trajectory is due to
the side jump δr . The angle between (1) and (2) is δθ = δr/r0

Side Jump versus Skew Scattering

The relative role of the two spin-dependent effects can be understood as follows.
During the time between collisions τp the displacement of spin-up and spin-down
particles will be different. Because of skew scattering this difference is on the order
of δθℓ, where ℓ is the mean free path. This should be compared to the side jump
during one collision, δr . Using the relation δθ = δr/r0, we find that the side jump to
skew scattering ratio is ∼r0/ℓ for scattering by hard spheres, and most probably for
any kind of classical scattering (when the De Broglie wavelength is smaller than the
scattering diameter).

If one wants to use the kinetic theory, the ratio r0/ℓ must be small. Thus, within
the validity of the kinetic theory and the Boltzmann equation, the contribution of the
side jump effect is always small compared to that of skew scattering, if scattering is
classical.

Apparently, the situation is different for quantum scattering. For example, in the
Born approximation the skew scattering does not exist, while the side jump seems
to remain the same [39, 40, 43]. The value of the parameter γ for the side jump
mechanism can be estimated as γSJ ∼ δr/ℓ ∼ λkF/ℓ ∼ λm/(h̄τp). Using (8.29)
for skew scattering (γSS), one obtains γSJ/γSS ∼ aB/ℓ. This ratio may be large even
within the validity of the kinetic theory, since the Bohr radius aB may be quite large
(10−6 cm for electrons in GaAs). The relatively large value of this ratio is due to the
assumed small value of the Born parameter. If this parameter is on the order of 1, then
we should use the estimate γSS ∼ λk2

F (see (8.30)). This gives γSJ/γSS ∼ (kFℓ)−1,
a value, that again should be small for the kinetic theory to be valid.

We believe that this important issue needs further clarification.
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8.4.3 Intrinsic Mechanism

The so-called “intrinsic” or “Berry-phase” mechanism of generating spin current by
electric current is related entirely to the spin band splitting and does not rely on spin-
dependent effects in scattering (in the clean limit, when the band splitting h̄Ω(p)

at the Fermi level is large, Ω(p)τp ≫ 1). Essentially, it was first put forward by
Karplus and Luttinger [14].

Spin Current of Bulk J = 3/2 Holes

The first recent proposal was made by Murakami, Nagaosa, and Zhang [46] for bulk
holes described by the Luttinger Hamiltonian (see Sect. 1.3.6). They found the spin
Hall conductivity, βn ∼ ekF/h̄, corresponding to γ ∼ (kFℓ)−1, which can be also
presented as γ ∼ (Ω(p)τp)

−1.19

Theoretically, it is certainly very interesting that such a spin current exists. How-
ever, the question arises, what could be the experimental consequences? Since the
spin current cannot be measured directly, it could manifest itself either by bulk sec-
ond order effects (∼γ 2, see Sect. 8.2.6) or by the surface spin accumulation. These
observable effects were not calculated. The spin relaxation time for holes being on
the order of τp (see Sect. 1.4.2), the diffusion equation approach cannot be applied
(Sect. 8.2.5). Still, we can expect that (8.14) may be used as an estimate for the
degree of polarization near the surface, if we put τs ∼ τp and γ ∼ (kFℓ)−1. This
gives

P ∼ eEλF

EF
. (8.42)

The degree of spin polarization is on the order of the ratio of the voltage drop on
the distance of the Fermi wavelength λF to the Fermi energy. In order to achieve
P = 1% for a hole concentration of 1017 cm−3 in GaAs one would need an electric
field E ∼ 10 V/cm. However, there is also a question about the width of the surface
layer where this polarization exists. It is likely that this width is determined by λF,
which can hardly be resolved by optical measurements.

We note that the splitting into light and heavy hole bands is not due to spin–
orbit interaction, but rather to the p-state nature of the Bloch functions in the valence
band. Indeed, even in the absence of spin–orbit interaction, holes are still particles
with internal angular momentum L = 1 (see Sect. 1.3.6) and the splitting into light
and heavy holes still exists. Thus, for the case of holes the spin–orbit interaction is
not of primary importance.

Note also that the J = 3/2 holes may not be described by the simple equations
(8.5), (8.6) because for higher spins the number of coupled macroscopic quantities
increases compared to spin 1/2 particles. In 1984 we studied [24] the mutual trans-
formation of spin and charge currents for holes (and for carriers in a gapless semi-
conductor like HgTe) due to elastic scattering, by finding a general solution of the

19 Since the difference between the light and heavy hole masses is large, this splitting is on
the order of the Fermi energy EF. It is assumed that Ω(p)τp ≫ 1, which is normally the case.
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kinetic equation describing correlations between J and p. Here we present some
results, which are relevant for our discussion.

1. There are two contributions to spin current. The first one comes from states
with helicity ±1/2 in the light hole band, and the second one is due to the non-
diagonal in the band indices (light/heavy) elements of the density matrix. The
heavy hole ±3/2 band does not support a spin current.

2. In [24] we have neglected the non-diagonal elements on the grounds that they
contain the small parameter (Ω(p)τp)

−1. It is this contribution that is responsi-
ble for the intrinsic mechanism proposed in [46] with γ on the order of the above
small parameter.

3. Due to scattering, the charge and spin currents in the light hole band (or for elec-
trons in a gapless semiconductor) are coupled. This is described by the Drude-
like equations similar to (8.15), (8.16), which can be written in the form (we skip
the action of magnetic field):

dqi

dt
= en

m
Ei − qi

τ1
+ γ

√
τ1τ2

ǫijkqjk, (8.43)

dqij

dt
= −qij

τ2
− γ

√
τ1τ2

ǫijkqk, (8.44)

the only difference being that the relaxation times for charge and spin currents,
τ1 and τ2, are now different (by a numerical factor), n is the concentration of
light holes.
It is important that unlike the case of spin–orbit interaction for electrons, for
holes the coupling between their spin and momentum is very strong. Because of
this, the parameter γ , which was very small in all previous considerations, now
is generally on the order of 1! It can be reduced only due to the smallness of
the Born parameter e2/ǫh̄vF (we remind that in the Born approximation γ = 0).
As mentioned previously, at low concentrations the Born parameter may easily
be on the order of 1. These results suggest that the spin current generated in the
light hole band by scattering might provide a strong competition with the intrin-
sic current. It seems that the J = 3/2 holes, and especially electrons in a gap-
less semiconductor, may be the best candidates for observing strong spin-charge
coupling effects, which could be revealed by the anomalous magnetic field de-
pendence of the resistivity tensor (Sect. 8.2.6) and by an anomalous frequency
dependence of conductivity.

4. The frequency dependence of conductivity in an n-type gapless semiconductor
can be easily derived from (8.43), (8.44) [24]:

σ(ω) = ne2

m

τ1(1 + iωτ2)

(1 + iωτ1)(1 + iωτ2) + 2γ 2
. (8.45)

In the Born approximation γ = 0 and (8.45) reduces to the usual Drude result.
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Intrinsic Mechanism for 2D Electrons and Holes

Sinova et al. [47] proposed an intrinsic mechanism of spin current due to the
Bychkov–Rashba spin splitting of the conduction band for 2D electrons. They
claimed that in the clean limit there is a universal spin Hall conductivity βn =
e/(8πh̄).20 A lively discussion followed with many papers confirming this result
by sophisticated theoretical techniques, and many others disproving it. Finally, it
was understood that the “universal spin conductivity” is actually zero (see for exam-
ple [48, 49]). However, this annulation is specific for the case when the spin band
splitting is linear in momentum [33, 34]. The current consensus is that the intrinsic
mechanism may exist for any type of spin band splitting, except if it is linear in p. An
example is the two-dimensional system of heavy holes in a (100) quantum well. In
this case the spin–orbit interaction is cubic in the two-dimensional momentum [50]:

Ĥhh = αhh

2

(

σ̂+p3
− + σ̂−p3

+
)

, (8.46)

where p± = px ± ipy , etc. In a quantum well, the sub-band of heavy holes is doubly
degenerate at p = 0, therefore the holes can be attributed a “pseudospin” 1/2, the
Pauli matrices in (8.46) act in the basis of the two degenerate states.

Calculations [51, 52] give an electrical field induced intrinsic spin current with
γ ∼ (kFℓ)−1. However, even in the clean limit, the numerical factor depends on the
nature of the scattering potential, i.e., whether it allows momentum transfer corre-
sponding to inter-sub-band transitions (hard potential), or not (soft potential). In this
sense there is no universality of the intrinsic spin current.

Spin band splitting can occur only in the absence of inversion symmetry. In this
case, there are other, maybe more important effects, mentioned in Sect. 8.3, see also
Chap. 9. And, of course, there is always the question about the relation of the calcu-
lated spin current to the experimentally observable quantities.

Spin Accumulation in the Ballistic Regime

Is there any relation between the mean value of the spin current operator calculated
in the bulk to the local spin polarization near the boundary in the clean limit? The an-
swer is negative, and the reason for that is the fast spin precession and spin relaxation
due to the strong spin–orbit coupling.

Consider the case of Bychkov–Rashba splitting characterized by the energy ∆R.
The characteristic spatial scale near the boundary is the spin precession length, Ls =
h̄vF/∆R.21 The region in the interior of the sample which is beyond the strip of width
Ls is disconnected from the surface layer.

20 Note the difference between the 3D and 2D cases stemming from the different dimension-

ality of concentration: ekF/h̄ in 3D becomes e/h̄ in 2D. In both cases γ ∼ (kFℓ)−1.
21 It is interesting that this expression is valid both in the clean and in the dirty limits. In

the latter case ∆Rτp/h̄ ≪ 1 and Ls may be equivalently presented as Ls = (Dτs)
1/2 with

1/τs ∼ ∆2
Rτp/h̄2.
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Fig. 8.6. Ballistic structure with the spin accumulation near the boundary

To illustrate the point, let us consider a mesoscopic ballistic structure with a mean
free path much greater than the sample sizes. This ballistic region is attached to the
leads which serve as source–drain contacts, see Fig. 8.6. A voltage V is applied
between the leads which causes a charge current through the structure.

We consider specular scattering at the boundaries. Since the structure is ballis-
tic, we can trace every electron trajectory and find the exact analytical solution [53,
54] for the spin polarization density Pz (the component perpendicular to the two-
dimensional plane). The spin accumulation exists over the spin precession length Ls

near the boundary and decays as a power law of the distance from the boundary. Note,
that the edge spin polarization in a ballistic system appears not as a result of accel-
eration of electrons by an electric field and associated spin precession. The electric
field is absent inside an ideal ballistic conductor. Edge spin accumulation in a bal-
listic system is due to the difference in populations of left-moving and right-moving
electrons. Combined with boundary scattering and spin precession, this results in
oscillatory edge polarization.

The characteristic magnitude of the accumulated polarization density is found to
be Pz ∼ eV ∆R/(h̄vF)2, which corresponds to the degree of spin polarization within
the spin layer P ∼ (eV/EF)(∆R/EF). For GaAs with typical ratio ∆R/EF ≈ 10−2

one obtains P = 1% when eV ∼ EF = 10 meV. The direction of P is defined by
the vector n × j , where n is the normal to the boundary and j is the charge current
density. Thus the directions of the accumulated spins are opposite for the opposing
boundaries, like in the diffusive spin Hall effect.

Since the sample width is much larger than Ls, there is no connection with the
spin current in the bulk. In the ballistic case considered here we cannot use the diffu-
sion equation for P . Therefore, the results are not obtained by the use of the boundary
condition of the type that some spin current is equal to zero. Instead, the boundary
condition consists of requiring that the wave function, i.e., the sum of the incident
and reflected waves equals zero for both helicities.
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Fig. 8.7. First observation of the spin Hall effect [21]. Left panel: Measurements of the Kerr
rotation as a function of magnetic field at the opposing sample edges. Right panel: Spatial
dependence of the Kerr rotation across the channel

The conclusion that the width of the spin layer is the spin precession length Ls

(which in the clean limit is much less than the mean free path ℓ) holds also in the
non-ballistic case, when the sample size is greater than ℓ.

8.5 Experiments

Here we present some experimental data on the spin Hall effect. The number of ex-
perimental papers is still about two orders of magnitude less than the number of the-
oretical ones. Most of the results on semiconductors were obtained by Awschalom’s
group in Santa Barbara. Some important work was also done in metals.

First Observation of the Spin Hall Effect

Kato et al. [21] report on the optical detection of the spin Hall effect in thin films of
GaAs and InGaAs. A linearly polarized beam is tuned to the absorption edge of the
semiconductor. The rotation of the polarization axis of the reflected beam provides
a measure of the electron spin polarization along the beam direction. In Fig. 8.7
typical Kerr rotation data for scans of external magnetic field are shown for two edges
of the sample. These curves give the projection of the spin polarization along the
z-axis, which diminishes with an applied transverse magnetic field because of spin
precession (the Hanle effect). It is seen that the spin polarization has opposite signs
at the two edges and falls off rapidly with the distance from the edge, disappearing
at the center of the channel.

The effect in both unstrained and strained samples is investigated. No marked
crystal direction dependence is observed in the strained samples, which suggests the
dominance of the scattering mechanism. (see also a later publication of the same
group [55]).
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Fig. 8.8. The spin Hall effect for 2D holes [22]. (b) Circular polarization measured at one edge
for two opposite current directions. (c) Circular polarization measured at opposing edges with
fixed current

Spin Hall Effect for 2D Holes

Wunderlich et al. [22] (see also [56]) report the experimental observation of the spin
Hall effect in a 2D hole system. The 2D hole layer is a part of a p–n junction light-
emitting diode with a specially designed coplanar geometry which allows an angle-
resolved polarization detection at opposite edges of the sample. The detection of
spin is done by measuring the circular polarization of the light. A p-channel current
is applied along the x direction and the circular polarization of light emitted along
the z axis is measured, while biasing one of the light-emitting diodes at either side
of the p-channel.

The occurrence of the spin Hall effect is demonstrated in Fig. 8.8(b). When bi-
asing, a circular polarization of light emitted from the region near the corresponding
p–n junction step edge appears, and its sign flips upon reversing the current direc-
tion. Figure 8.8(c) compares the circular polarizations (≈1%) obtained with a fixed
current, when either the first light-emitting diode or the second one is activated. The
opposite sign of these two signals confirms the opposite directions of Pz at the two
edges.

The authors estimate that the conditions are close to the clean limit and interpret
the edge spin accumulation as resulting from the intrinsic mechanism, arguing that
the observed degree of polarization is consistent with the estimate (8.42). However
there is no direct experimental evidence of the intrinsic origin of the observed effect.
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Fig. 8.9. Experimental observation of the inverse spin Hall effect [58]. Left panel: Atomic
force microscope image of the device. A thin aluminium Hall cross is contacted with two
ferromagnetic electrodes, FM1 and FM2. A magnetic field perpendicular to the substrate, B⊥
sets the orientation of magnetization of FM1 and FM2, which is characterized by an angle θ .
Right panel: A current is injected out of FM1 into the Al film and away from the Hall cross.
A Hall voltage, VSH, is measured between the two Hall probes at a distance LSH from the
injection point

Spin Hall Effect for 2D Electrons

The current-induced spin polarization in a two-dimensional electron gas confined
in (110) AlGaAs quantum wells was observed by Sih et al. [57], with the goal to
determine which mechanism of the spin Hall effect was dominant. For the [110]
growth direction the Dresselhaus field is perpendicular to the 2D plane [33] and
should not contribute to the intrinsic spin current. The Rashba splitting was measured
as a shift of the Hanle curve in magnetic field-dependent Kerr rotation when a dc
voltage is applied along the [001] direction. The thus determined splitting happens
to be very small. The authors conclude that the observed spin Hall effect is dominated
by the spin-dependent scattering mechanism.

Observation of the Inverse Spin Hall Effect in Metals

Valenzuela and Tinkham [58] report electrical measurements of the inverse spin Hall
effect in aluminium, using a ferromagnetic electrode in combination with a tunnel
barrier to inject a spin-polarized current. They observe an induced voltage that results
exclusively from the conversion of the injected spin current into charge imbalance.
This voltage is proportional to the component of the injected spins that is perpendic-
ular to the plane defined by the spin current direction and the voltage probes.

A ferromagnetic electrode FM1 is used to inject the spin-polarized electrons via
a tunnel barrier in one of the arms of an aluminium Hall cross (Fig. 8.9). The injected
current is driven away from the Hall cross, where only a pure spin current flows as a
result of the spin injection.

Because of spin–orbit interaction, the spin current induces a transverse charge
imbalance and generates a measurable voltage, VSH. Spin imbalance in the Al film
occurs with a spin direction defined by the magnetization orientation of the FM1
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Fig. 8.10. Inverse spin Hall effect [58]. Hall resistance RSH versus perpendicular magnetic
field B⊥ for LSH = 590 nm compared to the measured value of sin θ

electrode. Thus VSH is expected to vary when a magnetic field perpendicular to the
substrate, B⊥, is applied and the magnetization of the electrode M is tilted out of the
substrate plane by an angle θ . Then VSH should be proportional to sin θ , correlating
with the component of M normal to the substrate.

Figure 8.10 shows RSH = VSH/I as a function of B⊥. The saturation in RSH

for large B⊥ strongly suggests that the result is related to the magnetization orien-
tation of the ferromagnetic electrode and thus is a manifestation of the inverse spin
Hall effect. This is further supported by comparing RSH(B⊥) with the magnetiza-
tion component perpendicular to the substrate (line in Fig. 8.10). The agreement is
excellent. The experimental data allow to evaluate the spin-Hall conductivity and to
determine γ ≈ (1–3) × 10−4.

Both the direct and the inverse spin Hall effects in a platinum wire, detected by
electrical measurements involving spin injection are reported in a very interesting
article by Kimura et al. [59]. Both effects persist even at room temperature. The
parameter γ for Pt is deduced to be 3.7×10−3, much larger than that for Al obtained
in [58], a difference which is naturally explained by the stronger spin–orbit coupling
in Pt.

Room Temperature Spin Hall Effect in Semiconductors

Stern et al. [60] report observation of the spin Hall effect in n-type ZnSe epilayers
with electron concentration from 5 × 1016 to 9 × 1018 cm−3. Based on the value and
the sign of the effect, they attribute it to the scattering mechanism. The most impor-
tant finding is that spin Hall effect is observable (by the Kerr rotation technique) up
to room temperature!
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8.6 Conclusion

The spin Hall effect is a new transport phenomenon, predicted a long time ago
but observed only in recent years. It was experimentally studied in three- and two-
dimensional semiconductors samples. The inverse spin Hall effect was seen in semi-
conductor structures, as well as in metals. Finally, it is important that these effects
are observable not only at cryogenic, but also at room temperature. At present, it is
difficult to predict whether this effect will have any practical applications, as many
people believe, or it will belong only to fundamental research as a tool for studying
spin interactions in solids.

The spin Hall effect shares with the long-studied anomalous Hall effect an uncer-
tainty about its microscopic origin. Let us hope that future, primarily experimental,
but also theoretical work will help to elucidate this problem.

Appendix A: The Generalized Kinetic Equation

The Boltzmann equation, generalized for the existence of spin and taking account
of the spin–orbit interaction is probably the best, most simple, and economic theo-
retical tool for studying spin phenomena in conditions when the orbital motion can
be considered classically (when, for example, the Landau quantization is not im-
portant). It can be derived from the quantum equation for the one-particle density
matrix ρ̂p1,p2

(t). We use the momentum representation, hats indicate matrices in
spin indices:

ih̄
∂ρ̂

∂t
= [Ĥ , ρ̂]. (8.47)

To approach classical physics, one introduces the Wigner density matrix ρ̂(r,p, t),
by putting p = (p1 + p2)/2, κ = p1 − p2 and doing the Fourier transform over κ :

ρ̂(r,p, t) =
∫

exp(iκr/h̄)ρ̂p+κ/2,p−κ/2(t)
d3κ

(2πh̄)3
. (8.48)

Consider a Hamiltonian Ĥ (p) describing the electron spin band splitting and the
interaction with an external electric field E (e is the absolute value of the electron
charge):

Ĥ (p) = p2

2m
+ h̄Ω(p)ŝ + eEr. (8.49)

Using (8.47) and (8.49) one can derive the kinetic equation for ρ̂(r,p, t):

∂ρ̂

∂t
+ {v̂,∇ρ̂} − eE

∂ρ̂

∂p
+ i

[

Ω(p)ŝ, ρ̂
]

= Î {ρ̂}, (8.50)

where {A,B} = (AB + BA)/2 and v̂ = ∂Ĥ (p)/∂p is the electron velocity, which
is a matrix in spin indices. The left-hand side of (8.50) follows exactly from (8.47).
The right-hand side is the collision integral, which is added “by hand” (like in the
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conventional Boltzmann equation).22 One has to evaluate the change of the density
matrix, δρ̂, during one collision and make a sum over all collisions per unit time.

Spin–orbit interaction (8.31) during the act of an individual collision makes the
integral operator Î a matrix with four spin indices. For elastic collisions with impu-
rities and if the effect of band splitting can be neglected while considering individual

collisions, we have [61]

Î
{

ρ̂(p)
}

µµ′ =
∫

dΩp′

{

W
µµ′

µ1µ
′
1
· ρµ1µ

′
1
(p′)

− 1

2

[

Wµµ1
µ2µ2

· ρµ1µ
′(p) + ρµµ1(p) · Wµ1µ

′
µ2µ2

]

}

. (8.51)

Here the summation over repeated indices is implied. This expression is the gener-
alization of the Boltzmann collision integral taking account of spin–orbit effects. If
spin–orbit interaction during collisions is neglected, it reduces to the conventional
Boltzmann term. The transition probability matrix Ŵ can be expressed through the
scattering amplitude F̂

p

p′ given by (8.27):

W
µµ′

µ1µ
′
1

= NvF
µp

µ1p
′
(

F
µ′p
µ′

1p
′
)⋆

, (8.52)

where N is the impurity concentration, v = p/m = p′/m is the electron velocity,
and F

µp

µ1p
′ is the scattering amplitude for the transition from the initial state µ1p

′ to

the final state µp.
The question of whether or not the spin band splitting can be neglected, while

considering collisions, is a subtle one, especially when dealing with non-diagonal in
band indices elements of the density matrix.23

Equation (8.50) resembles the usual Boltzmann equation, the main differences
being the form of the collision integral and the additional commutator term due to
the spin band splitting. It can be separated into two coupled equations by putting
ρ̂ = (1/2)f Î + 2Sŝ, where the particle and spin distributions in phase space are
related to ρ̂ by the relations:

f (r,p, t) = Tr(ρ̂), S(r,p, t) = Tr(ŝρ̂). (8.53)

The spin polarization density P (r) used in this chapter is related to the distribution S

by P (r) = 2
∫

S(r,p) d3p. The equations for f and S can be derived from (8.50):

∂f

∂t
+ pi

m

∂f

∂xi

− eEi

∂f

∂pi

+ ∂Ωj

∂pi

∂Sj

∂xi

= Tr(Î ), (8.54)

22 Like in the case of the classical Boltzmann equation, this term can be derived by making
the usual assumptions of the kinetic theory.
23 This point might be important for the “intrinsic” mechanism of spin currents, which arise
because the applied electric field mixes the states in different bands. So does the impu-
rity potential, and great care should be taken to be sure that all corrections on the order of
(Ω(p)τp)−1 have been picked up. The lesson of the “universal spin Hall conductivity” calls
for extreme caution in these matters.
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∂Sk

∂t
+ pi

m

∂Sk

∂xi

− eEi

∂Sk

∂pi

+ 1

4

∂Ωk

∂pi

∂f

∂xi

−
[

Ω(p) × S
]

k
= Tr(ŝk Î ). (8.55)

These equations are further simplified in the spatially homogeneous situation.
They contain most of the relevant spin physics in semiconductors: spin relax-

ation, spin diffusion, coupling between spin and charge currents (due to skew scat-
tering, as well as intrinsic), etc. After including a magnetic field in the usual manner,
they can be used to study magnetic effects in spin relaxation and spin transport. Sim-
ilar, but more complicated, equations were derived and analysed for J = 3/2 holes
in the valence band and carriers in a gapless semiconductor [24]. Compared to other,
more sophisticated techniques, the approach based on the kinetic equation, has the
advantage of being much more transparent and of allowing to use the physical in-
tuition accumulated in dealing with the Boltzmann equation. It also avoids invoking
quantum mechanics where it is not really necessary.
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9

Spin–Photogalvanics

E.L. Ivchenko and S.D. Ganichev

9.1 Introduction. Phenomenological Description

The spin of electrons and holes in solid state systems is an intensively studied quan-
tum mechanical property showing a large variety of interesting physical phenomena.
One of the most frequently used and powerful methods of generation and investiga-
tion of spin polarization is optical orientation [1]. Besides purely optical phenomena
like circularly-polarized photoluminescence, the optical generation of an unbalanced
spin distribution in a semiconductor may lead to spin photocurrents.

Light propagating through a semiconductor and acting upon mobile carriers can
generate a dc electric current, under short-circuit condition, or a voltage, in the case
of open-circuit samples. In this chapter we consider only the photogalvanic effects
(PGE) which, by definition, appear neither due to inhomogeneity of optical excitation
of electron–hole pairs nor due to inhomogeneity of the sample. Moreover, we focus
the attention here on the spin–photogalvanics and discuss spin-related mechanisms
of the following effects: the circular PGE, spin–galvanic effect, inverse spin–galvanic
effect or spin polarization by electric current, generation of pure spin photocurrents
and magneto-gyrotropic photogalvanic effect.

The macroscopic features of all spin-dependent photogalvanic effects discussed
in this chapter, e.g., the possibility to generate a helicity-dependent current, its be-
havior upon variation of radiation helicity, crystallographic orientation, experimental
geometry, etc., can be described in the frame of a phenomenological theory which
operates with conventional vectors, or polar vectors, and pseudovectors, or axial

vectors describing rotation, and does not depend on details of microscopic mecha-
nisms. Below we consider one by one the phenomenological theory of various spin–
photogalvanic effects.

Circular Photogalvanic Effect

The signature of photocurrent due to the circular PGE is that it appears only under
illumination with circularly polarized light and reverses its direction when the sign
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of circular polarization is changed. Physically, the circular PGE can be considered
as a transformation of the photon angular momenta into a translational motion of
free charge carriers. It is an electronic analog of mechanical systems which trans-
mit rotatory motion to linear one. In general there exist two different possibilities
for such transmission. The first is based on the wheel effect: when a wheel being
in mechanical contact with the plane surface rotates it simultaneously moves as a
whole along the surface. The second transformation is based on the screw effect and
exemplified by a screw thread or a propeller. In the both cases the rotation inversion
results in the reversal of motion, like the circular photogalvanic current changes its
sign following the inversion of the photon helicity described by the degree of circular
polarization Pc.

Phenomenologically, the circular photogalvanic current j is described by a
second-order pseudotensor

jλ = Iγλµi(e × e∗)µ = IPcγλµnµ, (9.1)

where n is the unit vector pointing in the direction of the exciting beam, I and e

are the light intensity and polarization unit vector. Hereafter a repeated subscript is
understood to imply summation over the range of this subscript. In a bulk semicon-
ductor or superlattice the index λ runs over all three Cartesian coordinates x, y, z. In
quantum well structures the free-carrier motion along the growth direction is quan-
tized and the index λ enumerates two in-plane coordinates. In quantum wires the
free movement is allowed only along one axis, the principal axis of the structure,
and the coordinate λ is parallel to this axis. On the other hand, the light polarization
unit vector e and directional unit vector n can be arbitrarily oriented in space and,
therefore, µ = x, y, z. The tensor γ in (9.1) relates components of the polar vector j

and the axial vector e × e∗ which means that it is nonzero for point groups that allow
optical activity or gyrotropy. We remind the reader that the gyrotropic point group
symmetry makes no difference between components of polar vectors, like current
or electron momentum, and axial vectors, like a magnetic field or spin. Among 21
crystal classes lacking inversion symmetry, 18 are gyrotropic. Three nongyrotropic
noncentrosymmetric classes are Td, C3h, and D3h.

Spin–Galvanic and Inverse Spin–Galvanic Effects

Another root to spin–photogalvanics is provided by optical spin orientation. A uni-
form nonequilibrium spin polarization obtained by any means, including optical,
yields an electric current if the system is characterized by the gyrotropic symme-
try. The current j and spin S are also related by a second-order pseudotensor

jλ = QλµSµ. (9.2)

This equation shows that the direction of the electric current is coupled to the orien-
tation of the nonequilibrium spin which is given by the radiation helicity. The effect
inverse to the spin–galvanic effect is an electron spin polarization induced by a dc
electric current, namely,

Sµ = Rµλjλ. (9.3)
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We note the similarity of (9.1)–(9.3) characteristic for effects due to gyrotropy:
all three equations linearly couple a polar vector with an axial vector.

Pure Spin Photocurrents

While describing spin-dependent phenomena, one needs, in addition to electric cur-
rents, introduce spin currents. Hereafter, similarly to the notations of Chap. 8, we
use the notation qλµ for the spin flux density with µ indicating the spin orientation
and λ indicating the flow direction. Of special interest is the generation of pure spin
currents in which case a charge current is absent but at least one of the qλµ compo-
nents is nonzero. A fourth-order tensor P relating the pseudotensor q with the light
intensity and polarization as follows:

qλµ = IPλµνηeνe
∗
η (9.4)

has nonzero components in all systems lacking a center of inversion symmetry. How-
ever an equivalence between polar and axial vector components in the gyrotropic
point groups suggests new important mechanisms of pure spin currents connected
with the spin–orbit splitting of electronic bands.

Magneto-Photogalvanic Effects

The variety of effects under consideration is completed by magnetic-field induced
photocurrents gathered in the class of magneto-photogalvanic effects represented by
the phenomenological equation

jλ = IΦλµνηBµeνe
∗
η, (9.5)

where B is an external magnetic field. The symmetry properties of the tensor Φ

coincide with those of P . In this chapter we will consider a magneto-gyrotropic pho-
tocurrent induced by a linearly polarized radiation which can be directly connected
with the pure spin current generated at zero magnetic field.

9.2 Circular Photogalvanic Effect

9.2.1 Historical Background

The circular photogalvanic effect was independently predicted by Ivchenko and Pikus
[2] and Belinicher [3]. It was first observed and studied in tellurium crystals by As-
nin et al. [4], see more references in the book [5]. In tellurium the current arises
due to spin splitting of the valence band edge at the boundary of the first Brillouin-
zone (“camel back” structure). While neither bulk zinc-blende materials like GaAs
and related compounds nor bulk diamond crystals like Si and Ge allow this effect,
in quantum well structures the circular PGE is possible due to a reduction of sym-
metry. The circular PGE in gyrotropic quantum wells was observed by Ganichev
et al. applying terahertz radiation [6]. In this chapter we discuss the circular PGE in
quantum well structures grown along the [001], [113], and [110] directions, present
experimental data for demonstration and outline the microscopic theory of the effect
under inter-sub-band and interband optical transitions.
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Fig. 9.1. Oscilloscope traces obtained for pulsed excitation of (113)-grown n-type GaAs quan-
tum wells at λ = 76 µm. (a) and (b) show circular PGE signals obtained for circular σ+ and
σ− polarization, respectively. For comparison, in (d) a signal pulse for a fast photon drag
detector is plotted. In (c) the measurement arrangement is sketched. After [7]

9.2.2 Basic Experiments

With illumination of quantum well structures by polarized radiation a current sig-
nal proportional to the helicity Pc is generated in unbiased samples. The irradiated
structure represents a current source wherein the current flows in the quantum well,
see a scheme in Fig. 9.1(c). Figures 9.1(a) and (b) show measurements of the voltage
drop across a 50 Ohm load resistor in response to 100 ns laser pulses at λ = 76 µm.
Signal traces are plotted for right-handed (a) and left-handed circular polarization
(b), in comparison to a reference signal shown in Fig. 9.1(d) and obtained from a fast
photon drag detector [7, 8]. The width of the current pulses is about 100 ns which
corresponds to the THz laser pulses duration.

Figure 9.2(a) presents results of measurements carried out at room temperature
on (113)-grown p-GaAs/AlGaAs multiple quantum wells under normal incidence
and (001)-grown n-InAs/AlGaSb single quantum well structure under oblique in-
cidence. Optical excitation was performed by a high-power THz pulsed NH3 laser
operating at wavelength λ = 76 µm. The linearly polarized light emitted by the laser
could be modified to an elliptically polarized radiation by applying a λ/4 plate and
changing the angle ϕ between the optical axis of the plate and the polarization plane
of the laser radiation. Thus the helicity Pc of the incident light varies from −1 (left
handed, σ−) to +1 (right handed, σ+) according to

Pc = sin 2ϕ. (9.6)

One can see from Fig. 9.2(a) that the photocurrent direction is reversed when the
polarization switches from right-handed circular, ϕ = 45◦, to left-handed, ϕ = 135◦.
The experimental points are well fitted by the equation

jλ(ϕ) = j0
λ sin 2ϕ (9.7)

with one scaling parameter.
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Fig. 9.2. (a) Photocurrent in quantum wells normalized by the light power P as a function of
the phase angle ϕ defining helicity. The insets show the geometry of the experiment. Upper

panel: Normal incidence of radiation on p-type (113)-grown GaAs/AlGaAs quantum wells
(symmetry class Cs). The current jx flows along the [11̄0] direction perpendicular to the mir-
ror plane. Lower panel: Oblique incidence of radiation with an angle of incidence θ0 = −30◦

on n-type (001)-grown InAs/AlGaSb quantum wells (symmetry class C2v). Full lines are fit-
ted using one parameter according to (9.7). (b) Photocurrent as a function of the incidence
angle θ0 for right-circularly polarized radiation σ+ measured perpendicularly to light propaga-
tion. Upper panel: p-type (113)A-grown GaAs/AlGaAs quantum wells. Lower panel: n-type
(001)-grown InAs/AlGaSb quantum wells. Full lines represent theoretical fit. After [6]

In Fig. 9.2(b) closer look is taken at the dependence of the photocurrent on the
angle of incidence θ0 in configuration with the incidence plane normal to the axis
x ‖ [11̄0].

For (113)-oriented quantum wells belonging to the symmetry class Cs the current
retains its sign for all θ0 and achieves its maximum at normal incidence (see upper
panel of Fig. 9.2(b)). In contrast, in asymmetric (001)-oriented samples (C2v-sym-
metry) a variation of θ0 in the plane of incidence normal to x changes the sign of
the current jx for normal incidence, θ0 = 0, as can be seen in the lower panel of
Fig. 9.2(b). Solid curves in this figure show a fit with phenomenological equation
(9.1) adapted to a corresponding symmetry and being in a good agreement with
experiment.

Further experiments demonstrate that circular PGE can be generated by the ra-
diation of wide range of frequencies from terahertz to visible light. Applying light
of various frequencies the photocurrent due to interband, inter-sub-band and free
carrier absorption was detected. Absorption of radiation in the range of 9 to 11 µm
in n-type GaAs quantum well samples of well widths 8–9 nm is dominated by res-
onant direct inter-sub-band optical transitions between the first (e1) and the second
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Fig. 9.3. (a) Photocurrent in quantum wells normalized by the light power P as a function
of the photon energy �ω. Measurements are presented for n-type (001)-grown GaAs/AlGaAs
quantum wells of 8.2 nm width at room temperature. Oblique incidence of σ+ (squares) and
σ− (circles) circularly polarized radiation with an angle of incidence θ0 = 20◦ was used.
The current jx was measured perpendicular to the light incidence plane (y, z). The dotted line

shows the absorption measurement using a Fourier transform infrared spectrometer. After [9].
(b) Microscopic picture describing the origin of the circular photogalvanic current and its
spectral inversion in Cs point group samples. The essential ingredient is the splitting of the
conduction band due to k-linear terms. Left handed circularly polarized radiation σ− induces
direct spin–flip transitions (vertical arrows) from the e1 sub-band with s = 1/2 to the e2 sub-
band with s′ = −1/2. As a result an unbalanced occupation of the kx states occurs yielding a
spin polarized photocurrent. For transitions with k−

x lying left to the minimum of e1 (s = 1/2)
sub-band the current indicated by jx is negative. At smaller ω the transition occurs at a value
of kx on the right-hand side of the sub-band minimum, and the current reverses its sign

(e2) size-quantized sub-bands. Applying mid-infrared (MIR) radiation from the CO2

laser, which causes direct transitions in GaAs quantum wells, a current signal pro-
portional to the helicity Pc has been observed at normal incidence in (113)-oriented
samples and (110)-grown asymmetric quantum wells and at oblique incidence in
(001)-oriented samples, indicating a spin orientation induced circular PGE [9, 10].
In Fig. 9.3(a) the data are presented for a (001)-grown n-type GaAs quantum well of
8.2 nm width measured at room temperature. It is seen that the current for both left-
and right-handed circular polarization changes sign at the frequency of the absorption
peak. Spectral inversion of the photocurrent direction at inter-sub-band resonance has
also been observed in (113)-oriented samples and (110)-grown asymmetric quantum
wells [9, 10]. In the next subsection we start the microscopic consideration from the
inter-sub-band mechanism of circular PGE.
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9.2.3 Microscopic Model for Inter-Sub-Band Transitions

Microscopically, as shown below, a conversion of photon helicity into a current as
well as a number of effects described in this chapter is due to a removal of spin
degeneracy in the k-space resulting in a shift of two spin sub-bands as sketched in
Fig. 9.3(b). Thus before a discussion of the photocurrent origin we briefly describe
the band spin splitting.

9.2.4 Relation to k-Linear Terms

The linear in k terms are given by the term

H
(1)

k
= βµλσµkλ (9.8)

in the expansion of the electron effective Hamiltonian in powers of the wave vector k.
The coefficients βµλ form a pseudotensor subjected to the same symmetry restriction
as the current-to-spin tensor R or the transposed pseudotensors γ and Q. The cou-
pling between the electron spin and momentum described by products of the Pauli
spin matrices σµ and the wave vector components kλ as well as spin-dependent selec-
tion rules for optical transitions yield a net current sensitive to circularly polarized
optical excitation. The sources of k-linear terms are the bulk inversion asymmetry
resulted in the Dresselhaus term [11], including a possible interface inversion asym-
metry [12, 13], and a structure inversion asymmetry causing the Rashba term [14]
(for reviews see [7, 15, 16]).

9.2.5 Circular PGE Due to Inter-Sub-Band Transitions

Figure 9.3(b) illustrates the inter-sub-band transitions e1 → e2 resulting in the cir-
cular PGE. In order to make the physics more transparent we will first consider the
inter-sub-band circular photogalvanic current generated under normal incidence in
quantum wells of the Cs symmetry, say, in (113)-grown quantum wells, and use the
relevant coordinate system x ‖ [11̄0], y′ ‖ [332̄], z′ ‖ [113]. In the linear-k Hamil-
tonian we retain only the term σz′kx because other terms make no contribution to the
photocurrent under the normal incidence. Therefore, the energy dispersion in the νth
electron sub-band depicted in Fig. 9.3(b) is taken as

Eeν,k,s = E0
ν + h̄2k2

2mc
+ 2sβνkx, (9.9)

where s = ±1/2 is the electron spin component along the z′ axis, βν = β
(ν)

z′x and,
for the sake of simplicity, we neglect nonparabolicity effects assuming the effective
mass mc to be the same in both sub-bands.

For the direct e1–e2 transitions shown in Fig. 9.3 by vertical arrows, the energy
and momentum conservation laws read

E21 + 2(s′β2 − sβ1)kx = h̄ω,
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where E21 is the Γ -point gap E0
2 − E0

1 and s′, s = ±1/2. As a result of optical
selection rules the circular polarization, e.g., left-handed, under normal incidence
induces direct optical transitions between the sub-band e1 with spin s = +1/2 and
the sub-band e2 with spin s′ = −1/2. For monochromatic radiation with photon
energy h̄ω1 > E21 optical transitions occur only at a fixed value of k−

x where the
energy of the incident light matches the transition energy as indicated by the arrow
in Fig. 9.3(b). Therefore, optical transitions induce an imbalance of the momentum
distribution in both sub-bands yielding an electric current along the x-direction with
the e1 and e2 contributions, antiparallel (j (1)) or parallel (j (2)) to x, respectively.
Since in n-type quantum wells the energy separation between the e1 and e2 sub-
bands is typically larger than the energy of longitudinal optical phonons h̄ωLO, the
nonequilibrium distribution of electrons in the e2 sub-band relaxes rapidly due to
emission of phonons. As a result, the electric current j (2) vanishes and the current
magnitude and direction are determined by the group velocity and the momentum
relaxation time τp of uncompensated electrons in the e1 sub-band with s = +1/2,
i.e., by j (1). By switching circular polarization from left- to right-handed due to
selection rules light excites the spin down sub-band only. Thus the whole picture
mirrors and the current direction reverses. Spectral inversion of the photocurrent at
fixed helicity also follows from the model picture of Fig. 9.3(b). Indeed decreasing
the photon frequency to h̄ω2 < E21 shifts the transitions toward positive kx and the
direction of the current reverses (horizontal dashed arrow).

Formally this process is described as follows. In the polarization e ⊥ z′, the di-
rect inter-sub-band absorption is weakly allowed only for the spin–flip transitions,
(e1,−1/2) → (e2, 1/2) for σ+ photons and (e1, 1/2) → (e2,−1/2) for σ− pho-
tons. Particularly, under the σ− photoexcitation the electrons involved in the transi-
tions have the fixed x-component of the wave vector

k−
x = − h̄ω − E21

β2 + β1
(9.10)

and velocity

v(eν)
x = h̄k−

x

mc
+ (−1)ν+1 βν

h̄
. (9.11)

The circular photogalvanic current can be written as

j (e1)
x = e

(

v(e2)
x τ (2)

p − v(e1)
x τ (1)

p

)η21I

h̄ω
Pc, (9.12)

where τ
(ν)
p is the electron momentum relaxation time in the ν sub-band, η21 is the

absorbance or the fraction of the energy flux absorbed in the quantum well due to
the transitions under consideration, and minus in the right-hand side means that the
e1-electrons are removed in the optical transitions.

We assume that inhomogeneous broadening, δ21, of the resonance E21 exceeds,
by far, the sub-band spin splitting. In this case the convolution of the current given
by (9.12) with the inhomogeneous distribution function leads to [9]
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jx = e

h̄
(β2 + β1)

[

τ (2)
p η21(h̄ω) +

(

τ (1)
p − τ (2)

p

)

〈E〉dη21(h̄ω)

dh̄ω

]

IPc

h̄ω
, (9.13)

where η21 is the absorbance in the polarization e ⊥ z′ calculated neglecting the
linear-k terms but taking into account the inhomogeneous broadening, 〈E〉 is the
mean value of the two-dimensional (2D) electron energy, namely, half of the Fermi
energy EF for a degenerate 2D electron gas and kBT for a nondegenerate gas. Since
the derivative dη21/d(h̄ω) changes its sign at the absorption peak frequency and
usually the time τ

(1)
p is much longer than τ

(2)
p , the circular photogalvanic current

given by (9.13) exhibits the sign-inversion behavior within the resonant absorption
contour, in agreement with the experimental observations [9, 10].

Similarly to the previously discussed case of the Cs symmetry the circular pho-
togalvanic current for the e1–e2 transitions in (001)-grown quantum wells exhibits
the sign-inversion behavior within the resonant absorption contour [9], in agreement
with the experimental data presented in Fig. 9.3(a).

9.2.6 Interband Optical Transitions

For direct optical transitions between the heavy-hole valence sub-band hh1 and con-
duction sub-band e1, the circular PGE is also most easily conceivable in quantum
wells of the Cs symmetry which allows the spin–orbit term βz′xσz′kx . For simplicity,
for a while we take into account the linear-k terms only in the conduction sub-band
assuming the following parabolic dispersion in the e1 and hh1 sub-bands:

Ee1,k,±1/2 = EQW
g + h̄2k2

2mc
± βekx, Ev

hh1,k,±3/2 = − h̄2k2

2mv
± βhkx, (9.14)

where mv is the hole in-plane effective mass, βe = β
(e1)

z′x , βh = β
(hh1)

z′x , E
QW
g is

the band gap renormalized because of the quantum confinement of free carriers and
the energy is referred to the valence-band top. In Fig. 9.4(a) the allowed optical
transitions are from j = −3/2 to s = −1/2 for the σ+ polarization and from j =
3/2 to s = 1/2 for the σ− polarization. Under circularly polarized radiation with a
photon energy h̄ω and for a fixed value of ky′ the energy and momentum conservation
allow transitions only from two values of kx labeled k−

x and k+
x . The corresponding

transitions are shown in Fig. 9.4(a) by the solid vertical arrows with their “center-
of-mass” shifted from the point kx = 0. Thus the average electron velocity in the
excited state is nonzero and the contributions of k±

x photoelectrons to the current do
not cancel each other as in the case βe = βh = 0. Changing the photon helicity from
+1 to −1 inverts the current because the “center-of-mass” for these transitions is now
shifted in the opposite direction. The asymmetric distribution of photoelectrons in the
k-space decays within the momentum relaxation time. However, under steady-state
optical excitation new photocarriers are generated resulting in a dc photocurrent.
The photohole contribution is considered in a similar way. The final result for the
interband circular photogalvanic current can be presented as

jx = −e
(

τ e
p − τ h

p

)

(

βe

mv
+ βh

mc

)

µcv

h̄

ηehI

h̄ω
Pc, (9.15)
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Fig. 9.4. (a) Microscopic picture describing the origin of interband circular PGE. The essen-
tial ingredient is the spin splitting of the electron and/or hole states due to linear-k terms.
(b), (c) Spectral response of the circular photogalvanic current observed in two (001)-grown
InxGa1−xAs/InAlAs quantum well structures, sample D and sample E, under oblique inci-
dence. To enhance the structure inversion asymmetry, sample E was grown with a graded
indium composition from 0.53 to 0.75 for the quantum well, instead of the uniform indium
composition of 0.70 for sample D. The photoreflectance spectra of two samples are also shown
to determine the electronic structures of the samples. The arrows indicate the heavy hole (hh)
and light hole (lh) related transitions. Data are from [19]

where ηeh is the fraction of the photon energy flux absorbed in the quantum well
due to the hh1 → e1 transitions and τ e

p , τ h
p are the electron and hole momentum

relaxation times.
The circular PGE at interband absorption was observed in GaAs-, InAs- and

GaN-based quantum well structures [17–20]. In Figs. 9.4(b) and (c) diamonds and
circles present the spectral dependence of the circular photogalvanic current mea-
sured under interband optical transitions between the higher valence and conduction
sub-bands. The photoreflectance spectra of the samples are shown (solid curves) to
clearly indicate the quantized energy levels of electrons and holes as marked by the
arrows. For the both samples the photocurrent spectral contour exhibits a change in
sign, in a qualitative agreement with the theoretical prediction [21].

9.2.7 Spin-Sensitive Bleaching

Application of high intensities results in saturation (bleaching) of PGE. This effect
was observed for direct inter-sub-band transitions in p-type GaAs quantum wells and
gave an experimental access to spin relaxation times [22, 23]. The method is based
on the difference in nonlinear behavior of circular and linear PGE. The linear PGE
is an another photogalvanic effect allowed in GaAs structures and can be induced by
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Fig. 9.5. (a)–(c) Microscopic picture of spin sensitive bleaching: Direct hh1–lh1 optical tran-
sitions (a) and process of bleaching for two polarizations, linear (b) and circular (c). Dashed

arrows indicate energy (τε) and spin (τs) relaxation. (d) Circular (squares) and linear PGE
(circles) currents jx normalized by the intensity as a function of the intensity for circularly and
linearly polarized radiation. The inset shows the geometry of the experiment. The measure-
ments are fitted to jx/I ∝ 1/(1 + I/Is) with one parameter Is for each state of polarization.
Data are given for (113)-grown samples from [22]. (e) Spin relaxation times of holes for three
different widths of (113)-grown GaAs/AlGaAs quantum wells as a function of temperature.
The solid lines show a fit according to the Dyakonov–Perel relaxation mechanism. From [23]

linearly polarized light [5, 8, 24]. Both currents are proportional to absorption and
their nonlinear behavior reflects the nonlinearity of absorbance.

Spin sensitive bleaching can be analyzed in terms of a simple model taking
into account both optical excitation and nonradiative relaxation processes. Excita-
tion with THz radiation results in direct transitions between heavy-hole (hh1) and
light-hole (lh1) sub-bands (Fig. 9.5(a)). This process depopulates and populates se-
lectively spin states in the hh1 and lh1 sub-bands. The absorption is proportional to
the difference of populations of the initial and final states. At high intensities the ab-
sorption decreases since the photoexcitation rate becomes comparable to the nonra-
diative relaxation rate to the initial state. Absorption of linearly polarized light is not
spin selective and the saturation is controlled by energy relaxation (see Fig. 9.5(b)).
In contrast, absorption of circularly polarized light is spin selective due to selection
rules, and only one type of spin is excited, Fig. 9.5(c). Note that during energy re-
laxation the hot holes lose their photoinduced orientation due to rapid relaxation so
that the spin orientation occurs only within the bottom of the hh1 sub-band. Thus
the absorption bleaching of circularly polarized radiation is governed by energy re-
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laxation of photoexcited carriers and spin relaxation within the sub-band hh1. These
processes are characterized by energy and spin relaxation times, τε and τs, respec-
tively. If τs is longer than τε the bleaching of absorption becomes spin sensitive and
the saturation intensity of circularly polarized radiation drops below the value of
linear polarization.

Bleaching of absorption with increasing the intensity of linearly polarized light
is described phenomenologically by the function

η(I) = η0

1 + I/Ise
, (9.16)

where η0 = η(I → 0) and Ise is the characteristic saturation intensity controlled by
energy relaxation of the 2D hole gas. Since the photocurrent of linear PGE, jLPGE,
induced by the linearly polarized light is proportional to ηI , one has

jLPGE

I
∝ 1

1 + I/Ise
. (9.17)

The circular photogalvanic current jCPGE induced by the circularly polarized radia-
tion is proportional to the degree of hole spin polarization and given by [22]

jCPGE

I
∝ 1

1 + I (I−1
se + I−1

ss )
, (9.18)

where Iss = psh̄ω/(η0τs), ps is the 2D hole density.
The measurements illustrated in Fig. 9.5(d) indicate that the photocurrent jx at a

low power level depends linearly on the light intensity and gradually saturates with
increasing intensity, jx ∝ I/(1 + I/Is), where Is is the saturation parameter. One
can see from Fig. 9.5(d) that the measured saturation intensity for circular polarized
radiation is smaller than that for linearly polarized light. Using the measured values
of Is and (9.17) and (9.18) one can estimate the parameter Iss and even the time τs

[22, 23].
Figure 9.5(e) presents spin relaxation times extracted from experiment (points)

together with a theoretical fit assuming that the Dyakonov–Perel mechanism of hole
spin relaxation is dominant.

9.3 Spin–Galvanic Effect

The mechanisms of circular PGE discussed so far are linked with the asymmetry in
the momentum distribution of carriers excited in optical transitions which are sen-
sitive to the light circular polarization due to selection rules. Now we discuss an
additional possibility to generate a photocurrent sensitive to the photon helicity. In a
system of free carriers with nonequilibrium spin-state occupation but equilibrium en-
ergy distribution within each spin branch, the spin relaxation can be accompanied by
generation of an electric current. This effect, predicted by Ivchenko et al. [25], was
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observed by Ganichev et al. applying THz radiation and named the spin–galvanic ef-
fect [26]. If the nonequilibrium spin is produced by optical orientation proportional
to the degree of light circular polarization Pc the current generation can be reputed
just as another mechanism of the circular PGE. However the nonequilibrium spin
S can be achieved both by optical and non-optical methods, e.g., by electrical spin
injection, and, in fact, (9.2) presents an independent effect. Usually the circular PGE
and spin–galvanic effect are observed simultaneously under illumination by circu-
larly polarized light and do not allow an easy experimental separation. However,
they can be separated in time-resolved measurements. Indeed, after removal of light
or under pulsed photoexcitation the circular photogalvanic current decays within the
momentum relaxation time τp whereas the spin–galvanic current decays with the
spin relaxation time. Another method which, on the one hand, provides a uniform
distribution in spin sub-bands and, on the other hand, excludes the circular PGE was
proposed in [26]. It is based on the use of optical excitation and the assistance of
an external magnetic field to achieve an in-plane polarization in (001)-grown low-
dimensional structures.

9.3.1 Microscopic Mechanisms

For (001)-grown asymmetric quantum wells characterized by the C2v symmetry only
two linearly independent components, Qxy and Qyx , of the tensor Q in (9.2) are
nonzero so that

jx = QxySy, jy = QyxSx . (9.19)

Hence, a spin polarization driven current needs a spin component lying in the quan-
tum well plane. For the Cs symmetry of (hhl)-oriented quantum wells, particularly,
(113) and asymmetric (110), an additional tensor component Qxz′ is nonzero and the
spin–galvanic current may be caused by nonequilibrium spins oriented normally to
the quantum well plane.

Figure 9.6 illustrates the generation of a spin–galvanic current. As already ad-
dressed above, it arises due to k-linear terms in the electron effective Hamiltonian,
see (9.8). For a 2D electron gas system, these terms lead to the situation sketched
in Fig. 9.6(a). More strictly, the scattering changes both kx and ky components of
the electron wave vector as shown Fig. 9.6(b) by dashed lines. However, the one-
dimensional sketch in Fig. 9.6(a) conveys the interpretation in a simpler and clearer
way. In the figure the electron energy spectrum along kx with allowance for the spin-
dependent term βyxσykx is shown. In this case sy = ±1/2 is a good quantum num-
ber. The electron energy band splits into two sub-bands which are shifted in the
k-space, and each of the bands comprises states with spin up or down. Spin orien-
tation in the y-direction causes the unbalanced population in spin-down and spin-up
sub-bands. As long as the carrier distribution in each sub-band is symmetric around
the sub-band minimum point no current flows.

As illustrated in Fig. 9.6(a) the current flow is caused by k-dependent spin–flip
relaxation processes. Spins oriented in the y-direction are scattered along kx from the
more populated spin sub-band, e.g., the sub-band |+1/2〉y , to the less populated sub-
band |−1/2〉y . Four different spin–flip scattering events are sketched in Fig. 9.6(a)
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Fig. 9.6. Microscopic origin of the spin–galvanic current. (a) One-dimensional sketch: the
σykx term in the Hamiltonian splits the conduction band into two parabolas with the spin
sy = ±1/2 pointing in the y-direction. If one of the spin–split sub-bands is preferentially
occupied, e.g., by spin injection (|+1/2〉y -states in the figure), spin–flip scattering results in a
current in the x-direction. The scattering rate depends on values of the initial and final electron
wave vectors. Thus, the transitions sketched by dashed arrows yield an asymmetric filling of
the sub-bands and, hence, a current flow. If instead of the spin-up sub-band the spin-down sub-
band is preferentially occupied, the current direction is reversed. (b) The spin–flip transitions
in the two dimensions at scattering angle θ different from 0

by bent arrows. The spin–flip scattering rate depends on the values of wave vec-
tors of the initial and final states [27]. Therefore, the spin–flip transitions shown by
solid arrows in Fig. 9.6(a) have the same rates. They preserve the symmetric distri-
bution of carriers in the sub-bands and, thus, do not yield a current. However, two
other scattering processes shown by broken arrows are inequivalent and generate an
asymmetric carrier distribution around the sub-band minima in both sub-bands. This
asymmetric population results in a current flow along the x-direction. The occurrence
of a current is due to the spin dependence of the electron scattering matrix elements
M̂k′k = Ak′k Î + σ · Bk′k , where A∗

k′k = Akk′ , B∗
k′k = Bkk′ due to hermicity of

the interaction and A−k′,−k = Akk′ , B−k′,−k = −Bkk′ due to the symmetry under
time inversion. Within the model of elastic scattering the current is not spin polar-
ized since the same number of spin-up and spin-down electrons move in the same
direction with the same velocity. The spin–galvanic current can be estimated by [28]

jx = QxySy ∼ ens
βyx

h̄

τp

τ ′
s
Sy, (9.20)

and the similar equation for jy , where ns is the 2D electron density, τ ′
s is the spin re-

laxation time due to the Elliott–Yafet mechanism [1]. Since spin–flip scattering is the
origin of the current given by (9.20), this equation is valid even if Dyakonov–Perel
mechanism [1] of spin relaxation dominates. The Elliott–Yafet relaxation time τ ′

s is
proportional to the momentum relaxation time τp. Therefore the ratio τp/τ

′
s in (9.20)

does not depend on the momentum relaxation time. The in-plane average spin, e.g.,
Sy in (9.20), decays with the total spin relaxation time τs and, hence, the time decay
of the spin–galvanic current following pulsed photoexcitation is described by the ex-
ponential function exp (−t/τs). In contrast, the circular PGE current induced by a
short-pulse decays within the momentum relaxation time τp allowing to distinguish
these two effects in time resolved measurements.
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In general, in addition to the kinetic contribution to the current there exists the
so-called relaxational contribution which arises due to the linear-k terms neglecting
the Elliott–Yafet spin relaxation, i.e., with allowance for the Dyakonov–Perel mech-
anism only. This contribution has the form

j = −ensτp∇k

(

Ω
(1)

k
Ṡ
)

, (9.21)

where the spin rotation frequency Ω
(1)

k
is defined by H(1) = (h̄/2)σΩ

(1)

k
, i.e.,

h̄Ω
(1)

k,µ
= 2βµλkλ, and Ṡ is the spin generation rate.

For optical transitions excited under oblique incidence of the light in n-type zinc-
blende-lattice quantum wells of the C2v symmetry, the spin–galvanic effect coexists
with the circular PGE described in Sect. 9.2.3. In the case of inter-sub-band tran-
sitions in (001)-grown quantum wells, the spin orientation is generated by resonant
spin-dependent and spin-conserving photoexcitation followed by energy relaxation
of the photoelectrons from the sub-band e2 to e1 and their further thermalization
within the sub-band e1. The resulting spin generation rate is given by a product of
the optical transition rate times the factor of depolarization, ξ , of the thermalizing
electrons, and the current jx is estimated as

jx ∼ e
βyx

h̄

τpτs

τ ′
s

η21I

h̄ω
Pcξny, (9.22)

where η21 is the absorbance under the direct transitions e1 → e2. Equation (9.22)
shows that the spin–galvanic current is proportional to the absorbance and deter-
mined by the spin splitting constant in the first sub-band, βyx or βxy . This is in
contrast to the circular PGE which is proportional to the absorbance derivative, see
(9.13).

Finally we note that besides spin–flip mechanisms of the current generation the
spin–galvanic effect can be caused by the interference of spin-preserving scattering
and spin relaxation processes in a system of spin-polarized two-dimensional carri-
ers [29].

9.3.2 Spin–Galvanic Photocurrent Induced by the Hanle Effect

The spin–galvanic effect can be investigated by pure optical spin orientation due to
absorption of circularly polarized radiation in quantum wells. However, the irradia-
tion of quantum wells with circularly polarized light also results in the circular PGE,
and an indivisible mixture of both effects may be observed since phenomenologically
they are described by the tensors, γ and Q, equivalent from the symmetry point of
view. Nevertheless, microscopically these two effects are definitely inequivalent. In-
deed, the spin–galvanic effect is caused by asymmetric spin–flip scattering of spin
polarized carriers and determined by the spin relaxation processes. If spin relaxation
is absent the spin–galvanic current vanishes. In contrast, the circular PGE is a result
of selective photoexcitation of carriers in the k-space with circularly polarized light
due to optical selection rules, it is independent of the spin relaxation if τs ≫ τp.
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Fig. 9.7. Spin–galvanic current jx as a function of magnetic field B ‖ x for normally incident
right-handed (open circles) and left-handed (solid circles) circularly polarized radiation. Solid

and dashed curves are fitted after (9.19) and (9.23) using the same value of the spin relax-
ation time τs and scaling of the ordinate. Inset shows optical scheme of generating a uniform
in-plane spin polarization which causes a spin–galvanic current. Electron spins are oriented
normal to the quantum well plane by circularly polarized radiation and rotated into the plane
by the Larmor precession in an in-plane magnetic field Bx . From [26]

Here we describe a method which, on the one hand, achieves a uniform distribu-
tion of nonequilibrium spin polarization by optical means and, on the other hand, ex-
cludes the circular PGE [26]. The polarization is obtained by absorption of circularly
polarized radiation at normal incidence on (001)-grown quantum wells as depicted
in the inset in Fig. 9.7. For normal incidence the spin–galvanic effect as well as the
circular PGE vanish because both Sx = Sy = 0 and nx = ny = 0. Thus, the spin
orientation S0z along the z-axis is achieved but no spin-induced photocurrent is gen-
erated. We note that similar method have been applied in experiments of Bakun et al.
[30] carried out on bulk AlGaAs excited by interband absorption and demonstrating
spin photocurrents caused by the inhomogeneous spin distribution predicted in [31,
32]. The crucial difference to the spin–galvanic effect is that in the case of surface
photocurrent caused by optical orientation a gradient of spin density is needed. Natu-
rally this gradient is absent in quantum wells where the spin–galvanic effect has been
investigated because quantum wells are two-dimensional and have no ‘thickness’.

An in-plane spin component, necessary for the spin–galvanic effect, arises in a
magnetic field B ‖ x. The field perpendicular to the initially oriented spins rotates
them into the plane of the 2D electron gas due to the Larmor precession (Hanle
effect). The nonequilibrium spin polarization Sy is given by

Sy = − ωLτs⊥
1 + (ωLτs)2

S0z, (9.23)

where τs = √
τs‖τs⊥, τs‖ and τs⊥ are the longitudinal and transversal electron spin

relaxation times, and ωL is the Larmor frequency. Since in the experimental set-up Ṡ

is parallel to z, the scalar product Ω
(1)

k
Ṡ vanishes and, according to (9.21), the spin–
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galvanic effect is not contributed by the relaxational mechanism and arises only due
to the kinetic mechanism described by (9.20). The observation of the Hanle effect,
see Fig. 9.7 demonstrates that free carrier intra-sub-band transitions can polarize the
spins of electron systems. The measurements allow one to extract the spin relax-
ation time τs from the peak position of the photocurrent reached at ωLτs = 1 pro-
viding experimental access to investigation of spin relaxation times for monopolar
spin orientation where only one type of charge carriers is involved in the excitation–
relaxation process [26, 33]. This condition is close to that of electrical spin injection
in semiconductors.

For optical excitation of the spin–galvanic effect mid-infrared, far-infrared (ter-
ahertz frequencies) and visible laser radiation has been used [7, 8, 24]. Most of the
measurements were carried out in the long wavelength range with photon energies
less than the energy gap of investigated semiconductors. The advantage is that, in
contrast to interband excitation resulting in the valence-band–conduction-band tran-
sitions, there are no spurious photocurrents due to other mechanisms like the Dember
effect, photovoltaic effects at contacts and Schottky barriers, etc.

In contrast to the circular PGE the spin–galvanic effect induced by the Hanle ef-
fect under inter-sub-band transitions excited by the mid-infrared radiation does not
change its sign with frequency radiation and follows the spectral behavior of direct
inter-sub-band absorption [33]. This result is in agreement with the mechanism of
the spin–galvanic effect discussed in the previous subsection, see (9.22), and clearly
demonstrates that this effect has different microscopic origin. The observation of
the mid-infrared and terahertz radiation excited spin–galvanic effect, which is due to
spin orientation, gives clear evidence that direct inter-sub-band and Drude absorption
of circularly polarized radiation result in a monopolar spin orientation. Mechanisms
of the monopolar spin orientation were analyzed in [33, 34]. We would like to em-
phasize that spin-sensitive e1–e2 inter-sub-band transitions in (001)-grown n-type
quantum wells have been observed at normal incidence when there is no component
of the electric field of the radiation normal to the plane of the quantum wells.

9.3.3 Spin–Galvanic Effect at Zero Magnetic Field

In the experiments described above an external magnetic field was used for reorien-
tation of an optically generated spin polarization. The spin–galvanic effect can also
be generated at optical excitation only, without application of an external magnetic
field. The necessary in-plane component of the spin polarization can be obtained
by oblique incidence of the exciting circularly polarized radiation but in this case
the circular PGE may also occur interfering with the spin–galvanic effect. However,
the spin–galvanic effect due to pure optical excitation was demonstrated making use
the difference in spectral behavior of these two effects excited by inter-sub-band
transitions in n-type GaAs quantum wells [28]. Experiments have been carried out
making use of the spectral tunability of the free electron laser “FELIX”. The helic-
ity dependent photocurrent closely following the absorption spectrum was detected
demonstrating dominant contribution of the spin–galvanic effect.
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Fig. 9.8. The separation of the Dresselhaus and Rashba contributions to the spin–galvanic
effect observed in an n-type InAs single quantum well at room temperature for the case of the
electron spin S‖ ‖ [100]. (a) Geometry of the experiment. (b) The direction of Dresselhaus
and Rashba contributions to the photocurrent. (c) The spin galvanic current measured as a
function of the angle ϑ between the pair of contacts and the x axis. From [35]

9.3.4 Determination of the Rashba/Dresselhaus Spin Splitting Ratio

An important application of the spin–galvanic was addressed in [35]. It was demon-
strated that angular dependent measurements of spin photocurrents allow us to sepa-
rate the Dresselhaus and Rashba terms.

Experiments were carried out on (001)-oriented quantum wells for which the
Hamiltonian (9.8) for the first sub-band reduces to

H
(1)

k
= α(σx0ky0 − σy0kx0) + β(σx0kx0 − σy0ky0), (9.24)

where the parameters α and β result from the structure-inversion and bulk-inversion
asymmetries, respectively, and x0, y0 are the crystallographic axes [100] and [010].
Note that, in the coordinate system with x ‖ [11̄0], y ‖ [110], the matrix H

(1)

k
gets

the form βxyσxky +βyxσykx with βxy = β+α, βyx = β−α. According to (9.20) the
current components jx , jy are proportional, respectively, to βxy and βyx and, there-
fore, angular dependent measurements of spin photocurrents allow one to separate
the Dresselhaus and Rashba terms. By mapping the magnitude of the spin photocur-
rent in the quantum well plane the ratio of both terms can directly be determined
from experiment and does not rely on theoretically obtained quantities. The relation
between the photocurrent and spin directions can be conveniently expressed in the
following matrix form:

j ∝
(

β −α

α −β

)

S‖, (9.25)

where j and S‖ are two-component columns with the in-plane components along
the crystallographic axes x0 ‖ [100] and y0 ‖ [010]. The directions of the Dressel-
haus and Rashba coupling induced photocurrents are shown in Fig. 9.8(b) for the
particular case S‖ ‖ [100].

Figure 9.8(c) shows the angular dependence of the spin–galvanic current j (ϑ)

measured on an n-type (001)-grown InAs/Al0.3Ga0.7Sb single quantum well of 15 nm
width at room temperature. Because of the admixture of photon helicity-independent
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magneto-gyrotropic effects (see Sect. 9.5.2) the spin–galvanic effect is extracted after
eliminating current contributions which are helicity-independent: j = (jσ+ −jσ−)/2.

The sample edges are oriented along the [11̄0] and [110] crystallographic axes.
Eight pairs of contacts on the sample allow one to probe the photocurrent in differ-
ent directions, see Fig. 9.8(a). The optical spin orientation was performed by using a
pulsed molecular NH3 laser. The photocurrent j is measured in the unbiased struc-
ture in a closed circuit configuration. The nonequilibrium in-plane spin polarization
S‖ is prepared as described in Sect. 9.3.2 (see also Fig. 9.8(a)). The angle between the
magnetic field and S‖ can in general depend on details of the spin relaxation process.
In these particular InAs quantum well structures the isotropic Elliott–Yafet spin re-
laxation mechanism dominates. Thus, the in-plane spin polarization S‖ is always per-
pendicular to B and can be varied by rotating B around z as illustrated in Fig. 9.8(a).
The circle in Fig. 9.8(c) represents the angular dependence cos (ϑ − ϑmax), where ϑ

is the angle between the pair of contacts and the x axis and ϑmax = arctan jR/jD. The
best fit in this sample is achieved for the ratio jR/jD = α/β = 2.1. The method was
also used for investigation of Rashba/Dresselhaus spin–splitting in GaAs heterostruc-
tures where spin relaxation is controlled by Dyakonov–Perel mechanism [36]. These
experiments demonstrate that growth of structures with various delta-doping layer
position accompanied by experiments on spin–galvanic effect makes possible a con-
trollable variation of the structure inversion asymmetry and preparation of samples
with equal Rashba and Dresselhaus constants or with a zero Rashba constant.

9.4 Inverse Spin–Galvanic Effect

The effect inverse to the spin–galvanic effect is the electron spin polarization gener-
ated by a charge current j . First it was predicted in [2] and observed in bulk tellurium
[37]. Aronov, Lyanda-Geller [38], Edelstein [39], and Vas’ko [40] demonstrated that
spin orientation by current is also possible in quantum well systems. This study was
extended in [41–46]. Most recently the first direct experimental proofs of this effect
were obtained in semiconductor quantum wells [47, 48] as well as in strained bulk
material [49]. At present inverse spin–galvanic effect has been observed in various
low-dimensional structures based on GaAs, InAs, ZnSe, and GaN.

Phenomenologically, the averaged nonequilibrium free-carrier spin S is linked
to j by (9.3). Microscopically, the spin polarization can be found from the kinetic
equation for the electron spin density matrix ρk which can conveniently be presented
in the form

ρk = fk + skσ , (9.26)

where fk = Tr{ρk/2} is the distribution function and sk = Tr{ρkσ/2} is the average
spin in the k state. In the presence of an electric field F the kinetic equation reads

eF

h̄

∂ρk

∂k
+ i

h̄

[

H
(1)

k
, ρk

]

+ Qk{ρ} = 0, (9.27)
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Fig. 9.9. Comparison of current flow in (a) spin-degenerate and (b) spin–split sub-bands.
(a) Hole distribution at a stationary current flow due to acceleration in an electric field and
momentum relaxation. (b) Spin polarization due to spin–flip scattering. Here only βz′xσz′kx

term is taken into account in the Hamiltonian which splits the valence sub-band into two
parabolas with spin-up |+3/2〉z′ and spin-down |−3/2〉z′ in the z′-direction. Biasing along
the x-direction causes an asymmetric in k-space occupation of both parabolas

where Qk{ρ} is the collision integral and H
(1)

k
is the linear-k Hamiltonian. Similarly

to the spin–galvanic effect there exist two different mechanisms of the current-to-
spin transformation, namely, spin–flip mediated and precessional.

9.4.1 Spin-Flip Mediated Current-Induced Polarization

In the spin–flip mediated mechanism, a value of the spin generation rate is calculated
neglecting the commutator in (9.27) and taking into account the spin–flip processes
in the collision integral and the linear-k terms in the electron dispersion. Microscopic
illustration of this mechanism is sketched in Fig. 9.9(b) for a 2D hole gas in a system
of the Cs symmetry, a situation relevant for the experiments of [47]. In the simplest
case the electron kinetic energy in a quantum well depends quadratically on the in-
plane wave vector k. In equilibrium, the spin degenerate k states are symmetrically
occupied up to the Fermi energy EF. If an external electric field is applied, the charge
carriers drift in the direction of the resulting force. The carriers are accelerated by the
electric field and gain kinetic energy until they are scattered, Fig. 9.9(a). A stationary
state forms where the energy gain and the relaxation are balanced resulting in an
asymmetric distribution of carriers in the k-space. The holes acquire the average
quasimomentum

h̄k̄ = −eτpF = − mc

ens
j , (9.28)

where τp is the momentum relaxation time, j the electric current density, mc the
effective mass, and ns the 2D carrier concentration. As long as the energy band is
spin degenerated in the k-space a current is not accompanied by spin orientation.
However, in zinc-blende-lattice quantum wells or strained bulk semiconductors the
spin degeneracy is lifted due to the linear-k terms given by (9.8). To be specific for
the mechanism depicted in Fig. 9.9(b) we consider solely spin–orbit interaction of the
form βz′xσz′kx . Then the parabolic energy band splits into two parabolic sub-bands
of opposite spin directions, sz′ = 3/2 and sz′ = −3/2, with minima symmetrically
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shifted in the k-space along the kx axis from the point k = 0 into the points ±k0,
where k0 = mcβz′x/h̄

2. The corresponding dispersion is sketched in Fig. 9.9(b).
In the presence of an in-plane electric field F ‖ x the distribution of carriers in the
k-space gets shifted yielding an electric current. Until the spin relaxation is switched
off the spin branches are equally populated and equally contribute to the current.
Due to the band splitting, spin–flip relaxation processes ±3/2 → ∓3/2 are different
because of the difference in quasimomentum transfer from initial to final states. In
Fig. 9.9(b) the k-dependent spin–flip scattering processes are indicated by arrows
of different lengths and thicknesses. As a consequence different amounts of spin-
up and spin-down carriers contribute to the spin–flip transitions causing a stationary
spin orientation. Thus, in this picture we assume that the origin of the current induced
spin orientation is, as sketched in Fig. 9.9(b), exclusively due to scattering and hence
dominated by the Elliott–Yafet spin relaxation processes.

9.4.2 Precessional Mechanism

The precessional mechanism resulting in the current induced spin orientation is based
on the Dyakonov–Perel spin relaxation. In this mechanism of spin polarization the
contribution of spin–flip scattering to the collision integral is ignored and the spin
appears taking into account the linear-k Hamiltonian, both in the collision integral
and the commutator [H(1)

k
, ρk]. For example, we present here the collision integral

for elastic scattering

Qk{ρ} = 2π

h̄
Ni

∑

k′
|Ak′k|2

{

δ
(

Ek + H
(1)

k
− Ek′ − H

(1)

k′
)

, ρk − ρk′
}

, (9.29)

where Ek = h̄2k2/(2mc), Ni is the density of static defects acting as the scatter-
ers, Ak′k is the scattering matrix element and the braces mean the anticommutator,
{AB} = (AB + BA)/2 for two arbitrary 2 × 2 matrices A and B. Similar equation
can be written for electron-phonon scattering.

In the equilibrium the electron spin density matrix is given by

ρ0
k = f 0(Ek + H

(1)

k

)

≈ f 0(Ek) + ∂f 0

∂Ek

H
(1)

k
, (9.30)

where f 0(E) = {exp [(E − µ)/kBT ] + 1}−1 is the Fermi–Dirac distribution func-
tion, µ is the electron chemical potential, kB is the Boltzmann constant and T is the
temperature.

Neglecting the spin splitting we can write the solution of (9.27) in the textbook
form

fk = f 0(Ek) − eFxvxτ1(Ek)
∂f 0

∂Ek

(9.31)

with sk = 0. Here vx = h̄kx/mc, τ1 is the time describing the relaxation of a
distribution–function harmonic with the angular dependence of the functions kx or ky .
If we substitute ρk with the distribution function (9.31) into the collision integral and
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ρ0
k

into the first term of (9.27) we obtain an equation for sk . By solving this equation
one arrives at the estimation for the spin density

sµ ≡
∑

k

sk,µ ∼ βµλk̄λg2d, (9.32)

where g2d = mc/(πh̄2) is the 2D density of states and h̄k̄λ/mc is the electron drift
velocity. The exact formula can be found in [43, 46].

Spin orientation by electric current in low-dimensional structures has been ob-
served applying various experimental techniques, comprising transmission of po-
larized THz-radiation, polarized luminescence and space resolved Faraday rotation
[19, 47–52]. Here we briefly sketch results of experiments on the THz-transmission
and polarized photoluminescence in which the spin orientation by electric current in
quantum well structures was initially observed.

9.4.3 Current Induced Spin Faraday Rotation

In order to observe current induced spin polarization, in [47] the circular dichro-
ism and Faraday rotation of THz radiation transmitted through samples containing
multiple quantum wells were studied. This method allows one to detect spin polar-
ization at normal incidence in the growth direction. The materials chosen for studies
were (113)- and miscut (00l)-oriented p-type GaAs multiple quantum wells of the
Cs point group symmetry. The transmission measurements were carried out at room
temperature using linearly polarized λ = 118 µm radiation as shown in Fig. 9.10(a):
the sample is placed between two metallic grid polarizers and the cw-terahertz ra-
diation is passed through this optical arrangement. Using modulation technique the
Faraday rotation was observed only for the current flowing in the x-direction. This
is in agreement with the phenomenological equation Sz′ = Rz′xjx relating the in-
duced spin with the current density, the spin polarization can be obtained only for
the current flowing along the direction normal to the mirror reflection plane which is
perpendicular to the x-axis. The signal ∆V caused by rotation of polarization plane
is shown in Fig. 9.10(a) as a function of the current strength. Experiment shows that,
in agreement with (9.32), the spin polarization increases with the decreasing temper-
ature.

Current induced spin polarization has also been detected by the Faraday rota-
tion of infrared radiation applying a mode-locked Ti:sapphire laser. Figure 9.10(b)
demonstrates an optical detection of current-induced electron spin polarization in
strained InGaAs epitaxial layers [49]. The heterostructure studied consists of 500 nm
of n-In0.07Ga0.93As (Si doped for n = 3×1016 cm−3) grown on (001) semi-insulating
GaAs substrate and capped with 100 nm of undoped GaAs. The n-InGaAs layer is
strained due to the lattice mismatch. An alternating electric field F is applied along
either of the two crystal directions [110] and [11̄0], the in-plane magnetic field B is
parallel to F . A linearly polarized probe beam is directed along the z axis, normally
incident and focused on the sample. The polarization axis of the transmitted beam
rotates by an angle θF that is proportional to the z component of the spins Sz (the
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Fig. 9.10. (a) Polarization dependent signal for current in the active direction as a function
of current strength for two samples. From [47]. (b) Voltage-induced angle θF as a function of
the magnetic field B for F = 12 mV µm−1 (F ‖ [11̄0]) (from [49]). Open circles are data,
and lines are fits according to (9.33). Insets to both panels show experimental set-up: (a) The
sample is placed between crossed polarizer and analyzer blocking optical transmission at zero
current through the sample. Injecting a modulated current in the sample yields a signal at the
detector which is recorded by the box-car technique. (b) The current yields an in-plane spin
polarization which applying magnetic field B is rotated out off plane yielding Faraday rotation
of the probe light. Second inset shows sample geometry. Here dark areas are Ni/GeAu contacts
and the light grey area is the InGaAs channel

spin Faraday rotation). The current-induced angle is lock-in detected at the modu-
lation frequency as a function of the applied magnetic field. The experiment data in
Fig. 9.10(b) can be explained by assuming a constant orientation rate ṡk,y for spins
polarized along the y axis. The rotation of the spins around the magnetic field yields
the z spin component given by

Sz(B) = ωLτs‖
1 + (ωLτs)2

S0y, S0y = τs,⊥
∑

k

ṡk,y

ns
, (9.33)

where the notations for the spin relaxation times and Larmor frequency are intro-
duced in (9.23). The high sensitivity of the Faraday rotation technique allows detec-
tion of 100 spins in an integration time of about 1 s, unambiguously revealing the
presence of a small spin polarization due to laterally applied electric fields.

9.4.4 Current Induced Polarization of Photoluminescence

In [48, 50] in order to detect the inverse spin–galvanic effect the degree of circular
polarization of the 2D hole gas photoluminescence (PL) was measured. This experi-
mental procedure has become a proven method for probing spin polarization [1, 53].
A (001)-grown sample cleaved into bars was studied with the current flowing along
the long side cleaved parallel to the [11̄0] direction. Lately (113)-grown samples
were also studied [50]. The PL was excited with 633 nm line from a helium-neon
laser. In (001)-oriented samples the PL was collected from the cleaved (110) facet
of the sample. On the other hand, at the (113)-oriented heterojunctions, because of
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Fig. 9.11. Differential spectra of polarized PL for two current directions (from [48]). Base line
is taken with the current turned off. Inset shows experimental geometry

the Cs symmetry, the mean spin density will have a component along the growth
direction. Therefore, the PL in this case was detected in the back scattering geom-
etry; the degree of PL circular polarization Pc was analyzed with a λ/4 plate and a
linear polarizer. Inset in Fig. 9.11 shows the experimental arrangement for measur-
ing the current induced polarization and differential spectra, (PLσ+–PLσ−), for the
two opposite current directions. The observation of the circularly polarized radiation
and, in particular, the reversal of helicity upon the inversion of the current direction
demonstrate the effect of current induced spin polarization. The observed degree of
polarization in (001)-grown samples yields a maximum of 2.5% [48]. In (113)-grown
samples even higher polarization of 12% at 5.1 K is achieved [50].

9.5 Pure Spin Currents

Pure spin current represents a nonequilibrium distribution where free carriers, elec-
trons or holes, with the spin up propagate mainly in one direction and an equal num-
ber of spin-down carriers propagates in the opposite direction. This state is charac-
terized by zero charge current because electric currents contributed by spin-up and
spin-down quasiparticles cancel each other, but leads to separation of spin-up and
spin-down electron spatial distributions and accumulation of the opposite spins at the
opposite edges of the sample. Spin currents in semiconductors can be driven by an
electric field acting on unpolarized free carriers (the spin Hall effect, not considered
here). They can be induced as well by optical means under interband or intraband op-
tical transitions in non-centrosymmetric bulk and low-dimensional semiconductors
[54–58].
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9.5.1 Pure Spin Current Injected by a Linearly Polarized Beam

In general, the spin current density pseudotensor qλµ describes the flow of the µ

component of the spin polarization in the spatial direction λ. Phenomenologically,
the spin photocurrent qλµ is related with bilinear products Ieνe

∗
η by a fourth-rank

tensor, in (9.4) it is the tensor Pλµνη. Here we assume the light to be linearly polar-
ized. In this particular case the product eνe

∗
η ≡ eνeη is real and the tensor Pλµνη is

symmetric with respect to interchange of the third and fourth indices.
Among microscopic mechanisms of the pure spin photocurrent we first discuss

those related to the k-linear terms in the electron effective Hamiltonian [55]. Let us
consider the e1–hh1 interband absorption of linearly polarized light under normal
incidence on (001)-grown quantum wells. In this case linear-k splitting of the hh1
heavy-hole valence sub-band is negligibly small. For the sake of simplicity, but not
at the expense of generality, in the e1 conduction sub-band we take into account
the spin–orbit term βyxσykx only, the contribution to the tensor P coming from the
term βxyσxky is considered similarly. Then the conduction-electron spin states are
eigenstates of the spin matrix σy . For the light linearly polarized, say, along x, all
the four transitions from each heavy-hole state ±3/2 to each sy = ±1/2 state are
allowed. The energy and momentum conservation laws read

EQW
g +

h̄2(k2
x + k2

y)

2µcv
+ 2syβyxkx = h̄ω,

where we use the same notations for E
QW
g and µcv as in Sect. 9.2.6. For a fixed

value of ky the photoelectrons are generated only at two values of kx labeled k±
x . The

average electron velocity in the sy spin sub-band is given by

v̄e,x = h̄(k+
x + k−

x )

2mc
+ 2sy

βyx

h̄
= 2syβyx

h̄

mc

mc + mv
.

The spin fluxes i±1/2 are opposite in sign, the electric current j = e(i1/2 + i−1/2)

is absent but the spin current j s = (1/2)(i1/2 − i−1/2) is nonzero. This directional
movement decays in each spin sub-band within the momentum relaxation time τ e

p .
However under the cw photoexcitation the electron generation is continuous which
results in the spin current

qxy =
βyxτ

e
p

2h̄

mc

mc + mv

ηehI

h̄ω
.

Under the normal incidence it is independent of the light polarization plane.
In (110)-grown quantum well structures the spin component along the normal

z′ ‖ [110] is coupled with the in-plane electron wave vector due to the term βz′xσz′kx

in the conduction band and the term proportional to Jz′kx in the heavy-hole band
where Jz′ is the 4×4 matrix of the angular momentum 3/2. The coefficient β

(e1)

z′x is

relativistic and can be ignored compared with the nonrelativistic constant β
(hh1)

z′x de-
scribing the spin splitting of heavy-hole states. The allowed direct optical transitions
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from the valence sub-band hh1 to the conduction sub-band e1 are |+3/2〉 → |+1/2〉
and |−3/2〉 → |−1/2〉, where ±1/2, ±3/2 indicate the z′ components of the elec-
tron spin and hole angular momentum. Under linearly polarized photoexcitation the
charge photocurrent is not induced, and for the electron pure spin photocurrent one
has

qxz′ =
β

(hh1)

z′x τ e
p

2h̄

mv

mc + mv

ηehI

h̄ω
. (9.34)

The similar hole spin current can be ignored in the spin separation experiments be-
cause of the much shorter spin relaxation time for holes as compared to the conduc-
tion electrons.

Another contribution to spin photocurrents comes from k-linear terms in the ma-
trix elements of the interband optical transitions [59]. Taking into account k · p ad-
mixture of the remote Γ15 conduction band to the Γ15 valence-band states X0(k),
Y0(k), Z0(k) and the Γ1 conduction-band states S(k), one derives the interband ma-
trix elements of the momentum operator for bulk zinc-blende-lattice semiconduc-
tors [60, 61]

〈

iS(k)
∣

∣e · p
∣

∣X0(k)
〉

= P
[

ex0 + iχ(ey0kz0 + ez0ky0)
]

, (9.35)

〈iS(k)|e ·p|Y0(k)〉 and 〈iS(k)|e ·p|Z0(k)〉 are obtained by the cyclic permutation of
indices, the coefficient χ is a material parameter dependent on the interband spacings
and interband matrix elements of the momentum operator at the Γ point, and we
use here the crystallographic axes x0 ‖ [100], etc. For GaAs band parameters [62]
the coefficient χ can be estimated as 0.2 Å. Calculation shows that, in (110)-grown
quantum wells (QW), the spin photocurrent caused by k-linear terms in the interband
matrix elements has the form

qxz′ = ε
(

e2
y′ − e2

x

)χτ e
p

h̄

ηcv

h̄ω
I, qy′z′ = εexey′

χτ e
p

h̄

ηev

h̄ω
I (9.36)

with ε = (h̄ω − E
QW
g )mv/(mc + mv) being the kinetic energy of the photoexcited

electrons and y′ ‖ [001̄]. In contrast to (9.34), this contribution depends on the po-
larization plane of the incident light and vanishes for unpolarized light. From com-
parison of (9.34) and (9.36) one can see that depending on the value of h̄ω − E

QW
g

the two contributions to qxz′ can be comparable or one of them can dominate over
the other.

The injection and control of pure spin currents in (110)-oriented GaAs quantum
wells at room temperature by one-photon absorption of a linearly polarized optical
pulse was demonstrated by Zhao et al. [56]. Spatially resolved pump–probe tech-
nique was used. The pump pulse excited electrons from the valence to the conduc-
tion band with an excess energy of ∼148 meV large enough for the polarization-
dependent contribution (9.36) to dominate over the polarization independent contri-
bution (9.34). The probe was tuned near the band edge. The σ+ component of the
linearly polarized probe interacts stronger with the spin-down electrons of the den-
sity n−1/2, while the σ− component interacts stronger with the spin-up electrons of
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Fig. 9.12. Measurement of ∆T+/T+ ∝ n−1/2(y) (open squares) and ∆T−/T+−∆T+/T+ ∝
n1/2(y)−n−1/2(y) for an x polarized (solid circles) and a y polarized (solid triangles) pump

pulse at room temperature for a pump fluence of 10 µJ/cm2. The lines are the fits to the data
for spin separation d = 2.8 nm. From [56]

the density n1/2. Consequently, the net spin polarization of the carriers present in the
sample at the position of the probe can be readily deduced from the difference in the
transmission T± of the σ+ and σ− components of the probe. The results of measur-
ing n−1/2(y) ∝ ∆T+/T+ and ∆n(y) ≡ n1/2(y)−n−1/2(y) ∝ ∆T−/T+ −∆T+/T+
for the x and y polarized pump are shown in Fig. 9.12. Note that here we retain the
notations x ‖ [001], y ‖ [11̄0], z ‖ [110] as they are introduced in the original paper
[56] while in (9.34) and (9.36) we use the Cartesian frame x ‖ [11̄0], y′ ‖ [001̄],
z′ ‖ [110]. Clearly, the ∆n(y) signal is consistent with a pure spin current. It can be
well fitted by the product of the spatial derivative of the original Gaussian profile and
the separation d of the order of the photoelectron mean free path. The solid curve
in Fig. 9.12 corresponds to a fit for d = 28 Å. In agreement with (9.36) the ∆n(y)

signal has opposite signs for the x and y linear polarization of the pump.
It is worth adding that a pure spin current may be generated at simultaneous

one- and two-photon coherent excitation of proper polarization as demonstrated in
bulk GaAs [63] and GaAs/AlGaAs quantum wells [64]. This phenomenon may be
attributed to a photogalvanic effect where the reduced symmetry is caused by the
coherent two-frequency excitation [65].

9.5.2 Pure Spin Currents Due to Spin-Dependent Scattering

Light absorption by free carriers, or the Drude-like absorption, is accompanied by
electron scattering by acoustic or optical phonons, static defects, etc. Scattering-
assisted photoexcitation with unpolarized light also gives rise to a pure spin current
[57, 58]. However, in contrast to the direct transitions considered above, the spin
splitting of the energy spectrum leads to no essential contribution to the spin cur-
rent induced by free-carrier absorption. The more important contribution comes from
asymmetry of the electron spin-conserving scattering. In gyrotropic low-dimensional
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Fig. 9.13. Microscopic origin of a zero-bias spin separation and the corresponding magnetic
field-induced photocurrent for excitation (a) and relaxation (b) models corresponding to cur-
rents j1 and j2 (see explanation in the text). Temperature dependencies of the contributions
j1 (c) and j2 (d) to the photocurrent jx in a magnetic field B ‖ y. Full lines are fits to
Ans/kBT with a single fitting parameter A, and to a constant, respectively. From [58]

structures, spin–orbit interaction adds an asymmetric spin-dependent term to the
scattering probability. This term in the scattering matrix element is proportional to
components of [σ × (k + k′)], where σ is the vector composed of the Pauli ma-
trices, k and k′ are the initial and scattered electron wave vectors. Figure 9.13(b)
sketches the process of energy relaxation of hot electrons for the spin-up sub-band
(s = +1/2) in a quantum well containing a two-dimensional electron gas. Energy
relaxation processes are shown by curved arrows. Due to the spin-dependent scatter-
ing, transitions to positive and negative k′

x states occur with different probabilities.
In Fig. 9.13(b) the difference is indicated by curved arrows of different thickness.
This asymmetry causes an imbalance in the distribution of carriers in both sub-bands
(s = ±1/2) between positive and negative kx-states. This in turn yields a net electron
flows, i±1/2, within each spin sub-band. Since the asymmetric part of the scattering
amplitude depends on spin orientation, the probabilities for scattering to positive
or negative k′

x-states are inverted for spin-down and spin-up sub-bands. Thus, the
charge currents, j+ = ei+1/2 and j− = ei−1/2, where e is the electron charge, have
opposite directions because i+1/2 = −i−1/2 and therefore they cancel each other.
Nevertheless, a finite pure spin current J s = 1

2 (i+1/2 − i−1/2) is generated since
electrons with spin-up and spin-down move in opposite directions [57].
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Similarly to the relaxation mechanism, optical excitation of free carriers by Drude
absorption, also involving electron scattering, is asymmetric and yields spin separa-
tion. Figure 9.13(a) sketches the process of Drude absorption via virtual states for
the spin-up sub-band. Vertical arrow indicates optical transitions from the initial
state with kx = 0 while the horizontal arrows describe an elastic scattering event
to a final state with either positive or negative electron wave vector. Due to the spin
dependence of scattering, transitions to positive and negative kx states occur with
different probabilities. This is indicated by the different thickness of the horizontal
arrows. The asymmetry causes an imbalance in the distribution of photoexcited car-
riers in the spin sub-band between positive and negative kx-states. This in turn yields
electron flow.

Magneto-Gyrotropic Effects

A pure spin current and zero-bias spin separation can be converted into a measur-
able electric current by application of a magnetic field. Indeed, in a Zeeman spin-
polarized system, the two fluxes i±1/2, whose magnitudes depend on the free carrier
densities in spin-up and spin-down sub-bands, n±1/2, respectively, no longer com-
pensate each other and hence yield a net electric current. Since the fluxes i±1/2 are
proportional to the carrier densities n±1/2 the charge current is given by

j = e(i1/2 + i−1/2) = 4eSj s, (9.37)

where x ‖ [11̄0], y ‖ [110], S = (1/2)(n1/2 − n−1/2)/(n1/2 + n−1/2) is the average
spin per particle and j s is the pure spin current in the absence of magnetic field. An
external magnetic field B results in different equilibrium populations of the two spin
sub-bands due to the Zeeman effect. We remind the reader that in equilibrium the
average spin is given by S = −gµB/4kBT for a nondegenerate two-dimensional
electron gas and S = −gµB/4EF for a degenerate one.

In the structures of the C2v symmetry, the phenomenological equation (9.5) for
the magneto-photogalvanic effects induced by normally-incident linearly polarized
radiation reduces to [66]

jx = S1ByI + S2By

(

e2
x − e2

y

)

I + 2S3BxexeyI,

jy = S′
1BxI + S′

2Bx

(

e2
x − e2

y

)

I + 2S′
3ByexeyI.

(9.38)

Here the parameters S1 to S3 and S′
1 to S′

3 are linearly independent components of the
tensor Φλµνη in (9.5) and only in-plane components of the magnetic field are taken
into account. For B ‖ y we have

jx = j1 cos 2α + j2, jy = j3 sin 2α, (9.39)

where j1 = S2ByI , j2 = S1ByI , j3 = S′
3ByI .

Right panels of Fig. 9.13 show the temperature dependence of the currents j1 and
j2 corresponding to the excitation and relaxation mechanisms depicted in
Figs. 9.13(a) and (d), respectively. The data are obtained in an n-type SiGe quantum
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well structure for the magnetic field 0.6 T under excitation with a THz molecular
laser (λ = 148 µm). The analysis shows [57, 58] that the temperature dependence of
the current can be reduced to nsS, the current becomes independent of temperature
at low temperatures and is proportional to ns/T at high temperatures, in agreement
with the experimental data. Thus, the application of an external magnetic field gives
experimental access to investigations of pure spin currents. Like circular PGE and
spin–galvanic effect, magneto-gyrotropic effect provides an efficient tool for investi-
gation of inversion asymmetry as it is demonstrated for (110)-grown GaAs quantum
wells [67].

9.6 Concluding Remarks

The two main fields of study in the modern physics of semiconductors are trans-
port phenomena and optical effects. Sometimes an impression arises that, founded
on much the same basis of tremendous successes achieved in technology, these fields
are developing independently of each other. It is also true for the extensive studies of
spin physics in semiconductors. One of the aims of this chapter is to show that the
spin–photogalvanics builds a solid bridge between the two fields and sets up a base
for the reciprocation of ideas. Indeed, the spin-dependent photogalvanic effects, in-
cluding charge and spin photocurrents, as well as the inverse effects allowing optical
detection of current-induced spin polarization need a thorough knowledge in both
the transport physics and the polarized optical spectroscopy. As a result the different
concepts supplement each other and provide a deeper insight in the spin-dependent
microscopic processes.

As for future work, one of problems still existing is that the circular photogal-
vanic effect, in addition to the spin-dependent mechanisms, can also arise from or-
bital effects as shown, e.g., in [61, 68, 69]. Therefore, some experimental data on the
circular PGE, especially those performed under intra-sub-band excitation, need inde-
pendent and direct experiments aimed at separation of the spin-dependent and spin-
independent contributions to the circular PGE. In this respect future experiments on
time-resolved photogalvanics under short-pulsed circularly polarized photoexcita-
tion, with the pulse duration being comparable with the free-carrier momentum and
spin relaxation times, would be desirable and informative. Such experiments would
also reveal a great deal about the momentum, energy, and spin relaxation of nonequi-
librium photoexcited carriers.
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Spin Injection

M. Johnson

10.1 Introduction

The magnetic dipole moment that is associated with a particle’s spin state is a fun-
damental property with manifestations in many branches of physics. In Condensed
Matter Physics, electron (and hole) spin offers a rich phenomenology and this volume
gives an appreciation of many of these topics. This chapter is concerned with trans-
port phenomena that involve carrier spin as well as charge. Since electric currents in
solids typically utilize carriers within a thermal energy range of the Fermi level EF,
our focus is on the spin state of conduction electrons near EF and we examine how
spin states can affect charge flow in the form of current and voltage distributions.

A unique feature of this study is that interface effects are important, as can be
understood with a simple description of basic concepts. An electric current in a fer-
romagnetic metal (F ) is spin polarized, a fact known since the early part of the last
century [1]. An electric current in a nonmagnetic metal (N ) is not spin polarized.
When a ferromagnet is in interfacial contact with a nonmagnetic metal, the current
crossing the F/N interface is spin polarized. This phenomenon is broadly known as
spin injection [2]. It results in a nonequilibrium population of spin polarized elec-
trons in N , a spin accumulation. These nonequilibrium spins spread by diffusion,
and this can result in a small current of oriented spins in N and/or F .

The phenomenology of spin injection, accumulation and detection was developed
for metals. Research on a variety of topics in the late 1990s caused high interest in the
plausibility of spin injection in semiconductors. Recent results [3] have demonstrated
the effect, and have confirmed that the models of spin injection, accumulation and
detection developed for metals are also valid for semiconductors.

10.1.1 History

Our knowledge of spin dependent transport in the solid state has derived from sev-
eral key experiments and theoretical insights. Tedrow and Meservey [4, 5] fabricated
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planar F/I/S tunnel junctions, where S was superconducting aluminum, F was a
transition metal ferromagnet, and I was an aluminum oxide tunnel barrier. After ap-
plying a field of order 1 tesla in the film plane, tunnel conductance spectroscopy
was used to demonstrate that the current tunneling into the quasiparticle states of
the aluminum was spin polarized. These experiments gave the first empirical esti-
mate of the fractional polarization, P , of such currents. Shortly thereafter, Julliere
[6] extended the work of Meservey et al. to form a structure that has become impor-
tant for applications. For his Ph.D. thesis, he made a tunneling structure F1/I/F2
in which he substituted a second ferromagnetic film for the aluminum electrode,
thereby inventing the magnetic tunnel junction. He succeeded in measuring a tunnel
magnetoresistance only at low temperature, but 25 years later his invention would
become a technological success.

The prevailing opinion in the 1970s was that any spin polarized current that
crossed a F/N interface would rapidly decay inside N , on a length scale similar
to that of Ruderman–Kittel–Kasaya–Yosida interactions (a few angstroms). Aronov,
however, took a contrary view. In a series of short theory papers [7–9], he predicted
that a current crossing an F/N interface would be spin polarized for a distance of an
electron mean free path or longer for three specific cases where N was a nonmag-
netic metal, a superconductor, or a semiconductor. At about the same time, Silsbee
et al. [10] had been studying nonequilibrium populations of spin polarized electrons
using transmission electron spin resonance. They fabricated N foil samples with thin
F films on both surfaces and observed an enhanced transmission electron spin reso-
nance (a larger population of spin polarized electrons) in comparison with samples
having no F films. Silsbee [11], arguing that the effect could be extrapolated to zero
frequency, predicted that a current crossing a F/N interface would remain spin po-
larized for a long distance and that it would generate a nonequilibrium population
of spin polarized electrons in N having a spatial distribution identically the same as
the spin diffusion length Ls that characterized transmission electron spin resonance.
This nonequilibrium population is commonly called a spin accumulation, M̃ . Sils-
bee further predicted a converse effect: the presence of spin accumulation in N would
generate an electric voltage at a separate N/F interface, and the magnitude and sign
of the voltage would depend on the relative orientations of the magnetizations M1
and M2 of the two ferromagnetic films, F1 and F2.

The detailed predictions of Silsbee were successfully demonstrated by the Spin
Injection Experiment [2, 12]. The original experiment used a bulk aluminum “wire”
as the N material, and the ferromagnetic metal injectors and detectors were Permal-
loy. The experiment was the first to demonstrate a resistance modulation �R in a
F1/N/F2 structure that changed when the orientations of M1 and M2 changed
from parallel to antiparallel, an effect that is now generally called “magnetoresis-
tance.” It also used the Hanle effect [13] to show that spin dynamics and relaxation
(and the spin accumulation) at zero frequency were identically the same as at the
high frequencies of transmission electron spin resonance. Johnson and Silsbee for-
malized Silsbee’s model with a theory [14], and also derived an original theory of
spin-dependent transport using nonequilibrium thermodynamics [15]. Some of the
details of this calculation were later confirmed independently by Wyder et al. [16].
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Following the discoveries of spin injection and spin dependent transport in
F/N/F structures, the giant magnetoresistance effect was reported in 1988 [17, 18].
The giant magnetoresistance and spin valve effects are closely related to spin injec-
tion and detection, but the resistance modulation (magnetoresistance) is determined
by spin dependent scattering at F/N interfaces. Spin accumulation is negligible in
current-in-the-plane spin valves, but both interfacial spin scattering and spin accumu-
lation are relevant to current-perpendicular-to-the-plane spin valves. Interest in giant
magnetoresistance was high for a few years because spin valves were used as read
heads in magnetic recording technology from 1999–2005. More recently, magnetic
tunnel junctions have become the dominant device family for magnetoelectronic de-
vices.

The theory of spin injection, accumulation and detection was developed first in
systems where F and N are metals [11, 14]. These systems provide a relatively
complete understanding of the phenomenology, and early experiments using metals
provide an empirical confirmation. These models were then extended to describe
systems in which N is a nonmagnetic semiconductor. Roughly speaking, the first
half of this chapter (Sect. 10.2) will develop the models and theoretical framework
of spin injection. The second half (Sect. 10.3 and Sect. 10.4) will begin with a brief
review of experimental techniques, originally applied to metals, that confirmed the
theory. The remainder of the chapter will review recent experiments in the area of
spin injection in semiconductors. Very recent experiments [3] have confirmed the
validity of the spin injection models of Sect. 10.2 for semiconductors, as well as
metals.

10.2 Theoretical Models of Spin Injection and Spin Accumulation

As noted in Sect. 10.1 above, models of spin injection, accumulation and detection
preceded experiments. In a similar way, we begin the chapter by developing a theo-
retical framework. The first model provides a simple but intuitively correct picture.
This heuristic model is next made quantitative, and then a fully rigorous theory based
on nonequilibrium thermodynamics is given.

10.2.1 Heuristic Introduction

This microscopic transport model can be used to explain the basic physical principles
of electrical spin injection, nonequilibrium spin accumulation, and electrical spin
detection [2, 12, 14]. The following discussion uses the pedagogical three-terminal
geometry shown in Fig. 10.1(a), along with simplified density of states diagrams to
describe the transport processes that are shown in Figs. 10.1(b) and (c). When the
switch next to the battery is closed, a bias current I is driven through a single do-
main ferromagnetic film F1 and into a nonmagnetic metal layer N . It carries mag-
netization across the interface (with area A) and into N at the rate IM = η1µBI/e,
where µB is the Bohr magneton and I/e is the number current. Here η1 is the frac-
tional polarization of carriers driven across the interface. It is derived and defined, in
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Fig. 10.1. (a) Cross-section sketch of a pedagogical spin accumulation device. (b)–(d) Sim-
plified density of states diagrams to describe the microscopic transport model of the spin
injection/accumulation/detection device in (a). (b) M1 and M2 parallel. (c) M1 and M2 an-
tiparallel. (d) M1 and M2 parallel, using band diagrams in which the Fermi level of F1 and
F2 intersects both spin sub-bands

Sect. 10.2.2 below, as the ratio η1 = (g↑−g↓)/(g↑+g↓), where g↑ and g↓ are the up-
and down-spin sub-band conductances. The simplified model of Fig. 10.1 uses half-
metal ferromagnets for F1 and F2, having perfect spin polarization, η1 = η2 = 1.
In the more realistic model of Sect. 10.2.2, the Fermi level intersects both the up-
and down-spin sub-bands of each ferromagnet and η1, η2 < 1. Elsewhere in this
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volume, the symbol P is used to denote the fractional polarization of a current. Here
we use ηi to specifically refer to the fractional polarization of current crossing an
interface, as measured at the interface. In this simple one-dimensional model, we
use IM to represent an interfacial magnetization current. Note that more generally,
a current of magnetization (equivalently a spin polarized current), JM, is described
by a second rank tensor [15] (see also Chap. 8). The current density J has three vec-
tor components and the direction of spin orientation has three vector components. In
this chapter, we will simplify notation for the sake of convenience. For three dimen-
sional systems we will choose a convenient axis for spin orientation (e.g., the ẑ axis),
so that JM can be treated as a vector.

The sample thickness d (Fig. 10.1(a)) is larger than an electron mean free path but
smaller than a spin diffusion length, d < Ls ≡

√
DT2, where T2 is the spin relaxation

time (Ls ≡ δs and both δs and Ls are commonly used in the literature). In metals,
the transverse spin relaxation time T2 is the same as the longitudinal time, T2 = T1.
This time is also called the “spin flip time,” τs, elsewhere in this volume. Our use
of T2 reinforces that this model is based in TESR phenomenology, but τs ≡ T2 will
be used for the remainder of this chapter. In the steady state, IM is the source rate
that spin magnetization is added to the sample region, and relaxation at the sink rate
1/τs is steadily removing oriented spins by spin relaxation and randomization. The
resulting nonequilibrium magnetization,

M̃ = IMτs/Vol, (10.1)

is a balance between these source and sink rates and is called spin accumulation. It
represents a difference in spin sub-band chemical potential in N, M̃ ∝
N(EF)(EF,N↑−EF,N↓) (Fig. 10.1(b)), and is depicted as gray shading in Fig. 10.1(a).
In (10.1), the volume Vol = A·d is the volume occupied by the nonequilibrium spins.

A second ferromagnetic film F2 that is in interfacial contact with the sample
region acts as a spin detector. An output terminal is attached to F2, labeled VF2 in
Fig. 10.1(a). When this terminal is connected to ground through a low impedance
current meter, a positive current Id ∝ (EF,N↑ − EF,N ) (where EF,N is the average
chemical potential of the two spin sub-bands) is driven across the N/F2 interface
and through a current detector when the magnetizations M1 and M2 are parallel
(Fig. 10.1(b)). When M1 and M2 are antiparallel, the current Id ∝ (EF,N − EF,N,↓)

is negative. Conceptually, this induced electric current is the converse of the injec-
tion process and is an interface effect: A gradient of spin sub-band electrochemical
potential across the N/F2 interface (a thermodynamic force) causes an interfacial
electric field (an emf source) that drives an electrical current, either positive or nega-
tive depending on the sign of the gradient, across the interface.

In real devices it is most common to measure a voltage at the output terminal.
Consider VF2 to be a floating voltage, separated from ground by infinite impedance.
Then a positive (negative) voltage

VF2 = Vs = ±η2µB

e

M̃

χ
, (10.2)
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is developed at the N/F2 interface [2, 14] when M1 and M2 are parallel (antiparal-
lel). Here χ is the Pauli susceptibility, M̃/χ ≡ −H ∗ is the effective magnetic field
associated with the nonequilibrium spin accumulation, and µBM̃/χ is the effective
Zeeman energy of each nonequilibrium spin. The voltage Vs is directly related to the
interfacial, spin sub-band electrochemical potential gradient described above. The
expression for Vs can be combined with that for the magnitude of M̃ , (10.1), to
give the spin-coupled transresistance Rs that is observed in a spin injection/detection
experiment. In Fig. 10.1(a), M̃ is confined to a volume Ad and the transresistance
is [19]

Rs = η1η2

χ

µ2
B

e2

τs

Vol
= η1η2

ρL2
s

Vol
= η1η2

ρL2
s

Ad
. (10.3)

Note that floating voltage VF2 is bipolar, VF2 = ±IRs, with positive (negative) volt-
age observed when M1 and M2 are parallel (antiparallel).

Equation (10.3) was derived for a device of a geometry similar to Fig. 10.1(a),
and having an N layer that is thin relative to the spin diffusion length, d ≪ Ls.
When the N layer thickness is larger than Ls, the value of M̃ decays exponentially
away from the F1/N interface and Vs is smaller than its value in the thin limit,
Vs(d) = Vs,0e−d/Ls . Experimentally, manipulating the magnetization orientations
M1 and M2 between parallel and antiparallel gives a measurement of �R = 2Rs.
Furthermore, measuring �R(d) for a number of nominally identical samples, having
different thicknesses d , provides a determination of the spin diffusion length, Ls.

The spin injection phenomenology is distinctly different from giant magnetore-
sistance associated with spin dependent interfacial scattering in several ways. First,
the resistance VF2/I measured at F2 is relative high (low) when the magnetization
orientations M1 and M2 are parallel (antiparallel), which is opposite the case for
giant magnetoresistance. Second, the resistance VF2/I is truly negative when M1
and M2 are antiparallel. By contrast, giant magnetoresistance always has a positive
resistance of variable magnitude. As discussed below, the negative resistance associ-
ated with spin accumulation can be empirically observed when floating voltage VF2

is measured with respect to an appropriate reference ground. Third, the voltage as-
sociated with spin accumulation is distinctly different from giant magnetoresistance
in the response to a transverse field. Analogous with the phenomenology of trans-
mission electron spin resonance, M̃ can be destroyed by application of an external
magnetic field applied perpendicular to the plane of the spin polarized electrons, H⊥.
Discussed in detail below, the amplitude of a Lorentzian feature observed in a spin
injection structure, �V (H⊥), is proportional to the spin-coupled voltage of the ac-
cumulated spins, �V (H⊥) = Vs ∝ M̃ ∝ τs. Finally, magnetoresistive spin valve
devices scale according to the scaling rules of the resistivities of the materials. By
contrast, the output voltage of spin injection device structures is proportional to M̃ ,
VF2 ∝ M̃ , and M̃ ∝ 1/Vol. This is an important feature: A spin injection device
observes inverse scaling. The output voltage is inversely proportional to the volume
of the N base. As discussed briefly in Sect. 10.5, the inverse scaling law has been
experimentally confirmed over ten decades of sample volume, and this offers tech-
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nological promise for spin injection devices that might be fabricated with nanometer
dimensions.

10.2.2 Microscopic Transport Model

The heuristic picture described with Fig. 10.1 can be derived more formally [14].
A treatment of spin injection and spin diffusion in nonmagnetic metals (N ) begins
with the realization that scattering events that alter the spin state of a carrier in N are
rare. Transport in ferromagnetic (F ) metals has long been modeled by using inde-
pendent conductances for the up-spin and down-spin sub-bands [1]. Because popu-
lations of up-spin and down-spin carriers in N don’t easily mix, Johnson and Silsbee
introduced separate up-spin and down-spin conductances to describe transport in a
nonmagnetic metal N , as well as in F [14]. Referring to Fig. 10.1(d), generalizing
to the more realistic model in which the Fermi level intersects both up- and down-
spin sub-bands of F1 and F2, and using the simplifying assumption that spin relax-
ation in the ferromagnet is rapid so that its magnetization remains in equilibrium,
EF;F1,↑ = EF;F1,↓ = EF;N + eV0, the electric current from F1 to N is

Je = (1/e)
[

g↑(EF;F1,↑ − EF;N ) + g↓(EF;F1,↓ − EF;N )
]

= (g↑ + g↓)V0.

In the simplified sketch of Fig. 10.1(d), only the up-spin conductance g↑ is shown
but both spin conductances contribute. The magnetization current is

JM = (µB/e)
[

g↑(EF;F1,↑ − EF;N ) − g↓(EF;F1,↓ − EF;N )
]

= (µB/e)(g↑ − g↓)V0.

The ratio of JM to Je is

JM

Je
= g↑ − g↓

g↑ + g↓

µB

e
≡ η1

µB

e
(10.4)

and this defines the interfacial spin polarization coefficient η1, under the assumptions
of no interfacial spin scattering.

A current is driven across the N/F2 interface for the low impedance case
(Z = 0), because of the gradient of spin sub-band electrochemical potential asso-
ciated with the spin accumulation:

Je = (1/e)
[

g↑(EF;N,↑ − EF;F2) + g↓(EF;N,↓ − EF;F2)
]

= 1

e

[

(EF;N − EF;F2)(g↑ + g↑) + µBM̃

χ
(g↑ − g↑)

]

. (10.5)

For the high impedance case, the spin-coupled voltage Vs that is a measure of the
spin accumulation is found by setting Je = 0 in (10.5),

Vs = η2µB

e

M̃

χ
, (10.6)
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where η2 is defined in analogy with η1 as the ratio of the difference and sum of
spin-up and spin-down conductances.

The microscopic transport model reviewed above was used in the earliest discus-
sion of spin injection phenomenology [2, 12], and provides several useful features:
(i) The idea of using separate and independent conductances for up- and down-spin
conduction electron populations had been used to describe transport in ferromag-
nets, but this model extended the idea and applied it to nonmagnetic metals. This
enabled the concept of a spin polarized current in N , an idea with numerous ramifi-
cations, such as spin torque switching. (ii) The prediction of a negative “resistance”
for the case where M1 and M2 are antiparallel is intuitively explained. (iii) An out-
put transresistance Rs that obeys “inverse scaling” with sample volume is predicted.
As discussed in Sect. 10.5 below, “inverse scaling” may be important for device ap-
plications. (iv) The fractional polarization η1 (η2) that is characteristic of the injector
(detector) interface is defined.

Of high importance to this volume, it will be seen in Sect. 10.4 that the micro-
scopic transport model is qualitatively and quantitatively valid for spin injection in
semiconductors.

10.2.3 Thermodynamic Theory of Spin Transport

Nonequilibrium thermodynamics offers a powerful theoretical framework for the de-
scription of transport phenomena [20]. While the microscopic transport model offers
a good qualitative and quantitative model of spin injection and spin accumulation,
the tools of thermodynamics can be used to derive a fully complete and rigorous the-
ory of spin dependent transport [15]. In particular, subtle issues that involve details
of spin dependent transport across each F/N interface can be studied and explained
with this approach.

Thermodynamic Equations of Motion

Recognizing that gradients of nonequilibrium magnetization M̃ can drive currents of
spin and charge across metal-metal interfaces, Johnson and Silsbee developed a ther-
modynamic theory [15] that can be used to derive the equations of motion of charge
and spin in F/N systems. These are particularly useful for understanding interface
effects, such as spin injection across a tunnel barrier or with a “resistance mismatch”
that characterizes the F and N materials. The formal approach uses an entropy pro-
duction calculation, where a flux JN of a thermodynamic parameter N (charge, heat,
and spin magnetization) is associated with a generalized force, or affinity, FN (gra-
dients of voltage, temperature, magnetization potential). Each flux can, in general,
be driven by each of the generalized forces, so that JN can be expanded in powers
of the FN . Only the first order terms are kept for linear response theory, and the
coefficients are known as the kinetic coefficients Lmn.

To summarize the derivation, electronic transport inside a bulk conductor, either
ferromagnetic or nonmagnetic, is described by the linear dynamic transport equa-
tions [15]:
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Recall that JM is generally a second rank tensor, but is treated as a vector for sim-
ple assumptions about the spin orientation axis. The kinetic coefficients Lm,n can
be provided phenomenologically, or estimated within a specific transport model. For
example, in a ferromagnet L1,3 = L3,1 = pf(µB/e) describes the flow of a mag-
netization current associated with an electric current, with fractional polarization pf.
Values of pf are pf ≈ 0.35 to 0.45, according to experimental measurements [21].
Note that L3,3 = ζ(µB/e)2 describes self-diffusion of nonequilibrium spins, and
ζ ≈ 1 is an excellent approximation. In most cases, gradients of temperature are
small, heat flow is minimal, and all terms except L1,1, L3,1, L1,3, and L3,3 are neg-
ligible. In particular, thermal transport coefficients a′′ and p′ [15] are vanishingly
small.

Similar equations are derived for the case of two metals separated by an interface
characterized by electrical conductance G:
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Similar to (10.7), differences of temperature and flow of heat across the interface are
typically small. Interfacial thermal transport parameters η′ and 1/ε are small [15]
and the terms L1,2, L2,1, L2,3, and L3,2 are negligible.

Consider transport inside a nonmagnetic material. Driven by a gradient of volt-
age, the currents of charge and of polarized spins are given by (10.7):

Jq = −σ∇V, (10.9)

JM = −σ(pnµB/e)∇V = 0, (10.10)

where pn = 0 in a nonmagnetic material: There is no current of polarized electrons
associated with an electric current in a nonmagnetic material. Spin polarized currents
may, however, exist in N . The currents of spin polarized electrons are driven by self-
diffusion and by the L3,3 term of (10.7),

JM = −
(

σµ2
B/e2)∇(−H ∗). (10.11)

Spin injection and diffusion in N can be described as follows. Spin-charge coupling
occurs on the length scale of an electron mean-free path, and an interfacial current of
polarized electrons, IM, generates a nonequilibrium distribution of polarized carriers
in N , near the F/N interface. The spatial dependence of M̃ in N is thereafter deter-
mined by self diffusion of the spins. In particular it can be shown [22] that flows of
spin accumulation are governed by the diffusion equation
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∇2µs = µs

L2
s
, (10.12)

where µs ≡ (EF;N;↑−EF;N;↓)/2, while flows of charge are governed by the Laplace
equation

∇2µq = 0, (10.13)

where µq ≡ (EF;N;↑ + EF;N;↓)/2 = EF;N .

Boundary Conditions for Charge and Spin Diffusion

Spin injection, accumulation, diffusion and detection were first studied in the quasi-
one-dimensional geometry of Fig. 10.2(b). Although this geometry will be discussed
below, it can be introduced here in order to make some remarks about boundary
conditions. Ferromagnetic injector F1 spans the width of the sample at x = 0, and
detector F2 spans the sample at x = Lx ∼ Ls. Spin polarized current enters the
sample at the F1/N interface, and a ground for the charge current is provided at
x = −b, where b is a distance much larger than Lx . It may seem trivial to state that
electrical charge and charge current are conserved. The charge current that enters at
the injector is equal to that which exits at ground, there is no current flow out the
sides of the wire, and the solution to (10.13) is a linear voltage drop from x = 0 to
x = −b. The portion of the wire x > 0 is a single equipotential surface.

It is equally important to note that spin orientation is not conserved. If a carrier
with an oriented spin is injected at x = 0, there is no constraint on the orientation of
the carrier spin removed at ground. This can be stated another way by recalling from
(10.7) and (10.8), IM = η(µB/e)Iq at the F/N interface, but JM is unrelated to Jq

in N because pn = 0 in a nonmagnetic material.

Detailed Model of an F/N Interface

The Johnson–Silsbee thermodynamic theory can be used to provide a detailed de-
scription of charge and spin transport across a F/N interface. Referring to
Fig. 10.3(a), a ferromagnetic metal F and nonmagnetic material N are in interfa-
cial contact. Considering isothermal flow, a constant current Jq is imposed and the
solution for the resultant magnetization current JM is calculated. Equations (10.7)
are used to relate currents to potential gradients and to describe steady state flows in
each of the materials F and N . The analogous discrete equations, (10.8), are used to
relate interfacial currents with differences of potential across the interface. Boundary
conditions demand that the magnetization currents of all three regions are equal at
the interface (x = 0), JM,F = JM = JM,N (where JM is the interfacial magnetization
current), and that the electric currents are also equal, Jq,F = Jq = Jq,N .

In the general case, the flow of JM into N generates a spin accumulation, M̃ ,
and an associated effective field, −H ∗ = M̃/χ , in N (Fig. 10.3(b)), and −H ∗(x)

decreases as x increases away from the F/N interface. The nonequilibrium spin pop-
ulation can also diffuse backwards, along −x, going back across the F/N interface
and into F . The effective field −H ∗ in F is not constrained to match that in N ,
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Fig. 10.2. (a) Cross section view of pedagogical spin accumulation device, with floating volt-
age VF2 grounded to a region of N that is remote from the path of bias current. (b) Schematic
top view of nonlocal quasi-one-dimensional geometry, the lateral spin valve, used in original
spin injection experiment as well as in recent semiconductor samples. Dotted lines represent
equipotentials characterizing electrical current flow. Gray shading represents diffusing popu-
lation of nonequilibrium spin polarized electrons injected at x = 0, with darker shades cor-
responding to higher density of polarized electrons. (c) Perspective sketch of bulk Al sample
used in original spin injection experiment

−H ∗
f (x = 0) �= −H ∗

n (x = 0) (Fig. 10.3(b)) because, for example, the susceptibili-
ties χf and χn can be quite different.

The backflow of diffusing, spin polarized electrons across the interface must
be overcome by the imposed current. The interface has some intrinsic resistance,
Ri = 1/G, and the backflow acts as an additional, effective interface resistance
(Fig. 10.3(c)). The spatial extent of the nonequilibrium spin population in F is de-
scribed by the spin diffusion length in F , δs,f. An estimate for transition metal fer-
romagnetic films is δs,f = 14.5 nm [23]. The backwards diffusion of polarized spins
near the F/N interface effectively cancels a portion of the forward flowing polar-
ized current JM,f. The result is that the fractional polarization of the magnetization
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Fig. 10.3. (a) Model for flow of charge and spin currents, Jq and JM, at the interface between
a ferromagnetic metal and nonmagnetic material. x = 0 at the interface. (b) Magnetization
potential. The nonequilibrium spin population decays in F and N with characteristic lengths
δs,f and δs,n, respectively. (c) Voltage. (d) Current of spin magnetization, JM

current that reaches and crosses the interface, JM, is reduced relative to the bulk
value, JM < JM,f (Fig. 10.3(d)). This reduction of polarization arises from the L3,3

self-diffusion term in (10.8).
After algebraic manipulation, a general form for the interfacial magnetization

current is found to be [15, 24]

JM = ηµB

e
Jq

[

1 + G(pf/η)rf(1 − η2)/(1 − p2
f )

1 + G(1 − η2)[rn + rf/(1 − p2
f )]

]

, (10.14)
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where rf = δs,fρf = δs,f/σf, rn = δs,nρn = δs,n/σn, G = 1/Ri. It is important to note
that spin transport is governed by the relative values of the intrinsic interface resis-
tance, Ri = 1/G, the resistance of a length of normal material equal to a spin depth,
rn, and the resistance of a length of ferromagnetic material equal to a spin depth, rf.
Typical values of these resistances are easily estimated [23]; rf ∼ 10−11 �cm2,
rn ∼ 2 × 10−11 to 2 × 10−10 �cm2, and Ri = Rc ≈ 10−11 �cm2. Since all of
the characteristic values fall within a range of a factor of ten, all of the terms in
(10.14) are important for the general case.

Resistance Mismatch at an F/N Interface

One limiting case of (10.14) is that of low interfacial resistance, Ri → 0. An appro-
priate experimental system is a multilayer, current-perpendicular-to- the-plane gi-
ant magnetoresistance sample grown in ultrahigh vacuum [25]. In this case, Ri ≈
3 × 10−12 �cm2 ≪ rf may justify the high conductance approximation. Equa-
tion (10.14) reduces to the simpler form [15, 24]:

JM = pf
µB

e
Jq

1

1 + (rn/rf)(1 − p2
f )

. (10.15)

The polarization of the injected current is reduced from that in the bulk ferromagnet
by the resistance mismatch factor (1 + M ′)−1 = [1 + (rn/rf)(1 − p2

f )]−1. Using the
above estimates for rf and rn, the mismatch factor can be expected to be as large as
M ′ ∼ 20.

Another limiting case is that of high interfacial resistance. Spin accumulation
in N can be large, but the resistive barrier prevents back diffusion. The nonequilib-
rium spin population in F remains small, and the voltage drop across the interface is
dominated by Ri. The interfacial magnetization current is now given by

JM = η
µB

e
Jq, (10.16)

and the fractional polarization is determined by the interface parameter η. The resis-
tive barrier may be asymmetric with respect to spin, and, in general, the limit η ≤ pf

is imposed.
The transport effects related to “resistance mismatch” (equivalently called “con-

ductance mismatch”) are not likely to be observed in systems where N is a non-
magnetic metal because the relevant resistances are so small that even a “negligible”
interface resistance, such as a contact resistance, can dominate interfacial transport.
The condition Ri ≪ rf, rn is almost never realized, and the general expression,
(10.14), should be used. A prediction [26] that “resistance mismatch” would limit
injection efficiency to less than 1% when F is a metal and N is a semiconductor
was based on a calculation using the infinite interface conductance limit, (10.15).
However, such an F/N interface is always characterized by a Schottky barrier, tun-
nel barrier, or low conductance “Ohmic contact.” In each case, the intrinsic inter-
face resistance is high and mediates interfacial spin transport [27]. As discussed in
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Sects. 10.4.1 and 10.4.2 below, experiments have confirmed this and demonstrated
typical injection polarizations of 20% to 50% for ferromagnetic metal/nonmagnetic
semiconductor interfaces.

10.2.4 Hanle Effect

The Johnson–Silsbee spin injection experiment [2] introduced a novel technique,
employing the Hanle effect [13], to detect spin accumulation and measure spin relax-
ation times, and to demonstrate that spin injection and accumulation are fundamen-
tally related to nonequilibrium spin resonance phenomena. This technique is often
cited as an infallible proof of spin injection, in both metals and semiconductors [3],
and the physics is briefly reviewed in this section.

In-plane magnetic fields can be used to make magnetoresistance measurements
of Rs, and this is discussed below in Sect. 10.3. However, using the Hanle effect [2,
12, 13], the zero frequency analogue of transmission electron spin resonance, permits
a quantitative measurement of both Rs and spin relaxation time T2 (in this section,
T2 is proper and will be used instead of τs) using only a single data set. In a simple
picture, spin polarized electrons diffuse across a distance L from the injector to the
detector. Consider the thin limit, L < Ls. Under the influence of a perpendicular
magnetic field B, each spin precesses by a phase angle that is proportional to the
time it takes to reach the detector. Since the electrons are moving diffusively, there
is a distribution of arrival times. In the limit of zero external magnetic field, all the
diffusing, polarized electrons that reach the detector have the same phase, as long as
they have spent a time less than T2 in the sample. For sufficiently large field, the spin
phase angles of the electrons reaching the detector at any one time are completely
random. If T2 is long, there is a large distribution of arrival times at the detector, and a
very small field is needed to randomize the distribution of phases. The characteristic
field Bhw is given by the condition that the product of the precessional frequency
and T2 is a complete phase rotation angle of 2π . Thus, the characteristic field is
Bhw = 1/γ T2, where γ is the gyromagnetic ratio for electrons. A plot of the number
of spin polarized electrons, or of the voltage Vs at the detector F2, as a function of
the perpendicular field would have a Lorentzian (absorptive) line shape. The detailed
field dependence of the spin-coupled voltage Vs detected at a second ferromagnetic
electrode F2 can be found by solving the Bloch equations with a diffusion term
[12, 14]. The advantage of using the Hanle effect is that a single measurement gives
relaxation time T2 from the width of the Hanle feature, and leaves polarization η as
the sole parameter to be fit to the amplitude of the feature.

10.3 Spin Injection Experiments in Metals

Experimentally, a reference ground must be provided for any real measurement of
the floating voltage VF2 (refer to Fig. 10.1(a)). An ideal ground will not introduce
Ohmic voltage contributions to the measurement of spin accumulation. An appropri-
ate ground is provided in the schematic sketch of Fig. 10.2(a). Because electric bias
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current flows across the F1/N interface and through the bottom of N , the region
of N near the top is remote from the current path and the Ohmic voltage between
F2 and the ground at the top is minimal. An experimental realization of this idea is
shown in Fig. 10.2(b).

This quasi-one-dimensional, nonlocal geometry was introduced in the original
spin injection experiment [2]. It has become widely adopted for studies of spin injec-
tion in mesoscopic systems [28], and in semiconductors [3]. Describing the details of
the original experiment by referring to Fig. 10.2(b), an aluminum wire extends along
the x̂ axis. A narrow ferromagnetic electrode F1 spans the width of the wire near its
center, at x = 0. When bias current I is injected at F1 and grounded at the left end
of the wire, x = −b, there is a linear voltage drop from x = 0 to −b. This is depicted
by the regularly spaced equipotential (dot-dash) lines in Fig. 10.2(b). However, there
is no net current flow in the region x > 0 and the wire is at a constant potential from
x = 0 to x = b. A voltage measurement between the end of the wire x = b and a
narrow electrode that spans the wire at x = Lx is necessarily a null measurement,
V = 0.

Spin polarized electrons injected at F1 diffuse equally along ±x̂. Self-diffusion
of the nonequilibrium spin population is symmetric, with each polarized electron
performing a random walk along the x̂ axis [2]. The density of diffusing spin polar-
ized electrons is depicted in Fig. 10.2(b) by the shaded region, with darker shades
representing higher density. When the electrode at x = Lx is also a ferromagnetic
film, F2, a potentiometric measurement V records a spin dependent voltage that is
relatively high (low) when the magnetization orientation M2 is parallel (antiparallel)
with M1. Since V = 0 in the absence of nonequilibrium spin effects, this measure-
ment uniquely discriminates against any background voltages. The ideal geometry of
Fig. 10.2(b) is achieved when the electrodes have negligible width (they are drawn
as lines in Fig. 10.2(b)) and have uniform contact across the width of the wire. De-
partures from ideality result in a small, spin independent baseline voltage V �= 0
[29]. The geometry of Fig. 10.2(b) has been called “nonlocal,” and structures of this
kind are sometimes called “lateral spin valves” to distinguish them from thin film
sandwich structures typically used in giant magnetoresistance.

In the original spin injection experiment, the N sample was a “wire” of bulk, high
purity aluminum about 100 µm wide and 50 µm thick, sketched in a perspective view
in Fig. 10.2(c). An array of ferromagnetic pads, about 15 µm wide by 45 µm long,
were fabricated by photolithography and liftoff as electrodes on the top surface, with
interprobe spacings x in multiples of 50 µm. The F electrodes were e-beam deposited
from a single source of Ni0.8Fe0.2 after cleansing the Al surface with an Ar ion mill.

Before describing details of the experimental methods, some clarification about
the notation used for magnetic field can be offered. The symbol B is often called
the “magnetic flux density,” “magnetic induction,” or simply the “magnetic field.”
The symbol H is called the “magnetic field strength.” In a magnetizable medium, B

and H are related by B = H + 4πM, where M is the volume magnetization of the
medium. In free space, B and H are identically the same. Ferromagnetic materials
have spontaneous magnetization, and experiments involving F/N material structures
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Fig. 10.4. Example of spin injection, accumulation, diffusion and detection in aluminum, using
in-plane magnetic fields. External field is applied along ŷ axis, in the plane of F1 and F2,
starting at Hy = −140 Oe, sweeping up and stopping at Hy = 125 Oe. The dip occurs when
M1 and M2 change their relative orientation from parallel to antiparallel and shows V/I as a
negative resistance. A similar dip occurs at symmetric negative field when Hy is swept from
positive to negative. Lx = 50 µm, T = 27 K

typically use H to refer to externally applied magnetic fields. This convention is
adopted for this chapter, although other chapters in this volume correctly use B.

For magnetoresistance measurements with magnetic fields in the film plane, the
magnetizations M1 and M2 must have slightly different coercivities, HC,1 �= HC,2.
The detected voltage V as a function of externally applied field H should be positive
whenever the magnetizations of F1 and F2 are aligned and negative over a field
range HC,2 − HC,1, when anti-aligned.

Figure 10.4 shows magnetotransport data for a sample with Lx = 50 µm us-
ing in-plane fields, H = Hy . As the field is swept along the easy axis of both F1
and F2 from negative to positive values, the positive voltage for H < HC,1 is a
measure of spin accumulation, Rs ∝ M̃ , with M1 and M2 parallel. The region
HC,1 < H < HC,2 represents the region where magnetizations M1 and M2 are
reorienting between parallel and antiparallel and the detected voltage Vs drops from
positive to negative. In the region H > HC,2 the orientations M1 and M2 return to
parallel and the original, positive voltage is regained. A field sweep from positive to
negative values shows the same feature in the field range −100 Oe < H < −80 Oe,
as expected for the hysteresis of the ferromagnetic films. Note that the voltage Vs is
positive for parallel magnetizations and negative for antiparallel magnetizations, as
discussed in Sect. 10.2.1

As a demonstration of the Hanle effect, a magnetic field H⊥ is applied transverse
to the orientation of the polarized spins. An example of the Hanle effect from an
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Fig. 10.5. Example of spin injection in aluminum. Hanle data showing absorptive lineshape,
with small admixture of dispersive character. Lx = 50 µm, T = 21 K. Solid line is fit to
equations in the text: T2 = 7.0 nsec, η = 0.075

Al wire sample is shown in Fig. 10.5 presented in units of resistance, R = V/I .
Figure 10.5 presents typical data, primarily absorptive in appearance, for a sample
with Lx = 50 µm, T = 21 K, and the deduced fitting parameters are η = 7.5%,
T2 = 7.0 ns.

Finally, it can be noted that the spin injection experiment offered an early demon-
stration of a pure spin current. In the nonlocal geometry of Fig. 10.2(b), voltage mea-
surements confirm that there is zero current of charged particles. Measurements of
spin accumulation using a ferromagnetic detector, however, show a spin population
that decreases with distance, thereby showing a nonzero diffusion current of spins.

10.4 Spin Injection in Semiconductors

Measurement of the spin lifetimes of carriers in semiconductors has been studied
optically and with electron spin resonance (ESR) for many years [30–33]. Although
Aronov had proposed the possibility of spin injection into semiconductors [8], inter-
est in the topic was triggered by the proposal to fabricate a spin injected field effect
transistor [34]. In the Datta–Das structure (Fig. 10.6), a ferromagnetic source and
drain were connected by a two dimensional electron gas channel, with the source-
drain distance L on the order of an electron ballistic mean free path. The magnetiza-
tions of both source and drain were oriented along the axis of the channel, the x̂ axis.
An intrinsic electric field Ez perpendicular to the two dimensional electron gas plane
(discussed below) transformed, in the rest frame of the carriers, as an effective mag-
netic field H ∗

y . The notation H ∗ is commonly used for an effective magnetic field
of any kind, and H ∗

y is not related to the thermodynamic effective field discussed
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Fig. 10.6. Cross sectional schematic of the spin injected field effect transistor proposed by
Datta and Das

in Sects. 10.2.1 and 10.2.3 and Fig. 10.3. Carriers were injected at the source with
their spin axes oriented along x̂, precessed under the influence of H ∗

y , and arrived
at the drain with a spin phase φ that depended on their time of transit, φ ∝ L/vF,
where vF is the Fermi velocity. The source-drain conductance was predicted to be
proportional to the projection of the carrier spin on the magnetization orientation of
the drain, and therefore to be a function of φ. By applying a gate voltage to the chan-
nel, the field Ez, the effective field H ∗

y , and φ could be varied and a modulation of
source-drain conductance would result.

The Datta–Das device was designed as a field effect transistor. The geometry is
similar to the lateral spin valve, but two conceptual differences are important. First,
the Johnson–Silsbee idea applied to metals involves diffusive charge and spin trans-
port and the development of spin accumulation. By contrast, the Datta–Das device
was designed to involve ballistic charge and spin transport, and no spin accumula-
tion was expected. Second, the transport of spin polarized carriers in the Datta–Das
device is determined by internal electric fields (the Rashba effect), and these fields
can be modulated by a gate voltage. This has no analogue in metals-based devices.

Some researchers perceive a spin injected field effect transistor to have techno-
logical impact for a variety of new applications in digital semiconductor technology.
Possible advantages are unclear at best and, furthermore, no viable prototype device
has yet been demonstrated successfully. However, research is active and addresses
individual topics related to device development. One class of topics relates to ba-
sic issues of spin injection across a F/NS interface (where NS is a nonmagnetic
semiconductor). The dominant experimental methodology involves a light emitting
diode sample structure that has a ferromagnetic electrode, and optical measurements
are used. A second class of topics relates to spin dependent scattering and spin-flip
lifetimes in nonmagnetic semiconductors. The dominant experimental technique is
again optical, using measurements of Faraday rotation to infer the spin orientations
of carriers. Although experiments using spin injected light emitting diodes suggest
that the fractional polarization η of injected current can be relatively large, trans-
port experiments have not succeeded in demonstrating devices with large η. Since
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the spin dependent voltage modulations are small, the use of transport measurements
to characterize the dynamics of spin dependent transport is marginal. Since spin in-
jected light emitting diodes have no technological applications, the few results from
transport experiments have high importance. For these reasons, the experimental re-
view is broken into two portions. Optical experiments are discussed in Sect. 10.4.1
and transport experiments are discussed in Sect. 10.4.2.

10.4.1 Optical Experiments

Spin Injection

The spin injected field effect transistor requires the transmission of a spin-polarized
current at a F/NS (and NS/F ) interface, and the transport of spin polarized car-
riers from a source to a drain. A successful device relies on predictions about the
efficiency of spin injection and about the dynamics of spin-polarized transport in a
two dimensional electron gas channel. Spin-polarized tunneling experiments using
ferromagnetic metals and semiconductors were the earliest experiments performed
to examine the issue of spin-polarized transport at a F/NS interface. In a typical
experiment [35], luminescence in a GaAs sample is used as a detector of polarized
carriers injected across a vacuum tunnel barrier. In the reverse of optical pumping,
circularly polarized light is emitted in proportion to the degree of spin polarization
of the recombining minority carriers at the fundamental band gap. GaAs is an ideal
material because of the relatively large spin orbit splitting at the valence band. Room
temperature experiments used nickel as the ferromagnet, and the polarization of the
tunnel current was found to vary between 5 and 30%.

Optical measurements using spin injected light emitting diodes have become a
popular technique for inferring the polarization of injected current. The experiments
use a variety of materials, but a typical device structure is sketched in cross section in
Fig. 10.7. Structures are prepared by molecular beam epitaxy. A quantum well het-
erostructure is grown between two spacer layers. A ferromagnetic material is grown
on top of the top spacer and is often capped with a thin metal film for passivation.
When biased by a voltage, an electric current flows from F into the nonmagnetic
semiconductor NS and the interfacial current is characterized by a polarization η. Re-
combination occurs in the heterostructure region, accompanied by photon emission
(luminescence). The optical polarization of the emitted photons is related to the po-
larization of carriers that reach the quantum well. The luminescence may be detected
at the edges of the structure, or at the back side of the substrate. Photons may also
escape through the top of the structure, and the metal cap must be sufficiently thin
such that transmission of the luminescence is substantial. The experimental method-
ology involves measuring the polarization of the luminescence as a function of bias
voltage and wavelength.

Structures have been fabricated using III–V compound semiconductors with fer-
romagnetic injectors that may be magnetic semiconductors (e.g., GaMnAs) or transi-
tion metal ferromagnets. In this case, an external magnetic field may be applied along
x̂ or ẑ in order to saturate the magnetization of the F layer. Structures also have been
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Fig. 10.7. Schematic cross sectional sketch of a typical structure for optical spin injection
experiments

fabricated using II–VI compound semiconductors, in which case the ferromagnetic
injector is a diluted magnetic semiconductor also from the II–VI family. For these
materials, a large external magnetic field applied along ẑ is required to saturate the
magnetization of the diluted magnetic semiconductor layer.

In one of the earliest optical studies of spin injection [37], the nonmagnetic semi-
conductor was a 1.6 micron thick layer of the II–VI compound CdTe and the ferro-
magnetic injector was a 360 nm thick layer of the diluted magnetic semiconductor
Cd0.98Mn0.02Te. This structure was not electrically biased, rather pulses of circular
polarized light that were incident on the metal cap generated spin polarized carriers
in the diluted magnetic semiconductor. The polarized carriers diffused into NS and
the polarization of the photoluminescence was measured as functions of time (rela-
tive to the excitation pulse) and energy. The experimental temperature, T = 5 K, was
slightly above the spin glass temperature of the Cd0.98Mn0.02Te and external fields
of approximately 2 tesla along ẑ were used to create the necessary Zeeman splitting.
This early study demonstrated the feasibility of using a magnetic semiconductor for
spin injection, and the authors used a semiquantitative analysis to estimate that the
polarization of interfacial F/NS current was 50% or higher.

An important variation of this technique [38] measured the circular polariza-
tion of the electroluminescence from a GaAs/AlGaAs light emitting diode (hetero-
structure layer in Fig. 10.7). A diluted magnetic semiconductor, n-doped
BexMnyZn1−x−ySe, was used as the ferromagnetic injector. External fields applied
along the ẑ axis with magnitude of a few tesla were used. Under forward bias, spin
polarized electrons were injected into the GaAs with an efficiency estimated at 90%.
The effect was robust at fields as low as 1.5 tesla and temperatures as high as 10 K.
The resistivities of the magnetic semiconductor F and the nonmagnetic semiconduc-
tor NS are of the same order, and therefore effects of “resistance mismatch” do not
diminish the high values of η. As discussed in Sect. 10.2.3, this means that spin in-
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jection structures using only semiconductors can be fabricated without incorporating
low transmission barriers between F and NS.

This variation was also performed [39] using the ferromagnetic semiconductor
Ga1−xMnxAs (x = 0.045) as the spin injector. Spin polarized holes were electri-
cally injected across a F/NS interface and into a spacer layer of undoped GaAs.
The spacer layer, which had different thicknesses d ranging from 20 nm to 220 nm
for a variety of samples, was grown on top of an InGaAs/GaAs light emitting quan-
tum well heterostructure. The F layer GaMnAs has in-plane magnetic anisotropy.
An external magnetic field Hx in the film plane (along x̂ in Fig. 10.7) changed the
magnetization of F from orientation along +x̂ to −x̂. The polarization of the electro-
luminescence was measured as functions of Hx , d and temperature T . The switching
field of F was about 45 Oe, and a strong spin injection effect was observed for tem-
peratures as high as 35 K.

These studies [38, 39] offer an important demonstration of interfacial spin-
polarized transport and generated tremendous interest in the topical area of magnetic
semiconductors. However, experiments with magnetic semiconductors have some
limitations worth noting. Structures using a diluted magnetic semiconductor as the
magnetic material require large magnetic fields, of order several tesla. Structures us-
ing the ferromagnetic semiconductor GaMnAs have shown relatively small effects.
Both categories of materials require cryogenic temperatures, and only weak effects
have been seen at temperatures above 40 K. For these reasons, magnetic semicon-
ductors may not be relevant for integrated electronic device applications.

Some of these limitations may be avoided by using a transition metal ferromagnet
as the ferromagnetic injector. Using the same basic technique introduced by Oestre-
ich [37], two InGaAs quantum wells, separated by a GaAs barrier and sandwiched
between two GaAs spacer layers (refer to Fig. 10.7) were used as a light emitting
diode [40]. A 70 nm thick n-GaAs layer was grown on the light emitting diode, fol-
lowed by a 20 nm thick Fe layer and a 10 nm Al cap. As discussed in Sect. 10.2.3
above, efficient spin transport can occur between a ferromagnetic metal and a non-
magnetic semiconductor when there is a sufficiently large interfacial resistance. Here
a Schottky barrier at the Fe/GaAs interface provides the necessary resistance. Elec-
troluminescence measurements were performed in the Faraday geometry, requiring
a field along ẑ. Fields of about 2 tesla were sufficient to saturate the Fe magnetiza-
tion along ẑ, perpendicular to the in-plane easy axis. Spin polarized injection with
interfacial polarization of about 2% was observed at room temperature. While the
polarization efficiency was not very large, this experiment demonstrated that tran-
sition metal ferromagnets could be used and that room temperature spin injection
is possible. More recent experiments have shown that injection using ferromagnetic
metal films can have interfacial polarization as large as 50% [41].

Optical studies of spin injection in a light emitting diode have been popular, but
the converse measurement also has been performed [42]. Using a structure similar
to that of Fig. 10.7, a thin Fe layer is grown on n-doped GaAs (100). Some samples
include a tunnel barrier of aluminum oxide and other samples only have the native
Schottky barrier between F and NS. The Fe layers are sufficiently thin that inci-
dent polarized light is transmitted to the GaAs, where spin polarized photocurrent
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is induced. The photocurrent is measured for a variety of voltage bias conditions.
The results were highly sensitive to the morphology of the F/NS interface, but spin
asymmetries of about 1.7% were observed at room temperature at a bias of about
0.04 V. This magnitude is comparable with the early studies of spin injection from
Fe to GaAs [40].

The study of spin injection in semiconductors is not yet characterized by the suc-
cessful correspondence between theory and experiment of spin injection in metals.
The preponderance of empirical results implies that electrical spin injection across
a F/NS interface should be quite possible at room temperature, and may have effi-
ciency as large as tens of percent. Other research suggests that novel techniques for
spin injection may be viable. As one example, there is evidence that carriers in a NS
may become spin polarized by proximity with a proximal interface with a ferromag-
netic film [43].

Spin Dynamics and Lifetimes

The dynamics of spin-polarized carriers in a semiconductor have also been studied by
optical techniques. Purely optical techniques for probing transport have been used for
decades [33] and reviews appear in other chapters of this volume. A few experiments
relevant to this chapter’s topic of spin injection can be noted.

The recent interest in semiconductor spintronics was ignited, in part, by an ex-
periment that demonstrated the diffusion of spin polarized carriers in GaAs [44].
A thick layer of intrinsic GaAs (about 5 microns thick) was grown on top of a thin
GaInAs (8 nm) quantum well, and was capped by an optically semitransparent layer
of Ni/Cr. The structure was biased by a voltage. Circularly polarized pulses of laser
light created an electron-hole plasma near the top surface of the GaAs. The elec-
trons, which have a preferential spin orientation because of optical selection rules,
diffuse under the influence of the electric field. Electrons reaching the quantum well
recombine with holes and the polarization of the photoluminescence is related to the
fractional spin polarization of the recombining electrons. From their measurements,
the authors deduced that the electron spin polarization of about 30% is almost com-
pletely conserved during diffusion over a length of 4 microns (T = 10 K). These
results implied that the electron spin diffusion length in GaAs, in an electric field, is
much longer than 10 microns. This was important because it demonstrated that spin
orientation could be maintained on length scales longer than those characteristic of
electronic devices.

Long spin relaxation times and spin diffusion lengths were confirmed in a series
of experiments [36, 45]. The optical technique involves the resonant pumping of
optically generated spin-polarized excitations and subsequent time-dependent optical
detection by Faraday rotation. This approach has measured spin relaxation times of
order several nsec in n-type GaAs at 5 K, and spin diffusion lengths of order tens of
microns at low temperature.
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10.4.2 Transport Experiments

The spin injected field effect transistor proposed by Datta and Das was not designed
for use in digital electronics technology. By contrast, the authors proposed to use
some novel characteristics of the carriers in a two dimensional electron gas of a
III–V compound semiconductor heterostructure. Small variations of the Datta–Das
structure result in a device that may have digital electronics applications, and these
will be mentioned below. A large portion of semiconductor spintronics research has
studied the unusual transport characteristics of III–V semiconductors, however, and
we begin with a brief review of the Rashba Hamiltonian.

Large Spin–Orbit Effects

An asymmetry in the confinement potential of a quantum well can generate an in-
trinsic field Ez (where ẑ is the direction of film growth, normal to the film plane).
The electric fields ±Ez,c associated with the confining walls of the well are very
large. They cancel for a perfectly symmetric well and the net electric field is zero. If
there is any asymmetry in the well, however, cancellation is imperfect and a large,
intrinsic field Ez is the result. Spin–orbit effects can cause a large splitting ∆so of the
conduction band, as noted by Rashba [46]. For a 2D carrier moving with a weakly
relativistic Fermi velocity in the x̂ (−ŷ) direction, Ez transforms, in the rest frame
of the carrier, as an effective magnetic field H ∗

y (H ∗
x ). The coupling of field H ∗ with

the carrier spin results in spin eigenstates.
With this understanding of a Rashba spin system, the Datta–Das device can be

reviewed again. Referring to Fig. 10.6, the effective magnetic field H ∗ is along the ŷ

axis. Spin polarized carriers injected from the source with orientation along the x̂ axis
are not in a spin eigenstate. They precess under the influence of field H ∗

y . When the
distance Lx corresponds to a transit time that develops a spin precession of π (2π),
the spin orientation of the carrier is antiparallel (parallel) with the dominant orienta-
tion of the drain and the source-drain conductance is relatively low (high). The gate
voltage modulates the strength of the effective field. Therefore, as the gate voltage
is monotonically increased, the spin orientation of a carrier ballistically reaching the
drain varies periodically from antiparallel to parallel and the source-drain conduc-
tance varies periodically between relatively high and low values. It can be noted that
the original idea of Datta and Das [34] relied on ballistic transport. The spin orbit
interaction in a 2D electron gas with Rashba Hamiltonian is so strong that a few
scattering events might be expected to randomize the carrier spin orientation, and
transport by diffusion would show no interesting effects.

The device of Datta and Das can be modified for integrated electronics appli-
cations. For example, the magnetization orientation of one of the contacts (e.g., the
source) can be chosen to be fixed in one direction along the ŷ axis, and that of the
other (the drain) can be free to be manipulated to be parallel or antiparallel with the
first. Such a device would operate as a memory cell in a nonvolatile magnetic random
access memory. A datum would be stored as a parallel or antiparallel magnetization
state of the drain. Sensing a high or low channel conductance would correspond to
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readout of the binary state. The gate voltage would not be used to modulate the spin
transport. However, it could be used to isolate any single device from an array of
devices.

Experimental Progress

All of the measurements described in Sect. 10.4.1 have been purely optical, and it
is not valid to extrapolate plausible transport results from optical measurements. In-
stead, experiments on device prototypes that utilize electrical injection and electrical
detection are necessary. Empirically observed voltage and/or current modulations
have been small, and the number of transport experiments is relatively few. From
existing data, the basic models of spin injection and detection (refer to Sect. 10.2)
seem to be valid.

Several early experiments used a geometry similar to that of Datta and Das. In
one example, NS was an InAs quantum well and the F electrodes were permalloy.
The device was configured such that magneto-optic Kerr effect measurements of the
permalloy electrodes could be performed in situ. A small but reproducible resistance
modulation could be observed at low temperature (T = 0.3 K) [47].

An experiment using the nonlocal geometry of Fig. 10.2 can be reviewed with
some detail [48]. Two F/NS junctions, were fabricated on a common two dimen-
sional electron gas channel. In the actual device, six separate channels were con-
nected in parallel for improved signal-to-noise. Narrow channels, about 900 nm wide,
were defined on an InAs single quantum well heterostructure using optical lithogra-
phy and an Ar ion mill dry etch. The chip was backfilled with SiN to planarize the
surface at the level of the mesa and to cover the side edges of the two dimensional
electron gas. The interelectrode spacing Lx was the order of magnitude of the carrier
mean free path, a few microns.

Referring to the nonlocal geometry of Fig. 10.2, spin polarized electrons were
injected from F1 into the two dimensional electron gas and the injected current was
grounded at the left end of the “wire.” Detecting electrode F2 was grounded at the
right end and acts as a spin-sensitive potentiometer. Ballistic and quasi-ballistic spin
polarized electrons that are injected at the F1/NS interface have initial trajectories to
the left and right in equal numbers. Carriers with initial trajectories to the right even-
tually scatter, and all the current is drained at ground. Injector F1 was fabricated
with permalloy and had a relatively small coercivity, HC1 ≈ 30 Oe. Detector F2 was
fabricated with FeCo and had a relatively large coercivity, HC2 ≈ 70 Oe. By apply-
ing an external field Hy in the film plane and parallel to the easy magnetization axis
of the ferromagnetic films, the relative magnetization orientation of injector and de-
tector was manipulated between parallel and antiparallel. The top barrier layer of the
InAs SQW remained in tact during processing and formed a low transmission barrier
between the ferromagnetic metal electrodes and NS. The junction resistance of a few
K� was sufficiently large that effects of resistance mismatch (refer to Sect. 10.2.3)
were not relevant.

An example of electrical spin injection and detection is seen in the data shown
in Fig. 10.8, taken at a temperature of 4.2 K using a sample with Lx = 10.6 µm. The
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Fig. 10.8. Examples of data showing detection of electrical spin injection in an InAs quantum
well. The sample has a separation of Lx = 10.6 µm between injector and detector. Solid lines:
sweep field down. Dotted lines: sweep field up. The hysteretic dips are characteristic of spin
injection and detection

baseline resistance is nearly zero, demonstrating the effectiveness of the nonlocal
geometry. The overlapping dips that appear in the range −200 Oe < Hy < +200 Oe
have the qualitative shape that is characteristic of spin injection. Data were also taken
on a sample with an interprobe separation of Lx = 3.2 microns. Hysteretic dips that
were qualitatively similar to those of Fig. 10.8 were observed, and the amplitude was
substantially larger. From the amplitude dependence of these two probe separations,
an upper bound of the spin dependent mean free path was estimated to be Λs = 4
microns. The magnitude of the spin injection effects diminished by about 20% at an
elevated temperature of 150 K. The magnitude and temperature dependence agree
with a recent theory of spin dependent transport in quantum wells of III–V het-
erostructures [49]. It should be noted that this experiment can not distinguish spin
accumulation effects (diffusive transport) from spin-dependent voltage modulation
arising from ballistic transport.

The most definitive experiments have also used the nonlocal geometry [3] and,
significantly, the measurements included observation of the Hanle effect as well as
magnetoresistance with in-plane magnetic fields. The NS material is lightly n-doped
GaAs (Si doped at 2 × 1016 cm−3 to 3.5 × 1016 cm−3 for three samples). It was epi-
taxially grown, with a thickness of 1.5 microns, on top of a 300 nm thick buffer layer
on a GaAs (100) substrate. A thin (15 nm thick) layer of n+ GaAs (5 × 1018 cm−3),
on top of a thin transition layer of equal thickness, was grown on NS. The 5 nm
thick epitaxial Fe electrodes were grown on top of the n+ GaAs. The NS sample
was patterned to form a channel about 70 microns wide and 0.35 mm long. The Fe
films were patterned to form F electrodes that nearly spanned the NS channel, had
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width of about 10 microns, and had spacing of Lx = 12 microns between F1 and
F2. A narrow Schottky barrier formed at the interface between Fe and n+ GaAs. As
discussed in Sect. 10.2.3, the Schottky barrier provides a dominant interfacial resis-
tance that permits efficient spin injection, avoiding issues related to the mismatch of
resistivities of Fe and GaAs.

Using these samples, a variety of transport measurements were performed and all
of the results were self-consistent. The current-voltage (I −V ) characteristic of each
device is nonlinear, but a summary of the results can be given for a typical injection
current of +1 mA. First, in-plane magnetic fields (along the ŷ axis in Fig. 2) were
used to manipulate the magnetization orientations M1 and M2 between parallel and
antiparallel, and hysteretic changes of resistance, �R, were observed in a small field
range around |Hy | ≈ 250 Oe, representing the field range for which the coercivities
HC1 and HC2 differed. The magnitude of �R was about 16 m� at 50 K. It’s note-
worthy that the magnitude of �R is roughly the same as �R ≈ 7 m� for the InAs
single quantum well data (Fig. 10.8), also noting that both samples had comparable
spacing Lx . A spin diffusion length of Ls = 6 microns was deduced, similar to the
estimate of Ls = 4 microns for the InAs samples.

Second, the Hanle effect was observed by saturating the magnetizations of both
injector M1 and detector M2 along the ŷ axis, and then sweeping an external mag-
netic field along the ẑ axis. Measurements were made for M1 and M2 parallel (an-
tiparallel), and a positive (negative) Hanle feature was observed. The Hanle feature
was fit to theory [3, 14], and spin relaxation times were deduced, ranging from
τs = 24 nsec (T = 10 K) to τs = 4 nsec (T = 70 K). The magnitude of the Hanle
feature was consistent with the magnitude of �R measured with in-plane fields.

Third, optical Kerr measurements were performed to measure the spin polariza-
tion of carriers in NS independently. These measurements were particularly helpful
in explaining details of the bias dependence.

Data were also taken for a “crossed probe” geometry. Referring to Fig. 10.2,
current injected at F1 was grounded at x = +b and the voltage measured at F2
was referenced to a ground at x = −b. These measurements necessarily included
a resistive voltage in proportion to Lx , and the carrier diffusion was affected by the
associated electric field. The results were qualitatively the same, and the quantitative
differences were small. Semiconductors differ from metals in that relatively large
internal electric fields may exist and spin diffusion in the nonlocal geometry may not
be isotropic.

The results of these experiments are important because the Hanle effect is the
most rigorous and unequivocal test for the existence of electrical spin injection, de-
tection and spin accumulation. As such, the results represent a definitive demonstra-
tion of spin injection in a semiconductor. They also demonstrate the existence of spin
accumulation in NS, confirming that a diffusive transport model is valid (for thin film
and/or bulk samples, but not necessarily for 2D samples). It is significant that the au-
thors [3] analyzed their results using Johnson–Silsbee theory [14]. In particular, the
NS sample was modeled as a Pauli metal with carrier density n = 3 × 1016 cm−3

and effective mass m∗ = 0.07me, where me is the free electron mass. The interfa-



10 Spin Injection 305

cial injection polarization was estimated to be about 20%, comparable with values
observed for injection into metal or InAs samples [12, 48].

While these results represent convincing proof of electrical spin injection and
detection, the magnitude of the observed effects is quite small at cryogenic tem-
peratures and vanishes at temperatures above 80 K. The plausibility of a Datta–Das
kind of spin injected field effect transistor has therefore been shown, but it remains
unlikely that a prototype device can be fabricated having device characteristics that
would be competitive with those of dominant complimentary metal oxide semicon-
ductor (CMOS) technology.

10.5 Related Topics

Discussions of numerous topics involving spin injection are readily found in the liter-
ature. Without summarizing these varied aspects, a few comments can be made. As a
first example, it was noted in Sect. 10.3 that spin injection can be used as a technique
to create a pure spin current. This may be relevant for subfields related to quantum
measurement or quantum computing. Recalling (10.1), spin accumulation is directly
proportional to the spin relaxation time of the carrier in the nonmagnetic material.
As a technique, spin injection has been useful for directly measuring spin relaxation
times in a variety of materials systems including bulk metals, thin film metals, and
semiconductors. Dynamic nuclear polarization is the subject of Chap. 11. It has been
predicted that the spin polarized currents [7] and nonequilibrium spin populations
[50] that result from spin injection can cause dynamic nuclear polarization.

The possibility of using spin for novel functionality in new generations of de-
vices has been a large motivation in the popularity of spintronics research. Semi-
conductor based devices, such as the spin injected field effect transistor, have been
a focus of promising new applications. After a decade of research, spin dependent
transport effects in semiconductors have been demonstrated unequivocally. However,
their magnitude is relatively small, observations have been constrained to a cryogenic
temperature range, and the prospects of a competitive, integrated electronic device
are remote. Magneto-optic effects have been more robust, but no applications for a
spin injected light emitting diode are known.

Spintronic devices based on metals have enjoyed considerable success. The mag-
netic tunnel junction is the dominant device family, and magnetic tunnel junctions
are used as sensors in disk drive read heads and as memory cells in nonvolatile,
magnetic random access memories. The continued development of both of these ap-
plications involves scaling device structures to smaller feature sizes for future gen-
erations. A magnetic tunnel junction fabricated with a traditional aluminum oxide
barrier faces scaling problems for devices with a minimum feature size f below
50 nm because the device impedance may be too large, and a new device may soon
replace the magnetic tunnel junction. The lateral spin valve, based on spin injection
and spin accumulation, is a candidate to replace the magnetic tunnel junction for
several reasons. First, spin accumulation scales inversely with the volume of N [re-
fer to (10.1)]. As discussed below, this has been verified over ten decades of sample
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volume. Second, for magnetoresistive device families such as the magnetic tunnel
junction, the device impedance R and output resistance modulation �R are intrinsi-
cally related as the magnetoresistance ratio, MR = �R/R. This is not the case for
lateral spin valves: the output impedance and output modulation are independent. In
principle, R can be reduced to an acceptable level without diminishing the output
modulation �R. Third, this all-metal device family uses the same ferromagnetic and
nonmagnetic materials as spin valves, so that materials and processing issues have
been largely solved.

Recent experiments have confirmed the inverse scaling law remarkably well. In
order to make a quantitative analysis, (10.3) can be written as

∆R · Vol

η1η2τs
≈ constant, (10.17)

where �R = 2Rs is the parameter typically measured and reported. This relationship
is approximately correct because the susceptibility χ may vary for different materi-
als. Equation (10.17) is independent of temperature, although τs may have intrinsic
temperature dependence. A value of �R · Vol/η1η2τs of 5.9 × 10−4 �cm3/sec was
measured for a thin film Al sample having a volume given by transverse dimensions
of 120 nm by 400 nm and a film thickness of 6 nm [28]. This compares very well with
the value 5.4 × 10−4 �cm3/sec that was measured in the original spin injection ex-
periment [2]. The comparison may be fortuitous, but a variety of recent experiments
on Al, Cu and Ag thin films have given values in the range 5.9 × 10−4 �cm3/sec
to 1.1 × 10−3 �cm3/sec. Thus, the inverse scaling rule has been demonstrated to
an accuracy of a factor of 2 for N volumes that vary by a factor of 1010. Should
devices continue to follow the inverse scaling rule for another decade of volume,
equivalently a factor of 101/3 in linear dimensions, the lateral spin valve might well
become the next generation device for sensing and magnetic random access memory
applications.
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Dynamic Nuclear Polarization and Nuclear Fields

V.K. Kalevich, K.V. Kavokin, and I.A. Merkulov

In memory of our teachers V.I. Perel and B.P. Zakharchenya

The optical polarization of nuclear spins may develop in a semiconductor when it
is illuminated by circularly polarized light [1, 2]. The ultimate reason of this phenom-
enon is the hyperfine interaction of electron and nuclear spins, enabling the transfer
of angular momentum (spin) from optically oriented electrons to the lattice nuclei.
This process is called dynamic polarization. The dynamically polarized nuclei, in
turn, produce a mean effective magnetic field (called Overhauser field) that can sub-
stantially change the spin polarization of electrons. In that way, a strongly coupled
electron–nuclear spin system is formed, where the polarization of nuclei is not sim-
ply determined by the spin state of electrons, but exerts a back influence upon the
electron polarization.

The technically simplest way to trace the behavior of the electron–nuclear spin
system is to detect the circular polarization of photoluminescence, because it is pro-
portional to the mean electron spin [2]. This method has been widely and success-
fully used from earliest experiments on optical orientation until present. Alternative
methods for detection of the electron polarization using Faraday and Kerr rotation
of linearly-polarized probe beams have also been developed [3, 4]. Lately, the direct
spectroscopic observation of the splitting of electron spin levels in the Overhauser
field has become possible [5–8].

The experiments on optical orientation of the electron–nuclear spin system, start-
ed in 1968 [1], have resulted in the discovery of many spectacular spin-related effects
and to the development of many subtle methods for characterization of semiconduc-
tor structures. The basics of the phenomenon were investigated in bulk crystals and
covered in several reviews, the most complete of which is the book Optical Orien-

tation [2], published in 1984. The progress of growth technology, which resulted
in the appearance of high-quality low-dimensional structures (quantum wells, wires
and dots), gave a new impetus to this research. In the last years, much experimental
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work has been done on these new objects, often using newly developed measurement
techniques. Recent research is reviewed, for instance, in [9–13].

In this chapter, we analyze, from our point of view, the most important results of
the investigation of the electron–nuclear spin system in low-dimensional structures.
We will show how the most part of these results can be understood within the existing
theoretical framework, and where and why the old theory is insufficient.

The chapter starts with an overview of basic interactions of electron and nuclear
spins (Sect. 11.1). Section 11.2 shows, both theoretically and on demonstrative ex-
perimental examples, how the electron spin relaxation by nuclei changes with the
increase of the electron spin correlation time. This introductory part is followed by
Sects. 11.3 and 11.4 devoted to the dynamic polarization of nuclei under various
experimental conditions. The main properties of the electron–nuclear spin system,
theoretically described in the approximation of short correlation time, are illustrated
by new experimental results, which are not covered by the book Optical Orienta-

tion [2]. Most of them make use of the reduced symmetry and spatial confinement
of electron states in quantum wells and quantum dots. These include, for instance,
bistability of the nuclear polarization, induced by modification of the electron spec-
trum by the Overhauser field, anisotropy of the electron g-factor and spin relaxation
time, or strong uniaxial exchange interaction with the hole in a quantum-dot exciton.
Section 11.5 considers optical detection of multispin nuclear magnetic resonance,
and also optically induced NMR.

In the last part of the chapter (Sect. 11.6), we discuss the long-lived spin memory
in quantum dots, with a particular stress on the behavior of the electron–nuclear spin
system at a long correlation time of the electron spin, which is a developing field in
both experiment and theory. New entities, such as the nuclear spin polaron, a corre-
lated electron–nuclear spin complex, appear on the scene. In the case of high nuclear
polarization, the memory time for the direction of the total spin of the polaron in zero
magnetic field can by orders of magnitude exceed the dipole–dipole relaxation time
of the nuclei not coupled with an electron.

11.1 Electron–Nuclear Spin System of the Semiconductor:

Characteristic Values of Effective Fields and Spin Precession

Frequencies

Here we consider the basics of the theory of electron–nuclear spin system, using
a quantum dot as an example. The estimates will be done for the dot containing
N = 105 nuclei.

11.1.1 Zeeman Splitting of Spin Levels

The Zeeman energy of an electron spin s in the magnetic field B [14] is

HZe = µBge(Bs), (11.1)
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where µB = 9.27 × 10−24 J/T is the Bohr magneton, and ge is the electron g-factor.
Not only the value of ge, but also its sign can be different, depending on the compo-
sition of the semiconductor and parameters of the heterostructure.

The Zeeman energy of a system of nuclear spins In [14] is equal to

HZN = −µN

∑

n

gn(BIn), (11.2)

where the sum is over all the nuclei in the system, µN = 5.05 × 10−27 J/T is the
nuclear magneton, and gn is the g-factor of the nth nucleus (in the nuclear radio-
spectroscopy the Zeeman energy is often expressed through the nuclear gyromag-
netic ratio of the nucleus, γn = µNgn/h̄). As the Bohr magneton is approximately
2 000 times larger than the nuclear magneton, the splittings of electron and nu-
clear spin levels differ by three orders of magnitude. In the magnetic field of 1 T,
the Larmor precession periods of electron and nuclear spins equal, respectively,
TLe = h/µBgeB ≈ 0.7 × 10−10 s and TLN ≈ 1.3 × 10−7 s for ge = gn = 1.

11.1.2 Quadrupole Interaction

The quadrupole interaction of the nuclear spin with gradients of the local electric
field in the crystal is described by the following Hamiltonian [15]:

HQ = VαβIαIβ . (11.3)

Here the coefficients Vαβ are proportional to the electric field gradient at the nu-
cleus and to the quadrupole moment of the nucleus, which is nonzero for nuclei with
I ≥ 1. Nuclear spin levels remain partially degenerate because of the time-inversion
symmetry of the Hamiltonian, forming a few Kramers doublets. The electric-field
gradients may be caused by redistribution of valence electrons of the atom if one or
more of its neighbors are replaced by different species (in alloys like GaAlAs [16]),
by deformation of the crystal, by charged impurities, etc. The range of characteris-
tic energies is very wide. For example, in [17] the quadrupole splitting of As nuclei
in GaAlAs, caused by the replacement of Ga by Al, corresponds to the Larmor fre-
quency of 17 MHz. In [18] the quadrupole splitting of In nuclei due to the strain in
the InP/InGaP heterostructure is estimated to be of 1 MHz.

11.1.3 Hyperfine Interaction

In most semiconductors, the interaction between electron and nuclear spins is domi-
nated by the Fermi contact interaction1 [15]:

Hhf =
∑

n

an(sIn), (11.4)

1 Holes, having p-type Bloch wave functions, are not coupled with nuclei by the Fermi inter-
action. For this reason, their hyperfine interaction is 4–5 orders weaker than that of electrons
[19].
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where
an = v0An

∣

∣Ψ (rn)
∣

∣

2
, (11.5)

v0 is the unit cell volume, Ψ (rn) is the envelope wave function of the electron at the
position of the nth nucleus, In is the spin operator of that nucleus, and An ∝ gn is
the hyperfine constant. In GaAs-type semiconductors, An is of the order of 100 µeV.

Overhauser Field

If there exists a mean polarization of the lattice nuclei, the electron is affected by the
hyperfine (Overhauser) field. This field does not depend on the electron localization
volume:

BN =
v0

∑

η Aη〈I η〉
µBge

=
∑

η

Bη max〈I η〉/Iη. (11.6)

Here, the sum is over all the nuclear species, not over individual nuclei. 〈I η〉 is the
mean spin of the nuclei of the type η. The total field of completely polarized nuclei
BN max =

∑

η Bη max is of the order of a few Tesla. For example, BN max ≈ 5.3 T in
GaAs [20, 54].

The Field of Nuclear Spin Fluctuation

Apart of the mean hyperfine field, the electron is affected by a fluctuating field, BNF,
proportional to the square root of the number of nuclei in the electron’s localization
region. If nuclear spins are not strongly polarized,

〈

B2
NF

〉

=
v2

0

∑

n A2
n|Ψ (rn)|4In(In + 1)

µ2
Bg2

e

≈ B2
N max

N
. (11.7)

Usually N is of the order of 105, i.e., the fluctuation field is about 0.3% of the max-
imum nuclear field, that is BNF ∼ 100 G. The Larmor period of the electron spin in
this field is about 10−8 s.

Knight Field

Polarized electrons, in turn, produce a hyperfine field on nuclei (Knight field). In the
case of free electrons this field is proportional to their concentration and usually is
weak.

For a localized electron, the Knight field is inversely proportional to its localiza-
tion volume:

Ben = − v0An

µNgn

∣

∣Ψ (rn)
∣

∣

2
s. (11.8)

This field is determined by the electron spin direction. It changes when the electron
is captured or released by the localization center or quantum dot, because of the
exchange interaction between the localized and delocalized electrons, precession of
the electron spin in the Overhauser field, etc.
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The time averaged Knight field is

Ben = −F
v0An

µNgn

∣

∣Ψ (rn)
∣

∣

2
S, (11.9)

where S is the mean electron spin and F ≤ 1 is the filling factor characterizing the
occupation of the localization center by electrons.

The Knight field is spatially inhomogeneous. Apart of a relatively weak depen-
dence on the envelope-function coordinate rn, it may considerably change from one
nuclear species to another within one crystal cell.

For a quantum dot containing N nuclei, the splitting of nuclear spin levels in
the Knight field is N times smaller than that of the electron in the Overhauser field
of fully polarized nuclei. Correspondingly, the maximum Knight field is Be max =
(BN max/N)(µBge/µNgn). For N = 105, Be max ≈ 10−1 T. The Knight field is the
largest at the center of the dot, where the Larmor period of the nuclear spin is of the
order of microseconds. The field decreases towards the dot periphery, where the in-
teraction of nuclear spins with the electron may become weaker than their interaction
with each other.

11.1.4 Nuclear Dipole–Dipole Interaction

The main interaction between nuclear spins is the dipole–dipole interaction [15]:

Hdd = µ2
N

2

∑

n	=n

gngn′

r3
nn′

(

(InIn′) − 3
(Inrnn′)(In′rnn′)

r2
nn′

)

, (11.10)

where rnn′ is the translation vector between the nuclei n and n′. The strength of the
fluctuating local magnetic field created at the nucleus by the other nuclei, BL, is a
few Gauss (for GaAs, BL ≈ 1.5 G [20]). Correspondingly, the Larmor period of the
nuclear spin in the local field is in the sub-millisecond range.

The magneto–dipole interaction does not conserve the total angular momentum
of interacting nuclei, which is transferred to the crystal as a whole. The correspond-
ing relaxation time of nuclear polarization, T2, is of the order of the Larmor period
in the local field, 10−4 s. In weak magnetic fields, B ≪ BL, all the spin components
relax with this characteristic time. In strong fields, B ≫ BL, the time T2 is the relax-
ation time of transversal (perpendicular to B) nuclear spin components. In this latter
case, the longitudinal (parallel to B) spin component decays with the time T1 ≫ T2,
because the relaxation process requires dissipation of a large Zeeman energy.

If the nuclear polarization is spatially inhomogeneous, the magneto-dipole inter-
action results in diffusional spin flows with the diffusion coefficient [21]

D ≈ d2T −1
2 , (11.11)

where d is the distance between adjacent nuclei. The diffusion slows down if large
gradients of magnetic field (e.g., Knight field) are present, so that the difference of
its strength at the nearest nuclei δB ≫ BL.



314 V.K. Kalevich et al.

11.2 Electron Spin Relaxation by Nuclei: from Short to Long

Correlation Time

As mentioned in Chap. 1, random hyperfine fields produced by disordered nuclear
spins may cause spin relaxation of electrons. For free electrons, both in three and two
dimensions, this mechanism of spin relaxation is ineffective because of small root-
mean-square value and very short correlation time of the Overhauser field [22–24].
For localized electrons, the situation is quite different. Here nuclear fluctuation fields
may be of the order of hundreds of Gauss (see Sect. 11.1.3), corresponding to elec-
tron Larmor periods of about 1 ns. The correlation time τc varies depending on the
nature of the localization center (see the general discussion of spin relaxation at short
and long correlation time in Chap. 1).

If the localization center is a donor impurity, τc at helium temperatures is limited
either by tunneling to empty donor-bound states [22] or by exchange interaction with
electrons localized at other donors nearby [25]. Naturally, in this case τc strongly de-
pends on the donor concentration nd. In GaAs with nd ≈ 1014 cm−3, τc is about
20 ns [26], and the regime of long correlation time is realized: 2/3 of the electron
spin polarization decays within the time 1/ΩNF ≈ 5 ns. With increasing nd, τc de-
creases and eventually gets shorter than 1/ΩNF (short-correlation-time regime). In
this regime, the electron spin relaxation time τeN is given by the expression:

τeN =
(〈

Ω2
NF

〉

τc/3
)−1 =

(

τcI (I + 1)

∑

n a2
n

3h̄2

)−1

. (11.12)

It becomes longer and longer, reaching nearly 200 ns2 at nd ≈ 4 × 1015 cm−3. The
crossover from long- to short-correlation-time regime was also realized by injecting
free electrons to a GaAs layer containing donors [26]. In this case, τc of donor-bound
electrons was limited by exchange scattering of delocalized electrons.

In quantum dots, the extrinsic mechanisms that limit τc by affecting the electron

spin, like thermal ionization or phonon scattering, become ineffective at low temper-
ature. As shown in [27], spin relaxation in this case is determined by intrinsic (i.e.,
originated from spin–spin interactions within the quantum dot) mechanisms, which
form a hierarchy of relaxation times (see Fig. 11.1).

The initial stage of the electron spin relaxation in the long-correlation-time regime
is characterized by the time T4 ≈ 1/ΩNF. During this time, the electron polarization
in an ensemble of quantum dots is diminished three times as a result of precession
of individual electron spins in Overhauser fields of nuclear spin fluctuations. This
was most spectacularly demonstrated in a time-resolved experiment on an ensemble
of p-InGaAs/GaAs quantum dots [28]. Using singly positively charged dots allowed
the authors to get rid of the electron–hole exchange interaction that would otherwise
mask weaker effects of hyperfine coupling (see inset in Fig. 11.2). The circular po-
larization of photoluminescence (proportional to the electron mean spin) decreased

2 Further increase of the spin relaxation time is blocked by small anisotropy of the electron–
electron exchange interaction, giving rise to another spin relaxation mechanism.
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Fig. 11.1. Main stages of electron spin relaxation in an ensemble of quantum dots. The calcu-
lation is done for N = 105 nuclei per dot

Fig. 11.2. Circular polarization dynamics of photoluminescence (PL) in singly positively
charged InAs/GaAs quantum dots after a pump by 1.5 ps laser pulse for a longitudinal mag-
netic field Bz = 0 and Bz = 100 mT [28]. Insert: Energy diagram of the positively charged
exciton X+ formed by a photocreated electron–hole pair and a resident hole. Since unpolar-
ized holes form a zero spin singlet, a spin-polarized electron is not coupled with the holes by
the exchange interaction, which usually blocks the hyperfine interaction

down to about 30% of the initial value with the time constant very close to T4 cal-
culated for this type of quantum dots (Fig. 11.2). Application of the magnetic field,
exceeding the nuclear fluctuation field, BNF, and directed along the exciting light
beam, suppressed spin relaxation, because the total field affecting the electron spin
became nearly parallel to the initial spin direction.

The second stage of spin relaxation takes a much longer time T3, which is of
the order of the Larmor precession period of nuclear spins in the Knight field (i.e.,
T3 ≈ T4

√
N ). This stage originates from the fact that the electron coupling with
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different nuclei has different strength, because the electron density decreases from
the central part of the quantum dot to the periphery. Those components of the Knight
field, which are perpendicular to BNF, oscillate at the frequency 1/T4 and for this
reason produce almost no effect on the nuclear spins. But the nuclear spins are fully
affected by the Knight-field component, parallel to BNF. Since the nuclear spins are
oriented randomly, each of them is directed at some angle to BNF, but the contri-
butions of nuclear spin components, perpendicular to BNF, to the total Overhauser
field exactly compensate each other. The rotation of nuclear spins around the Knight
field with different frequencies destroys this compensation, resulting in slow rotation
of the BNF vector. Naturally, the direction of the Knight field follows the direction
of BNF. With thousands of nuclei each having its own Larmor frequency, the spin
dynamics of the electron–nuclear spin system becomes very complex [29–33]. The
electron polarization at times longer than T3 can be assessed with a statistical ap-
proach [27], assuming that the only conserved quantities in the system are the total
spin (due to rotational symmetry) and the amplitude of the Overhauser field BNF

(due to energy conservation). In that way, it was shown that the electron polarization
is determined by the ratio 〈a2〉/〈a〉2, which characterizes the spread of the Knight
field amplitudes over the quantum dot. For typical quantum dots, the second stage of
spin relaxation diminishes the polarization 3–4 times, so that after the time T3 it is
reduced to approximately 0.1 of the initial value [27].

Finally, the third stage of spin relaxation is governed by the dipole–dipole in-
teraction of nuclear spins, and characterized by the time T2. This interaction does
not conserve the total spin of the system, hence the electron polarization completely
vanishes after the time T2 (Fig. 11.1).

Experimental observation of the last two stages of spin relaxation requires using
n-doped quantum dots, to avoid limitation by the short radiative lifetime of photoex-
cited electrons, which is of the order of one nanosecond in III–V semiconductors. So
far, no decisive experiments have been reported. According to [34], the lifetime of
the remaining (after the first stage) polarization in n-InP dots is longer than 12 ns but
shorter than 1 µs. A complicated spin–echo experiment with gate-induced coupled
quantum dots in a GaAs/AlGaAs heterostructure [35] gave the decoherence time of
the electron spin precession in the Overhauser field of nuclear fluctuations, equal to
1.2 µs; it is however unclear whether this decoherence was due to intrinsic or extrin-
sic mechanisms.

11.3 Dynamic Polarization of Nuclear Spins

Because of the small value of the nuclear magnetic moment, a considerable equilib-
rium polarization of nuclear spins in constant magnetic fields, accessible in the lab-
oratory (of the order of 10 Tesla), can be reached only at milliKelvin temperatures
of the sample. However, a high polarization of nuclei can be realized at much higher
temperatures (normally a few Kelvin, but in some cases up to the liquid nitrogen
temperature) and much weaker magnetic fields (just a few Gauss), by using dynamic
polarization of nuclear spins. The dynamic polarization is essentially a transfer of an-
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gular momentum from electrons to nuclei via the hyperfine interaction. For example,
electron spin relaxation by nuclei, considered in the previous section, is accompanied
by such a spin transfer, because the hyperfine interaction conserves the total spin of
the interacting particles. Then the component of the nuclear spin, collinear to the
magnetic field, will accumulate, since the longitudinal relaxation time of the nuclear
spin, T1, is very long (see Sect. 11.1.4). Now we see that there are certain necessary
conditions for the dynamic polarization: (i) the nuclear spins should be placed in a
magnetic field (either an external one, or the mean Knight field of spin-polarized
electrons); (ii) if the dynamic polarization is induced by spin-polarized electrons,3

the electron mean spin should not be perpendicular to the magnetic field. Obviously,
the nuclear polarization and the Overhauser field will change their direction to the
opposite, if the sign of the electron mean spin is inverted (for example, if the helicity
of the excitation light is changed).

11.3.1 Electron Spin Splitting in the Overhauser Field

The optical dynamic nuclear polarization in semiconductors was first detected using
the conventional nuclear magnetic resonance (NMR) in bulk silicon [1]. However,
the sensitivity of conventional NMR, where the change of the absorption of radio-
frequency power is measured, is usually insufficient to detect nuclear polarization in
nanostructures.4 Much more sensitive optical methods were developed, which use
the effect of the polarized nuclei on electron spins. The most direct of them is spec-
troscopic observation of the splitting of electron spin levels by the Overhauser field.
Because of its technical complexity, this method was realized only recently [5] (see
Fig. 11.3); now it is widely used for studying nuclear effects in quantum dots.5

One of the advantages of this method is that it gives a possibility to detect the
dynamic nuclear polarization in the Faraday geometry, where the external magnetic
field is parallel to the mean spin of photogenerated electrons. Under these conditions,
the nuclear polarization has its maximum value. For example, it reaches 65% in GaAs
quantum dots [39].

This method also gives a possibility to measure the Knight field. As mentioned
above, no dynamic polarization can develop if nuclear spins are not subjected to a
magnetic field. If electrons are spin-polarized, the total magnetic field at the nucleus
is a sum of the external magnetic field B and the mean Knight field Be. It goes to zero
if these two contributions compensate each other, i.e., B = −Be. Under these con-
ditions, the electron Zeeman splitting is minimal. The dips on the magnetic-field de-

3 This is a common situation in semiconductors. However, there are also certain ways of
dynamic polarization with unpolarized electrons, which will be briefly considered below.
4 Multiple scanning of NMR spectra and other technical improvements used in [36, 37] have

allowed to detect the conventional NMR in a sandwich of a few tens of quantum wells. This
approach is practically impossible to apply to a single quantum dot because of small number
of nuclei within the dot.
5 The Overhauser field can also induce rotation of the polarization plane of linearly polarized

light (Faraday effect), even in the absence of electrons, which was analyzed theoretically by
Artemova and Merkulov and proposed as a method for detecting nuclear polarization [38].
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Fig. 11.3. Manifestations of the Overhauser field in the photoluminescence spectrum of a
single quantum dot formed at the interface fluctuation in a GaAs/AlGaAs quantum well [39].
The splitting of the bright-exciton doublet in the sum of the external and nuclear magnetic
fields under circularly polarized excitation changes its value when the external field is inverted.
The spectrum at zero external field is obtained under linearly polarized excitation, so that the
nuclear field is also zero. The small residual splitting is due to the exchange interaction of the
electron and the hole

pendences of the electron spin splitting in single self-organized InGaAs/GaAs quan-
tum dots, clearly seen in panel (a) in Fig. 11.4, indicate lower polarization of nuclei
at B = −Be [6]. Note that the Zeeman splitting does not disappear entirely: because
of inhomogeneity of the electron density, it is impossible to exactly compensate the
Knight field for all the nuclei within the quantum dot. The diminishing of the nuclear
polarization at B = −Be is reflected also in the polarization of photoluminescence
(panel (b) in Fig. 11.4), because at lower Overhauser fields the electron spin relax-
ation becomes faster. This latter effect was earlier observed for donor-bound elec-
trons in bulk semiconductors [20]. Other methods of measuring the Overhauser and
Knight fields will be discussed in Sects. 11.4.2 and 11.5.3.

Even in this simplest experimental geometry, the behavior of the dynamic polar-
ization is rather complex. The point is that the Overhauser field modifies the energy
spectrum of electrons, and, as a result, the rate of the spin transfer from electrons to
nuclei changes. The system thus develops a feedback, which may be either positive,
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Fig. 11.4. Spin splitting (a) and polarization of photoluminescence (b) as a function of applied
external magnetic field, measured in single self-organized InGaAs/GaAs quantum dots [6].
The minima on the curves correspond to compensation of the mean Knight field by the external
magnetic fields. At these points, the nuclear polarization is close to zero

or negative, depending on the specific positions of electron energy levels, on the sign
of the external magnetic field and on the helicity of the excitation light. If the feed-
back is positive, several stable states of the electron–nuclear spin system may exist.
In some cases, the self-polarization, i.e., spontaneous development of a considerable
nuclear polarization in the absence of optical spin orientation, may become possible.
Nonlinear phenomena of this kind, intensively investigated in the last few years in
low-dimensional structures, are considered in the next section.

11.3.2 Stationary States of the Electron–Nuclear Spin System in Faraday

Geometry

The stationary states of the electron–nuclear spin system are determined by balance
of several relaxation processes: (1) spin relaxation of electrons by nuclei, (2) spin
relaxation of nuclei by electrons, (3) losses (due to, e.g., spin diffusion), (4) spin-
dependent recombination, excitation, or capture of electrons to localized states, ac-
companied by flip–flop spin transitions, which change the spin projections of elec-
trons and nuclei on the magnetic field by ±1 and ∓1, respectively. The latter contri-
bution is more typical for nanostructures than for bulk semiconductors and was not
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considered in first theoretical works [20, 22]. In the approximation of short correla-
tion time, the rate equation for the nuclear mean spin, which would account for all
the contributions but the last one, can be written in the following general form:

〈İ 〉 = −W0(B
∗)

[

〈I 〉/Q −
(

S − ST(B∗)
)]

− 〈I 〉/TN(B), (11.13)

where S is the electron mean spin, ST(B∗) is its thermally equilibrium value in the
effective field B∗ = B + BN, the time constant TN(B) characterizes the losses of the
nuclear spin due to dipole–dipole relaxation or diffusion,6 Q = I (I+1)/s(s+1), and
W0 = 1/τeN is the relaxation rate of electrons by nuclei [22]. To take into account
the spin-dependent recombination and other contributions unrelated to the electron
spin polarization, the right-hand side of this equation should be complemented by
a phenomenological parameter W1(B

∗). Spins, as well as magnetic fields, change
sign under time inversion. For this reason, W1(B

∗) should be an odd function of
the magnetic field. Correspondingly, W1(0) = 0, while its value at a finite magnetic
field depends on the specifics of the energy spectrum and spin-dependent electron
transitions involved. The stationary states of the electron–nuclear spin system are
solutions of the algebraic equation obtained by putting the time derivative in (11.13)
equal to zero:

W1(B
∗) − W0(B

∗)
[

〈I 〉/Q −
(

S − ST(B∗)
)]

− 〈I 〉/TN(B) = 0. (11.14)

11.3.3 Dynamic Polarization by Localized Electrons

Probably the first theoretical investigation of the stationary states of the electron–
nuclear spin system was performed in early 1970s by Dyakonov and Perel [22] for
donor-bound electrons in a bulk semiconductor. Analogous situations are realized
for resident electrons in singly negatively charged quantum dots [40], and for pho-
toexcited electrons in singly positively charged quantum dots [8], where spins of the
photoexcited and resident holes form a singlet and do not affect the electron spin. In
this case, W1 = 0. The thermally equilibrium electron polarization can usually be
neglected also (ST = 0). Still, (11.14) remains nonlinear because of the dependence
of the spin relaxation rate W0 on the precession frequency of the electron spin in a
magnetic field [22] (see also (1.9) in Chap. 1):

W0(B
∗) = W(0)

1 + (µBge/h̄)2(B∗)2τ 2
c

. (11.15)

According to (11.14),

〈I 〉 = QS

1 + Q(W0TN)−1
. (11.16)

6 In the domain of weak external fields, the dependence of TN on the Knight field may
become important. In this case B in the expression for TN should be replaced with B + Be.
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Fig. 11.5. A hysteresis of the Overhauser shift, OS (the contribution of the Overhauser field
into the Zeeman splitting) as a function of the magnetic field, in negatively charged InAs
quantum dots [40]

As seen from (11.15) and (11.16), electrons transfer their mean spin to nuclei most
effectively, when B∗ is close to zero. At low losses, W0TN ≫ 1, the nuclear mean
spin is proportional to the electron mean spin7:

〈I 〉 = QS = I (I + 1)

s(s + 1)
S. (11.17)

However, if W0TN ≤ 1, the dependence of W0TN on 〈I 〉 through the nuclear field
BN ∝ 〈I 〉 becomes important, and (11.16) is nonlinear. With like signs of BN and B,
there is always only one solution. If the signs of BN and B are different, the nuclear
field can compensate the external field, making possible the existence of three solu-
tions. Two of them, those with the largest and the smallest values of B∗, are stable,
while the solution with the intermediate value of B∗ is unstable. The stability of
the two stable states can be qualitatively understood from the following considera-
tions. The state with a high nuclear polarization corresponds to the effective field B∗

close to zero, i.e., to the most favorable conditions for spin transfer from electrons
to nuclei, which supports nuclei in the polarized state. The solution with low nuclear
polarization corresponds to a high B∗ (because the external field is not compensated
by the Overhauser field), which suppresses the spin transfer to nuclei. At large exter-
nal fields, exceeding the highest possible Overhauser field, only one state with low
nuclear polarization exists.

Bistability of the electron–nuclear spin system may also result from the effect of
Overhauser field on other (i.e., not caused by hyperfine interaction) channels of elec-
tron spin relaxation. Suppression of spin relaxation due to splitting of electron spin
levels by the field BN makes the electron mean spin S depend on 〈I 〉. Consequently,
(11.17) becomes a non-linear equation, having two stable solutions at certain val-
ues of parameters [22]. In this case, the nuclear polarization at large external fields is

7 If nuclei experience quadrupole interaction, (11.17) is transformed into general expression

I = ÂS. The properties of the tensor Â for crystals of the cubic symmetry are studied in [41],
where its components for GaAlAs alloys are also calculated.
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Fig. 11.6. A hysteresis of the Overhauser shift (the contribution of the Overhauser field into the
Zeeman splitting) as a function of circular polarization of the excitation light, in a positively
charged InAs quantum dot for two values of the external field Bz [8]

high, because the mean electron spin is the largest. Similar effects may also appear as
a consequence of suppression of exciton spin relaxation by the Overhauser field [42].

By changing the external field, it is possible to pass the bistability region and to
observe a hysteresis of the nuclear polarization (Fig. 11.5). The state of the electron–
nuclear spin system can also be manipulated by changing the mean spin of opti-
cally oriented electrons (Fig. 11.6). Note that in the experiments shown in Figs. 11.5
and 11.6 the nuclear polarization in large external fields was low. This indicates the
suppression of electron–nuclear spin transfer as the main physical reason for appear-
ance of the observed hysteresises.

11.3.4 Cooling of the Nuclear Spin System

In weak magnetic fields B ≤ BL ∼ 1 G, the polarization, brought by electrons
into the nuclear spin system, relaxes as a result of nuclear dipole–dipole interaction
with the characteristic time T2. This does not, however, prevent the development of
a high nuclear polarization in weak external fields or in the mean Knight field of
spin-polarized electrons [6, 20, 43–45].

The answer to this apparent paradox is that it is energy conservation, not spin
conservation, that matters. The spin transfer into the nuclear spin system in what-
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Fig. 11.7. Optical cooling of the nuclear spin system by oriented electrons. Magnetic field
dependences of reciprocal spin-temperature (1) and mean spin of nuclei (2)

ever weak a magnetic field results in changing its Zeeman energy. The dipole–dipole
interaction does not change the total energy of the nuclear spin system, which is
well isolated from the lattice, but transforms the Zeeman energy into the energy of
spin–spin interactions. As a result, the nuclear spin temperature ΘN decreases. With
low ΘN, the magnetic field induces an equilibrium (within the nuclear spin system)
nuclear polarization, which is not affected by the dipole–dipole relaxation and decays
with the spin-lattice relaxation time T1.

Theoretical calculations [46] (see also [20]), performed in the approximation of
short correlation time, yield the following expression for the reciprocal nuclear spin
temperature β = (kBΘN)−1, where kB is the Boltzmann constant:

β = 3I

µn

f

s(s + 1)

(BS)

B2 + ξB2
L

. (11.18)

Here ξ is a numerical factor of the order of one,8 f ≤ 1 is a phenomenological
factor, accounting for losses of heat in the nuclear spin system.

The corresponding equilibrium value of the mean nuclear spin is9

〈I 〉 = I (I + 1)f

s(s + 1)

(BS)B

B2 + ξB2
L

. (11.19)

The reciprocal temperature of cooled nuclei is the highest for B =
√

ξBL and goes
to zero at B → 0 and B → ∞ (see Fig. 11.7). Therefore, the spin temperature ΘN

is minimal for B =
√

ξBL and can be as low as ≈10−7 K at S = 0.25 [46]. The
minimal ΘN reached experimentally is ≈10−6 K [45].

The mean spin of nuclei increases with increasing magnetic field, and at B ≫√
ξBL and zero losses becomes equal to 〈I 〉 = [I (I + 1)/s(s + 1)]S, in accordance

with (11.17).

8 For magnetodipole interaction, 2 ≤ ξ ≤ 3 depending on the correlation of Knight field on
neighboring nuclei.
9 To take into account the Knight field, B should be replaced by (B + Be) in (11.18) and

(11.19).
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Fig. 11.8. The dependence of the splitting of exciton spin levels on the external magnetic field
in a single GaAs quantum dot [39]. The contribution from the Overhauser field increases in
the field range up to 0.16 T and then saturates

11.3.5 Polarization of Nuclei by Excitons in Neutral Quantum Dots

When an electron–hole pair is captured or excited by light into a neutral dot, the
spin of the hole is not compensated by another hole, as in a positively charged dot,
and participates in spin–spin interactions. Since holes do not interact with nuclear
spins [19], the most important interaction is their spin exchange with the electron.
In the most common case of the exciton formed by a heavy hole, this interaction
is equivalent to application of an effective magnetic field to the electron spin. This
exchange field is parallel to the structure axis, and may be as strong as a few Tesla
[39]. Because of energy conservation, this field almost completely forbids the flip–
flop transitions between electron and nuclear spins. They remain possible only as
a part of a combined process of exciton capture or recombination, which provides
the needed energy. Formally, this corresponds to an anomalously large denominator
in (11.15), where the role of B∗ is played by the exchange field of the hole. In the
same way, the external magnetic field and the Knight field of the electron block
the dipole–dipole relaxation of the nuclear polarization, if |B + Be| > BL. The
nuclear spin relaxation is possible only when the Knight field abruptly changes at
the moments of recombination and capture of the exciton. In this regime, the main
term in the formula for the dipole–dipole relaxation of the nuclear spin is given by
the expression [39]:

TN(B) = TN(0)

(

1 + B2

ξB2
L

)

, (11.20)

where ξ is a numeric coefficient of order 1 (see Sect. 11.3.4). In weak magnetic
fields, the rate of nuclear spin relaxation is many times larger than the rate of dy-
namic polarization (W0TN ≪ 1), and nuclear spins are practically unpolarized. An
appreciable polarization of nuclei appears only in sufficiently strong external fields
B ≥ 0.1 T ≫ BL, which suppress the dipole–dipole relaxation (Fig. 11.8).

In even stronger magnetic fields (when the Zeeman splitting becomes comparable
to the exchange-induced energy separation of dark and bright exciton doublets) the
transition rates between exciton levels start to change, modifying the coefficients W0
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and W1 in (11.14). As shown in [47], this should lead to a bistability, similar to the
one considered in Sect. 11.3.3. This bistability was indeed observed in [7].

11.3.6 Current-Induced Dynamic Polarization in Tunnel-Coupled Quantum

Dots

Equation (11.14) does not forbid the appearance of the nonequilibrium nuclear po-
larization even if the electron mean spin is zero. In this case, the stationary value of
the nuclear spin is

〈I 〉 = QW1 + W0ST(B∗)

W0 + Q/TN
. (11.21)

The dynamic polarization of nuclei due to non-zero equilibrium value of the electron
spin ST in a magnetic field, while the electrons are intentionally kept unpolarized
(S = 0), is the classical Overhauser effect [15]. At high temperatures, when ST

is negligibly small, the dynamic polarization is still possible if W1 	= 0. A typical
example is the dynamic polarization of nuclei in the process of singlet–triplet re-
laxation, observed in many condensed matter systems [48, 49] under excitation by
unpolarized light or in chemical reactions.

An analogous phenomenon has been demonstrated recently in semiconductors
[50]. The nuclear polarization occurred when a current was passed through a pair of
coupled quantum dots. The structure was arranged in such a way that the electron
was entering one of the dots, tunneling to the other one, and then escaping to the
drain lead. The adjustment of gate potentials ensured constant presence of a resident
electron in the second dot. For this reason, tunneling was possible only if the spins
of the traveling and resident electrons formed a singlet state. As the traveling elec-
tron was initially unpolarized, the probability of the singlet configuration was 1/4.
Correspondingly, in 3/4 of cases the electrons appeared in a triplet state, and the
tunneling was blocked until the spin state of the electrons changed due to interaction
with nuclei. This situation is analogous to the spin-dependent recombination in op-
tical experiments, and it also leads to a non-zero W1. Physically, this is due to the
fact that the application of a magnetic field results in the difference between flip–flop
transition rates from triplet states having opposite electron spin projections +1 and
−1. As the hyperfine interaction conserves the total spin of the electrons and nuclei,
nuclear spins get polarized. The resulted Overhauser field was detected by its influ-
ence on the conductivity of the coupled quantum dots due to shifts of the electron
energy levels, changing the tunneling probability. In this way, nuclear polarization of
40% was measured [50].

11.3.7 Self-Polarization of Nuclear Spins

The parameters ST and W1 in (11.21) can, generally speaking, not be equal to zero
even in zero external field, if there already exists some nuclear field. The right-hand
side of (11.21) is in this case an odd function of 〈I 〉, and we again are dealing with
a nonlinear equation. This equation always has a trivial solution, 〈I 〉 = 0. However,
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situations are possible when a solution with a nonzero 〈I 〉 appears, while the solution
with zero nuclear spin becomes unstable. This means that, under certain conditions,
a nonequilibrium polarization of nuclei may arise spontaneously, in the absence of
both optical orientation and magnetic field (strictly speaking, a weak magnetic field
is still required to suppress the dipole–dipole nuclear relaxation; however, this field
plays no role in the spin transfer into the nuclear system). This phenomenon is called
the dynamic self-polarization of nuclei.

The possibility of the dynamic self-polarization was first pointed out by
Dyakonov and Perel in 1972 [51]. They suggested a mechanism based on the Over-
hauser effect, i.e., in terms of (11.21), it results from a non-zero value of the equilib-
rium electron spin in the nuclear field, ST(BN). For this reason, the critical tempera-
ture for the appearance of this effect even in the absence of losses is about 1 K.

Another theoretical model of the dynamic self-polarization, based on spin-
dependent recombination of excitons in quantum dots, was considered in [52]. The
spontaneous development of nuclear polarization within this model is brought about
by recombination of non-radiative excitonic states (dark excitons), which are trans-
formed into radiative (bright) ones when the electron swaps its spin with one of
the nuclei. The dark and bright doublets are split by the electron–hole exchange in-
teraction. The Overhauser field splits both doublets, making the energy separation
between the initial and the final state of the flip–flop transition larger for one spin
direction and smaller for the other. The consequent difference of transition probabil-
ities (formally expressed by the parameter W1(BN) in (11.21)) gives rise to a spin
influx into the nuclear spin system, leading to a further increase of the Overhauser
field. This mechanism is virtually temperature-independent. It was estimated that the
self-polarization can be easily realized in GaAs-based quantum dots.

Recently, an analogous mechanism has been theoretically considered for the sys-
tem of coupled quantum dots, described in the previous subsection [53].

In spite of many optimistic estimates, the dynamic self-polarization of nuclear
spins has not been so far experimentally observed. A possible reason is strong losses
of nuclear polarization present in real structures.

11.4 Dynamic Nuclear Polarization in Oblique Magnetic Field

Before the advent of single-quantum-dot spectroscopy, most experiments on optical
polarization of nuclear spins were performed in magnetic fields directed at an angle
to the excitation light beam. This geometry is still widely used, both in continuous-
wave and time-resolved experiments. The reason is that it provides a technically
simple way of detecting the spin polarization of nuclei via its influence on the elec-
tron polarization. The projection of the mean spin of optically oriented electrons on
the external magnetic field B gives rise to the dynamic polarization of nuclei. The
resulting nuclear spin, parallel to B, produces the Overhauser field BN. Larmor pre-
cession of electron spin about the total field B∗ = B + BN changes the direction
of the electron spin polarization. This change is detected by optical means: using ei-
ther its influence on the polarization of a probe light beam, or on polarization of the
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photoluminescence. In anisotropic structures, the oblique-field geometry can bring
about qualitatively new phenomena. In particular, the electron–nuclear spin system
can demonstrate bistability even at low losses (see Sect. 11.4.3), i.e., under the con-
ditions where it would not appear in the Faraday geometry (for comparison, see
Sect. 11.3.3).

The behavior of the electron–nuclear spin system in an oblique magnetic field
can often be described within a simple model assuming that the time derivative of
the electron spin density s is a sum of three contributions: (1) generation of polarized
electrons by absorbed circularly polarized light, (2) precession of their spins in the
sum of the external magnetic field and mean nuclear field, and (3) spin relaxation
and recombination of electrons10:

∂s

∂t
= GSi + [Ω∗ × s] − s

Tes
, (11.22)

where G and Si are generation rate and the mean spin of photoexcited electrons;
Ω∗ = ΩB + ΩN is the electron Larmor frequency in the sum of the external and
Overhauser fields; Tes = (τ−1

e + τ−1
es )−1 is the lifetime of the electron’s oriented

state; τe and τes are the recombination lifetime and the spin relaxation time of elec-
trons. Under excitation by short pulses of circularly polarized light, the generation
term is zero between the pulses, and (11.22) yields damped oscillations of the spin
components perpendicular to Ω∗—the so-called spin beats. The value of the mean
spin S = s/n under continuous wave excitation (GSi = const) is obtained from
(11.22) by putting the time derivative equal to zero:

S = GTes

n

Si + [Ω∗Tes × Si] + (Ω∗Tes · Si) · Ω∗Tes

1 + (Ω∗Tes)2
, (11.23)

where n is the electron concentration.
When the mean spin of photoexcited electrons Si is directed along the axis z, the

spin projection Sz is

Sz = S0

(

sin2 α

1 + (Ω∗Tes)2
+ cos2 α

)

, (11.24)

where α is the angle between z-axis and the total magnetic field Ω∗. In strong mag-
netic fields (large Ω∗), Sz is equal to S0 cos2 α. Depolarization of electrons by the
magnetic field is called the Hanle effect.

If the distribution of the electron polarization is spatially inhomogeneous, the
electron spin diffusion may have a strong impact on the Hanle effect [54–56]. This
is not the case for quantum dot structures where electrons are strongly localized.

11.4.1 Larmor Electron Spin Precession

Time-resolved polarization spectroscopy gives a possibility to register time evolu-
tion of the mean electron spin (see Chap. 5). This way, the Larmor frequency of the

10 Here we neglect the equilibrium polarization of electrons in the external and nuclear mag-
netic fields, assuming that their temperature is sufficiently high.
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Fig. 11.9. Oscillations of the Kerr rotation under excitation of a GaAs/AlGaAs quantum well
(QW) by circularly polarized light pulses in an oblique magnetic field (b) [58]. The oscilla-
tion frequency is the electron spin Larmor frequency in the sum of the external field and the
Overhauser field. It changes its value when the helicity of the excitation light is changed. For
comparison, the Kerr-rotation signal shows no oscillations at linearly polarized excitation (a)

electrons can be directly measured, from which the Overhauser field can be found
[57, 58]. Figure 11.9 gives a nice example. Here, the oscillating projection of the
electron spin on the structure axis was measured using Kerr rotation of linearly po-
larized probe pulse, time-delayed with respect to a circularly polarized pump pulse.
The spin-related nature of the Kerr signal was proved by absence of oscillations un-
der linearly polarized pump. The dependence of the Larmor frequency on the pump
helicity revealed the contribution of the Overhauser field: it inverted direction when
the pump polarization was changed to the opposite, while the external field did not,
and as a result the total field changed its value. Further confirmation of the dynamic
polarization of nuclei came from slow drift of the electron Larmor frequency after
switching on the pump light, reflecting spin accumulation in the nuclear system and
nuclear spin diffusion.
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Fig. 11.10. Hanle effect in an oblique magnetic field at continuous-wave pumping. (a) Geom-
etry of experiment with an oblique magnetic field. The excitation beam is directed along
z-axis while luminescence is collected in the opposite direction. Here S0 is a mean elec-
tron spin in a zero magnetic field. (b) Experimental Hanle curves for a single 100 Å-thick
GaAs/Al0.3Ga0.7As (001) quantum well, measured on 1e–1hh luminescence line at alter-
nating (34 kHz) (curve 1) and constant (curve 2) circular polarization of the exciting light.
α = 85◦, T = 2 K [24]. (c) The Hanle curve measured in an epitaxial layer of Ga0.5In0.5P at
a constant circular polarization of the pump, α = 65◦, T = 77 K [61]

11.4.2 Polarization of Electron–Nuclear Spin-System in an Oblique Magnetic

Field

If polarized luminescence is used as a detector, the nuclear field BN manifests itself
most directly when the external magnetic field B is applied at an angle α to the
excitation beam [59] (Fig. 11.10(a)). That is a result of the fact that, in accordance
with (11.19), nuclear spins are oriented either along B or opposite to it. Therefore,
the field BN enhances or reduces (depending on its sign) the effect of the external
field component transverse to the mean electron spin S.

Typical curves of the luminescence depolarization in an oblique magnetic field,
measured in 100 Å-thick GaAs/Al0.3Ga0.7As quantum well at continuous wave
pumping,11 are shown in Fig. 11.10(b).

Curve 1 was obtained with the circular polarization of exciting light being al-
ternated in sign at a high (34 kHz) frequency.12 In this case, the Overhauser field is
absent since the nuclear dynamic polarization can not follow the rapid alternation

11 The degree of circular polarization of luminescence propagating along the z-axis ρ ∝ Sz

[2].
12 To do so, the exciting beam was passed trough a photoelastic polarization modulator [60]
operating at 34 kHz.
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of the mean electron spin. Therefore, the curve 1 is a purely electronic Hanle curve,
which is symmetric in magnetic field and has a maximum at B = 0. In a strong
field B ≫ B1/2 (B1/2 is the half-width of the Hanle curve measured in perpendicu-
lar external field), this curve approaches the value ρ(0) cos2 α, corresponding to the
z-projection of the electron spin, Sz = SB cos α = S0 cos2 α, conserved in the strong
field.

Curve 2 in Fig. 11.10(b) was measured at constant circular polarization of the
pump beam. Three conspicuous maxima, with the photoluminescence polarization
close to ρ(0), are seen in this curve. The central maximum is situated at B = 0, one
of the additional maxima—at a relatively large field (≈2.5 kG), and the other one—
at a much weaker field (≈40 G). In all the three maxima, the electron depolarization
is slowed down, but for different reasons.

According to (11.6) and (11.19), the Overhauser field BN is directed along the
sum of the external and electron fields (B + Be).

At zero external field, the polarization of nuclei can occur only in the Knight
field. In this case the Knight field is directed along S0, that is Be ∝ S0. Therefore,
the nuclear field is also directed along S0, and, for this reason, it cannot depolarize
electrons.

When the external field is not equal to zero, the electrons are depolarized by the
total field (B+BN). As the nuclear field sharply rises with the increase of the external
field, reaching large values already at B ∼ BL, it strongly enhances the depolarizing
action of the weak external field. This explains the narrow central maximum.

The additional maximum at the relatively weak magnetic field in the inset in
Fig. 11.10(b) arises from compensation of the longitudinal component of the external
field by the electron field [61]. According to (11.19), almost no nuclear polarization
occurs at this maximum because the nuclei are located in a total longitudinal field
whose value is close to zero: (Bz +Be0) ≈ 0.13 The field B ≈ −Be0/ cos α, at which
the maximum is observed, can be used to find the Knight field value. One can find
from curve 2 in the insert in Fig. 11.10(b) that Be0 = (4 ± 1) G.

In a strong field B ≫ BL, Be, the nuclear field is collinear to the external field.
The condition for compensation of the external field by the nuclear field,
(B +BN) = 0, defines the position of the additional maximum on the Hanle curve at
strong external fields [59]. Therefore, it can be used to measure the Overhauser field
value. One can find from the curve 2 in Fig. 11.10(b) that BN ≈ 2.5 kG at α = 85◦.

According to (11.6), the measurement of nuclear field, BN ∝ SB = S0 cos α,
permits to find the nuclear polarization 〈I 〉/I . Using the value BN max = 56 kG for
bulk GaAs [20, 54] and the measured value BN ≈ 2.5 kG, one can find that 〈I 〉/I ≈
4.5% at α = 85◦. One can estimate that the nuclear polarization will reach ≈50%
in a longitudinal (α = 0◦) magnetic field. Note, that up to T = 77 K the nuclear
polarization retains a substantial value (∼1% at α = 60◦).

The direction of the nuclear field BN is determined by the signs of both nuclear
(gn) and electron (ge) g-factors (see (11.6)), while the Knight field Be is always
antiparallel to S (see (11.9)). It turns out in [61] that at gn > 0 in crystals with

13 Be0 = Be(S = S0).
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Fig. 11.11. Hysteresis on the experimental Hanle curve recorded for 80 Å-wide
GaAs/Al0.3Ga0.7As (001) quantum well in an oblique magnetic field at a constant circular
polarization of the exciting light, α = 60◦, T = 2 K [63]

ge < 0 both additional maxima are observed at the same field sign (Fig. 11.10(b)),
whereas at ge > 0 they appear at different signs14 of the external field (Fig. 11.10(c)).

Thus, an analysis of luminescence depolarization in an oblique magnetic field
allows to find the values of the Overhauser and Knight fields and the sign of electron
g-factor.

11.4.3 Bistability of the Electron–Nuclear Spin System in Structures with

Anisotropic Electron g-Factor and Spin Relaxation Time

The electron–nuclear spin system, coupled by hyperfine interaction, is an essentially
nonlinear system. The manifestations of this nonlinearity, resulting from the depen-
dence of relaxation rates on the Overhauser field, are considered in Sect. 11.3. The
other group of non-linear phenomena is brought about by the anisotropy of nuclear
or electron spin states. The effects of the nuclear anisotropy were first investigated
in bulk crystals Al0.26Ga0.74As, where, under substitution of Ga atoms by Al atoms,
a portion of As nuclei are subjected to a quadrupole perturbation, and their nuclear
field, in the general case, does not coincide with the direction of external field. The
most striking observations were bistabilities and self-sustained oscillations of elec-
tron and nuclear spin polarizations. These effects are described in detail in [16, 62].
Here, we concentrate at the nonlinear effects caused by the anisotropy of the electron
g-factor and spin relaxation time, which often appears in semiconductor nanostruc-
tures.

14 For a certain sign of ge, the position of the strong-field maximum is reversed with respect
to B = 0, if gn < 0 [59]. The detailed analysis of the positions of the additional maxima
depending on the ge and gn signs and the angle α (including the case of α = 90◦ when
polarization of nuclei is possible solely in the Knight field) is done in [61], see also [16].
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Bistability of Electron–Nuclear Spin System Induced by Anisotropy of Electron

g-Factor

The bistability of electron–nuclear spin system can be induced by anisotropy of the
electron g-factor, as it was found in quantum wells [63, 64]. Because the electron
g-factor components along (g‖) and across (g⊥) the quantum well growth axis are
different [65–67], the axis Ω of Larmor precession of electron spins in the oblique
external magnetic field B does not coincide with the field direction: Ω is not parallel
to B. At the same time, due to isotropy of hyperfine interaction, the mean nuclear
spin is directed along B (we do not consider the field range of |B| ≤ BL, Be), and
the precession axis of electron spins in the nuclear field ΩN = A〈I 〉/h̄ is collinear to
the external field: ΩN ‖ B. Thus, the electron depolarization is realized by the Over-
hauser field at B ≪ BN and by the external field when B ≫ BN. As a consequence,
the electron spin precession axis in the total field (B + BN) changes its direction
under variation of the magnitude of the oblique external field.

The availability of two precession axes gives rise to bistability of the electron–
nuclear spin system. Such a bistability was observed in quantum wells at continuous-
wave [63] and pulse [64] pumping. It appears as a hysteresis on the experimental
Hanle curve in oblique field as shown in Fig. 11.11. The dependence of ρ(B) in
Fig. 11.11 was recorded in GaAs/Al0.3Ga0.7As (001) quantum well of 80 Å width,
where the g‖ and g⊥ are significantly different: g‖/g⊥ = 2.2 and g‖ < g⊥ < 0 [63,
65, 66].

The calculation of the stationary states of the electron–nuclear spin system using
(9.23) describes qualitatively the hysteresis in Fig. 11.11 for g‖/g⊥ = 2.2 [63, 68].
The calculation also shows [63, 68] that in quantum wells of a smaller width, where
the signs of g‖ and g⊥ are different [65–67], there are two regions of bistability,
realized in external magnetic fields of different signs. Since in the absence of nuclear
spin anisotropy the mean nuclear spin is always collinear to the external field, the
spin dynamics is described by a single differential equation of the first order, and
self-sustained oscillations cannot appear.

As the width of quantum well increases, the anisotropy of the electron g-factor
decreases [65–67], and the properties of the electron–nuclear spin system approach
those in a bulk crystal. The Hanle curves measured in quantum wells of 100 Å or
wider do not differ qualitatively from the Hanle curves in bulk semiconductors, as
shown in Sect. 11.4.2.

Bistability of the Electron–Nuclear Spin System, Induced by Anisotropy of

Electron Spin Relaxation

The electron size quantization in quantum wells is accompanied by an anisotropy of
their spin relaxation time τs [69]. The numerical calculation in [63] shows that this
anisotropy can also give rise to a bistability. This bistability was not observed exper-
imentally. This might be related to the fact that a strong τs anisotropy is predicted for
free electrons, while nuclei are effectively polarized by localized electrons, which
are less sensitive to size quantization effects. The conditions for observation of this
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bistability are most favorable in (110) quantum wells, where the anisotropy of τs is
the highest [69], see also [64, 70, 71].

11.5 Optically Detected and Optically Induced Nuclear Magnetic

Resonances

11.5.1 Optically Detected Nuclear Magnetic Resonance

A direct evidence for the nuclear polarization is the observation of nuclear magnetic
resonance (NMR) under application of a radio-frequency field Brf = 2B1 cos ωt

perpendicular to the external field B. When a resonant condition ω = γnB is fulfilled,
the nuclear polarization decreases, thus decreasing the Overhauser field BN.

A commonly used way of detecting the NMR optically, demonstrated for the first
time by Ekimov and Safarov [72], is the measurement of luminescence polarization
ρ in a longitudinal [72–74] or in an oblique ([59] and [24]) magnetic field. In an
oblique field, the resonant decrease of the Overhauser field is accompanied by a
sharp change of ρ on the slopes of the additional maximum on the Hanle curve,
where the external field is compensated by the nuclear field. The optically detected
NMR spectra of the bulk GaAs obtained with a slow sweep of the radio-frequency
field are shown in Fig. 11.12 (curve 1) and in Fig. 11.14(a). The resonance signals
from all the isotopes (75As, 69Ga, 71Ga) of the GaAs crystal lattice are clearly seen
in these spectra.

The resonant decrease of the Overhauser field can be observed as a change of the
electron spin splitting in a single quantum dot in longitudinal field [75] or through
time-resolved Faraday rotation in oblique field [76].

11.5.2 Multispin and Multiquantum NMR

Large nuclear polarization realized in a weak magnetic field under optical pump-
ing permits to observe multispin and multiquantum resonances [77–80] which are
strongly forbidden in a conventional NMR [15, 81].

Multispin resonances are observed at the double (ω = 2γnB) or triple (ω = 3γnB)

Larmor frequency and correspond to the simultaneous flip of two or three nuclear
spins in the same direction induced by one radio-frequency quantum. Such reso-
nances are permitted due to admixing of |M ± 1〉 and |M ± 2〉 spin states to |M〉
by operators Î±Îz and Î±Î± of the nonsecular part of the dipole–dipole interaction
(11.10) [15, 81]. The admixture is proportional to BL/B, and a probability of the
multispin transition decreases with increasing B as B2

L/B2.
Figure 11.12 presents NMR spectra for GaAs crystal. Fundamental single-spin

resonances of 75As, 69Ga, and 71Ga nuclei are seen at small radio-frequency field
amplitude B1 = 0.08 G (curve 1). With increase in B1 to 0.8 G, all six possible two-
spin resonances appear (curve 2), including flip–flip resonances, both of one isotope
[2(75As), 2(69Ga), 2(71Ga)] and of different isotopes (75As + 69Ga, 75As + 71Ga,
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Fig. 11.12. Optically detected NMR spectra of bulk GaAs measured in an oblique field B =
187 G at continuous-wave optical excitation with a constant circular polarization and radio-
frequency field Brf = 2B1 cos 2πf t applied along the y-axis [80]. T = 1.9 K, α = 84◦. B1,
G: 1—0.08, 2—0.8, 3—4.8. Arrows indicate NMR frequencies

69Ga+ 71Ga). Further increase in B1 to 4.8 G induces flip–flip–flip transitions of one
isotope [3(75As), 3(69Ga), and 3(71Ga)] (curve 3). In a smaller magnetic field B =
84 G where the probability of multispin transitions is higher, three-spin resonances
[2(75As)+71Ga, 75As+2(69Ga), 2(75As)+69Ga, 2(69Ga)+71Ga], whose frequencies
are equal to the sum of the double and single resonant frequencies of the different
isotopes, are recorded at B1 = 5.6 G.

The multispin resonance of different kinds of nuclei does not disappear even if
single-spin resonance of one of them is saturated. For example, two-spin resonance
at the frequency ω2(

69Ga + 75As) is retained when the resonance at the frequency
ω1(

69Ga) is saturated.15 In other words, multispin transition can occur when only
one of the species of nuclei is polarized while others belong to nonpolarized spin
subsystems.

Multiquantum NMR is realized if several radio-frequency quanta are absorbed
with the total energy equal to the energy of the NMR transition, besides the energies
of these quanta can be different. As an example, two-photon resonances for the tran-
sition at the triple Larmor frequency of the 75As nuclei (409 kHz in a 187-G field)
are shown in Fig. 11.13. The resonances are recorded in the presence of the second
radio-frequency field B

(1)
rf = 2B

(1)
1 cos 2πf (1)t with the fixed frequency f (1) equal

to 196.5 kHz (curve 1) or 186.5 kHz (curve 2). Theory [82–84] confirms the high
probability of the multiquantum multispin NMR.

15 Two radio-frequency fields of different frequencies are applied to the sample in this case.
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Fig. 11.13. Optically detected NMR signal in a GaAs crystal with the absorption of two radio-
frequency quanta of different frequencies f (1) and f , the sum of which corresponds to res-
onance at triple the Larmor frequency of the 75As nuclei in an oblique field B = 187 G

(α = 84◦, T = 1.9 K). The radio-frequency field B
(1)
1 = 2.9 G is of the fixed frequency

f (1) = 196.5 kHz (1) or 186.5 kHz (2). The radio-frequency field of varying frequency f is
B1 = 0.8 G [80]

11.5.3 Optically Induced NMR

Under optical pumping, the NMR in a semiconductor can be induced solely by light
[85, 86], see also [57, 87–89]. The excitation light needs to be circularly polarized
and partly modulated at the NMR frequency either in circular polarization or in in-
tensity.

In an oblique magnetic field, the constant part of the circularly polarized excita-
tion light creates dynamic polarization (cooling) of nuclei as described in Sect. 11.4.2.
Resonant depolarization (i.e., resonant heating) of the dynamically polarized nuclei
is caused by the oscillating part of the Knight field, whose transverse component
plays the role of radio-frequency field. Since such a NMR is induced by purely opti-
cal means, without using radio-frequency field, it is called “optically induced NMR”
[85] or “all-optical NMR” [57].

According to (11.9), for nuclei of one type, the Knight field averaged over the
localization volume is

Be(r) = FbeS, (11.25)

where S is the mean electron spin, F = nd/Nd is the localization center filling factor
(Nd is the total density of centers, and nd is the density of occupied centers), be/2 is
the Knight field of fully polarized electrons at F = 1. In turn, S is governed by the
degree of circular polarization P , whereas F is controlled by the intensity J of the
incident light. Thus, the Knight field oscillating at some frequency can be produced
by modulating either P or J at this frequency. Under continuous wave pumping,
such modulation can be easily achieved by means of the linear electro-optic effect in
a KDP crystal [85].

Figure 11.14 shows the NMR spectra for GaAs recorded at weak (∼1%) modula-
tion of the light polarization (Fig. 11.14(b)) and light intensity (Fig. 11.14(c)). Their
comparison with the spectrum (Fig. 11.14(a)) induced by a weak radio-frequency
field shows that the resonant depolarization of nuclei by the oscillating electron field
is very effective.
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Fig. 11.14. NMR spectra for p-GaAs recorded in an oblique magnetic field B with slow
variation of a frequency of the radio-frequency field (a), modulation of the circular po-
larization of light (b), and modulation of the intensity of light (c). The measurement is
performed under continuous wave optical pumping. B = 392 G, α = 77◦, T = 1.9 K
[85]. (a) Radio-frequency field amplitude 2B1 = 0.02 G, (b) polarization modulation depth
mP = (Pmax − Pmin)/(Pmax + Pmin) = 0.021, (c) intensity modulation depth mJ =
(Jmax − Jmin)/(Jmax + Jmin) = 0.021

The comparison of the amplitudes of the NMR signals induced by modulated
polarization with those induced by radio-frequency field allows to find the Knight
field magnitude for each type of nuclei. Using this method, the field be for 71Ga
nuclei was found to be (17 ± 8) G in GaAs (at T = 1.9 K) and (59 ± 29) G in
Al0.26Ga0.74As (at T = 77 K) [85].

Deep (∼100%) modulation of intensity can induce resonant heating of nuclei
at the double Larmor frequency [87–89]. Such transitions with �mI = ±2 are due
to coupling between the modulated electric field of photoexcited electrons and the
nuclear quadrupole moment.

It is worth noting that modulation of pump polarization can also result in reso-

nant cooling of nuclei. The cooling is accompanied by the resonant change of nuclear
polarization and formally can be also classified as the all-optical NMR. However, the
resonant cooling has quite different physical nature since it creates the dynamic nu-
clear polarization by oscillating Knight field. The resonant cooling was observed
experimentally in bulk semiconductors [90, 91] and quantum wells [92, 93]. The
theory was developed in [94] for bulk semiconductors but remains also valid for
nanostructures. For a detailed review of the effect see [16]. Resonant cooling leads
to the change in the photoluminescence polarization with a shape of dispersion curve
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unlike the NMR signals in Fig. 11.14, which reflect the heating of the nuclear spins
and have a shape of the absorption curve. Resonant cooling is negligible for small
(∼1%) modulation of the Knight field. It becomes comparable with resonant heat-
ing for strong (∼100%) modulation, at which the resultant change in polarization is
described by superposition of absorption and dispersion signals [86].

11.6 Spin Conservation in the Electron–Nuclear Spin System

of a Quantum Dot

Electron and nuclear spins in a semiconductor form a complex, nonlinear, strongly
coupled system. The dynamics of this system is characterized by a variety of relax-
ation times, which are sometimes difficult to separate when analyzing experimental
data. Though these issues have been mostly discussed in previous sections of this
chapter, it is worthwhile to summarize the information for readers interested in the
interpretation of “spin memory” experiments, i.e., measurements of the photolumi-
nescence polarization, Faraday/Kerr rotation, splitting of electron spin levels or any
other parameter sensitive to the state of the electron–nuclear spin system, as a func-
tion of time after the system has been prepared in a spin-polarized state. Such ex-
periments, especially those revealing a “long-lived” (that can mean anything from
microseconds to minutes and more) spin memory, currently attract a great interest.
In this section, we discuss the time scales relevant to such experiments, and then
propose a scheme of the analysis of experimental data that may help in separating
different mechanisms of spin conservation.

11.6.1 Time Scales for Preservation of Spin Direction and Spin Temperature

The lifetime of nonequilibrium spin polarization in the nuclear spin system is char-
acterized by the time T2; this time also determines the decoherence of the spin com-
ponents, perpendicular to the external magnetic field. The time T2 is limited by the
dipole–dipole interaction and is typically of the order of 10−4 s.

The time T2 may become much longer if nuclear spins (I > 1/2) experience the
quadrupole splitting in strained structures (for example, about 10 ms in InP quantum
dots, as we have estimated from the data of [18]).

The nuclear spin temperature is conserved during the spin-lattice relaxation
time T1. The time T1 is especially long if nuclei are not coupled with electrons by the
hyperfine interaction. At low temperatures and in the absence of electrons, T1 riches
minutes (as in GaAs [44, 73]) or even days (as in Si [95]). If a magnetic field (or
the mean Knight field of spin-polarized electrons) is applied to dynamically cooled
nuclei, they develop a quasi-equilibrium spin polarization. This polarization can be
erroneously interpreted as a manifestation of the spin conservation. In reality, this is
energy conservation.

For nuclei in a quantum dot (or around a donor center), occupied by an elec-
tron, the coupling to the lattice is effectively mediated by the electron spin. For such
nuclei, T1 is much shorter and may even become comparable with T2 [45, 96].
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On the other hand, cooled nuclear spins in a quantum dot containing an electron
may bind with the electron spin to form the nuclear spin polaron, as has been theo-
retically predicted in [97, 98]. In this case, T2 is renormalized due to the influence of
the Knight field of the single electron:

T2pol ≈ T2
〈I 〉2N

I (I + 1)
, (11.26)

where 〈I 〉 is the mean nuclear spin in the polaron, and N is the number of nuclei
in the quantum dot. The necessary condition for the polaron formation is a high
(close to maximum) nuclear polarization. If nuclei are completely polarized, one can
estimate T2pol ≈ T2N ∼ 10 s for the dot containing N ∼ 105 nuclei.16

The hierarchy of relaxation times of the mean electron spin coupled to unpolar-
ized nuclei was discussed in detail in Sect. 11.2. If the nuclei are polarized, the elec-
tron spin relaxation requires changing its spin projection on the Overhauser field.
This process may be induced by interaction either with other charge carriers, or, in
their absence, with phonons. In the latter case, the electron relaxation times can be
quite long (up to seconds at liquid-helium temperatures) [99].

The dynamics of spin temperature in a quantum dot or around a donor may be
also controlled by nuclear spin diffusion. The diffusion time depends on the spatial
pattern of the nuclear temperature and may range from T2 to infinity [45, 73, 100].

11.6.2 A Guide to Interpretation of Experiments on “Spin Memory”

At present, four possible reasons are known for long-lived (up to minutes and more)
memory of the electron–nuclear spin system after switching off the preliminary opti-
cal pumping. The first one is a long, with time T1, relaxation of nuclear spin temper-
ature to the lattice temperature [15]. The three other reasons are due to suppression
of fast nuclear dipole relaxation. The dipole relaxation can be suppressed: (1) by the
external magnetic field17 [15], (2) by the quadrupole splitting of nuclear spin levels
[15, 16, 18] and (3) by the formation of a nuclear spin polaron [97, 98]. The increase
of relaxation time in cases (2) and (3) we will call the anomalous prolongation of
time T2.

Only three of these reasons hold in zero external magnetic field. We will consider
the differences in their manifestations.18 Let us analyze the common features of nu-
merous measurements of slow spin relaxation, not paying much attention to details.

16 Conservation of the polarization of resident electrons in singly negatively charged InGaAs
dots during ≈0.2 s after optical pumping in zero external magnetic field was attributed in [98]
to formation of the nuclear polaron. However, the value of nuclear polarization was not mea-
sured directly in this experiment. Therefore, additional experimental and theoretical efforts
are required to elucidate the reason of the observed long-lived spin memory.
17 The dipole relaxation can also be suppressed by the mean Knight field of optically po-
larized electrons. However, this field is absent in the darkness after switching off the pump
light.
18 The consideration below is valid for the case of zero external magnetic field only.
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Fig. 11.15. Timing diagrams for qualitative analysis of slow spin relaxation in the electron–
nuclear spin system of a quantum dot in a typical pump–probe optical experiment at zero
external magnetic field. (a) and (d) are polarizations of pump and probe pulses, (b) and (e) are
time dependences of reciprocal nuclear spin temperature for opposite helicities of the pump,
(c) and (f) are time dependences of nuclear polarization for opposite helicities of the pump. In
zero external magnetic field, nuclear spin temperature is not sensitive to the change of pump
polarization sign, while nonequilibrium nuclear spin reverses its direction

Then, we will formulate the method for analysis of experimental results and apply it
to the experiment of [96] as an example.

Let some parameter Z of the electron–nuclear spin system be measured, which is
related to a nuclear polarization 〈I 〉 and has different values at different signs of 〈I 〉.
For measurements in zero magnetic field, this allows us to separate long memory
related to a long relaxation time T1 of the spin temperature from the memory due to
the anomalously long relaxation of nonequilibrium spin.

A sketch of typical optical measurement of polarization relaxation time in quan-
tum dots without magnetic field is shown in Fig. 11.15. A dipole–dipole relaxation
time T2 is taken as the time unit. The sample is illuminated with a pump pulse “0”
of circularly polarized light. (The curves (a), (b), (c) are plotted for polarization σ+,
while the curves (d), (e), (f) are drawn for polarization σ−.) During the pump pulse,
nuclei interact with electrons, which are oriented by light. The electrons transfer to
the nuclei their polarization and create a mean Knight field, which stabilizes the po-
larization transferred to the nuclei.
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The duration of pump pulse “0” (or the train of such pulses) is larger than the
typical time TNe of polarization of nuclei by photoelectrons (curves in Fig. 11.15 are
calculated for TNe = 2T2). During the pulse, the nuclear polarization 〈I 〉 and the
reciprocal nuclear spin temperature β achieve saturation.

On completion of the pump pulse (in the darkness), the nuclear polarization and
the spin temperature relax with characteristic times T2 and T1, respectively. Usually,
T2 ≪ T1, and only in anomalous cases the non-equilibrium nuclear spin can last for
a long time. In a semiconductor of GaAs type without magnetic field and quadrupole
splitting of nuclear spin levels, T2 ∼ 10−4 s, and the value of T1 > 1 min is not
surprising after experiments [44, 45, 73]. Curves in Fig. 11.15 are drawn for T1 =
20T2.

The state of the nuclear spin system after a pump pulse is detected by a probe light
pulse. The duration of probe pulse τprob should be short in comparison with TNe. Oth-
erwise, this pulse will change the value of β. However, if τprob ≪ T2 (pulses 1 and 2),
then no noticeable changes of nuclear polarization occur during the probe pulse. If
τprob ≥ T2 (pulses 3 and 4), then under a mean Knight field the nuclear polariza-
tion begins to rise with a characteristic time T2 and can reach its equilibrium value,
which corresponds to the reciprocal temperature β conserved in the darkness up to
the arrival of the probe pulse. Thus, both the short relaxation time of nonequilibrium
spin and the long relaxation time of nuclear spin temperature can be experimentally
observed.

One can separate these two completely different relaxation processes by chang-
ing the sign of the probe pulse polarization, as it is shown in Fig. 11.15. In this figure,
the pulses 1 and 3 have polarization σ+, and pulses 2 and 4 have polarization σ−.
If the mean nuclear spin 〈I (tprob)〉, induced by the probe pulse (and the measured
parameter Z, related to it) does not depend on the probe–pulse polarization sign,
then it is a nonequilibrium nuclear spin, which has been conserved after pumping. If
〈I (tprob)〉 changes its sign with the change of the probe–pulse polarization sign (as
shown in Fig. 11.15), then we deal with a thermal mechanism of spin memory. In
this case, the long relaxation times are quite natural.

The dependence 〈I (tprob)〉 on the sign of the pump–pulse polarization has an op-
posite character. It follows from (11.18), that the spin temperature is controlled by
a product of nonequilibrium electron spin and Knight field, that is βpump ∝ σ 2

pump.
Therefore, in the absence of an external magnetic field the value and sign of β do not
depend on the pump polarization sign (Fig. 11.15, panels (b) and (e)). At the same
time, the nuclear polarization generated by the pump pulse changes sign together
with the sign of pump polarization because, according to (11.19), 〈Ipump〉 ∝ σpump.
Thus, if the nuclear polarization in probe pulse remembers the preliminary pump-
ing, but does not remember its sign, we deal with long times of thermal relaxation.19

Here, relaxation times of order of minutes are not surprising. If polarization in probe
pulse remembers not only the pumping magnitude, but its sign also, then the traces

19 In pump–probe Faraday or Kerr rotation measurements, where probe pulse is always lin-
early polarized, the effects of conservation of the nuclear polarization and nuclear spin tem-
perature can be separated using their dependence on the sign of the pump circular polarization.
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of nonequilibrium spin 〈Ipump〉 remain in the system. In this case, long (noticeably
exceeding T2 ∼ 10−4 s) times of spin relaxation demand taking into account sup-
pression mechanisms of nuclear dipole–dipole interaction—quadrupole suppression
[16, 18], or creation of a spin polaron [97, 98].

The dependence of spin memory on the presence of an electron in the quan-
tum dot can be used to separate the quadrupole and polaron mechanisms of dipole-
relaxation suppression. In the absence of electron, the polaron is not created, and
only the quadrupole suppression mechanism exists.20

Let us apply the suggested above approach for analysis of long-living spin mem-
ory observed by Maletinsky et al. in self-organized InGaAs quantum dots [96]. The
pump–probe microphotoluminescence technique was used to measure the dynamics
of generation and decay of the nuclear spin polarization in charged single quantum
dots. Both pump and probe pulses were circularly polarized. The optical polarization
of nuclei was achieved via their hyperfine interaction with a resident electron in a
singly negatively charged dot. During the pump pulse of width τpump, the dynamic
nuclear polarization arises, reaching about 15% under optimal conditions [6]. The
Overhauser shift of the photoluminescence line of negatively charged (X−) exciton
was measured. Its magnitude is directly proportional to the Overhauser field, which
is conserved during the dark interval τwait before switching on the probe pulse.

Applying a proper electric bias to the structure (see the voltage diagram in
Fig. 11.16(a)), the authors of [96] could quickly (during 30 µs) change the quan-
tum dot charge. Let us analyze the results for those dots, which contain neither an
electron nor a hole in the dark. To get the dots empty, the resident electron is re-
moved from an initially singly-charged dot just after switching off the pump pulse
and is injected back at the end of the dark period τwait before switching on the probe
pulse. Figure 11.16 shows the Overhauser-shift decay, obtained in such an empty dot
under σ+ (empty squares) and σ− (full squares) pumping. The exponential fit (solid
curve in Fig. 11.16(c)) indicates a decay time constant of τdecay ∼ 2.3 s.

Among three mentioned reasons for the long spin memory (conservation of a
low nuclear temperature, polaron formation, or quadrupole suppression) the polaron
formation should be excluded, since there is no electron in the dot during the dark
interval, and the nuclear spin polaron cannot be created. The Overhauser shift does

20 Another method of distinguishing between the polaron and quadrupole mechanisms, by the
dependence of the memory effect on the crystal temperature, was proposed in [98]. Indeed,
the polaron formation requires low temperature and is critically sensitive to a temperature
increase [97], while the quadrupole suppression does not strongly depend on temperature.
However, in [98], as well as in many other works, spin memory effects were detected by
measuring the polarization of electrons, not nuclei. Electron and nuclear spins are decoupled
at elevated temperature. As a result, any manifestation of the nuclear polarization, not only the
polaron, may become unobservable. For this reason, if the electron polarization is used as a
detector, the temperature dependence does not allow unambiguous separating of the polaron
and quadrupole suppression of spin relaxation. It is noteworthy that this method may appear
effective if the nuclear spin memory is detected by the splitting of electron energy levels in the
Overhauser field [96] or from the absorption spectrum of radio-frequency power by the cooled
nuclear spin system in zero external field [80].
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Fig. 11.16. Time decay of the Overhauser shift (OS) in a zero-charged single quantum dot
recorded in zero external magnetic field after switching-off the optical pump [96]. (a) Timing
diagram for the gate voltage switching experiment: During the dark period τwait, the gate
voltage, Vg, is switched to a value where the quantum dot is empty (neutral, X0, exciton is the
stable charge complex). Using transient pulses, the switching time is 30 µs. (b) Time decay of
nuclear polarization in the absence of the resident electron under σ+ (empty squares) and σ−

(full squares) excitation. For comparison, the solid curve shows the mean of the data obtained
in X− exciton where resident electron is present in the quantum dot during the dark period.
(c) Same measurement as in (b), but over a longer time scale. The exponential fit (solid curve)
indicates a decay time constant of τdecay ∼ 2.3 s

not reverse its direction irrespective of the probe-pulse polarization (linear, σ+ or
σ−) [101]. This rules out the conservation of a low spin temperature. Thus, we can
conclude that the quadrupole suppression is responsible for the long spin memory
observed in empty dots in [96].

11.7 Conclusions

Let us briefly summarize the issues discussed in this chapter.
The hyperfine coupling between electron and nuclear spins gives a possibility

to polarize (to cool) nuclear spins and detect their polarization. The experimental
manifestations of the nuclear polarization include the line splitting in optical spectra
of quantum dots, the all-optical nuclear magnetic resonance, and many other bright
effects.
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The system of strongly coupled electron and nuclear spins is nonlinear. Un-
der certain conditions, it develops multistability, self-sustained oscillations and hys-
teretic phenomena.

The theory based on the approximation of short correlation time is usually able
to correctly describe the behavior of the electron–nuclear spin system. Nevertheless,
some experiments performed on long-lived, well-isolated spin systems of quantum
dots require approaches going beyond this approximation.

The unique physical properties of a localized electron interacting with nearby
nuclei have been provoking questions, for many years, about a possible use of such
physical systems in information technology. Lately, quantum computation with nu-
clear spins has been frequently discussed. So far, no practical results were achieved.
However, the physical beauty of electron–nuclear spin phenomena, together with a
remaining hope for revolutionary applications, fuel new experimental and theoretical
research into this very attractive field.
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Nuclear–Electron Spin Interactions in the Quantum

Hall Regime

Y.Q. Li and J.H. Smet

The discoveries of the integer and fractional quantum Hall effects [1, 2] in the early
1980s opened an exciting field for condensed matter physics. The continuous ef-
fort in this area during the past quarter century has been particularly rewarding. The
interplay between Landau quantization, disorder, electron–electron and spin inter-
actions gives rise to a large variety of fascinating electronic states [3–6]. Some ex-
amples are incompressible quantum fluids with quasi-particles carrying fractional
charge [7–11], compressible metallic states composed of composite particles [12–
14], insulating Wigner crystal electron solids [15, 16], Bose–Einstein condensates
[17], Skyrmion spin textures in quantum Hall ferromagnets [18, 19], non-Abelian
states [20–22], electron liquid crystal phases [23–28], and so forth. Indeed, this list
is incomplete.

In this chapter, we shall review some of the interesting physics related to the spin
degrees of freedom. The focus will be on the spin interactions between electrons and
nuclei in the quantum Hall regime. This review is not intended to be exhaustive, but
rather attempts to give a flavor of the richness of the physics involved by describing
some experiments that were carried out in Stuttgart and elsewhere. Here, only ex-
periments on GaAs based two-dimensional electron systems will be addressed. They
offer the highest carrier mobility, which is an important prerequisite to observe many
of these interesting but fragile quantum Hall states. Two-dimensional hole systems
as well as other two-dimensional electron systems which are based on AlAs, InAs,
GaN, other III–V semiconductors, SiGe, Si/SiO2, and II–VI semiconductors are be-
yond the scope of this chapter.

This chapter is organized as follows. In Sect. 12.1, we will give a brief introduc-
tion to the quantum Hall effects and the interaction between nuclear and electron
spins. Subsequently, some experimental techniques to study the nuclear–electron
spin interactions will be described in Sect. 12.2. It will be followed by a review
of recent experimental work on several quantum Hall systems where the interaction
between nuclear and electron spins is involved. These experiments not only shed
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light on the properties of the electronic states and their excitations, but also suggest
novel means for manipulating and detecting nuclear spins.

12.1 Introduction

12.1.1 The Quantum Hall Effects in a Nutshell

When electrons are constrained to move in two dimensions only, they exhibit many
interesting properties that do not exist in three-dimensional systems. The most cel-
ebrated examples are the integer and fractional quantum Hall effects (QHE) [1, 2].
They manifest in a quantization of the Hall resistance and the vanishing of the diag-
onal resistance. Figure 12.1 shows transport data recorded on a high mobility sam-
ple when a magnetic field is applied perpendicular to the plane in which the two-
dimensional (2D) electrons are confined. The filling factor ν is defined as the ratio be-
tween the 2D carrier density ns and the magnetic flux quantum density nB = B/Φ0,
i.e.,

ν = ns

nB

= nsΦ0

B
, (12.1)

where B is the magnitude of the perpendicular magnetic field. If ν is equal or close
to either an integer or any of the magical rational numbers, ν0, the Hall resistance
exhibits a plateau and takes on a quantized value equal to

Rxy = 1

ν0

h

e2
. (12.2)

Here, h is the Planck constant, −e is the charge of an electron, and Φ0 = h/e is
the magnetic flux quantum. As seen in Fig. 12.1, plateaus in the Hall resistance are
accompanied by vanishing of the longitudinal (or diagonal) resistance, i.e., Rxx → 0
as the temperature T → 0. These two hallmarks of the QHE are universal: inde-
pendent of the sample geometry, host material, as well as the details of the disorder
landscape seen by the electrons. The universality, high precision (better than one part
in 109 [29] for the integer quantum Hall effect) and robustness of the Hall resistance
quantization suggest that the underlying physics is highly nontrivial.

In 2D, the vanishing of Rxx implies that also the diagonal conductivity σxx drops
to zero as T → 0. At finite T , σxx exhibits an Arrhenius type of temperature depen-
dence [15, 30, 31]

σxx ∝ exp

(

−
∆

2kBT

)

. (12.3)

This is similar to an insulator and a superconductor, in which the existence of an en-
ergy gap is responsible for an exponential drop of the conductivity or the resistivity,
respectively. Here, the Arrhenius behavior of σxx also stems from the existence of a
thermal activation gap which we will denote as ∆/2.

The energy gaps in the integer quantum Hall effect regime can be attributed to
the quantization of the cyclotron motion of electrons as well as the Zeeman splitting.
The perpendicular magnetic field discretizes the single particle energy spectrum into
a ladder of equidistant Landau levels with energies En
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Fig. 12.1. The Hall resistance Rxy and the longitudinal resistance Rxx of a high mobility mod-
ulation doped GaAs/AlGaAs 2D electron system subjected to a perpendicular magnetic field
of magnitude B. The numbers in the plot refer to either integer fillings or any of the ratio-
nal values ν at which the integer or fractional quantum Hall effects are observed. Some even
denominator fractional fillings have been highlighted. At these fillings a composite fermion
Fermi sea forms (see below)

En =
(

n + 1

2

)

h̄ωc, (12.4)

with the Landau level or orbital index n = 0, 1, 2, . . . and the cyclotron frequency
wc = eB/m, where m is the effective mass of a conduction band electron in GaAs.1

Each Landau level is split further into two sublevels with opposite spin orientation
and separated by the Zeeman energy EZ = g∗µBB. Here, g∗ is the exchange en-
hanced electron g-factor.2 Hence, each level is characterized by two quantum num-
bers: the spin s =↑ or ↓, and the orbital index n. Each of the Zeeman split Landau
levels is macroscopically degenerate. The degeneracy is equal to the number of flux
quanta that thread the sample, i.e., the magnetic flux density nB times the sample
area. As the magnetic field is increased, each Landau level can accommodate more

1 SI units are used throughout this chapter.
2 The electron g-factor in bulk GaAs is g = −0.44. In the quantum Hall regime, the Zee-

man gap can be enhanced by an order of magnitude because of exchange interactions between
electrons [32]. This exchange enhanced Zeeman gap (EZ = g∗µBB) is important for elec-
tron transport properties at small odd integer filling factors. Exchange enhancement appears in
transport because it probes the energy required to flip the electron spin in the limit of infinite
wave number q. In optical experiments, such as electron spin resonance, electron–electron in-
teractions are not relevant since they probe the energy in the limit q → 0. In such experiments,
the single particle Zeeman gap is observed: ∆Z = gµBB [33] with µB the Bohr magneton.
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Fig. 12.2. The discrete single particle energy spectrum of a disorder-free 2D electron system
with fixed density ns in a perpendicular magnetic field. Each Zeeman split Landau level (LL)
is characterized by an orbital index n = 0, 1, 2, . . . and a spin index s =↑,↓. Only the lowest
two pairs of Zeeman split Landau levels (n = 0, 2) are labeled. As the magnetic field increases,
the filling factor is reduced as a result of increasing LL degeneracy, and the chemical potential
(thick line) jumps abruptly in the gap separating two adjacent Landau levels at integer filling
factors. The size of the Zeeman gap is exaggerated for clarity

electrons and the topmost partially filled Landau level is gradually emptied at fixed
carrier density. When it is entirely depopulated (corresponding to an integer filling),
the chemical potential drops in between two Landau levels. Adding an additional
electron requires a large energy to cross the gap and the system is said to be incom-
pressible.3 At low enough temperatures, no electronic states are available to scatter
into and the conductivity (as well as the resistivity) drops to zero. The behavior of
the chemical potential and the Landau levels as a function of applied magnetic field
is schematically depicted in Fig. 12.2.

In order to account for the vanishing of Rxx over an extended range of the mag-
netic field and the appearance of a plateau in Rxy, it is important to include disorder.
When potential fluctuations due to impurities occur on a length scale larger than the
magnetic length lB = [h̄/(eB)]1/2, the Landau levels follow the variations in the
electrostatic potential. This broadens the Landau levels, and the states belonging to
a Landau level need to be classified into two categories. At the center of the Landau
levels, extended states form, which allow current transport from the source to the
drain contact. The tails of the Landau levels comprise localized states, which cor-
respond to electrons that either encircle potential hills or are trapped in a valley of
the disorder landscape. The localized states do not contribute to current transport. As

3 The compressibility is defined as κ = −(1/A)(∂A/∂P )|N with A the area of the sample,
P the pressure, and N the total number of particles in the 2D system. For a 2D electron
system, κ−1 = n2

s ∂µ/∂ns (See for example, [6]). When the 2D electron system condenses in
an integer (or a fractional) quantum Hall state, it turns incompressible, i.e., κ = 0. The two
hallmarks of the quantum Hall effects (vanishing Rxx and quantized Rxy) not only appear at
exact integer (or rational) fillings as suggested by Fig. 12.2, but also persist over a finite range
of magnetic fields due to disorder broadening. The same holds for the incompressibility.
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long as the Fermi energy is pinned in the tail of a Landau level and these localized
states are being emptied as the magnetic field is ramped up, the transport properties
are frozen: Rxx remains zero and Rxy stays fixed at the plateau value. To account
for the precise value of the Hall resistance plateaus a more extensive treatment is
required [34].

In contrast to the integer quantum Hall effect, the fractional quantum Hall effect
can not be understood from the single particle energy spectrum. Additional gaps do
arise in the many body energy spectrum. They are the result of electron correlations
in high magnetic fields [7], and hence more difficult to understand as it requires the
analysis of many body wave functions. Fortunately in 1989, Jain succeeded in iden-
tifying suitable quasiparticles which allow to convert the system of strongly interact-
ing 2D electrons into a system of noninteracting or weakly interacting quasiparticles.
These quasiparticles are referred to as composite fermions. Each of them is assem-
bled from one electron and two magnetic flux quanta, or more generally an even
number, 2p, of flux quanta [35]. This bond between electrons and flux quanta turns
out to be a natural way for electrons to avoid one another. They, just as electrons, are
sent onto circular orbits by a field. Unlike electrons, they do not experience the ex-
ternal applied magnetic field but only an effective field B∗, which is greatly reduced
from the applied field by an amount equal to the field produced by all the flux quanta
of the other composite fermions:

B∗ = B − 2pΦ0ns . (12.5)

The effective field vanishes at filling 1/2p. The system is gapless and hence com-
pressible. The composite fermions were predicted to form a Fermi sea with a well-
defined Fermi surface [36]. This scenario was impressively confirmed in a series of
ballistic transport experiments [37–41]. As one moves away from filling ν = 1/2p,
Landau quantization of the composite fermion cyclotron motion gives rise to a dis-
crete spectrum of composite fermion Landau levels. The cyclotron energy gaps sep-
arating the composite Fermion Landau levels are no longer determined by the band
mass of GaAs, but rather follow the Coulomb interaction strength. The successive
depopulation of these Landau levels produces the integer quantum Hall effect of
composite fermions. It is equivalent to the fractional quantum Hall effect of the orig-
inal electrons. The fractional quantum Hall state with rational filling factor ν0 can
then be viewed as the integer quantum Hall state of composite fermions with integer
filling factor q = nsΦ0/|B∗|. It satisfies

ν0 =
q

2pq ± 1
. (12.6)

The plus and minus signs correspond to B∗ parallel and antiparallel to B.
So far we have ignored the finite size of the 2D electron system. However, any

real sample has boundaries. These boundaries play an important role in the quantum
Hall regime [42]. Moreover, they help in understanding the hallmarks of the quantum
Hall effect. In the bulk of the sample, the Fermi level is pinned in a band of localized
states and transport through bulk states can not take place. Near the boundary, the
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Fig. 12.3. Edge channels in a Hall bar with ideal contacts for bulk filling factor ν = 2. At
this bulk filling, two edge channels run along the boundaries of the sample. They belong to
the two Zeeman split Landau levels (0, ↑) and (0,↓). The applied electrochemical potential at
the source and drain contact is equal to µ1 and µ2. Floating contacts acquire an electrochem-
ical potential equal to the average electrochemical potential of the incoming edge channels.
Therefore, −eVA = −eVB = µ1 for instance

electrostatic potential and also the Landau levels bend upwards due to depletion of
the charge carriers. Where the Fermi energy crosses through the Landau level, there
exists an extended state that runs all the way along the boundary. Classically, this
so-called edge state corresponds to a skipping orbit of the electron. The number of
edge states, or channels, is equal to the number of occupied spin split Landau levels
in the bulk region. These edge states are chiral, since electrons propagate only in
one direction, as indicated schematically in Fig. 12.3. This direction is determined
by the sign of the applied field and is opposite for opposite sides of the sample.
Since upward and downward moving electrons are located on opposite sides of the
sample, back-scattering is strongly suppressed. The large spatial separation between
the chiral edge states and the isolating or incompressible character of the bulk is what
accounts for the dissipationless transport near integer fillings.

An ideal contact at equilibrium absorbs all incoming edge channels. While edge
channels leaving an ideal contact are filled up to the electrochemical potential of
the contact. If a contact is left floating (for instance, a potential probe), it acquires
a potential equal to the average potential of all incoming edge channels. Potential
probes located on one side of the sample will thus take on equal potential (for in-
stance −eVA = −eVB = µ1) and the current flows despite the absence of a voltage
drop, i.e., Rxx = 0. Dissipation only occurs at the other end of the sample, due to
the applied voltage difference between the source and the drain contacts. Each edge
channel may be viewed as a one-dimensional channel.
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Irrespective of the details of their energy spectrum, 1D channels contribute a
conductance equal to e2/h [43]. The total net current supported by the sample is
therefore equal to [43, 44]

I = N
e

h
(µ1 − µ2), (12.7)

where N is the number of edge channels, and µ1 and µ2 are the electrochemical
potentials of right and left edges (equivalently the source and drain contacts), re-
spectively. For ideal contacts, we then obtain a Hall resistance Rxy = VAC/I =
(µ1 − µ2)/(−eI) = −Nh/e2, which is exactly the quantization of the Hall resis-
tance in the integer quantum Hall regime. The above treatment of edge channels is
a single particle picture. A more accurate description requires a self-consistent treat-
ment which includes electron screening. Edge channels then acquire a finite width
and the boundary reconstructs into compressible and incompressible regions. The
above conclusions remain however valid.

For non-ideal contacts, edge channels are partially transmitted or reflected. Quan-
tum point contacts, narrow constrictions in the 2D electron system often defined
electrostatically with metallic split gates deposited on top of the 2D electron system
[45, 46], can be regarded as extreme cases of non-ideal contacts. Their properties
have been exploited on a number of occasions in the context of the quantum Hall
effect. For instance, van Wees et al. [47] demonstrated that edge channels can be
selectively populated and detected with quantum point contacts. Furthermore, in-
teredge channel scattering can be induced by applying voltage differences between
edge channels [48]. As will be described in Sect. 12.3.2, scattering between spin-
resolved edge channels can be exploited to dynamically polarize nuclear spins.

So far, we have laid out some of the basic concepts of the QHE. They form the
basis for subsequent discussions of the interactions between the electron and nuclear
spins. Readers are referred to any of the excellent textbooks [3–6, 13, 14, 49] and
review articles [50–54] to obtain a more comprehensive overview of the subject.

12.1.2 Electron Spin Phenomena in the Quantum Hall Effects

The electron spin degree of freedom is not essential for the occurrence of the quan-
tum Hall effects, but it brings additional richness into the quantum Hall physics.
A school example is the degree of spin polarization of fractional quantum Hall states.
At filling factor ν < 1, where the most prominent fractional quantum Hall fea-
tures occur, one may think that all electrons reside in the lowest Landau level and
have their spins aligned in the direction of the external applied magnetic field. The
spin degree of freedom—just like the orbital degree of freedom—would be entirely
frozen out. However, for conduction band electrons in GaAs, the Zeeman energy
EZ is small. It is only about 1/70 of the cyclotron energy Ec = h̄ωc due to the
small electron g-factor and the small effective mass of electrons. The Coulomb en-
ergy EC = 1/(4πǫǫ0)(e

2/lB) is also far larger.4 In a typical magnetic field of 10 T,

4 For bulk GaAs, g = −0.44, m = 0.067me, ǫ = 12.9. It is often convenient to write

these energies in the following form: EZ ≃ 0.296B K, EC ≃ 50.8
√

B K, and Ec ≃ 20.1B K.
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∆Z ∼ 3 K, Ec ∼ 200 K, and the Coulomb energy EC is ∼160 K. Halperin first
pointed out that the small Zeeman energy invalidates the assumption that fractional
quantum Hall states when ν < 1 are fully spin-polarized [55]. The energy gap re-
sponsible for the appearance of the fractional quantum Hall effect is only a fraction
of the Coulomb energy and comparable to the Zeeman energy. As a result, many
fractional quantum Hall states are not necessarily fully spin-polarized. Chakraborty
and Zhang [56, 57] showed that for the ν = 2/5 fractional quantum Hall state, a spin
unpolarized phase has lower energy than the polarized one in the limit of small Zee-
man energy. The ground state of ν = 2/3 was also predicted by Xie et al. [58] to be
possibly spin-unpolarized. Transport measurements have confirmed that the electron
spin degree of freedom can indeed not be ignored despite the high magnetic field.
Transitions from spin unpolarized or partially polarized states to fully polarized ones
have been observed at many different fractional filling factors, including 8/5 [59],
4/3 [60], 2/3 [61], 3/5 [62], 2/5 (under hydrostatic pressure) [63], and others [64].

The composite fermion theory provides an intuitive picture to understand these
spin related phenomena ubiquitous in the fractional quantum Hall regime. Spin tran-
sitions occur whenever composite fermion Landau levels with different spin quantum
numbers cross. The orbital Landau level splitting ∆∗

c of composite fermions is de-
termined by the Coulomb energy and hence scales with the inverse of the average
interparticle distance or

√
ns . At fixed filling factor, this also implies that ∆∗

c grows
with

√
B. On the other hand, the Zeeman splitting depends linearly on the applied

magnetic field B. The different B-dependence of EC and EZ makes it possible to
vary the ratio η = EZ/EC simply by tuning the electron density ns (while simulta-
neously sweeping B to keep the filling factor ν = Φ0ns/B fixed). Energy levels with
different spin indices can then be brought into degeneracy. An example is shown in
Fig 12.4 for filling factor 2/3 or 2/5. At these filling factors, two levels are com-
pletely full. Each level is denoted by its orbital index (n = 0, 1, . . .) and spin (↑, ↓).
At low carrier density or magnetic field, the spin splitting is smaller than the Lan-
dau quantization energy. Levels (0 ↑) and (0 ↓) are filled and there is no net spin
polarization. As the density or magnetic field is increased, levels (0 ↓) and (1 ↑)
eventually cross since the Zeeman splitting rises more rapidly than the composite
fermion cyclotron energy does. Level (0 ↓) is emptied and the electronic system
becomes fully spin-polarized. The transition occurs at the transition field Btr where
η reaches a critical value. As the (0 ↓) and (1 ↑) levels approach, the energy gap
separating the filled and empty levels diminishes. We anticipate the quantum Hall
effect to disappear near the crossing. Indeed, in transport experiments, the Hall re-
sistance is no longer quantized and the longitudinal resistance no longer vanishes
[62, 65]. More direct evidence for changes in the spin polarization was obtained
from circular polarization resolved photoluminescence experiments [66] as well as
from resistively detected NMR studies [125]. Many of these transitions are also ac-

Similarly, lB ≃ 25.65/
√

B nm. The unit of B is Tesla in these equations. Here EZ does not
take into account exchange enhancement. For full spin polarization, for instance at ν = 1, the
Zeeman energy for transport can be one order of magnitude larger, which is still much smaller
than other energy scales.
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Fig. 12.4. The crossing of composite fermion Landau levels due to the competition between
the Coulomb energy and the Zeeman energy. Shown here is the case for two filled composite
fermion Landau levels, i.e., electron filling factor 2/(4p ± 1), p = 1, 2, . . . . At B < Btr (or
equivalently ns < ntr) , the electron spin polarization P = 0 with levels (0 ↑) and (0 ↓)

filled; whereas at B > Btr, (0 ↑) and (1 ↑) are occupied, and P = 1

companied by hysteresis and other phenomena that appear in conventional magnetic
materials. It has been shown that the physics at crossings of Landau levels with dif-
ferent quantum numbers can indeed be described in the language of quantum Hall
ferromagnetism [69].

Landau level crossings for integer fillings are not possible by simply tuning the
carrier density, because both the electron cyclotron energy and the Zeeman energy
are proportional to B. However, by applying an in-plane magnetic field in addition
to the perpendicular component B, it is possible to align two electron Landau levels
with different spins in the integer quantum Hall regime. To first order the in-plane
field leaves the electron cyclotron energies unaltered. However, the Zeeman energy
increases, since it is determined by the total magnetic field Btot rather than just the
perpendicular field component B. Hence, if the field is not perpendicular to the 2D
plane, EZ should be written as g∗µBBtot. Because the Zeeman splitting is two or-
ders of magnitude smaller than the electron cyclotron energy in GaAs, large in-plane
magnetic fields or tilt angles close to 90◦ are needed to produce a level coincidence
(See, for instance, [69]). As a consequence, studies of the spin physics associated
with level crossings in single layer GaAs based 2D electron system have been mainly
restricted to fractional quantum Hall states.5

Despite the irrelevance of level coincidences, the spin degree of freedom does
play an important role in GaAs even in the integer quantum Hall regime. Due to the
exchange interaction between the electrons, energy gaps at odd integer fillings can
be one order of magnitude larger compared to the single-particle Zeeman gap [32].
The ground state at filling ν = 1 is a ferromagnet with all electron spins aligned

5 In SiGe based 2D electron systems, such coincidences can be achieved at much smaller tilt
angles due to the larger electron g-factor and effective mass [166].
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with the magnetic field. This should come as no surprise. However, it has also been
shown that all the spins would remain polarized by the exchange interaction even
in the limit of vanishing Zeeman energy [18].6 Like in conventional ferromagnets,
spin wave excitations are present in such quantum Hall ferromagnets. As will be
discussed in detail later, this ferromagnet also has gapless excitations that can lead to
an enhanced interaction between the electron spins and the nuclear spin subsystem
of the GaAs host.

Compressible states such as the ν = 1/2 and 1/4 composite fermion Fermi seas
also exhibit rich spin physics [66, 70]. Depending on the relative strength of EC

and EZ, the composite fermion Fermi sea at filling ν = 1/2 and other even de-
nominator fractional fillings can be either partially or fully spin polarized. This has
important implications for the nuclear–electron spin interaction (see Sect. 12.3.6).

In short, phenomena related to the electron spin degree of freedom are abundant
in the quantum Hall regime. This rich variety of spin related states is available in a
single sample at the turn of a voltage knob. The gate voltage allows to tune the density
or filling factor. We will demonstrate that the existence of gapless spin excitations or
the presence of overlapping continuous energy spectra for spin-up and spin-down
populations for some of these states provides ample opportunities to control and
manipulate the interaction with the nuclei of the GaAs crystal hosting the 2D electron
system.

12.1.3 Nuclear Spins in GaAs-Based 2D Electron Systems

The nuclei contained in the GaAs crystal which hosts the 2D electron system (two
gallium isotopes 69Ga and 71Ga, and 75As) all have nuclear spin I = 3/2 (see Ta-
ble 12.1 for more information). Owing to their large masses, the magnetic moments
of nuclei µN = γnh̄I are typically about three orders of magnitude smaller than
that of an electron. Nuclear spins interact with each other via magnetic dipole–
dipole interactions or indirectly through the interaction mediated by surrounding
electrons [71]. These interactions are, however, extremely weak, so that ferromag-
netic or antiferromagnetic ordering of the nuclear spins is not possible unless cool-
ing brings the spin temperature of the nuclei below ∼10−7 K [75]. In most cases,
we only need to consider nuclear paramagnetism. At thermal equilibrium, the spin
population follows the Boltzmann distribution. One finds that the nuclear spin polar-
ization, defined as PN = 〈I 〉/I , can be described by the Brillouin function BI(x),
with x = Iγnh̄Btot/(kBT ). If the temperature is not too low (kBT ≫ Iγnh̄Btot), PN

reduces to the Curie law of the following form:

PN =
〈I 〉
I

∼=
γnh̄(I + 1)Btot

3kBT
, (12.8)

where kB is the Boltzmann constant.

6 Similar arguments can also be applied to fractional fillings ν = 1/m, where m is an odd
number. For example, at ν = 1/3, the ground state is a quantum Hall ferromagnet with electron
spin polarization P = 1.
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Table 12.1. Properties of the three types of nuclei in GaAs. The natural abundance and the
gyromagnetic ratio data are cited from [76]. AH and bN are based on the evaluation of |u(0)|2
by Paget et al. [77]

69Ga 71Ga 75As
Spin quantum number I 3/2 3/2 3/2
Natural abundance xn 60.108% 39.892% 100%
Reduced gyromagnetic ratio 1

2π
γn (MHz/T) 10.2478 13.0208 7.3150

γnh̄/µB (×10−3) 0.732 0.930 0.523
γnh̄/kB (mK/T) 0.492 0.625 0.351
|u(0)|2/v0 (1025 cm−3) 5.8 5.8 9.8
Hyperfine constant AH (µeV) 38 49 46
Full polarization nuclear field bN (T) −1.37 −1.17 −2.76

Hyperfine Coupling

Apart from interacting with their neighbors, nuclear spins also interact with electrons
in their surrounding via the hyperfine interaction (see Chaps. 1 and 11).

For GaAs/AlGaAs based 2D electron systems, the hyperfine interaction is essen-
tially just the Fermi contact interaction between the nuclei and the s-type conduction
band electrons. The corresponding Hamiltonian is written as

HHF = AH
∣

∣Φ(r)
∣

∣

2
v0I · S, (12.9)

with

AH ∼=
4µ0

3

µBγnh̄

v0

∣

∣u(0)
∣

∣

2
. (12.10)

Here AH is the hyperfine coupling constant, µ0 the magnetic constant, |Φ(r)|2 the
amplitude of the envelope of the electron wave function which satisfies
∫

|Φ(r)|2 d3r = 1, v0 the volume of the crystal unit cell, and |u(0)|2 the dimen-
sionless Bloch amplitude of the electron wave function at the site of the nucleus with
the normalization condition

∫

|u(r)|2 d3r = v0 [78]. For s-electrons, |u(0)|2 is quite
large (on the order of ∼103 for Ga and As) due to the sharp maxima in the electron
density at the nuclear sites. Consequently, AH is about 40–50 µeV (see Table 12.1).

The hyperfine Hamiltonian can also be expressed in terms of raising and lowering
operators:

HHF ∝ AHI · S =
AH

2

(

I+S− + I−S+)

+ AHIzSz, (12.11)

where the first term is called the spin flip–flop term. It describes spin transfer between
the electron and the nucleus while conserving total spin. The electron flips its spin
while the nuclear spin is reversed in the opposite direction. This dynamic term is re-
sponsible for many processes including electron spin decoherence [78], nuclear spin
relaxation [75, 78], and dynamic nuclear spin polarization [78]. When nuclear spins
are driven out of thermal equilibrium, the flip–flop process may provide a channel
for nuclear spins to equilibrate provided total energy can be conserved. In a magnetic
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field, the large mismatch in the Zeeman energies of electrons and nuclei may prevent
flip–flop processes because energy conservation is hard to fulfill. In many systems,
such as normal metals, the hyperfine flip–flop process plays a dominant role in nu-
clear spin relaxation. Conversely, if nonequilibrium electron spins are generated, the
spin flip–flop process can dynamically polarize the nuclear spins. Many techniques,
such as optical pumping [79], electron spin resonance (ESR) [80], electrical injection
from ferromagnets [81], etc., exploit flip–flop processes to dynamically polarize the
nuclear spin subsystem.

The static part of the hyperfine interaction, described by the second term in
(12.11), can be regarded as a change in the Zeeman energy of electrons when the nu-
clei are spin polarized, and vice versa. For polarized nuclei, the change in the electron
Zeeman energy can be quantified in terms of an additional effective nuclear magnetic
field BN acting on the electron spin. The contribution to the electron Zeeman energy
can then be written as gµBS · BN. This is manifested in ESR experiments as an
Overhauser shift in the electron spin precession frequency ∆fOvh. = gµBBN/h.
Summing up contributions from all three types of nuclei in contact with the electron
wave function, we obtain

BN =
3

∑

i=1

bN,i

〈Ii〉
I

, (12.12)

with

bN,i =
4µ0

3

Ii

g
γn,i h̄ρn,i

∣

∣ui(0)
∣

∣

2 =
AHIxn,i

gµB
. (12.13)

Here, ρn,i = xn,i/v0, and xn,i is the natural abundance of the ith type of nuclei.
Because of the contact type interaction and the reduced electron g-factor, BN can be
as large as 5.3 T in GaAs (see Table 12.1).

Similarly, polarized electrons act on the nuclear spins. The corresponding effec-
tive magnetic field for the nuclei equals

Be = be〈S〉, (12.14)

with

be = −
4µ0

3
neµB

∣

∣u(0)
∣

∣

2
, (12.15)

where ne is the 3D electron density. For a 2D electron system confined in a quantum
well or a heterostructure, it is more convenient to write be as

b2D
e = −

4µ0

3
nsµB

∣

∣u(0)
∣

∣

2∣
∣φ(z)

∣

∣

2
, (12.16)

where
∫

|φ(z)|2 dz = 1 and φ(z) is the 1D envelope of the electron wave func-
tion of the lowest sub-band of the potential well forming the 2D electron system.
As a first order approximation, |φ(z)|2 ∼ 1/w, and w is the width of the enve-
lope of the electron wave function in the growth direction. Consequently, Be can
be increased by using narrower quantum wells. For a typical 2D electron system,
ns ∼ 1011 cm−2, Be is quite small (on the order of 10−3 T) even for full electron
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spin polarization. Nevertheless, Be can be detected and is referred to as the Knight
shift Ks = γnBe/(2π) in nuclear magnetic resonance (NMR) experiments. A mea-
surement of the Knight shift has turned into a very powerful method for determining
the electron spin polarization.

Nuclear Spin Relaxation in High Magnetic Fields

As mentioned earlier, there is a large mismatch of a factor of ∼103 between the Zee-
man energies of electrons and nuclei. In order to satisfy energy conservation during
spin flip–flop processes, this difference in the Zeeman energy must be compensated
for by for instance a change in the kinetic energy of the electrons. In a 3D normal
metal, the energy conservation requirement is easily fulfilled, since the energy spec-
trum of both spin-up and spin-down electrons is continuous. As a result, nuclear spin
relaxation can take place efficiently via the Fermi contact flip–flop mechanism. The
spin relaxation time T1 is given by [82]

T −1
1 =

π

h̄
A2

Hv2
0

∣

∣Φ(r)
∣

∣

4
∫

D↑(ε)D↓(ε)f (ε)
[

1 − f (ε)
]

dε, (12.17)

where f (ε) is the Fermi–Dirac distribution function, and D↑(ε) and D↓(ε) are the
density of states for spin-up and spin-down electrons, respectively. In the low tem-
perature limit (kBT ≪ εF), (12.17) simplifies into

T −1
1 =

π

h̄
A2

Hv2
0

∣

∣Φ(r)
∣

∣

4
D↑(εF)D↓(εF)kBT , (12.18)

where εF is the Fermi energy. Korringa [83] found that T −1
1 for metals with nonin-

teracting electrons can be rewritten in a more convenient form

T −1
1 =

4π

h̄

(

γn

γe

)2(
Ks

f0

)2

kBT , (12.19)

with γe = e/me the gyromagnetic ratio of the electrons, and f0 = 1
2π

γnB the reso-
nance frequency of the nuclei. Equation (12.19) is often referred to as the Korringa
relation. For a 2D electron system, T −1

1 can be written in an analogous form

T −1
1 = 16π3h̄

(

Kmax
s

ns

)2

D↑(εF)D↓(εF)kBT , (12.20)

where Kmax
s is the Knight shift for a fully spin polarized 2D electron system. The

influence of the envelope of the electron wave function φ(z) is included in Kmax
s .

For a 2D electron system subjected to a strong magnetic field, it is no longer
obvious that energy conservation for the flip–flop processes can be fulfilled through
a change in the electron’s kinetic energy, because of the discretization of the sin-
gle particle energy spectrum into a ladder of spin split Landau levels. The nuclear
spin and electron spin subsystems become well decoupled. A strong suppression of
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Korringa-like spin relaxation results and long T1 times are anticipated. Nevertheless,
the longest T1 in the quantum Hall regime reported so far are only on the order of
103 s. It suggests any of the following possibilities: (1) There exist nuclear spin relax-
ation mechanisms that do not rely on the hyperfine flip–flop scattering but rather on
electron spin–orbit coupling [84]; (2) Hyperfine flip–flops take place but are assisted
by other mechanisms that can compensate for the Zeeman energy mismatch [73, 85,
86]; (3) The contribution of nuclear spin diffusion is not separately determined in the
measurements of the nuclear spin relaxation rate, which causes an overestimation
of T −1

1 .

Nuclear Spin Diffusion

In a sample containing a 2D electron system, the active device volume where the
electron wave function is non-zero only amounts to a nanometer sized region. There-
fore, the number of nuclei affected by the electron system is negligible in comparison
with the nuclei in the surrounding bulk. These few nuclear spins do however interact
with the nuclei in the bulk via the magnetic dipole–dipole interaction. As described
in Chaps. 1 and 11, the dipolar interaction between nuclei is responsible for nuclear
spin diffusion. In case of the 2D electron system, only those nuclei inside or near the
active device region are of interest. Nuclear spin diffusion is then important if there
exists a non-equilibrium nuclear spin polarization in the active region. This nuclear
spin polarization may get diluted by sharing it with the vastly larger number of nuclei
in the surrounding bulk. Nuclear spin diffusion has been observed in many systems
where a nuclear spin polarization was generated only locally [88, 89].

12.2 Experimental Techniques

The technique most frequently used to investigate nuclear spin phenomena is nuclear
magnetic resonance (NMR). The sample is exposed to a steady magnetic field Bz. In
addition, a magnetic field alternating in the x–y plane at a radio frequency (RF) f is
applied. When the splitting of the nuclear spin levels for any of the nuclear species
coincides with the incident RF radiation, i.e., f = γnBz/(2π), resonant absorption
occurs and can be detected by the NMR electronics. The hyperfine interaction be-
tween the nuclei and the surrounding electrons may cause shifts in the resonance
frequency from the value expected of the bare Zeeman splitting. These shifts provide
valuable information about the electronic and chemical structure of the material at
hand. The sophisticated pulse sequences, which have been developed during the past
decades, can be exploited to measure the nuclear spin dynamics [90], as well as to
manipulate the nuclear spins for quantum information processing [91, 92].

Unfortunately, traditional NMR techniques still lack the required sensitivity to
detect the small number of nuclei interacting with the itinerant electrons of a single
2D layer.
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One possible approach to improve the sensitivity of conventional NMR is to in-
crease the nuclear spin polarization away from its equilibrium value. This will en-
hance the free induction decay signal in the RF coils. Dynamical nuclear polariza-
tion has been accomplished via electron spin resonance (ESR) [80], through optical
pumping of spin polarized electrons [79, 93], or electrically by inducing spin flip–
flop scattering between edge channels [94] or in the fractional quantum Hall regime
where two phases with different electron spin configurations co-exist (i.e., at the
ν = 2/3 spin phase transition; see Sect. 12.3.4) [95–97]). In all these cases, it has
been demonstrated that a large nuclear spin polarization can be generated. Still, an
intrinsic problem to conventional NMR is that it probes not only those nuclei inter-
acting with the 2D electron layer, but also the vastly larger number of nuclei of the
surrounding bulk.

An alternative with excellent sensitivity to selectively probe only those nuclear
spins interacting with the 2D electron layer relies on the effective Zeeman effect
these nuclear spins exert via the hyperfine interaction. As discussed in Sect. 12.1, the
nuclear field modifies the Zeeman energy of the electrons. A change in the Zeeman
energy may leave strong signatures in the measured resistivity of the 2D electron
system [94–100]. Examples include the resistance in the flanks of the ν = 1 quantum
Hall state [98, 100], near the spin-transition at fractional filling factor 2/3 [95–97],
and when edge channel scattering between edge channels of opposite spin occurs
[94, 99]. Though electrical detection is convenient and sensitive, it should be kept
in mind that, in contrast with traditional NMR, it does not measure the nuclear spin
polarization directly.

In traditional NMR, determining T1 is straightforward: One simply needs to fit
the data to the following exponential decay function:

PN(t) = P
0
N + ∆PN exp

(

− t

T1

)

, (12.21)

where PN(t) is the time evolution of nuclear spin polarization, and P0
N the equilib-

rium nuclear spin polarization. For a measurement of the nuclear spin relaxation time
T1 using resistive detection, complications may arise because the change in resis-
tance (∆R) is not necessarily proportional to the change in nuclear spin polarization
(∆PN).

Nuclear spins can also be detected with optical means, either by extracting the
spin polarization from circular polarization resolved photoluminescence [79] or by
Faraday/Kerr rotation [90, 101]. These methods have been demonstrated for III–V
semiconductors at liquid-helium temperatures, but have not yet been extended to
quantum Hall systems at dilution refrigerator temperatures. Also the developments
in magnetic force resonance microscopy [102] may eventually provide a valuable
tool to study nuclear spins in quantum Hall regime with high sensitivity and spatial
resolution.



362 Y.Q. Li and J.H. Smet

12.3 Nuclear Spin Phenomena in the Quantum Hall Regime

One of the marvellous aspects of quantum Hall physics is that a large variety of
spin related electronic states can be accessed in a single sample. This gives us some
unique opportunities to tailor the spin interactions between the electrons and the
nuclei and to develop novel recipes or procedures to manipulate and detect nuclear
spins. A measurement of the nuclear spin polarization in turn provides a very useful
probe of the spin polarization of the electronic states. Here we review some of the
recent work on the interaction of the 2D electron system with the nuclear spins in the
quantum Hall regime.

12.3.1 The Role of Disorder

As pointed out previously, in the quantum Hall regime the large mismatch between
the Zeeman energy of the nuclei and the electrons must be overcome in order for flip–
flop processes to occur. The Landau quantization of the kinetic energy of the elec-
trons prevents this mismatch to be compensated for by a corresponding change in the
electron’s kinetic energy. As a consequence, nuclear spin relaxation via the contact
hyperfine interaction would normally be entirely suppressed in an ideal 2D electron
system, in which disorder is absent and the energy spectrum is discrete [103]. In real
samples however, the electrostatic potential from the randomly distributed impurities
broadens the Landau levels. In particular, at low magnetic fields, electron states with
different spin indices may overlap and allow for Korringa like spin relaxation.

The first measurement of the nuclear spin relaxation time T1 in a 2D electron
system was reported by Berg and co-workers [73, 80]. In their experiments, the elec-
tron spin subsystem is driven out of equilibrium by illuminating the sample with
microwave radiation whose frequency matches the energy spacing between the Zee-
man split Landau levels, i.e., h̄ω = gµB(Btot +BN). Here, BN is included to account
for a possible non-zero nuclear spin polarization due to low temperatures or dynamic
nuclear spin polarization. The excited electrons may relax back. The reversal of their
spins to the original state can proceed via flip–flop processes with nuclei if energy
conservation can be fulfilled for instance in the presence of disorder broadening. As
a result the nuclear spin subsystem becomes dynamically polarized. A nuclear spin
polarization as high as PN ≃ −8% has been achieved in this manner. This polariza-
tion corresponds to an effective nuclear field BN of more than 0.4 T. It acts back on
the electron spin subsystem and shifts the electron spin resonance frequency.

The resonant absorption of the incident microwave radiation heats up the elec-
tronic system. The increased temperature [104], as well as any changes in the Zee-
man energy due to dynamic nuclear spin polarization, influence the resistance. This
is the basis for resistively detected ESR. Close to odd-integer fillings, the change
in the resistance can be understood at a qualitative level from the Arrhenius type
T -dependence. These ESR experiments obtain a g-factor close to the value of bulk
GaAs (g = −0.44). ESR involves no momentum transfer and hence probes the prop-
erties of spin-flip excitations in the limit q → 0, where their energy is immune to
Coulomb interaction phenomena. It therefore simply equals the bare Zeeman energy.
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Fig. 12.5. Longitudinal resistivity ρxx (top) and nuclear spin relaxation rate 1/T1 (bottom) as
a function of the applied magnetic field. The integer filling factors have been marked in the

top panel. Relaxation rates in the bottom panel were obtained from resistively detected ESR
measurements. The line is the theoretical curve describing the disorder mediated nuclear spin
relaxation in the quantum Hall regime. Reprinted from [73]

In contrast, thermally activated transport studies may yield a strong filling factor de-
pendent enhancement for states with large electron spin polarization. Transport re-
quires charge separation and hence reveals the spin flip excitation energy in the limit
q → ∞ instead.

From the shift of the ESR-frequency as a function of time, it is possible to ex-
tract the time dependence of BN (which is proportional to PN) and to determine the
nuclear spin relaxation time T1. Figure 12.5 summarizes the results obtained by Berg
et al. [73]. The nuclear spin relaxation rate T −1

1 is plotted as a function of filling fac-
tor. The filling factor dependence is very pronounced and exhibits some similarity
to the filling factor dependence of the longitudinal resistivity ρxx. These data sug-
gest some correlation between the electronic states, which develop at different filling
factors, and the interaction strength between the electron and the nuclear spins. The
observed filling factor dependence of the relaxation rate can be explained at least at
a qualitative level with a theoretical model which considers both disorder mediated
flip–flop processes and the exchange enhanced Zeeman splitting [73, 105, 106]. As
an illustration, consider integer filling ν = 3. At this filling the relaxation rate reaches
a minimum and takes on a value of ∼10−3 s−1. The overlap between the disorder-
broadened Landau levels (1 ↑) and (1 ↓) indeed reaches a minimum at filling 3 when
the Fermi level lies in the middle of the Zeeman gap. This minimum would however
not be observable for the disorder strength encountered in the experiment of Berg et

al. if exchange enhancement of the Zeeman splitting were absent.
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12.3.2 Edge Channel Scattering

In the previous section, we learned that the relaxation of a non-equilibrium electron
spin population, which has been created by ESR, can dynamically polarize nuclear
spins via the hyperfine flip–flop process. However, even without incident microwave
radiation, it is possible to dynamically polarize the nuclei. Here an example will
be discussed where only a dc-bias voltage generates nuclear spin polarization. It is
based on electron spin flip scattering between spin-resolved edge channels [89, 94].

The device, which was used in [94], is depicted in Fig. 12.6. It consists of a
rectangular shaped mesa of the 2D electron system, three ohmic contacts (denoted
as electrodes 1, 2, and 3) and two quantum point contacts defined by split-gates
A–B and A–C, respectively. The filling factor in the bulk is set to 2 by applying an
appropriate perpendicular magnetic field B, so that in the bulk of the sample the two
lowest Zeeman split Landau levels (0 ↑) and (0 ↓) are completely filled, and two
edge channels with opposite spins run along the boundaries of the sample. The bias
voltages applied to split gates A, B, and C are tuned such that the outer (spin-up)
edge channel is fully transmitted by both quantum point contacts, while the inner
(spin-down) edge channel is completely reflected.

Now let us consider the case where electrode 1 is biased with voltage V, whereas
electrodes 2 and 3 are grounded. Electrode 3 is grounded via a transimpedance am-
plifier. It allows to measure the net current flowing through this contact. The net
outgoing current from electrode 1 is carried by the outer edge channel with spin-up
due to the filtering effect of quantum point contact A–B and this outer edge channel
is filled up to the applied electrochemical potential −eV . It runs along the bound-
ary of split gate A. Both edge channels emanating from electrode 3 are at zero bias
voltage. The inner channel with downward spin is reflected at quantum point con-
tact A–B and runs alongside the outer edge channel with opposite spin in the corner
defined by split gate A. If no scattering occurs between the inner and outer channel
running in the corner of split gate A, current originating from electrode 1 will be
drained entirely through electrode 2 and no current is detected at electrode 3. If scat-
tering does occur, a current will be detected at electrode 3. Scattering from one edge
channel into the other edge channel requires a reversal of the electron spin. The spin
reversal may take place with the assistance of nuclear spins and dynamic nuclear spin
polarization is expected. The resulting nuclear spin polarization is confined locally
to the region where the two edge channels are in close proximity. I–V characteristics
indeed confirm this scenario. An example is shown at the bottom of Fig. 12.6 and is
discussed below in some detail.

As mentioned in Sect. 12.1.1, edge channels acquire a finite width due to screen-
ing. For each edge channel a compressible region appears and two adjacent com-
pressible regions are separated by an incompressible region. The situation at equilib-
rium, i.e., at zero bias voltage, is depicted in level diagram (a). Both compressible re-
gions have the same electrochemical potential. The situation is very different if edge
channels are filled up to different electrochemical potentials. In particular, an asym-
metry develops between forward bias and reverse bias. For forward bias (V > 0), the
electrochemical potential of the outer edge channel, ϕ = −eV , is lowered. Conse-
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Fig. 12.6. Upper left panel: An edge channel spin diode. Upper right panel: energy level di-
agram for no bias (a), positive (b) and negative bias voltage V (c). Bottom panel: Current
measured at electrode 3 as a function of the applied bias voltage. At zero bias voltage, an
incompressible strip (sloped region with filled states) separates the two partially filled com-
pressible regions (flat regions with grey filled dots at the Fermi level EF) that belong to the
levels with opposite spin orientation. For positive bias voltage (b in right panel at the top),
the incompressible strip narrows and a large increase in the current is observed when eV

exceeds the Zeeman energy. At reverse bias, the width of the incompressible strip increases
and interedge scattering is initially suppressed. At sufficiently high voltage, however, electron
tunneling between the two compressible regions takes place as the spatial separation between
filled and empty states shrinks. Reprinted from [94]

quently, the incompressible strip becomes narrower. When |ϕ| exceeds the Zeeman
energy EZ = g∗µBBtot, the incompressible strip is eliminated. States in the upper
level with a strong spatial overlap with partially filled states in the lower level get
filled. The overlap enhances the probability for interedge channel scattering. It re-
sults in a large increase in current. Conversely, for reverse bias voltages (V < 0), the
width of the incompressible strip increases and edge channel scattering is suppressed
for small reverse bias. At large reverse bias voltages, however, tunneling to empty
states in the upper level may take place, since the spatial gap between states with the
same energy, but belonging to different levels, shrinks. The energy level diagrams to
some extent remind of a conventional p–n junction. The resulting I–V characteristic
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in Fig. 12.6 indeed resembles that of a p–n junction.7 It is nonlinear and asymmetric
with the polarity of the bias voltage. When recording the I–V characteristic, one can
sweep the bias voltage either up or down. Comparing the data acquired during both
sweep directions reveals strong hysteretic behavior. The appearance of hysteresis is
an important piece of evidence for the involvement of nuclear spins.

The scattering of electrons between the two edge channels requires spin rever-
sal. The hyperfine flip–flop process may help in accomplishing spin reversal. Nuclei
become polarized and act back on the electron spin subsystem by modifying the elec-
tron Zeeman energy, EZ = g∗µB(Btot + BN). The threshold voltage for conduction
in forward bias direction will move to higher voltages for positive BN and to smaller
voltages otherwise. The resulting changes in the I–V characteristic may be exploited
to detect the degree of nuclear spin polarization PN. For forward bias, scattering of
the electrons from the (spin-down) inner channel into the (spin-up) outer channel
causes a positive BN (corresponding to PN < 0). The larger the forward bias, the
higher the spin scattering rate will be, and thus a larger BN is expected. At a certain
bias voltage, the nuclear field BN will be larger, if this bias voltage is approached by
sweeping from positive to negative bias voltages than if the sweep started from neg-
ative values. This is true unless the voltage is swept extremely slowly so that either
the nuclear spin polarization saturates or a stationary state is reached for every bias
voltage. Because of the slow time scales on which the interactions with the nuclei oc-
cur, hysteresis is commonly observed. The different current observed during upward
and downward sweeps can therefore be attributed to the difference in the Zeeman
gap caused by BN. Similar arguments can also to be applied to explain the hystere-
sis for reverse bias. Dixon et al. estimated a PN as high as ∼85% (corresponding to
BN ∼ 4 T) from the changes in the I–V characteristics in Fig. 12.6.

Würtz et al. [99] also studied the nuclear–electron spin interaction in a device
with spin-resolved edge channels. A different device geometry enabled them not only
to generate a large degree of nuclear spin polarization by creating a voltage difference
between adjacent edge channels as Dixon and others did, but they were also able to
detect the reverse effect. A voltage output appeared due to a local nonequilibrium
in the nuclear spin polarization initially created by dynamical nuclear polarization.
The device arrangement was coined a hyperfine battery. According to their model,
the output voltage of the hyperfine battery is directly linked to the degree of nuclear
spin polarization: Vout = −g∗µBBN/e. Hence, recording this voltage represents an
alternative method to measure the local nuclear spin polarization. When optimizing
the pump current, they were able to obtain an output voltage of Vout = 0.32 meV,
from which they deduced an effective nuclear field of BN ≈ 5.2 T, or nearly full
nuclear spin polarization.

Dynamic nuclear polarization induced by interedge channel scattering and the
ability to detect the change in the nuclear spin polarization in edge channel transport

7 An earlier version of the spin diode in the quantum Hall regime was reported by Kane et al.
[107]. In that device, electron spin scattering between regions of different filling factors (ν > 1
and ν < 1) was held responsible for dynamic nuclear spin polarization and the accompanied
observation of hysteresis in the I–V curves.
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devices were exploited by Machida et al. to demonstrate coherence of the nuclear
spins [108]. In their experiments, pulsed NMR sequences were applied locally with
a strip-line geometry in the region where edge channel spin scattering occurred. The
nuclear spin decoherence time T2 was estimated to be 80 µs using a spin-echo mea-
surement, in agreement with theory (see Chap. 1). Machida et al. [109] also extended
the work to spin-resolved edge channels in the fractional quantum Hall regime. Based
on the polarity of the nuclear polarization, the electron spin polarization of different
fractional quantum Hall edge channels was inferred.

12.3.3 Skyrmions

At filling factor ν = 1, the exchange interaction between electrons leads to full
electron spin polarization even in the limit of vanishing Zeeman energy [18]. All
electrons reside in the lowest spin-split LL (0 ↑) and their spins are aligned parallel
to the magnetic field. This ground state is often referred to as a quantum Hall fer-
romagnet. In the single particle picture, an extra electron added to the system must
reside in the next spin-split Landau level (0 ↓). A large exchange penalty has to be
paid for having a single electron with opposite spin, since all available electron states
are occupied in the (0 ↑) Landau level. The interacting 2D system is capable of low-
ering the required energy through a more complex rearrangement of the electrons
among these two levels. A vortex-like spin texture is formed instead. The spin at its
center is opposite to the applied magnetic field and gradually reverses towards the
perimeter [18, 110–112]. This type of spin texture, which still carries a single unit of
electron charge, −e, but may involve flipping more than one electron spin, is called
a skyrmion due to its mathematical connection to a topological soliton solution of
the Skyrme Lagrangian, which describes nuclear matter [113]. The energy required
to form a skyrmion can be about half of the exchange enhanced Zeeman energy re-
quired to flip a single electron spin. Analogously, anti-skyrmions carrying a charge
+e also exist because of particle-hole symmetry.

The size of the skyrmions is determined by the competition between the Coulomb
energy and the Zeeman energy. This competition is often characterized by the ratio
η = EZ/EC. For large η, the Zeeman energy is dominant and the skyrmion reduces
to a single spin flip as in the independent electron picture. In the opposite limit, i.e.,
η → 0, the size of the skyrmions becomes infinite. In a typical GaAs based 2D
electron system, the skyrmions spread over a limited range only, and a finite but
small number of spins (s > 1) are reversed. The first evidence for the existence
of skyrmions was provided by Barrett et al. using an optically pumped NMR tech-
nique [19]. These experiments were performed on multiple quantum well samples in
order to be sufficiently sensitive to the physics of the 2D electron layers. The exper-
iment is based on (12.14). The Knight shift of the NMR resonances can be used to
deduce the spin polarization of the 2D electron system. As shown in Fig. 12.7, the ex-
perimentally observed Knight shift decreases much more rapidly as the filling factor
deviates from ν = 1 than expected for the independent electron picture (s = 1). Fit-
ting the data near ν = 1 yields s = 3.6, i.e., for each added electron charge, 3.6 spins
are flipped instead of just one, consistent with theoretical calculations. In addition,
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Fig. 12.7. Filling factor dependence of the Knight shift (left, circles) and the nuclear spin
relaxation rate T −1

1 (right, circles and triangles) obtained with an optically pumped NMR
technique. In the left panel, the solid line is calculated based on the independent electron
picture (s = 1), and the dashed line corresponds to s = 3.6, i.e., the reversal of 3.6 spins
per electron charge added or extracted from the ν = 1 quantum Hall ground state. Reprinted
from [19, 93]

temperature dependent transport studies in tilted magnetic fields [114], and polariza-
tion resolved optical absorption measurements [115] further support the existence of
skyrmionic excitations in the 2D electron system near ν = 1.

Besides their static Zeeman effect on nuclear spins, skyrmions also significantly
alter the physics of the nuclear spin relaxation. As one moves away from filling
ν = 1, a skyrmion or anti-skyrmion forms for each electron charge added or re-
moved. The density of skyrmions (or anti-skyrmions) is proportional to |1 − ν|. At
sufficiently large density and low temperature, skyrmions were predicted to organize
into a crystal at low temperatures [86, 116, 117]. Isolated skyrmions possess a rota-
tional symmetry associated with in-plane spin components. When forming a crystal,
this symmetry is broken. It leads to a gapless Goldstone spin-wave mode with a lin-
ear dispersion in the long wavelength limit. Without this gapless mode, the hyperfine
spin flip–flop process would remain suppressed, since the energy required to create a
single skyrmion is still three orders of magnitude larger than the energy involved in
flipping a nuclear spin. The gapless Goldstone mode of a Skyrme crystal may greatly
enhance the nuclear spin relaxation as it overcomes the large energy mismatch for
flipping an electron spin together with a nuclear spin. The resulting relaxation rate
T −1

1 was predicted to have a Korringa type temperature dependence and should fol-
low the same filling factor dependence as the skyrmion density: T −1

1 ∝ |1 − ν| [86].
This filling factor dependence seems to agree qualitatively with the results of the
optically pumped NMR measurements (up to |1−ν| = 0.1, see Fig. 12.7) [93]. Sim-
ilar results were also obtained from transport measurements, in which the nuclear
spin relaxation rate was detected resistively by using the properties of the spin tran-
sition near ν = 2/3 [96, 97] (see Sect. 12.3.4 for further details). This is a beautiful
example of how investigations of the nuclear–electron spin interaction may help in
identifying low energy or gapless collective excitations in the 2D electron system.
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Despite this qualitative agreement some experimental controversy still exists.
The Skyrme crystal is likely to melt into a liquid state when either the density of
the skyrmions or the temperature is raised sufficiently [117]. An enormous peak
in the specific heat at a temperature of 42 mK was attributed to this solid-to-liquid
transition [86, 118, 119]. The optically pumped NMR experiments were, however,
carried out at T = 1.5–4.2 K [93]. In this temperature range, melting should have oc-
curred and the skyrmions are anticipated to be in the liquid state. Yet, the relaxation
rate indicates the presence of the gapless Goldstone mode. Presumably, the gapless
spin-wave mode is still present as an over-damped mode [117]. The temperature de-
pendence of T1 also needs further investigation. Some have reported Korringa-like
behavior [120], while other work has asserted that the temperature dependence does
not obey the Korringa law [100]. New techniques that can measure T1 at ultra-low
temperatures, would be particularly helpful to clarify the issues regarding the Skyrme
crystallization and melting, or other phase transitions that skyrmions may undergo.

12.3.4 Nuclear–Electron Spin Interactions at ν = 2/3

Ising Ferromagnetism and Domains

Among the many fractional filling factors exhibiting a spin transition, filling factor
ν = 2/3 has attracted the largest attention. Within the composite fermion description
of the fractional quantum Hall effect, ν = 2/3 corresponds to having two filled spin
split composite fermion Landau levels. The energy spacing between two adjacent
Landau levels with the same spin is determined by the Coulomb interaction and
hence follows EC ∝ B1/2. The Zeeman splitting however is proportional with Btot.
As illustrated in Fig. 12.4, this difference in the functional dependence of EC and EZ

may give rise to a level crossing of the (0 ↓) and (1 ↑) levels at the transition field Btr.
Depending on the ratio η = EZ/EC, two different ground states are conceivable: a
spin-unpolarized ground state with the (0 ↑) and (0 ↓) levels completely filled when
η < ηtr = η(Btr), and a spin-polarized ground state when η exceeds ηtr for which
the (0 ↑) and (1 ↑) levels are occupied.

Experimentally, η can be varied either by tilting the magnetic field or by changing
the electron density while keeping the filling factor fixed. By altering η, the energy
gap of the ν = 2/3 fractional quantum Hall-state can be tuned. Figure 12.4 shows
that the energy gap for the spin unpolarized state decreases with increasing η, while
for the spin polarized state the gap grows with increasing η. The phase transition
occurs at η = ηtr when the gap vanishes. The fractional quantum Hall effect dis-
appears. The longitudinal resistance acquires a finite, non-zero value and the Hall
resistance is no longer quantized to the 2/3 plateau value. This has been confirmed
in numerous transport experiments including thermal activation studies [61, 62, 65,
97, 121, 122]. An example is depicted in Fig. 12.8(a) [65]. It shows a plot of Rxx

in the (ns ,ν)-plane. Following a line of constant filling factor ν = 2/3 from low to
high density, the system first condenses in the spin unpolarized ground state (↑↓),
then shows non-zero resistance, and finally the polarized ground state (↑↑) develops.
This reentrant fractional quantum Hall behavior can also be clearly seen in panel (b)
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Fig. 12.8. (a) Longitudinal resistance Rxx in the density versus filling factor plane. The color
scale corresponds to 0–2.5 k�. A non-zero Rxx at filling 2/3 signals the phase transition. The
two phases with spin polarization P = 0 and 1 are labeled with (↑↓) and (↑↑), respectively.
(b) Hysteresis in Rxx for ns ≈ 7.8 × 1010 cm−2 (dashed line sweep up; solid line sweep

down). The Hall resistance Rxy is shown for the sweep down only. (c) Time dependence of
Rxx after interrupting the field sweep. Reprinted from [65]

where a cross-section through the data at fixed carrier density has been plotted. This
graph also includes the Hall resistance. It deviates from its plateau value at the tran-
sition.

In [65], it was pointed out that the transport quantities in the vicinity of the
phase transition show hysteresis, as well as time-dependent behavior. An example
of hysteresis is shown in Fig. 12.8(b). The time dependent behavior is illustrated
in panel (c). The time dependence is logarithmic and exhibits a number of sudden
jumps reminiscent of the Barkhausen effect in conventional ferromagnets. These fea-
tures can indeed be understood when describing the phase transition in terms of Ising
ferromagnetism. In the integer quantum Hall regime, Jungwirth and co-workers [69]
investigated the physics for the analogous problem when two electron Landau levels
with different orbital indices and spins are brought into degeneracy. It was shown
that the quantum ferromagnetism language provides a proper description of such a
system. The transition is of first order nature and is accompanied by domain forma-
tion. Experimentally, transitions at ν = 2 and 4 [123] in double layers systems were
reported and successfully discussed within this framework. Even though little theo-
retical work has been performed in the fractional quantum Hall regime [124], it is
believed that the basic conclusions remain valid in this regime [63, 65, 69]. Hystere-
sis as well as the Barkhausen jumps can be accounted for when the system breaks up
into domains of different spin polarization.

Direct evidence for the co-existence of two types of domains was obtained from
resistively detected NMR experiments combined with conventional NMR [125]. The
details of how nuclear magnetic resonance can be detected in the resistivity of the
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Fig. 12.9. Resistively detected NMR spectra when driving either a large (a) or a small (b)
current through the sample. The upper left panels in (a) and (b) show the longitudinal resis-
tance as a function of filling factor when a high (a) or small (b) current is imposed through
the sample. The arrows indicate the direction of the filling factor sweep. The numbers indicate
the positions where resistively detected NMR was performed. These numbers also serve as
labels for the corresponding NMR spectra plotted in the bottom graphs. The abscissae of the
NMR spectra do not show the NMR frequency itself, but rather the degree of electron spin po-
larization. It was possible to determine the degree of electron spin polarization by calibrating
the NMR frequency in the absence of electron spin polarization (signal in conventional NMR
from the GaAs bulk crystal) and for full electron spin polarization at filling ν = 1/2 (with
resistively detected NMR). Two resonance lines corresponding to P = 0 and 1 are clearly
resolved near filling factor 2/3 for both low and high sample current. The panels at the top on
the right of (a) and (b) compare the ρxx value when the RF frequency is on and off-resonance.
Reprinted from [125]

sample will be described in Sect. 12.3.5. Conventional NMR on the GaAs substrate
was used to calibrate the resonance frequency in the absence of any electron spin
polarization. Subsequently, the maximum Knight shift for full spin polarization of
the 2D electron system was determined with resistively detected NMR by performing
the experiment at a filling factor for which the degree of spin polarization is well
understood. The authors choose filling factor ν = 1/2 to calibrate the maximum
Knight shift, where at sufficiently high values of the magnetic field or density, a sea of
composite fermions with fully aligned spins forms (see Sect. 12.3.6). Finally, NMR
spectra were recorded near filling factor 2/3 at densities where the spin transition was
observed in transport. These NMR spectra are shown in Fig. 12.9. Two resonance
lines were observed. Their frequencies correspond to the two extremes P = 0 and 1.
It represents unequivocal spectroscopic evidence for the co-existence of unpolarized
and fully spin polarized domains at ν ∼ 2/3.
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12.3.5 Resistively Detected NMR at ν = 2/3

As seen in Fig. 12.9, it is possible to exploit the properties of the ν = 2/3 spin tran-
sition for detecting the nuclear magnetic resonance in a straightforward resistance
measurement. At temperatures below 250 mK, the thermal nuclear spin polarization
PN is no longer negligible. The effective nuclear field relocates the position of the
phase transition, because it alters the ratio η = EZ/EC. The electron Zeeman en-
ergy is EZ = g∗µB(Btot + BN), while the Coulomb energy is unaffected by BN. For
small BN, the shift in the transition field, ∆Btr (with η(Btr) = ηtr), is approximately
−2BN.8 Cooling the sample, increases PN and hence shifts the transition to higher
values of the applied magnetic field (for fixed ν). Conversely, exposure of the sam-
ple to RF radiation in resonance with any of the nuclear spin precession frequencies,
scrambles the nuclear spin polarization and shifts the phase transition in the oppo-
site direction. Both cases have been observed in experiment [125, 126]. The peaked
behavior of the resistance near the transition allows resistive detection of the NMR.
If the incident RF radiation is on-resonance, the phase transition is relocated. When
monitoring the resistance at fixed field and density near the initial location of the
transition, the resistance will drop as the spin transition is relocated to lower values
of the magnetic field. Under off-resonance conditions, the transition remains at the
same density or field and the resistance remains unaltered. A number of NMR ex-
periments relying on this resistive detection scheme have been reported [65, 95, 97,
125] and have demonstrated a response for the 69Ga, 71Ga, or 75As nuclei. The 27Al
nuclei, which reside in the barrier confining the 2D electron system, have not been
detected, presumably due to the small overlap of the electron wave function with the
barrier region.

Current Induced Nuclear Spin Polarization

Transport through the landscape of domains with different spin polarization near
the spin transition at filling ν = 2/3 poses an intriguing problem. It has only been
addressed at a qualitative, hand-waving level. Disorder promotes the 2D electron
system to break up into domains with different spin polarization. Naively, one may
anticipate that the current carrying quasi-particles are forced into transiting the two
types of domains. A transition from one domain to the other requires the reversal of
the electron spin. In the vicinity of the level crossing, the energy involved for spin
reversal may be small. Provided spin–orbit coupling and acoustic phonon emission
do not dominate, spin reversal may take place with the help of the hyperfine inter-
action and a flop of a nuclear spin. Current flow may then polarize the nuclear spins
in a dynamic fashion. Presumably the nuclear spin polarization is initially confined

8 The composite fermion Landau levels (0 ↓) and (1 ↑) cross each other when Btot = Btr

with Btr satisfying αB1/2 = β(Btot + BN). Here B and Btot are the perpendicular and to-
tal magnetic field, respectively. It follows that Btr = 1

2 (B0
tr − 2BN + [(B0

tr)
2 − 4BNB0

tr]1/2),

where B0
tr = (α/β)2 cos θ . For BN ≪ B0

tr, ∆Btr = Btr(BN) − B0
tr ≃ −2BN. θ is the angle

between Btot and the sample surface normal.
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Fig. 12.10. Time dependence of the resistance (RSD) near filling factor ν = 2/3 after a field
sweep in a two-terminal device. The magnetic field sweep starts from ν = 1 and is interrupted
at ν = 2/3. RSD continues to change. The experiment is then repeated, but at times t1 and t2
all charge carriers are removed for 90 s by applying a suitable gate voltage. When the original
carrier density is restored, the resistance continues its descent from nearly the same value as
if the carrier depletion had never taken place. Reprinted from [96]

to the domain boundaries. The polarized nuclear spins act back on the electron spin
subsystem. The ratio η drifts away as the nuclear spins are dynamically polarized.
First indications for the importance of dynamic nuclear spin polarization near the
spin transition were obtained by Kronmüller et al. [127]. These authors observed a
large enhancement of the longitudinal resistance peak near ν = 2/3 when applying
a large current and using a low magnetic field sweep rate. The resistance peak was
accompanied by hysteresis and was time dependent on a slow time scale typical for
nuclear spin interactions. Subsequently, Kraus et al. [126] found that these features
remain observable even at T = 250 mK, at which the thermal nuclear spin polar-
ization can be ignored. Hashimoto et al. [97] also studied the influence of current
on the transport near ν ∼ 2/3, and also observed a similar enhancement in Rxx.
The enhancement of Rxx was attributed to local dynamic nuclear spin polarization
at the domain walls following the scenario described above. The resulting inhomo-

geneously polarized nuclear spins act as an additional source of disorder [125, 126].
Since the current induced local nuclear spin polarization modifies the local value
of η, the domain pattern may change as the nuclear polarization builds up. A micro-
scopic picture based on transport theory has however not been developed.

Storage Capability of Nuclear Spins

Carrier depletion experiments carried out in [96] and [97] have demonstrated that
the local nuclear spin polarization may store the domain configuration. Figure 12.10
shows an example. The resistance of the sample is plotted as a function of time.
Initially, the sample is at filling factor ν = 1. The magnetic field is swept up to filling
factor 2/3. Even though the field sweep is interrupted at filling 2/3, the resistance
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continues to change. The same experiment is then repeated, but at times t1 and t2 all
charge carriers are removed from the sample with a top gate. After a time interval of
90 s, the original electron density is restored. The resistance returns to almost exactly
the same value as before depletion and then continues its descent as if depletion had
never taken place. Only the nuclear spins can be invoked as the storage medium
for the domain configuration in the absence of charge carriers. During depletion,
electron mediated nuclear spin relaxation is interrupted because conduction electrons
are absent. This is a remarkable illustration of the storage capability of nuclear spins.
When the sample is refilled with electrons, the local nuclear field restores the domain
morphology, which existed prior to depletion.

Nuclear Magnetometry Based on the ν ∼ 2/3 Spin Transition

Techniques to study the nuclear spin dynamics comprise two crucial ingredients:
a scheme to detect the degree of nuclear spin polarization and an elegant way of
disturbing the nuclear spin subsystem reproducibly from its equilibrium or station-
ary state so as to elicit a time-dependent response. The subsequent recovery as a
function of time discloses the sought-after information. The transport properties at
the ν ∼ 2/3 spin transition lend themselves for accomplishing both tasks. A grad-
ual change in the polarization of the nuclear spins relocates the 2/3 spin transition.
This shift leaves a clear signature in the resistance when choosing a fixed working
point near the transition where a small change in EZ/EC induces a dramatic resis-
tance variation. Hence, a straightforward resistance measurement reveals informa-
tion about gradual changes in the degree of nuclear spin polarization.

The current induced nuclear spin polarization discussed above can be used to
generate a nonequilibrium nuclear spin population, whose recovery can subsequently
be monitored. Some examples of how to combine these effects into a powerful
method to study the nuclear spin relaxation are discussed below.

Example 1: Filling Factor Dependence of the Nuclear Spin Relaxation Rate

The nuclear spin relaxation rate as a function of filling factor was investigated across
a large filling range in [96] and [97]. Figure 12.11 summarizes the results of exper-
iments performed in [97]. By imposing a current at the ν ∼ 2/3 spin transition, the
nuclear spin subsystem was polarized until Rxx reached saturation. Subsequently, the
filling factor was set to a different value νtemp by varying the electron density with the
help of a gate. This filling factor was maintained for some time τ . The original filling
factor ν close to 2/3 was then restored, and the resulting change in the resistance,
∆Rxx, is measured. The time constant Tr extracted from fitting ∆Rxx as a function
of τ to an exponential decay function ∆Rxx(τ ) = ∆R0

xx[1 − exp(−τ/Tr)] is then
taken equal to the nuclear spin relaxation time T1. The relaxation rate obtained in this
manner is shown in Fig. 12.11 as a function of νtemp. The filling factor dependence
of T −1

1 is very pronounced and qualitatively in agreement with the results from op-
tically pumped NMR experiments [93]. At ν = 1, T −1

1 reaches a minimum. This is
expected from the suppression of the hyperfine flip–flop process due to the presence
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Fig. 12.11. Filling factor dependence of the spin relaxation rate T −1
1 obtained as described

in the text. In this experiment, nuclear spins are first dynamically polarized by driving a large
current through the sample at ν = 0.69. Subsequently, the nuclear spin subsystem is allowed to
relax at filling factor νtemp for a time τ before the original filling factor ν = 0.69 is restored.
The change in Rxx at ν = 0.69 after the excursion to filling νtemp for a time τ (∆Rxx)
is measured. Some examples for four different νtemp are shown in the left panel. The time
dependence ∆Rxx(τ ) reflects the nuclear spin relaxation. Fitting ∆Rxx(τ ) to an exponential
decay function ∆R0

xx[1 − exp(−τ/Tr )] yields the time constant Tr (left panel: symbols are
experimental data points, while dotted lines are the fits). The nuclear spin relaxation time T1
is assumed equal to Tr and is plotted in the right panel as a function of νtemp. Reprinted
from [97]

of a large energy gap for electron spin reversal. The two maxima, which appear in
the vicinity of—but away from—ν = 1, can be attributed to the gapless low energy
excitations of the skyrmion crystal, as discussed in Sect. 12.3.3. Similar results were
also reported in [96].

Example 2: Suppression of Skyrmion Enhanced Nuclear Spin Relaxation

Near filling 1, the exchange interaction favors the formation of skyrmion spin tex-
tures over single electron spin flips. The size of a skyrmion depends on the ratio
η = EZ/EC [111]. The Coulomb interaction attempts to spread the charge of a
skyrmion across an area as large as possible, but the Zeeman energy prefers to keep
the area small in order to reduce the number of spins flipped. In the limit of van-
ishing Zeeman energy (η → 0), the skyrmion size diverges and an infinite number
of spins is flipped. As η increases, skyrmions shrink in size and fewer number of
spins are reversed. In the limit of large Zeeman energy (large η), a single electron
spin flip is energetically more favorable. It is anticipated that the gapless Goldstone
mode associated with the Skyrme crystal, which forms due to interactions among the
skyrmions, will then disappear. As a result, the nuclear spin relaxation facilitated by
this gapless mode should be suppressed [86]. This has been confirmed experimen-
tally in [96]. The experiment is briefly described here.

The nuclear spin relaxation in this experiment is detected by measuring the resis-
tance at ν = 0.65. This resistance will be denoted as R0.65. η is varied by tilting the
sample, so the magnetic field is no longer perpendicular to the sample surface. The
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Fig. 12.12. Resistively detected dependence of the nuclear spin relaxation on η and ν. Here
R0.65 is the resistance at filling factor ν = 0.65 of a two-terminal device. The ratio η =
EZ/EC is changed by tilting the sample in situ to an angle θ with respect to the axis of a
superconducting magnet. The nuclear spin relaxation is investigated as a function of η and ν

by executing the measurement sequence depicted in the right panel. See the text for details.
Reprinted from [96]

measurement sequence and the results are depicted in Fig. 12.12. R0.65 is plotted as
a function of (ν, η). The following procedure was executed for each data point. The
electron system is allowed to relax at ν = 0.65 and zero tilt angle until the resis-
tance R0.65 has saturated. The saturation value is approximately equal to 0.3h/e2.
The sample is rotated to reach a certain value η. To avoid changes in the nuclear spin
polarization during rotation, the sample is depleted while rotating. After rotation,
the filling factor is then set to values between 0.7 and 1.4 for 45 s. The sample is
depleted again, rotated back and the original filling factor 0.65 is restored. The resis-
tance value is recorded immediately upon return to ν = 0.65. This value is plotted
in Fig. 12.12. The same experiment is repeated for different angles, i.e., values of η.

Nuclear spin relaxation during the excursion changes PN for some values of ν

and causes an increase in the resistance R0.65 upon return to ν = 0.65. The highest
resistance value (∼1.4h/e2) is obtained for filling factors ν near 0.9 and 1.1 for the
smallest values of η. This behavior can be attributed to the rapid nuclear spin re-
laxation mediated by the gapless Goldstone mode of a Skyrme crystal. The position
of the maximum nuclear spin relaxation rate is close to |1 − ν| = 0.1, in agreement
with the results from optically pumped NMR [93] (even though the experiments here
were carried out at T ≤ 50 mK, much lower than the temperatures in the NMR exper-
iments). As η increases, the filling factor range with high resistance values shrinks.
Eventually, R0.65 no longer exhibits any change for the filling factors covered by the
experiment. It suggests that the nuclear spin relaxation rate is no longer enhanced
for large η at any filling factor around ν = 1. At large η, the size of the skyrmions
shrinks and the interaction among skyrmions is too weak to bring about a Skyrme
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crystal. The associated gapless Goldstone mode which helps nuclear spin relaxation
vanishes [86].

Example 3: The Filling Factor Dependence of the Nuclear Spin Polarization

The previous examples focused on the nuclear spin relaxation as a function of filling
factor. The time dependent behavior was monitored by measuring the resistance at
some filling factor close to the ν ∼ 2/3 spin transition. The resistance serves as the
detector for nuclear spin polarization PN even though the relationship between the
resistance and PN is not known at the quantitative level. Since the effective nuclear
field BN shifts the phase transition to a different transition density ntr or magnetic
field Btr, an alternative (but more time consuming) approach for detecting PN con-
sists in determining the exact location of the transition. In contrast with the resistive
detection schemes, it has the advantage that the change in PN can be extracted di-
rectly from Btr or equivalently ntr.

This method was first applied in [131]. The main result of that work is shown
in Fig. 12.13. This graph illustrates the location of the phase transition as a function
of the filling factor at which the 2D electron system is allowed to equilibrate or rest
for 180 s. The sophisticated measurement sequence is schematically depicted in the
inset on the left. It is explained in the figure caption. In the main panel, the magnetic
field at which the ν = 2/3-transition takes place is plotted.

The result is astonishing. The transition field is strongly filling factor dependent.
For the two extreme cases, νrest = 1/2 and 0.9, the difference in Btr is about 3 T.
This corresponds to a change in the effective nuclear field ∆BN of ∼1.5 T, or a ∆PN

of approximately 20%. Since no current is flowing through the sample when it rests
at ν = νrest (this makes up 99.3% of measurement time), dynamic nuclear polariza-
tion induced by externally imposed current can be excluded for such a large ∆BN.
At thermal equilibrium, we expect virtually no dependence of the degree of nuclear
spin polarization on the filling factor. The effective magnetic field Be of the elec-
tron spins is at least three orders of magnitude smaller than the external magnetic
field B. Therefore, the thermal distribution of the nuclei should essentially remain
unperturbed, even if the electron spin polarization varies drastically with filling fac-
tor. Does some mechanism drive the nuclear spin subsystem out of equilibrium? If
so, it has not been identified so far. Even if it is accepted that dynamic nuclear polar-
ization takes place, it remains to be understood what the final state of the nuclear spin
subsystem should be as a function of the rest filling factor. These questions require
further investigation.

Despite a number of open questions, these results offer a straightforward recipe
to manipulate the degree of nuclear spin polarization and elicit a time-dependent re-
sponse without the need for incident microwave radiation, optical pumping, or large
currents. The latter approaches inevitable increase the electron temperature. Accord-
ing to Fig. 12.13, it is sufficient to let the 2D electron system rest at a properly cho-
sen νrest. This method allows for investigating the nuclear–electron spin interactions
at the lowest available temperatures. Such studies are bound to be very fruitful in
view of the many intriguing but fragile fractional quantum Hall states which demand
ultra-low temperatures.
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Fig. 12.13. Filling factor dependence of the location of the ν ∼ 2/3 spin transition. The sample
(upper-right inset) is a two terminal device in which the 2D electron system is confined to a
20 nm wide quantum well. The quantum well is grown onto a cleaved edge of a GaAs(001)
substrate. The 2D electron system channel is 250 µm wide and 3 µm long. It is contacted with
two n-doped GaAs layers (source and drain). The carrier density ns can be varied with gate
voltage Vg. The left inset shows the time sequence of the magnetic field B, filling factor ν

and the current I (in nA) imposed through the sample. For each value of νrest, B is swept
from 3 to 9 T in 0.1 T steps. The gate voltage tracks B during the B-sweep to maintain fixed
filling factor νrest. After a new B value has been reached, the sample is left to relax for 180 s.
Subsequently, Vg is adjusted for a short excursion to νRSD = 0.66 and simultaneously the
current is turned on. The source drain resistance RSD is recorded after a 2 s wait in order to
account for time constants of the signal acquisition system. Then the current is turned off again
and the original filling νrest restored. B is swept to the next set point and the entire procedure
is repeated up to 9 T. The phase transition field Btr, at which RSD(νRSD = 0.66) reaches
a minimum, is plotted as a function of νrest (dotted curve in the upper panel). The bottom

panels are the outcome of similar measurements but with νRSD varied from 0.56 to 0.76. They
visualize the spin transition for selected values of νrest. Reprinted from [131]

Other Examples

The behavior and properties of the resistance near the ν ∼ 2/3 spin transition were
also exploited to demonstrate quantum coherence of the nuclear spins [128]. Kumada
and co-workers [129, 130] recently applied a similar detection method for the study
of nuclear spin relaxation in bilayer 2D systems. Despite this success, we would
like to stress that no systematic study or theory has been carried out or developed
to determine a quantitative relationship between the resistance at ν ∼ 2/3 and the
degree of nuclear spin polarization PN. The complicated nature of the ν ∼ 2/3
transition suggests that the resistance may not simply depend linearly on PN. A non-
linear dependence of the resistance on PN may introduce some error in extracting T1.
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Fig. 12.14. Spin polarization of a noninteracting composite fermion Fermi sea. Full spin po-
larization (P = 1) occurs when EZ > ε∗

F = �
2(k∗

F)2/2m∗ with k∗
F =

√
4πns

These errors will be more severe for large changes in PN. Nevertheless, this resistive
method offers unparalleled sensitivity and a very convenient way to obtain qualita-
tive information about the interaction between the nuclear spins and the 2D electron
spins. This information would be difficult to acquire with other techniques.

12.3.6 Composite Fermion Fermi Sea at ν = 1/2

According to the composite fermion model, the strongly interacting 2D electron sys-
tem at filling factor ν = 1/2 can be viewed as a Fermi liquid of weakly interacting
composite fermions. The composite fermions no longer experience the external ap-
plied magnetic field, but rather an effective magnetic field (〈B∗〉) which vanishes
at exact half-filling. Similar to electrons in zero magnetic field, composite fermions
form a Fermi sea at ν = 1/2 [36, 132] with a well-defined Fermi wave-vector. Away
from half-filling, they are sent onto circular cyclotron orbits with a diameter deter-
mined by the non-zero effective magnetic field. This was impressively confirmed in
surface acoustic wave experiments [38], ballistic transport measurements in period-
ically modulated structures such as antidot arrays [37] or 1D density modulations
[133, 134], as well as in magnetic focusing experiments [39, 40].

Spin Polarization of the Composite Fermion Fermi Sea

The effective magnetic field only controls the orbital degree of freedom of composite
fermions. The spin degree of freedom still listens to the external applied magnetic
field. In view of the large external fields at which composite fermions form, it was
often assumed in early studies that the composite fermion Fermi sea is fully spin
polarized. However, later work revealed that this is not always the case [64, 66].
Under the assumption of non-interacting composite fermions and a parabolic energy
dispersion E = (h̄2k2)/(2m∗), the density of states is constant D↑(E) = D↓(E) =
m∗/(2πh̄2) and the Fermi sea is fully polarized (see Fig. 12.14) when the Zeeman
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energy EZ = g∗µBBtot
9 exceeds ε∗

F = (h̄2k2
F)/(2m∗) with k∗

F =
√

4πns . When
EZ < ε∗

F, the composite fermions are partially polarized and the spin polarization is
equal to

P =
k2

F↑ − k2
F↓

k2
F↑ + k2

F↓
=

EZ

ε∗
F

. (12.22)

The composite fermion effective mass m∗ plays a crucial in determining the spin
polarization and requires some discussion. At ν = 1/2, all electrons are accommo-
dated in the lowest Landau level and their kinetic energy is quenched.10 The kinetic
energy and the effective mass of composite fermions is therefore no longer related
to the effective mass m of the GaAs conduction band electrons. It originates solely
from the Coulomb interaction between electrons, and hence scales with the Coulomb
energy EC. For typical magnetic field strengths, m∗ is much larger than m and com-
parable to the free electron mass me instead [66]. For the sake of completeness we
point out that different effective masses have to be distinguished depending on the
physical context [14]. For instance, the effective mass relevant for describing thermal
activation studies (ma ∼ 0.079

√
Bme, with B in Tesla) [36, 135, 136], is different

from the mass m∗ which enters in the description of the spin polarization. According
to theory, this so-called polarization mass is given by m∗ = ξ

√
Bme. Calculations

by Park and Jain yield ξ = 0.60 [137]. Note that ε∗
F ∝ EC. The spin polarization

can then be rewritten in a form which underlines the importance of the competition
between EC and EZ:

P =
1

ηc

EZ

EC
=

η

ηc
∝

Btot√
B

. (12.23)

Here, ηc ≃ 0.022 based on the value of m∗ put forward by Park and Jain [137]. It
is straightforward to show that the spin transition from P < 1 to P = 1 then takes
place at Btot = (g∗ξ)−2 cos θ .

This noninteracting composite fermion picture appears to capture the essential
features of the experimental results on the spin polarization at ν = 1/2. Kukushkin
et al. [66] determined the degree of spin polarization at filling ν = 1/2 directly by
measuring the circular polarization of photoluminescence. The deduced composite
fermion spin polarization has a transition from P < 1 to P = 1 at B ≃ 9.3 T, cor-
responding to ξ ≃ 0.75. The discrepancy with the predicted value by Jain and Park
[137] can presumably be accounted for by finite width effects. Spin transitions of
composite fermions at ν = 1/2 were also observed in NMR experiments in which P

was obtained by measuring the Knight shift [67, 68, 138]. Many of these experiments
were carried out at T > 0.3 K, so the thermal energy kBT is no longer negligible in
comparison to ε∗

F. Thermal smearing of the Fermi surface must be taken into ac-
count. Here we limit the discussion to the results obtained at T < 0.1 K in [138],

9 According to an NMR experiment [138], the g∗-factor at ν = 1/2 is close to the value of
bulk GaAs (g = −0.44).
10 This statement strictly speaking is an approximation. The kinetic energy of electrons be-
comes relevant when the mixing from higher Landau levels is considered. For magnetic fields
sufficiently high, the large cyclotron gap h̄ωc makes constraining the electrons to the lowest
Landau level a good approximation [12, 14].
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so the finite temperature effects can largely be ignored. A standard spin-echo tech-
nique was used to measure the Knight shift of a multiquantum well sample. The ratio
η = EZ/EC was varied by tilting the sample relative to B tot while keeping B fixed.
For η < 0.022, P is proportional to η, while for larger η, P = 1. This observation is
in excellent agreement with the prediction of Park and Jain [137] (see (12.23)). Frey-
tag et al. [138] also compared their experimental results with the Shankar–Murthy
theory [139–141], which gives

P = 0.117λ7/4 Btot√
B

, (12.24)

where λ is the finite thickness parameter in the Zhang–Das Sarma potential [142].
λ = 1.6 appears to provide good fits to the experimental data at various tilt an-
gles and temperatures. The Shankar–Murthy theory is also able to fit the optically
pumped NMR data recorded by Dementyev et al. [67] with a single fit parameter
λ = 1.75 [140].

Nuclear Spin Relaxation at ν = 1/2

For a partially polarized composite fermion Fermi sea, the hyperfine spin flip–flop
process can take place. The conservation of energy is easily fulfilled due to the pres-
ence of gapless states for both spin directions. Therefore, the Korringa type spin
relaxation is expected to play a dominant role in the nuclear spin relaxation if the
temperature is not too low. For noninteracting composite fermions, the nuclear spin
relaxation rate at T ≪ εF/kB (given in (12.20)) can be written as

T −1
1 =

4π(m∗)

h̄3

(

Kmax
s

ns

)2

kBT . (12.25)

Dementyev et al. [67] measured T1 at T = 0.3–1 K with optically pumped NMR.
They observed that the temperature dependence of T1 follows the basic trend of the
Korringa relation. A two parameter (m∗, J ) fit was used in their data analysis. Here J

is an interaction parameter introduced to account for the interactions between com-
posite fermions. However, no single pair of m∗ and J could be found to satisfactorily
fit the T1 and P data at various tilt angles. In contrast, the Shankar–Murthy theory
was shown to provide fair agreement with the experiments [140, 143]. Freytag et al.
[138] also compared T1 data with theory. They found that the noninteracting com-
posite fermion model underestimates T1, while the Shankar–Murthy theory overesti-
mates T1.

Recently several experiments demonstrated that NMR can be electrically de-
tected at ν = 1/2 [120, 125, 144, 145]. In these experiments, RF radiation from an
NMR coil surrounding the sample was used to depolarize the thermal nuclear spin
polarization (which is sizable at T < 0.2 K). The reduction in nuclear spin polariza-
tion increases the Zeeman energy of the composite fermions. This causes an increase
in the composite fermion spin polarization, which in turn manifests as a change in
the longitudinal resistance Rxx. The spin polarization dependence of Rxx at ν = 1/2,
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however, remains to be understood as so far theories have only been developed to
treat electron transport for the fully polarized composite fermion Fermi sea [36, 146].
Nevertheless, the observed P-dependence of Rxx allows nuclear spin relaxation to be
measured at temperatures lower than those in previous experiments using traditional
NMR approaches. Tracy et al. [145] measured T1 down to T ∼ 35 mK and ob-
served that T −1

1 increases linearly with temperature for partial spin polarization of
the composite fermion sea. Extrapolating the data to T = 0 yields T −1

1 ∼ 10−3 s−1.
This temperature independent offset in the nuclear spin relaxation was attributed to
nuclear spin diffusion. They also measured T1 at various magnetic fields by tuning
the carrier density with a front gate while maintaining ν = 1/2. It was found that
T1 is nearly B-independent for P < 1. This is in contradiction with T1 ∝ B−5/3

law expected from the noninteracting composite fermion picture [147]. Murthy and
Shankar recently incorporated disorder into their theory, and their calculations seem
to provide a better agreement with the experiment [147].

12.3.7 Other Cases

The work described in the previous sections is only a partial representation of the
enormous experimental effort on the nuclear–electron spin interactions in the quan-
tum Hall regime. This chapter is not intended to be exhaustive. Here we briefly dis-
cuss some work on other quantum Hall systems. We would like to emphasize that
theses nuclear spin phenomena are by no means less interesting or less important
than those mentioned in the previous subsections.

The Breakdown Regime of the Quantum Hall Effect

When the current applied to a 2D electron system exceeds a critical value, Ic, the
quantum Hall effect breaks down [148, 149]. Several mechanisms [150], including
electron heating [148, 151] and inter-Landau level scattering [152, 153], have been
proposed to explain the breakdown process. Song and Omling [154] recently showed
the relevance of nuclear spins in the electron transport near the onset of breakdown.
Subsequently, Kawamura et al. [155] demonstrated that nuclear spins can be polar-
ized in the breakdown regime of odd-integer filling factors. The excitation of elec-
trons to the upper Zeeman-split Landau level with opposite spin dynamically polar-
izes the nuclear spins via the hyperfine flip–flop process.

The Wigner Crystal Phase of the 2D Electron System

At sufficiently high magnetic fields, the dominance of the Coulomb energy over the
electron’s kinetic energy will ultimately result in the formation of a Wigner crys-
tal. It was predicted that the Wigner crystal will be energetically more favorable in
comparison with the incompressible fractional quantum Hall liquids around filling
ν = 1/5 [156–158]. Transport measurements [15, 16] showed that the fractional
quantum Hall series indeed terminates at ν = 1/5. Microwave experiments on sam-
ples with lower disorder suggested that the electron solid is pinned by disorder [159],
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and that in very high magnetic fields there may exist two types of electron solid
phases [160]. Gervais et al. [161] recently carried out resistively detected NMR ex-
periments at the onset of the electron solid phase near ν = 2/9 and 1/5. It was found
that T1 is quite long (∼350–1000 s) and also did not show any obvious dependence
on the filling factor, contrary to what was observed at filling factors near ν ∼ 1.

Two Sub-Band Systems

In the previous discussions, the carrier density in the two-dimensional electron sys-
tem was sufficiently low to ensure that only the lowest sub-band is populated by the
electrons. Zhang et al. [163] studied the electron transport in a 2D electron system
with larger carrier density so that two sub-bands are occupied. It is then possible to
bring two levels with opposite spins and different sub-band indices into degeneracy.
It gives rise to quantum Hall ferromagnetism. Resistively detected NMR was used to
find evidence for the ferromagnetic nature of some quantum Hall states [164].

Bilayer Systems

In a bilayer two-dimensional electron system, the interplay between the inter-layer
and intralayer Coulomb interactions may give rise to exotic quantum Hall fluids,
which do not occur in single layer systems. The most intriguing phase reported to
date occurs at total filling factor 1. Experiments suggest that this phase is a Bose
condensate of excitons [17]. As the layer separation is decreased, the bilayer system
evolves from a system of weakly coupled compressible states each with filling fac-
tor 1/2 into an interlayer phase coherent quantum Hall state. Several groups have
demonstrated [129, 144] that nuclear spin relaxation can be detected resistively also
in these bilayer systems. Spielman et al. [144] used a combination of heat pulse and
NMR techniques. These authors observed that the transition to the phase coherent
quantum Hall state is accompanied by a rapid change in T1. The experimental re-
sults suggest that the electron spin polarization decreases as the transition from the
excitonic quantum Hall phase to the weakly coupled metallic phase takes place.

Also at other filling factors, bilayers exhibit rich spin physics. For instance at
total filling factor 2, the bilayer can be treated as a quantum Hall ferromagnet in
which the layer index acts as a pseudospin [112]. Kumada et al. [130] measured T1

of this quantum Hall ferromagnet for two bilayers with different tunneling barriers.
Current induced nuclear spin polarization when the system is reduced to a single
layer near ν = 2/3 with the help of the front and back gates was used to drive the
nuclear spins out of equilibrium, and the change in nuclear spin polarization was
monitored by measuring Rxx near ν = 2/3. The observed temperature dependence
of T1 was argued to be evidence for a so-called canted antiferromagnet. Additional
evidence for the canted nature of this phase was recently collected from Knight shift
measurements [165].
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12.4 Summary and Outlook

In conclusion, we have highlighted the rich family of spin related electronic states
in the quantum Hall regime. They provide novel ways to manipulate nuclear spins
via the hyperfine interaction. Various mechanisms for dynamical nuclear spin po-
larization were demonstrated experimentally. These include spin flip–flop induced
by electron spin resonance, by interedge channel scattering, by interlevel scattering
in the breakdown regime of the integer quantum Hall effect, and through spin flip
scattering at domain boundaries, which form near spin phase transitions of some
fractional quantum Hall states such as ν ∼ 2/3. Gate voltage control over nuclear
spins appears feasible following the observation of a filling factor dependent nuclear
spin polarization even in the absence of current flow. This phenomenon still remains
to be understood.

Studies of the spin interactions between electrons and nuclei in the quantum Hall
regime have led to new, all-electrical methods for selectively detecting nuclear spins
residing in the region of the 2D electron system. For example, the longitudinal resis-
tance Rxx at ν = 1/2, 2/3 and other filing factors may serve as a sensitive detector
for nuclear spin polarization. Quantum coherence of nuclear spins was demonstrated
by combining miniaturized NMR pulse techniques with electrical manipulation and
detection of nuclear spins.

Conversely, the dynamics of the nuclear spin polarization and the precession fre-
quency of nuclear spins have been exploited as unique probes of the electron spin
polarization of fragile electronic states. The information obtained from the Knight
shift and the spin relaxation rate has deepened our understanding of spin related
phenomena in quantum Hall systems. Despite the tremendous progress over the past
two decades, we believe that the study of nuclear spins will continue to bring us addi-
tional and more profound insight into the remarkably rich quantum Hall effects. New
approaches to manipulate and detect nuclear spins are bound to emerge as we gain
more knowledge about the nuclear–electron spin interactions in these fascinating 2D
electron systems.
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13

Diluted Magnetic Semiconductors: Basic Physics and

Optical Properties

J. Cibert and D. Scalbert

13.1 Introduction

Diluted Magnetic Semiconductors (DMS) form a new class of magnetic materials,
which fill the gap between ferromagnets and semiconductors [1]. In the early lit-
erature these DMS were often named semimagnetic semiconductors, because they
are midway between nonmagnetic and magnetic materials. DMS are semiconduc-
tor compounds (A1−xMxB) in which a fraction x of the cations is substituted by
magnetic impurities, thereby introducing magnetic properties into the host semicon-
ductor AB. This makes a great difference with semiconducting ferromagnets, i.e.,
ferromagnetic materials exhibiting semiconductor-like transport properties, which
have been known for some time (see a review in [2]). A DMS is expected to re-
tain most of its classical semiconducting properties, and to offer the opportunity of
a full integration into heterostructures, including heterostructures with the host ma-
terial. The great challenge and ultimate goal of the research in this field is to obtain
DMS ferromagnetic at room temperature, which can be integrated in semiconductor
heterostructures for electronic or optoelectronic applications. This is one of the key
issues for the advent of spintronics devices.

Among the principal DMS families, II–VI and, to a less extent, III–V based
DMS, with Mn as the magnetic impurity, are best understood. For this reason the
present chapter will be mainly based on these compounds to introduce the well-
established basic physics of DMS. More details can be found in review papers such
as [3–5]. Some issues related to work in progress, generally on novel materials, will
be also discussed but only briefly.
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Fig. 13.1. Left: schematic of zinc-blende and wurtzite band structures near the Brillouin zone
center. Right: approximate positions of transition metals levels relative to the conduction and
valence band edges of II–VI and III–V compounds; triangles note the dN/dN−1 donor and
squares the dN/dN+1 acceptor states [6]

13.2 Band Structure of II–VI and III–V DMS

The band structures of DMS are quite similar to those of their host II–VI or III–V
compounds. They exhibit the band structures of zinc-blende or wurtzite semicon-
ductors, and, except for some III–V compounds, they possess a direct band gap
(Fig. 13.1). But in addition, the d-states of the Mn atoms, with a more or less lo-
calized character, contribute to the total density of states, and they are responsible
for the important magnetic properties of DMS, as will be seen in Sect. 13.3.

In II–VI based DMS, Mn atoms behave as isoelectronic impurities, and in gen-
eral do not introduce bound states. The two 4s electrons of Mn atoms participate to
the covalent bonding, while the Mn d shell remains relatively inert. Hence, in zero
magnetic field, the semiconducting properties of DMS look like those of non mag-
netic II–VI alloys. As in other standard alloys, DMS exhibit a shift of the energy gap
with Mn concentration, and alloy fluctuations responsible for potential fluctuations,
and eventually tails of localized states at the band edges.

In III–V DMS, Mn atoms introduce energy levels in the gap of the semiconductor.
In the best understood case of antimonides and arsenides, Mn behaves as a shallow
acceptor. It keeps its d5 configuration and is surrounded by a weakly bound hole [7].
Therefore, at relatively small Mn concentrations, III–V DMS undergo an insulator to
metal transition (although the critical density can be higher in the DMS than in the
host material [8, 9]).

When a magnetic field is applied, or a spontaneous magnetization appears, mag-
netic properties of DMS come into play. The p–d hybridization is essential to un-
derstanding magnetic and magneto-optical properties of DMS. As will be seen in
the next section, this leads to a strong exchange interaction between holes in the
valence band and Mn atoms. Therefore the magnetic properties of DMS depend crit-
ically on p–d hybridization and on the positions of d-levels in the host band struc-
ture (Figs. 13.1 and 13.2). These positions determine the energy needed to promote
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Fig. 13.2. Schematic diagram of the p–d hybridization in CdMnTe after Wei and Zunger [10].
(a) Atomic unpolarized levels, (b) exchange-split atomic levels, (c) crystal-field split levels,
(d) final interacting states. Level repulsion with occupied spin-up and unoccupied spin-down
d-states determines the sign of p–d exchange interaction (see Sect. 13.3)

an electron from the occupied d-level to the top of the valence band (d5/d4 donor
level), or to promote an electron from the top of the valence band to the unoccupied
d-level (d5/d6 acceptor level). In the latter case there is an extra energy cost due to
the intra-d-shell Coulomb energy (the energy to be paid to add an electron on the Mn
d orbitals), Ueff, which is particularly large in the case of the very stable d5 configu-
ration, see Fig. 13.1. In the one-electron representation the d-orbitals are split by the
tetrahedral crystal field into doubly degenerate eg states, which do not mix with the
anions p-orbitals due to symmetry, and triply degenerate t2g states, which mix with
the p-orbitals.

Experimentally, let us recall the existence of spin–flip excitations within the Mn
d-shell, observed at 2.2 eV and above in CdMnTe. The ground state of Mn in the d5

configuration has a total spin S = 5/2, following Hund’s rule, and zero orbital an-
gular momentum. Spin–flip of one d electron gives excited states of the d-shell with
total spin S = 3/2 and non-zero total angular momentum. Contrary to expectation
based on parity rule and spin conservation, optical transitions between these excited
states and the ground state are electric dipole active, as a result of the lack of inver-
sion symmetry of the tetrahedral crystal field and mixing of S = 5/2 and S = 3/2
states by spin–orbit interaction. Although relatively weak,1 these transitions cannot
be ignored in the optical properties of wide gap DMS [11–13]. The same mixing
is also responsible for spin–lattice relaxation of isolated Mn atoms in II–VI DMS,
which will be discussed in Sect. 13.6.

1 More intense, spin-allowed transitions are observed for magnetic ions with a configuration

other than d5.
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13.3 Exchange Interactions in DMS

The dominant exchange interactions in DMS are fairly well established. The sp–d

exchange interactions between band states and localized Mn d orbitals are mainly
responsible for the enhanced magneto-optical properties of DMS. The optical tran-
sitions involved in most of experiments are near the direct energy gap of the semi-
conductor, therefore we will be mainly concerned with exchange interactions at the
Brillouin zone center.

13.3.1 s, p–d Exchange Interaction

s–d Exchange Interaction

The s–d exchange interaction is a simple example of direct exchange interaction.
Due to Pauli exclusion principle, two electrons with the same spin avoid each other,
thus their (repulsive) Coulomb interaction energy is reduced, while electrons with
opposite spins can approach each other. The s–d exchange interaction is thus “ferro-
magnetic”.2 It may be described by the phenomenological Kondo-like Hamiltonian
HK = −

∑

i Js–d(r − Ri)Si · s, with a positive exchange coupling constant Js–d .
Here and in the following, s and r are the spin and position (= argument of the wave
function) of the carrier, Si and Ri the spin and position (fixed) of the magnetic impu-
rity labeled i. Exchange interaction is short range because it exists only in the region
where the s and d orbitals overlap.

The matrix elements must be evaluated between Bloch states |k,ms〉, of wave
function 〈r|k〉 = uc,k(r) exp(ik.r), so that [14]

〈k′,m′
s |HK|k,ms〉 = −

∑

i

Jk
′
,kei(k−k

′
).Ri Si · 〈m′

s |s|ms〉. (13.1)

In particular, the exchange integral for a Bloch state uc,0 at the bottom of conduction
band is generally denoted N0α and is defined as

N0α = J0,0 =
∫

|uc,0(r)|2Js–d(r) d3r
∫

|uc,0(r)|2 d3r
, (13.2)

where the integrals can be calculated over the unit cell volume v0 = N−1
0 (=1/4

of the cubic cell in the zinc-blende structure). This parameter gives the magnitude
of the giant Zeeman effect described in Sect. 13.5. It is the same exchange integral
N0α which appears when confinement effects are described within the effective mass
approximation: in its simplest form, the effective Hamiltonian is written neglecting
any k-dependance of the exchange integral, so that it reads

H = −α
∑

i

Si · sδ(r − Ri). (13.3)

2 This can be misleading. Since Landé factors have different signs for s and d electrons in
(Cd, MnTe), parallel spins means antiparallel magnetic moments. A consequence is the field-
dependance of Larmor frequency of conduction electrons in a sample with a low Mn content,
see Fig. 13.17.
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p–d Exchange Interaction

When the d levels fall within the valence band, as is the case in II–VI based DMS,
p–d hybridization leads to an additional exchange interaction mechanism called ki-
netic exchange, with “antiferromagnetic” sign [15]. Kinetic exchange dominates over
the usual direct exchange and the resulting exchange integral denoted N0β becomes
negative.3

The mechanism of kinetic exchange can be understood most simply by looking at
the position of energy levels of the hybridized Mn and valence band states, assuming
that the Mn spins (up) are fully polarized. Figure 13.2 shows that close to the valence
band maximum spin up antibonding states are shifted to high energy, while spin
down bonding states are shifted to low energy. To second order in perturbation these
shifts are expressed as

δE↑ ≃ (Vpd)2

ǫv − ǫd

, (13.4)

δE↓ ≃ − (Vpd)2

ǫd + Ueff − ǫv

, (13.5)

where Vpd is the p–d hybridization parameter, ǫv and ǫd are the positions of the
valence band maximum and of the Mn t2g levels, respectively, and Ueff is the intra
d-shell Coulomb energy (the energy to be paid to add a sixth electron on the Mn
d orbitals). The energy difference between spin up and spin down states is related
to the p–d exchange integral as δE↑ − δE↓ = −N0βS. Apart from a numerical
factor the expression of N0β derived from the Schrieffer–Wolff transformation [16]
is recovered in a physically transparent way

N0β ≃ − (4Vpd)2

S

[

1

ǫv − ǫd

+ 1

ǫd + Ueff − ǫv

]

. (13.6)

Deviations from Local Exchange

s, p–d exchange interactions being short range, a contact interaction is often as-
sumed as in (13.3). However, in some cases it is necessary to go beyond this ap-
proximation, in particular when the k-dependance of exchange integrals is to be con-
sidered. This happens for example in a quantum well of thickness L in which the
confinement of the carrier imposes a finite momentum p ∼ h/2L. In the case of
electrons in the conduction band this reduces the s–d exchange because kinetic ex-
change (with sign opposite to direct exchange) becomes allowed at finite k [17]. This
can be easily understood in a k–p approximation, as a consequence of the mixing of

3 A negative β means also an “antiferromagnetic” coupling between the Mn spins and a gas
of holes occupying the upper levels of the valence band (both spin and energy are reversed
by switching from electrons to holes). But the magnetic moments of antiparallel spins can
be parallel if the effective Landé factors have opposite signs, as in (Cd, MnTe). Note that the
exchange parameter β applies to the spin of the hole, not its total angular momentum.
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conduction and valence band states at k 	= 0 (in other words s–d hybridization be-
comes allowed away from the zone center). The effect in the valence bands was also
considered in [14], which predicts even larger effects in quantum dots.

Also, the contact interaction is unable to account for the eventual existence of
bound states induced by exchange interaction. This situation may arise when the
ratio of the exchange integral to the effective mass of the carrier is large enough, in
this case the gain in exchange energy is larger than the increase of kinetic energy
due to carrier localization, and it is energetically more favorable for the carrier to
be localized around the magnetic atom. This corresponds to the formation of the
so-called Zhang-Rice polaron. This configuration is described in Sect. 13.5.1.

13.3.2 d–d Exchange Interactions

Contrary to transition metals, in which the overlap between d orbitals is sizable and
leads to formation of d bands, direct exchange interactions between Mn atoms are
negligible in DMS because d-orbitals do not overlap. Therefore the most impor-
tant d–d exchange interactions are mediated by valence band or conduction band
states. Because the carrier density can be easily controlled in semiconductors, DMS
exhibit different exchange interactions typical for insulators (superexchange, double-
exchange, Bloembergen–Rowland) or metals (RKKY, for Ruderman–Kittel–Kasuya–
Yosida). The accepted terminology distinguishes between indirect exchange, which
is mediated by the polarization of the intervening medium (electrons or holes in
semiconductors), and superexchange, which is due to covalent mixing of magnetic
(d) and non magnetic (s–p) orbitals. RKKY and Bloembergen–Rowland are familiar
examples of indirect interactions.

Superexchange

In undoped DMS, and in most magnetic insulators, superexchange is the dominant
interaction mechanism. It is also a consequence of hybridization of the d levels with
the occupied sp orbitals. In order to understand the physical basis of superexchange it
is enough to consider a simple three-site picture in which two nearest-neighbors Mn
moments interact via a common anion [18]. Due to hybridization, d electrons with
opposite spins tend to slightly delocalize on the anion, thus lowering their kinetic
energy, while d electrons with same spin cannot delocalize due to Pauli exclusion
(see Fig. 13.3). Thus, following Anderson [19], superexchange is a consequence of
“kinetic exchange”, similarly to p–d exchange discussed above, and generally this is
the determining factor that leads to antiferromagnetic coupling between local spins
in non-metals. An approximate expression for the superexchange coupling parameter
can be obtained in second order of perturbation as J ∼ δE↑↓ = −b2/Ueff [18],
where b represents the hopping integral between the Mn atoms, and Ueff is the intra
d-shell Coulomb energy. Of course, since hopping proceeds via the p orbital of the
anion, it is already a second order process in the hybridization potential, so that
superexchange can be viewed as a fourth order process shown in the right part of
Fig. 13.3.
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Fig. 13.3. Superexchange interaction. Left: wave function for antiparallel and parallel spin
configurations. Hopping is possible only for antiparallel configuration and thereby reduces the
kinetic energy. Right: fourth-order process enabling spin exchange between two Mn atoms via
virtual creation of two holes in the valence band. Solid (dashed) arrows represent spins in the
initial (final) state

Double Exchange

The double exchange mechanism, first introduced by Zener, can be found in mixed-
valence compounds, in which magnetic ions exist in different charge states. This
mechanism was considered to explain the magnetic properties of manganites and
perovskites [20], but could be also important in wide gap DMS such as ZnMnO
and GaMnN in which Mn2+(d5) and Mn3+(d4) could coexist. Double exchange
proceeds via virtual hopping of a d electron from one Mn to another, according to the
transition (d4 −d5) → (d5 −d4). If Mn spins are parallel this virtual transition does
not cost any energy (in real cases the two Mn sites may be inequivalent, they may
feel for example different built-in electric fields). Hence, the gain in kinetic energy
is simply given by the hopping integral b introduced above for the superexchange
mechanism. If the spins are antiparallel the virtual transition involves an excited state
of the Mn d-shell in which the fifth electron has an opposite spin, which costs energy
according to Hund’s rule. Therefore the gain in kinetic energy is much less for the
antiparallel spin configuration, and this results in a ferromagnetic interaction.

RKKY

The d–d exchange interactions considered until now are relevant for insulators. On
the contrary, RKKY mechanism becomes efficient when a high density of free carri-
ers is present in the sample, as typical in metals or in highly degenerate semiconduc-
tors. It is at the origin of carrier induced ferromagnetism in several DMS. This is an
indirect coupling in which a magnetic moment interacts with the spin polarization of
the carriers induced by another nearby magnetic moment. Thus is can be treated in
second order of perturbation of the s–d (or p–d) exchange interaction. A carrier in
the Fermi sea is scattered to an empty state (k > kF) by exchange interaction with
the first magnetic atom, and then it is scattered back to its initial state by the second
magnetic atom. The calculation was done originally by Rudermann and Kittel who
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considered the indirect interaction between two nuclei mediated by the hyperfine in-
teraction with free electrons [21]. This is completely analogous to the problem of
indirect exchange interaction between two magnetic atoms. The indirect exchange
coupling takes the form of the Heisenberg Hamiltonian with H = −Jij Si · Sj

4

Jij =
ρ(ǫF)k3

FJ 2
sp–d

2π
f (2kFRij ), for the 3D case f (x) = sin(x) − x cos(x)

x4
.

(13.7)
Jij is positive at small distances and oscillates with the distance Rij between Mn
atoms. These oscillations have the same origin as the Friedel oscillations: they come
from the cutoff at around 2kF for the maximum change of carrier wave vector in the
exchange scattering with magnetic atoms.

An expression of f (x) has been derived for 2D and 1D cases [22], which are also
important because many recent advances in the physics of DMS concern structures
of reduced dimensionality.

13.4 Magnetic Properties

Magnetic properties of DMS are governed by the exchange interactions between the
local moments introduced by magnetic atoms. In Sect. 13.3.2 we have seen that these
interactions can be strongly modified by the presence of free carriers, which intro-
duce a ferromagnetic coupling between local moments, hence the magnetic prop-
erties of undoped and doped DMS are discussed separately. We focus on materials
containing Mn in the d5 configuration: the ground state is derived from the 6S atomic
state, so that in the crystal the Mn spin g-factor is highly isotropic due to the lack of
orbital momentum.

13.4.1 Undoped DMS

Paramagnetism and the Brillouin Function

At relatively low Mn concentration, or high temperature, Mn spins behave more or
less as if they were independent from each other. It means that in a first approxima-
tion interactions between Mn spins can be neglected, the orientation of spins in a
magnetic field being only limited by thermal activation. The average spin is given by
〈Sz〉 = −SBS(ξ), where S = 5/2 and BS is the well-known Brillouin function for
spin S

BS(ξ) = 2S + 1

2
coth

(

2S + 1

2S
ξ

)

− 1

2
coth

(

ξ

2S

)

, (13.8)

and the argument ξ is the ratio of Zeeman to thermal energy ξ = gµBSB/kBT . For
ξ ≪ 1, i.e., low field or high temperature, Taylor expansion gives BS ≃ ξ(S + 1)/3.

4 Note that in literature the definition of Jij is not the same everywhere (sign and factor 2
which comes from a double summation over i and j on an ensemble of sites).
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The magnetization M is linear in B, M = χMnB, where the static magnetic suscep-
tibility χMn has the Curie form

χMn = N0x(gµB)2S(S + 1)

3kBT
= C

T
. (13.9)

Antiferromagnetism and the Modified Brillouin Function

Unless in the very dilute limit, when Mn–Mn interactions can be neglected, the Curie
law is not sufficient to describe a real DMS. This is fortunate because interesting
and non trivial magnetic properties are a consequence of these interactions.5 Mn–
Mn interactions give rise to deviations from the Brillouin function, described as a
“modified Brillouin function” and “magnetization steps”.6

Mn–Mn interactions can be included in a simple mean-field approach consider-
ing that, in addition to the external magnetic field, each moment feels the molecular
(exchange) field Bm created by all other moments and proportional to their magneti-
zation Bm = λM . This gives the well-known Curie–Weiss law χMn = C/(T − θ),
where the Curie–Weiss temperature θ = λC is negative (positive) if dominant Mn–
Mn interactions are antiferromagnetic (ferromagnetic). Using the Heisenberg Hamil-
tonian it is very easy to calculate Bm and to get the expression for the Curie–Weiss
temperature

θ = S(S + 1)
∑

j

Jij/3kB, (13.10)

where the summation runs over all lattice sites occupied by magnetic atoms, except
the “central” site i.

Experimentally the Curie–Weiss law is well verified in DMS at temperatures
higher than the typical temperature of the Mn–Mn interactions. Otherwise, higher-
order corrections to the Curie–Weiss law can be obtained by expanding the partition
function of the Heisenberg Hamiltonian for randomly diluted Mn atoms in powers
of (kBT )−1 [27].

At lower temperature, another Curie–Weiss law is observed, with different para-
meters. Although there is no general expression for the magnetization at arbitrary x,
B and T , in this temperature range and for moderate fields, an empirical modified
Brillouin function introduced by Gaj, Planel, and Fishman [28] accurately describes
magnetization data. In the modified Brillouin function, T and x are replaced respec-
tively by T + T0, where T0 > 0, and xeff < x, in order to take into account the
presence of antiferromagnetic interactions:

5 Antiferromagnetic and spin–glass phases are observed in DMS with high Mn content (or
very low temperatures [23, 24]). The magnetic properties of DMS in these regimes are quite
interesting, but beyond the scope of this chapter. The interested reader may refer to [25, 26].
6 The modified Curie–Weiss law and the magnetization steps described in this section are

caused by the interactions between two Mn spins having isotropic g-factor. Very similar devi-
ations from the Brillouin function are also observed for isolated spins with anisotropic g-factor
(non-d5 ions), which also exhibit level crossings already for a single spin.
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Fig. 13.4. Parameters of the modified Brillouin function, fitted to (CdMn)Te data

M = N0xeffgµBSBS

[

gµBSB/kB(T + T0)
]

. (13.11)

Accordingly, the susceptibility may be written as

χMn = N0xeff(gµB)2S(S + 1)

3kBT
= Ceff

T + T0
. (13.12)

The model has been extensively tested and the values of the parameters have been
accurately determined for several materials. Figure 13.4 shows the fit suggested
in [29] for (Cd, Mn)Te: xeff = x[0.265 exp(−43.34x) + 0.735 exp(−6.19x)], and
T0 = (35.37 K)x/(1 + 2.752x). Although essentially phenomenological, this ex-
tremely useful model has received an appealing interpretation in terms of a forma-
tion of antiferromagnetically coupled nearest-neighbor pairs. In the relevant field and
temperature ranges, say, 0 to 5 T and 1.5 to 20 K in (Cd, Mn)Te, xeff closely matches
the number of “free spins”, i.e., the number of Mn atoms which remain when the
nearest-neighbor pairs have been deducted. The number of nearest-neighbors on
the metal sublattice in the zinc-blende and the wurtzite structures is 12, so that in
the low-x limit and for a random distribution of Mn atoms, one simply expects
xeff = x(1 − x)12. Analytical expressions have been given in order to take into
account small clusters, which form already for small values of x, for bulk material
where they apply up to x ≃ 0.1 [30], but also at an interface between the DMS
and its non-magnetic host [31]. A Monte Carlo calculation has further shown the
validity of the model for higher values of the Mn content, up to x ≃ 0.8 [32]. Note
that the formation of nearest-neighbor pairs puts a severe limitation to the magnetic
properties of a DMS in the field and temperature range where this applies, since the
maximum xeff is less than 0.05.

The same mechanism of blocking of the nearest-neighbor pairs gives rise to mag-
netization steps observed at high field and low temperature, a regime where the
modified Brillouin function is not valid (Fig. 13.5). These magnetization steps oc-
cur when the magnetic field becomes strong enough to unlock nearest-neighbors Mn
pairs, and give a precise measurement of the nearest-neighbors d–d exchange inte-
gral [30, 33–37]. The positions of magnetization steps are easily deduced from the
nearest-neighbors pair energy levels (Fig. 13.5)

E = −J1
[

S(S + 1) − 35/2
]

+ gµBSzB, (13.13)
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Fig. 13.5. Left: lowest energy levels of nearest-neighbors Mn pairs (labeled by their total
spin S) and two first level crossings (left). At each level crossing there is a step in magnetiza-
tion (right) which adds a component (2), (3) to the modified Brillouin function (1). From [35]

where J1 is the nearest-neighbors exchange constant, S is the total spin of the pair,
and Sz its projection along the magnetic field.7

13.4.2 Carrier-Induced Ferromagnetism

In Sect. 13.3.2 it was shown that, in a metal containing disordered magnetic impuri-
ties or in a degenerate DMS, the sign of the RKKY coupling is oscillating with the
distance between the local moments. In a metal at low temperature, it gives rise to
spin-glass phases or to complex ordered phases. In a doped DMS, the free carrier
density is usually lower than the magnetic atom density. This means that the average
distance between magnetic atoms is less than the inverse Fermi wave vector, so that
the dominating interaction between nearest magnetic atoms is expected to be ferro-
magnetic. The Curie–Weiss temperature can be calculated using (13.7) and (13.10)
and replacing the summation over the magnetic ion position by an integration; one
gets the Curie–Weiss temperature [22]

θ = S(S + 1)N0xρ(ǫF)I 2/12kB, (13.14)

with I = α for electrons and I = β for holes. As θ is positive, a paramagnetic to fer-
romagnetic transition is expected at the Curie–Weiss temperature, with appearance
of a spontaneous magnetization below θ .

Zener Model

It is also instructive, and convenient for calculations (see [7]), to adopt the point of
view of Zener [38, 39] and consider that the stable magnetic phase is that which min-

7 The exchange interactions with distant Mn atoms are weak, but nevertheless they slightly
shift the magnetization steps and must be taken into account for a precise determination of J1.
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imizes the total free energy of the system. The Zener model assumes uniform spin
polarization (neglects Friedel oscillations). The free energy functional8 of the inter-
acting carriers and Mn can be expanded in powers of Mn and carrier magnetizations,
M and m, respectively, up to second order, as

F(M,m) = 1

2χMn
M2 − MB + 1

2χc
m2 − mB − I

(gµB)(gcµB)
Mm. (13.15)

The first and second set of two terms represent the free energy of Mn and carriers,
respectively. The form of these terms, which depends on the magnetic susceptibilities
χMn and χc, is dictated by the requirement that minimizing the free energy functional
in an external magnetic field B should yield the correct value of the magnetization
for each subsystem (Mn or carriers). The physical meaning of these terms is that the
more it costs (free) energy to align spins, the smallest is the susceptibility. Finally, the
last term stands for the Mn–carrier exchange energy. We ignore for the moment the
vectorial character of all quantities. Minimizing F(M,m) with respect to m leads to

m = χcIM/(gµBgeµB), (13.16)

which is nothing but the spin polarization of the carrier gas resulting from the giant
Zeeman splitting to be described in Sect. 13.5.1, with I = α for electrons and I = β

for holes. In a symmetric way, minimizing F(M,m) with respect to M leads to

M = χMnIm/(gµBgcµB). (13.17)

The key parameter is thus

I 2 χMn

(gµB)2

χc

(gcµB)2
. (13.18)

If this is less than unity, the equilibrium magnetization is zero in the absence of an
applied field: this is the high temperature, paramagnetic phase. If the temperature is
lowered, χMn increases and the characteristic parameter can reach unity: this sets the
Curie temperature TC, which can be calculated by inserting the expressions for the
Curie law (13.9), and Pauli [χc = 1/4(gcµB)2ρ(ǫF)] susceptibility in this expres-
sion. The result is the same as (13.14). Antiferromagnetic Mn–Mn interactions can
be easily taken into account by use of the Curie–Weiss susceptibility, (13.12). On the
one hand, this reduces χMn and thus TC. On the other hand, carrier–carrier exchange
interactions enhance χc (by a factor AF called the Fermi liquid parameter) and thus
increase TC.

Equations (13.16) and (13.17) describe carrier induced ferromagnetism as a mu-
tual polarization, of the carrier gas by the localized spins (through the giant Zeeman
effect), and of the localized spins by the carriers (by an effect similar to the Knight
shift). The two effects can be measured separately, see Sects. 13.5.1 and 13.6.3. Be-
low TC, a finite, spontaneous magnetization is expected (which can be calculated
using the complete expressions for the magnetization of each system, not the lin-
earized ones involving the susceptibility). In regular metals, the magnetization is lo-
cally saturated and the spin polarization of the carriers is only partial and follows the

8 An equivalent expression of the free energy is given in [40].
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magnetization: this configuration may be achieved in strongly doped (Ga, Mn)As,
see Sect. 13.5.5. If the carrier density is low, carriers will be fully spin-polarized
(a so-called “half-metal” is realized) and one expects the magnetization of the Mn
system to be weak [22] and to keep increasing when lowering further the temper-
ature. This gives rise to an unusual, characteristic upward curvature of the M(T )

curve: both the complete polarization of the carriers and the upward curvature of the
M(T ) curve are observed in (Cd, Mn)Te quantum wells [41].

Role of the Valence Band

The Curie temperature predicted by (13.14) is proportional to the square of the
carrier–Mn exchange coupling I , and through the Pauli susceptibility to the den-
sity of states at Fermi energy. Therefore holes are much more efficient than elec-
trons in mediating ferromagnetism in DMS, because both exchange coupling (see
Sect. 13.5.1 below) and effective mass are larger. However, there is much more in-
formation contained in the susceptibility of holes, and spin–orbit interaction induces
a strong valence band anisotropy, which in general cannot be neglected. For strong
spin–orbit coupling (typical for tellurides) the heavy-hole spin must be aligned along
its k-vector close to the center of the Brillouin zone. This reduces the exchange spin
splitting by a factor |cos (θ)|, where θ is the angle between k and the magnetization
[42]. Since the spin projection enters the susceptibility to the square, after averag-
ing cos2(θ) over all k-vector directions, one gets the hole spin susceptibility reduced
by a factor of 3. Actually, the reduction is a little bit less when light-hole/heavy-
holes terms are taken into account [8]. This was applied to p-doped (Zn, Mn)Te. In
(Ga, Mn)As, with a smaller spin–orbit coupling and a larger Fermi energy (i.e., holes
further apart from the center of the Brillouin zone), a more detailed calculation must
be performed taking into account the nonparabolic structure of the valence band, and
this gives rise to a very complex anisotropy [43]. A very simple case is that of a
two-dimensional hole gas such as realized in (Cd, Mn)Te quantum wells, see below
Sect. 13.5.2. It is a great advantage of the Zener model that it allows such a straight-
forward and hand-waving incorporation of all the complexity of the valence band
structure.

Disorder

The basic assumption of the Zener model is that disorder can be neglected, and doped
DMS offer many sources of disorder (random distribution of spins, random distribu-
tion of acceptors, localization of carriers and metal-insulator transition, many types
of defects. . . ). Many theoretical studies deal with the problem of disorder in doped
DMS. A preliminary review is [44]. According to an extreme assumption, carriers are
fully localized, and form magnetic polarons by aligning the Mn spins in their neigh-
borhood. The size of the magnetic polaron increases when the temperature is low-
ered, thus increasing the polaron–polaron interaction: two interacting polarons tend
to align parallel to each other in order to avoid frustration amongst their common
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spins. A ferromagnetic phase occurs when the interaction becomes strong enough
(see, e.g., [45]).

More sophisticated models have been proposed which rely upon an ab initio cal-
culation of the Mn–Mn interaction in various configurations; these data are then used
in analytical models aimed at describing disorder properly without involving lengthy
computations [46]. A general feature of these models is that the Curie tempera-
ture calculated for a random distribution of Mn impurities is generally lower than
in the mean field model. However more recent analyses suggest that a intentional
inhomogeneous distribution of the magnetic impurities in a DMS could give rise to
both a high Curie temperature while preserving strong effects in magnetotransport
or magneto-optics [7].

The Zener model has lead to the prediction that p-doped Ga(Mn)N and Zn(Mn)O
could be ferromagnetic at room temperature, which triggers considerable effort in
growing such structures. The main assumption is that one can incorporate Mn impu-
rities, up to xeff = 0.05, into ZnO or GaN with a strong p-type doping (3.5 × 1020

holes per cm3), and that it retains the same d5 configuration. While the incorporation
of Mn and doping are technological challenges left to crystal growers, the question
of the electronic configuration gave rise to many debates amongst both theoreticians
and experimentalists, with many different methods employed and compared.

13.5 Basic Optical Properties

13.5.1 Giant Zeeman Effect

Linear Approximation for the Spin–Carrier Interaction

Let us first focus onto the simplest case, that of a II–VI semiconductor with zinc-
blende structure, a moderate band gap, and Mn impurities in the d5 configuration,
i.e., in the isotropic 6A1 ground state with zero orbital momentum and no electrical
activity.9 (Cd, Mn)Te is one possible example. Vertical interband transitions with se-
lection rules described in Chap. 1 give rise to excitons. They strongly dominate pho-
toluminescence, photoluminescence excitation, reflectivity, and transmission spectra
at photon energies close to the band gap. More precisely, they are shifted by the exci-
ton binding energy, EB, with respect to interband transitions depicted in Fig. 13.6(a).

The unique feature in a DMS is the so-called giant Zeeman effect, which directly
results from the s–d and p–d interactions described in Sect. 13.3.1. Calculating the
expectation value of the s–d exchange Hamiltonian, cast in the form of (13.3), we
obtain a spin splitting of the conduction band equal to α〈

∑

i Siδ(r − Ri)〉. If we do
not worry too much about the exact meaning of the average in this expression, we can
recognize the definition of the magnetization of the Mn spins: this is the key feature

9 Magnetic impurities with a non-d5 configuration have a non-zero orbital momentum. This
usually gives rise to a more complex, anisotropic behavior of the magnetization of the mag-
netic impurity, and also to a complex, but different, behavior of the giant Zeeman effect [47,
48]. The Jahn–Teller effect can significantly alter this anisotropy [49].
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Fig. 13.6. (a) Scheme of band to band transitions close to band gap energy, and their polar-
ization, in the Faraday configuration. The spin states of the electron in the conduction band,
and hole in the valence band, are indicated. One assumes α > 0 and β < 0 as observed in
tellurides and selenides. (b) Experimental transition energies in a Zn0.95Mn0.05Te sample, as
a function of the applied field, in the Faraday configuration [3]

of a DMS, the bands split proportionally to the Mn magnetization [28]. The correct
method to evaluate the average is to use the virtual-crystal approximation over the
Cd and Mn distribution, and a mean-field approximation for the Mn spins. Writing
a similar expression, with α replaced by β, for the valence band, we obtain a simple
description of the energies of the transitions shown in Fig. 13.6. In the presence of a
magnetic field applied in the z-direction, they are given by

E± = EG − EB ± 1

2
N0(α − β)xeff〈Sz〉, (13.19)

for the heavy-holes excitons with σ+ and σ− circular polarizations, respectively, and

E± = EG − EB ∓ 1

2
N0

(

α + β

3

)

xeff〈Sz〉, (13.20)

for the light-hole excitons. Here EG is the band gap energy, EB the binding energy
of the exciton, and the average spin 〈Sz〉 is given by the modified Brillouin function.
In order to give orders of magnitude, let us evaluate the giant Zeeman splitting for
Cd1−xMnxTe: EG = (1606+1750x) eV, EB = 10 meV, N0α = 0.22 eV and N0β =
−0.88 eV. That means that at low temperature (2 K) and fields around a few Teslas
so that 〈Sz〉 = − 5

2 , and for xeff = 0.04, the giant Zeeman splitting easily reaches
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Fig. 13.7. (a) Experimental check of the proportionality between the giant Zeeman effect and
the Mn magnetization [52]. (b) Exchange parameter in different II–VI DMS with Mn, and in
GaN:Fe which has the same d5 configuration, determined either from magnetooptics (closed

symbols) or from X-ray spectroscopy (open symbols) [43, 53]

100 meV—a significant fraction of the band gap.10 Another example is shown in
Fig. 13.6.

Determination of Exchange Integrals

Direct checks of the proportionality between the Zeeman shifts of the four lines and
magnetization have been performed in most DMS for different Mn content, temper-
ature and applied field. An example is shown in Fig. 13.7(a). The presence of both
the light-hole and heavy-hole excitons, which split proportionally to N0(α + β/3)

and N0(α − β), respectively, allows one to determine both N0α and N0β. A general
trend is that N0α assumes the same positive value, N0α ≃ 0.2 meV, in all II–VI
DMS, while N0β is large, negative, and proportional to N0, see Fig. 13.7.

The other method of determining N0β is to use (13.6) with parameters deduced
from X-ray spectroscopy [6]. The values found are generally very close to those
determined from magneto-optical spectroscopy (Fig. 13.7), which gives some confi-
dence in the model. This method is now commonly used to predict values of the ex-
change integral in materials, where the magneto-optical determination has not been
achieved [6, 50, 51].

Deviations from the Simple Model

The previous description must be altered in many occasions: in semiconductors with
wurtzite structure, when the exciton binding energy is large, in the case of a strong

10 These large values of the giant spin splitting are often cast into an appealing but sometimes
misleading form, that of an effective Landé factor which can be up to several hundreds. How-
ever one should keep in mind that this effective g-factor is strongly temperature dependent,
and that the giant Zeeman effect is highly non-linear in field.
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Fig. 13.8. (a) Giant Zeeman shifts of the conduction and valence bands in a wurtzite semicon-
ductor, drawn with α and β > 0, and optical transitions in σ+ (solid arrows) and σ− (dotted)
polarizations. (b) The anticrossing of the corresponding excitons in a ZnO-based DMS [55]

p–d exchange, in the case of magnetic impurities with a non-zero orbital momentum.
We will only briefly address these issues.

Semiconductors with light anions (some selenides, sulfides, ZnO, GaN) usually
have the wurtzite structure. Samples of best quality are often epitaxial layers with
the hexagonal c-axis as the growth axis. We will focus on the optical properties in
the Faraday configuration, with the directions of light propagation and magnetic field
parallel to the c-axis, which is then the natural quantization axis (z in the following).
In addition, these semiconductors feature a small spin–orbit coupling. As a result
(Fig. 13.8(a)), the p-like states at the top of the valence band are split by the hexago-
nal anisotropy, into a (|pz↑〉, |pz↓〉) doublet, inactive in σ polarization (which gives
rise to the so-called C-exciton), and states formed on the |p+〉 |p−〉 orbital states (or
|±1〉 states, which behave as x± iy) which are optically active in σ polarization. The
spin–orbit coupling further splits these states into two doublets, (|p+↑〉, |p−↓〉) and
(|p+↓〉, |p−↑〉), thus forming the so-called A and B excitons. The electron–spin is
conserved in these optical transitions, so that opposite giant Zeeman shifts apply to A

and B, proportional to N0|α − β|. Exciton C acquires a non-zero oscillator strength
through spin–orbit coupling, so that the electron spin is flipped during the transition
and the shift is proportional to N0|α + β|. However if the oscillator strength of C

remains too weak, the straightforward determination of N0α and N0β, separately, is
not possible.

In addition, other parameters have to be taken into account properly, so that the
simple description, where excitons closely follow the band-to-band transitions, com-
pletely fails. This is particularly true in ZnO and GaN: the electron–hole exchange
interaction which occurs within the tightly bound excitons (exciton binding energies
are as high as 25 meV in GaN and 60 meV in ZnO), strongly mixes the original states.
This causes strong anticrossings when excitons approach each other as a result of the
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Fig. 13.9. (a) Giant Zeeman splitting in (Cd, Mn)S. Symbols are experimental data from litera-
ture, the dotted line is the mean field model, and the solid line the nonperturbative model [56].
(b) Effective exchange integral describing the giant Zeeman splitting in wide band gap DMS
based on GaN or ZnO, as seen in magneto-optics, relatively to the actual exchange integral, as
a function of the depth of the local potential (adapted from [58])

giant Zeeman effect [54], see Fig. 13.8(b), so that the shift of the exciton is far from
being proportional to the magnetization.

The picture is also significantly altered in the case of a strong p–d exchange,
so that the perturbation scheme no more holds. The effect of a single magnetic im-
purity on the carrier can be described by a local potential with two contributions:
the chemical shift, which does not depend on the spin of the carrier as in all ternary
semiconductors, and the spin-dependant s–d or p–d exchange interaction. Rough
estimates for holes in (Cd, Mn)Te are provided by the values of the valence band off-
set (about 0.5 eV) and the p–d exchange parameter N0β = −0.88 eV, respectively.
For holes with spin parallel to the Mn spin, the two contributions add, giving rise
to a repulsive potential. For holes with antiparallel spin, the two contributions partly
cancel so that the potential is slightly attractive, but too weak to form a bound state
(remember that a quantum dot with a too small height and extension does not create
a bound state). In this case, the mean field model and virtual crystal approximation
hold.

In a DMS with a larger p–d exchange interaction, the local attractive potential
for a hole with spin antiparallel, is close to the limit where a bound state is formed. A
nonlinear behavior then sets up. For instance, it was argued that the effective width
of the bound state is determined by the Mn–Mn distance, hence by xeff, so that the
spin splitting is strongly enhanced at low Mn content. Experimental deviations from
the mean field prediction were observed in (Cd, Mn)S (Fig. 13.9), and explained
by such a nonperturbative scheme [56], with the same value of the band offset but
with N0β = −1.5 eV. The potential seen by the carrier is in fact due to a random
distribution of localized dots, with variable depth determined by the spin state of
the Mn atom: alloy theory was applied later to calculate the whole giant Zeeman
splitting [57].
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Finally, in the case of an even stronger p–d exchange interaction, a bound state
is expected. A comparison between the results of X-ray spectroscopy and magneto-
optics strongly suggests that this is the case in ZnO and GaN: while N0β calculated
from X-ray spectroscopy data and (13.6) keeps to be proportional to N0 even for
these large band gap semiconductors [51], magneto-optics demonstrates a surpris-
ingly small, positive value of N0β (Fig. 13.7). It has been proposed recently [58]
that this can result from the formation of a bound state, see Fig. 13.9, with a transfer
of the oscillator strength to the anti-bonding states. Experimental results on GaN:Fe
[59] support this analysis, which could apply to GaN:Mn and ZnO-based DMS as
well.

Other Magneto-Optical Spectroscopic Techniques

The giant Zeeman effect described in the previous section gives rise to optical mag-
netic circular dichroism ρ = [I (σ+) − I (σ−)]/[I (σ+) + I (σ−)], where I (σ±) is
the intensity transmitted for incident light with the σ± circular polarization. In its
simple form, one assumes that the absorption curves for σ+ and σ− polarizations
rigidly shift in opposite directions. Then the dichroism can be expressed as [60]

ρ = −dln(T (E))

dE

∆E

2
, (13.21)

with the zero-field transmission, T (E), measured with non-polarized light at en-
ergy E, and ∆E = E(σ+) − E(σ−) the Zeeman splitting, a formula which is rou-
tinely used to test the intrinsic character of carrier induced ferromagnetism in a DMS.
If ∆E is the giant Zeeman splitting, and if it is proportional to the magnetization, then
indeed the dichroism can be used as a measure of that magnetization.

Figures 13.6(a) and 13.8(a), show that the dichroism at the band gap is related
to the presence of spin–orbit coupling in the valence band, which splits sub-bands
with different signs of the spin splitting (Γ8 and Γ7 in zinc-blende semiconductors,
Γ9 and the topmost Γ7 in wurtzite semiconductors, see Fig. 13.1). If the different ex-
citons giving rise to the dichroism are not clearly resolved, the dichroism is reduced
and some care must be taken in the interpretation of a magnetic circular dichroism
spectrum. This is the case in wide band gap DMS, which have a small spin–orbit
coupling.

Also, the presence of a large density of carriers in the band with the heavier mass
can change the sign of ρ due to the so-called Moss–Burstein shift. This is exempli-
fied for a CdMnTe quantum well in Fig. 13.10. For the populated spin sub-band the
absorption edge corresponds to vertical transitions at the Fermi wave vector. Hence,
the absorption edge energy is increased by the kinetic energy of the excited electron–
hole pair, which can be larger than the giant Zeeman splitting: the decisive parameter
is the value, for each band, of the product of the Zeeman shift by the effective mass.
As a result, the presence of a hole gas changes the sign of the shift of the absorption
edge, Fig. 13.10(b). A change of sign of ρ follows. Similar effects have been invoked
to explain an unexpected sign of ρ in GaMnAs [61], see Sect. 13.5.5.
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Fig. 13.10. (a) Moss–Burstein shift in the presence of a spin-polarized hole gas. With respect
to the transition in σ− polarization at k = 0, the transition in σ+ polarization is at smaller
energy if it occurs at k = 0 (no carriers) and at higher energy if it occurs at k non-zero (in the
presence of carriers). (b) Position of the absorption in a CdMnTe quantum well with a hole
gas (p ≃ 2 × 1011 cm−2, open squares) and depleted (closed squares) [62]

Magnetic circular dichroism is the signature of a different absorption in the two
circular polarizations. Kramers–Krönig relations imply that there is a corresponding
difference in the σ+/σ− optical indices. This gives rise to the Faraday effect: a lin-
early polarized light transmitted along the direction of the magnetization experiences
a rotation of its polarization proportional to the giant Zeeman splitting. Similarly, a
linearly polarized light reflected at the surface of the material experiences a rotation
of its polarization proportional to the giant Zeeman splitting (magneto-optical Kerr
effect). Both methods are very useful to measure the magnetization of a DMS, in
particular with spatial resolution or time resolution.

13.5.2 Optically Detected Ferromagnetism in II–VI DMS

The presence of a two-dimensional hole gas in a (Cd, Mn)Te quantum well, obtained
either by remote nitrogen acceptors or by surface electron traps, induces a ferro-
magnetic transition between the localized Mn spins. This can be viewed as a two-
dimensional version of carrier induced ferromagnetism, as described in Sect. 13.4.2.
All observations have been done through spectroscopy, and particularly from the
giant Zeeman splitting of the photoluminescence line, which is a measure of the
magnetization of the Mn system. Basic features are a strong enhancement of the sus-
ceptibility (i.e., the slope of the giant Zeeman splitting induced by an applied field)
in the high-temperature, paramagnetic phase, and a zero-field splitting in the low
temperature, ordered phase, which demonstrates the presence of a spontaneous mag-
netization [63]. An attractive feature is that the low density of the carrier gas allows
one to drive the system, isothermally and reversibly, from the paramagnetic to the
ordered phase, just by changing the carrier density by an applied electric field (bias
across a p–i–n structure) or by above-barrier illumination, Fig. 13.11 [64].

Another consequence of the low carrier density is that the Fermi wave vector
is small enough to use a parabolic description of the valence band. In usual sam-
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Fig. 13.11. Photoluminescence spectra for a modulation-doped p-type Cd0.96Mn0.04Te quan-
tum well located in a p–i–p structure and a modulation-doped p-type Cd0.95Mn0.05Te quan-
tum well in a p–i–n diode; (a) p–i–p structure at constant hole density and various temper-
atures; (b) same p–i–p structure with above barrier illumination to control the hole density,
at fixed temperature; (c) p–i–n structure without bias at various temperatures: the hole den-
sity is constant (solid lines) or increased (dotted line) by additional Ar-ion laser illumination;
(d) p–i–n structure with a −0.7 V bias (depleted quantum well) at various temperatures. Split-
ting and shift of the lines mark the transition to the ferromagnetic phase [64]

ples, grown coherently on a (Cd, Zn)Te substrate with a smaller lattice parameter,
the strain in the quantum well is compressive and its effect on the valence band
adds to that of confinement: as a result, the two-dimensional hole gas is made only
of heavy holes close to the center of the Brillouin zone (the Fermi energy is a few
meV). As described in Chap. 1, these heavy holes form a doublet, |3/2〉 = |p+↑〉
and |−3/2〉 = |p−↓〉, with the quantization axis z normal to the quantum well, |↑↓〉
(=|±1/2〉) labeling the spin states and |p±〉 (=|±1〉) the orbital moment. Thus this
doublet is highly anisotropic, with ±1/2 spin values along the z-axis but vanish-
ing spin components in the x, y plane, hence with a usual Pauli spin susceptibil-
ity χzz but vanishing χxx and χyy . The spin susceptibility of the hole gas directly
enters the spin–carrier coupling which governs carrier-induced ferromagnetism (see
Sect. 13.4.2). Hence, a positive Curie–Weiss temperature is expected only when mea-
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Fig. 13.12. The Curie–Weiss behavior obtained from photoluminescence spectroscopy in the
paramagnetic phase of a p-doped (Cd, Mn)Te quantum well, with magnetic field parallel (B‖z)
and perpendicular (B⊥z) to the normal to the well. The Landé factor is proportional to the Mn
susceptibility. Sample (a) contains heavy holes, sample (c) light holes, and (b) is intermedi-
ate [65]

suring the susceptibility of the coupled system with the field applied normal to the
quantum well.11 This is checked in Fig. 13.12 [65].

In addition, in a broader quantum well grown on a CdTe substrate, which results
in a smaller confinement energy overcompensated by the effect of the tensile strain,
one forms a two-dimensional gas of light holes, with the opposite anisotropy. In this
case the positive Curie–Weiss temperature is observed with the field applied in-plane.

Hence band-engineering techniques can be used to control the magnetic aniso-
tropy, and the properties of (Cd, Mn)Te quantum wells are very well understood. The
same mechanism gives rise to a complex behavior in (Ga, Mn)As where the Fermi
energy is large, so that high-energy parts of the valence band are involved [43].

13.5.3 Quantum Dots

Quantum dots incorporating magnetic ions have revealed specific features—such as
a broadening and a progressive redshift of the line—related to the dynamics of the
spin–carrier interaction and to the formation of a magnetic polaron [66, 67]. An ulti-
mate case of spin–carrier coupling is that of a single Mn spin, with a small, controlled
number of carriers, as realized in CdTe quantum dots and observed by optical spec-
troscopy [68]. The single Mn impurity has been incorporated in the CdTe quantum
dot during its growth. Electrons and holes can be introduced in the quantum dot by
adjusting an electrical bias, electron–hole pairs are introduced by optical excitation
either in the barrier or (better) by selective excitation in the dot. Thus three different

11 This can be shown by introducing the three inequivalent directions in the expression of the
free energy given by (13.15).
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Fig. 13.13. (a) Selected level schemes for a quantum dot with a single Mn impurity, and neutral
excitons. (b) Photoluminescence spectra showing the multiplets due to the so-called biexciton,
positively charged exciton, negatively charged exciton, exciton. (c) Scheme of levels, and
experimental (d) and theoretical (e) spectra, for the “charged exciton” X− [68, 69]

types of objects interact: the 5/2 spin of Mn, the 1/2 spin of electrons, both with
isotropic g-factor, and holes. As the dots are rather flat in shape, these are mostly
of heavy-hole character, with a strongly anisotropic g-factor as described earlier for
quantum wells.

With no carrier in the dot, the Mn spin gives rise to a six-fold degeneracy. With a
single electron in the dot, the ferromagnetic exchange coupling with the Mn impurity
results in two levels: a ground level where the two spins are parallel, with total spin
5/2 + 1/2 = 3; an excited level where they are antiparallel with total spin 5/2 −
1/2 = 2. The isotropy is preserved.

With a single hole in the dot, the anisotropy of the heavy hole, with |±3/2〉 states
along the normal to the rather flat dot, imposes the axis of quantization: the antiferro-
magnetic coupling between the hole and the Mn spin can be viewed as an exchange
field, along the growth axis, which lifts the six-fold degeneracy of the Mn spin. We
thus expect six sublevels, each with a two-fold degeneracy, from (|5/2〉|−3/2〉),
|−5/2〉|3/2〉 to (|5/2〉|3/2〉, |−5/2〉|−3/2〉). A similar scheme is expected in the
presence of an optically active electron–hole pair (where the electron spin is antipar-
allel to the hole spin). Finally, adding two electrons (or two holes) does not change
the picture since they automatically form a spin singlet. Thus the level scheme cor-
responding to one Mn spin, with 0, 1, 2 electrons and/or 0, 1, 2, holes, is shown in
Fig. 13.13(a) and (c).

The first experimental evidence came from the photoluminescence of an electron–
hole pair. Six sharp, intense, well-resolved lines are observed [68] for each circular
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polarization, as shown in the right part of the spectrum in Fig. 13.13(b). They replace
the single sharp line observed on a nonmagnetic CdTe dot, and correspond to the six
sublevels in the initial state and the full degeneracy in the final state. A rough esti-
mation of the splitting for a Mn spin at the center of a dot of volume V , |α − β|/2V ,
gives the correct order of magnitude ∼100 µeV for V = 3 × 10 × 10 nm.

Other features are observed in the presence of additional carriers. For instance,
the X− photoluminescence (Fig. 13.13(d)) can be understood as composed of two
series of lines (Fig. 13.13(e)), with six sublevels in the initial state which contains an
unpaired hole and two electrons forming a spin singlet, and two sublevels in the final
state which contains an unpaired electron (Fig. 13.13(c)) [69]. The intensity of each
line is simply given by the overlap of the Mn spin states in the initial and final states.

The oversimplified model described here accounts for the most simple spectra.
More complex spectra have been attributed to asymmetric structures, to the anti-
crossing of dark excitons and bright ones, to a spatial dependance of the extension of
the carrier wave function on the number of carriers, and so on.

13.5.4 Spin-Light Emitting Diodes

The idea of the spin-light emitting diodes gave a new impulse to efforts towards spin
injection in semiconductors, as it provides an easy way to measure it in GaAs-based
structures. Recent successes in spin-injection in GaAs are for a good part due to the
application of this easy test. In the most straightforward configuration, a quantum
well is inserted between a source of electrons spin-polarized along the normal to
the quantum well, and a source of nonpolarized holes. The electroluminescence is
measured in the direction normal to the quantum well, and its helicity is measured. If
only heavy holes are involved, photons with σ+ helicity are due to the recombination
of a |3/2〉 hole and a |−1/2〉 electron, and photons with σ− helicity are due to the
recombination of a |−3/2〉 hole and a |1/2〉 electron. If the hole source is unpolar-
ized, it provides an equal flux of |3/2〉 and |−3/2〉 holes, and the helicity of light is a
direct measure of the spin-polarization of the electron arriving to the quantum well.
If light holes are also involved, a correction factor equal to 2 has to be applied to take
into account the optical selection rules. This configuration was invoked in [70] and
more quantitatively assessed in [71], with in both cases a II–VI DMS as the source of
spin-polarized electrons. Following this pioneering work, other spin injectors have
been demonstrated, including ferromagnetic DMS and ferromagnetic metals. Note
that, due to the anisotropy of holes, the correct configuration of a spin-LED using
a quantum well requires that the spin polarization of the injected electrons be along
the normal to the quantum well.

13.5.5 III–V Diluted Magnetic Semiconductors

To date, Ga1−xMnxAs is certainly the most studied diluted magnetic semiconductor.
This is due to the presence of carrier induced ferromagnetism, to attractive magneto-
transport properties, and to the many opportunities to fabricate heterostructures and
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even basic devices based on these magneto-transport characteristics. However, we
will only give a short overview of this field, for two reasons.

First, since Mn behaves as an acceptor in GaAs, only p-doped samples (possibly
compensated) are available. Therefore the resulting “dilute ferromagnetic semicon-
ductor” must be taken as a whole, with less opportunities to identify basic mecha-
nisms, which could be described analytically and thus lead to a more pedagogical
presentation of the matter, in line with the scope of this book. In particular, optical
spectroscopy is certainly not the easiest way to study such a highly doped semicon-
ductor. Macroscopic tools such as magnetotransport and, to a lesser extent, magne-
tometry, are used instead.

The second reason is that our current understanding of this material still rapidly
evolves: the model of ferromagnetism due to free holes [43, 72] is by far the one
which explains most of the experimental findings, however how much disorder alters
this oversimplified description, particularly at low carrier density, is still a matter of
debate.

Disorder in (Ga, Mn)As is invoked because ferromagnetism is observed on both
sides of the metal-insulator transition, and for theoretical reasons (see references in
Sect. 13.4.2). Infrared spectroscopy can provide the relevant information by detecting
the presence of an impurity band: absorption should be observed when an electron
is excited from the valence band to the partly empty impurity band. However, tran-
sitions from the light-hole to the heavy-hole band should produce absorption in the
same spectral range. A recent analysis of data available in the literature [9] concludes
that the first mechanism applies to Ga1−xMnxAs with <1% Mn, while the latter one
is more likely above 2% Mn.

In addition, the growth of Ga1−xMnxAs is still a challenge: best samples were
obtained by molecular beam epitaxy at low temperature, with a strict control of the
As incorporation, and subsequent low temperature annealing to eliminate Mn inter-
stitials. Up to now, the record is TC = 173 K [73], several groups having achieved
similar values in very thin layers. But the incorporation of substitutional Mn re-
mains below the values needed to achieve room temperature ferromagnetism—even
according to the most optimistic estimates [74].

Particularly noteworthy is the strong anomalous Hall effect, which is observed in
a p-doped DMS such as p-doped Zn1−xMnxTe [8], Ga1−xMnxAs [75] or Ge1−xMnx

[76, 77]. Anomalous Hall effect is well known in magnetic metals, where it is con-
sidered as an easy way to measure the magnetization. This method was extensively
used in Ga1−xMnxAs also, although it has been known for a long time that it is ac-
tually related to the spin polarization of the carriers: it is the spin–orbit coupling of
the carrier itself which causes an asymmetric, spin dependant behavior of the scatter-
ing on nonmagnetic impurities. As a result, such a “spin dependant Hall effect” was
measured in InSb, a semiconductor with a large g-factor, which allows to strongly
polarize the electrons in the absence of any magnetic impurities [78]. In the case of a
DMS with a large carrier density, the spin polarization of the carriers (and hence the
transverse bias due to the anomalous Hall effect) may be expected to be proportional
to the Mn magnetization: a recent theory [79] favorably compares to experimental
data in GaMnAs [80].
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Fig. 13.14. (a) Temperature dependence of the magnetization (open circles) of an annealed
GaMnAs sample with perpendicular magnetization, measured by SQUID magnetometry un-
der H = 250 Oe applied along the growth axis, compared to that of the remnant PMOKE
signal (closed squares). For comparison, the mean-field S = 5/2 Brillouin function is also
plotted (dashed line) [83]. (b) Kerr microscopy snapshot of the magnetization reversal of dots
patterned by hydrogen passivation [84]

As shown above for II–VI DMS, magneto-optics constitutes another class of
methods bringing information on the spin–carrier coupling and on the spin-polariza-
tion of the carriers. Magnetic circular dichroism is observed in (Ga, Mn)As at photon
energies close and below the band gap [81]. It was explained by invoking the effect
of Moss–Burstein shift (which changes the sign of the dichroism) and disorder [61].
However, more recent studies over a wide range of composition conclude that there is
probably still more to understand [82]. Faraday rotation and magneto-optical Kerr ef-
fect are closely related methods: magneto-optical Kerr effect is routinely used to get
information on the magnetization of layers with perpendicular anisotropy (both ef-
fects are proportional to each other, at least in layers of good quality, see Fig. 13.14).
Magneto-optical Kerr microscopy can be used to image magnetic domains in a uni-
form layer [83] and micrometer-sized dots obtained by hydrogenation [84].

13.6 Spin Dynamics

In a paramagnetic material spin dynamics is essentially reduced to single particle
spin relaxation, of either carrier or magnetic atom, while in a ferromagnetic mate-
rial one deals with collective spin dynamics of a large number of coupled carrier
and Mn spins, such as magnetization precession and spin waves. Interesting collec-
tive effects may also exist in paramagnetic material provided the coupling between
carriers and Mn spins is strong enough. Soft mode of precession in the vicinity of
the ferromagnetic transition, mixed electron–Mn collective spin excitation in n-type
CdMnTe quantum wells, and magnetic polarons formation, are examples of such
collective spin dynamics.
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13.6.1 Electron Spin Relaxation Induced by s–d Exchange

Carrier spin relaxation has been investigated for many years in semiconductors, and
has lead to in depth understanding of the various underlying relaxation mechanisms
and how they can be eventually reduced, in particular in structures of reduced dimen-
sionality. This subject is covered in Chaps. 1, 2 and 6. Quite generally, spin relaxation
is a result of existence of fluctuating effective fields (ω in frequency units) acting on
the carrier spin during a correlation time τc. When ωτc ≪ 1, the evolution of the
electron spin looks like a random walk [85, 86] and the dynamic averaging formula
can be applied to calculate the electron spin relaxation time as 1/τ ∼ ω2τc.

Even in very diluted DMS, with Mn concentration down to less than 1%, the
s, p–d exchange interaction produces strong fluctuating fields, which are responsible
for fast spin relaxation in these materials. This relaxation mechanism is much more
efficient than usual mechanisms, such as Dyakonov–Perel, existing in non-magnetic
semiconductors. In order to illustrate how it works let us derive an approximate ex-
pression for this spin relaxation mechanism for the case of non-degenerate electrons,
which experience the exchange field of Mn atoms embedded in a quantum well.

In the absence of any localization effects, at temperature T , the electron wave
function extends over the de Bröglie wavelength λ ≃ h/(mkT )1/2 in the direction of
the quantum well plane, and occupies a volume V ∼ Lλ2 with L the quantum well
width. This volume contains N = N0xV Mn spins, with a total spin at zero field of
the order of N1/2S producing an exchange field in frequency units

ω ∼ α

h̄

√
NS

V
, (13.22)

created by the static Mn spins. The electron experiences this field during the time
τc ∼ h̄/kT it needs to travel the distance λ. The condition ωτc ≪ 1 is generally well
justified, so that we use the dynamic averaging formula to calculate the electron spin
relaxation time as

1

τe–Mn
∼ ω2τc = α2mN0x

h̄3L
S2. (13.23)

Apart from a numerical factor this is the correct expression for the zero-field elec-
tron spin relaxation time. Numerical estimate for CdMnTe quantum wells gives spin
relaxation times of the order of few picoseconds, much shorter than in nonmagnetic
semiconductors, and close to the experimental values [87]. The general expression
for the electron spin relaxation, including the field dependence of the longitudinal
and transverse spin relaxation times has been derived by Semenov [88].

13.6.2 Mn Spin Relaxation

When considering the relaxation of Mn spins, one should distinguish between nona-
diabatic relaxation, which involves a transfer of energy to a reservoir, and adiabatic
relaxation, which is usually faster [89]. In the presence of an applied field, longitu-
dinal spin relaxation is a non-adiabatic process since it requires dissipation of the
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Zeeman energy accompanying the change of longitudinal spin component. Hence, it
is generally much longer than transverse spin relaxation. This energy dissipation can
be accommodated in part by the internal energy of the spin–spin interaction, while
the remaining part will involve coupling to the lattice at longer times (and there-
fore generally this relaxation is not exponential [89]). Faster relaxation times can be
measured in zero field [90].

Spin–Lattice Relaxation of Isolated Mn Spins

Spin relaxation of isolated Mn atoms in a lattice proceeds via phonon absorption
or emission. It corresponds to the mechanism originally proposed by Heitler–Teller.
According to this mechanism, spin and phonon can exchange energy via the orbit–
lattice interaction. The phonons modulate the electric crystal field surrounding the
magnetic atom. This field interacts with the orbital momentum of the ion, which in
turn interacts with the spin via the spin–orbit coupling.

In the transition metal series Mn atom represents a special case because in its
ground state configuration it has no angular momentum (it is a so-called S-state
atom). However this is true only for a free Mn atom. When a Mn atom is placed in
the crystal field of the lattice, spin–orbit coupling introduces small admixture of ex-
cited states, with non-zero angular momentum. This makes possible the spin–lattice
relaxation of isolated Mn ions [91]. Direct absorption or emission of one phonon
dominates at low temperature, while Raman two-phonon processes are more efficient
at higher temperatures [92]. At liquid helium temperature this spin–lattice relaxation
time τSL becomes very long (a fraction of second) because there is no more phonons
available to induce a transition between different spin levels.

Spin–Lattice Relaxation via Mn Spin Clusters

Mn ions cannot be considered as isolated: one observes a strong acceleration of Mn
spin relaxation measured under applied field when the Mn concentration increases
[89] (see Fig. 13.15). This is explained by a relaxation of the “isolated” Mn spins,
which proceeds via fast spin diffusion to “spin killing” centers such as Mn clusters
[93]. Due to the random character of the distribution of Mn atoms on the cation sub-
lattice, there is a finite probability to find nearest-neighbors or next-nearest-neighbors
Mn ions forming pairs or larger clusters (see Sect. 13.4.1). These clusters most prob-
ably play the role of fast relaxing centers. The modulation of the anisotropic super-
exchange interactions between Mn spins by lattice vibrations makes possible transi-
tions between different spin states in the clusters, and two-phonon Orbach processes
(a kind of a resonant Raman process) dominate. This is mainly because energy level
separation in the clusters falls into a region of high phonon density of states. For
temperatures below 10 K, the strong dependance on x is still observed, however spin
relaxation of clusters becomes inefficient and the detailed understanding of Mn spin
relaxation mechanism in this temperature range is still lacking.
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Fig. 13.15. Mn spin–lattice relaxation rate (crosses, pluses), spin–spin relaxation rate at 5 K
(empty circles, triangles) compared to polaron formation rate (full symbols) [94]

Spin–Spin Relaxation

Coupling to the lattice is not mandatory for Mn spin relaxation. Anisotropic spin–
spin interactions, which are at the origin of spin–lattice relaxation of Mn clusters,
also provide a direct efficient spin relaxation channel.12 The physical picture is sim-
ilar to that of nuclear spin relaxation, although the orders of magnitude are quite
different.

Nuclear spins are coupled by dipole–dipole interactions. This produces a so-
called local field (of the order of one Gauss), which has different values at different
lattice sites, and therefore results in a spread in precession frequency and a broaden-
ing of the nuclear magnetic resonance line [95]. This amounts to saying that there is
a finite transverse spin relaxation time τ2s of the order of 1 ms.

More precisely only the anisotropic part of the spin–spin interactions contributes
to the line broadening [18]. In DMS, anisotropic interactions much larger than
dipole–dipole coupling result from superexchange mediated by anions with spin–
orbit coupling. This is the so-called Dzialoshinski–Moriya [96, 97] interaction. The
broadening of Mn EPR line can be very large and correspondingly τ2s is very short,
of the order of 10−10 s (see Fig. 13.15). In addition, motional narrowing due to
isotropic exchange interaction, the so-called exchange-narrowing, must be taken into
account to explain the temperature dependance of the line width, and of τ2s [98].

12 Anisotropic spin–spin interactions do not conserve the total spin of the Mn atoms.
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Spin Relaxation Assisted by Carriers

If carriers, either localized or delocalized, are present in the sample, they create an
exchange field acting on the Mn spins. Fluctuations of this field lead to Mn spin re-
laxation. This is similar to the nuclear spin relaxation due to hyperfine interaction
with electrons [95, 99], but again the orders of magnitude are quite different. The hy-
perfine coupling constant in III–V compounds for example is typically 3 to 4 orders
of magnitude smaller than the exchange integrals in DMS. Since the spin relaxation
rate associated with this mechanism varies as the square of the coupling constant,
spin relaxation times of Mn are expected to be roughly up to 108 times shorter than
those of nuclei.

Approximate formula can be obtained by considering that an equal number of
mutual spin–flip determines Mn-induced carrier–spin relaxation and carrier-induced
Mn–spin relaxation. In the case of a two-dimensional electron gas in a quantum well
this gives the relation neτMn–e = N0xLτe–Mn. For nondegenerate electrons we can
use (13.23) and obtain

1

TMn–e
∼ α2mn

h̄3L2
. (13.24)

The corresponding expression for bulk DMS is easily derived along the same lines
by simply using V ∼ λ3 as the typical volume of the electron wave function and the
three-dimensional carrier density n instead of n/L in the quantum well (where n is
the two-dimensional density). Considering the case of holes (holes are more effective
in Mn spin relaxation than electrons because of the higher exchange integral and
effective mass) the relaxation time is estimated to be

1

TMn–h
∼ β2m3/2p

h̄4
(kBT )1/2. (13.25)

For CdMnTe with hole density p = 1014 cm−3, carrier temperature T = 2 K, heavy-
hole effective mass m = 0.4 m0, one finds TMn–h ∼ 10 µs [100], which in general
will not be the dominant contribution to Mn spin relaxation.

The general problem of Mn spin relaxation induced by exchange interaction with
two-dimensional electrons, which can be far from thermal equilibrium, has been ad-
dressed in [101]. Such a situation may occur when the electrons are heated by optical
excitation [101] or by heat pulses [102]. For zero field and close to thermal equilib-
rium, the general expression for the Mn relaxation time reduces to13

1

τMn–e
= S(S + 1)

8π

α2m2

h̄5L2

[

1 − exp

(

− πh̄2n

mkBT

)]

kBT . (13.26)

Equation (13.24) is recovered in the case of a nondegenerate gas. Figure 13.16 shows
that τMn–e decreases with increasing electron density, and saturates at a constant
value at high electron density, when the electrons become degenerate, due to the
constant 2D density of states. It also shows that at low Mn concentration and high

13 Assuming that the electron gas is confined in a quantum well with infinite barriers.
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Fig. 13.16. Left: calculated electron–Mn relaxation time τMn–e as a function of the 2D electron
density (upper scale), and measured spin–lattice relaxation time τSL as a function of Mn
content (lower scale) (after [101]). Right: experimental evidence of acceleration of Mn spin
relaxation by a 2D electron gas detected by a change of photoluminescence intensity after a
heat pulse [102]

enough electron density τMn–e becomes shorter than τSL, thereby accelerating the
Mn spin–lattice relaxation via the 2DEG shortcut [102].

Following the analogy with nuclear spins one could be tempted to say that lo-
calized carriers should be more effective in Mn spin relaxation than free carriers.
However in the former case one has to deal with the problem of bound magnetic
polaron, in which electron and Mn spins are strongly correlated (for a review see
[103]) and an additional characteristic time, the polaron formation time τF, must be
introduced to describe the evolution of the local magnetization after trapping of the
carrier. It was shown that τF is closely related to the spin–spin relaxation time [94]
(see Fig. 13.15).

13.6.3 Collective Spin Excitations in CdMnTe Quantum Wells

In doped quantum wells the collective motion of Mn spins may be strongly affected
by the exchange interaction with the carriers. Obviously the Mn spin precession fre-
quency is shifted by the exchange field BC created by the spin polarized carriers.
This effect is quite similar to the Knight shift of nuclear magnetic resonance in met-
als, which is a consequence of the hyperfine interaction, and has been first demon-
strated in PbMnTe by Story et al. [104]. For this reason it was named EPR-Knight
shift in order to distinguish this shift from the usual NMR-Knight shift. One might
say that the Mn spins precess in the static total field B +BC. This simple picture may
fail to describe situations in which the coupling between carriers and Mn becomes
strong enough, so that carriers and Mn spins behave collectively. Below two exam-
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ples of these collective modes are given, along with a description based on the same
simplifying assumptions as in the expression of the free energy (13.15).14

Soft Precession Mode in p-Doped Quantum Wells

This happens for example in the vicinity of the paramagnetic to ferromagnetic phase
transition in p-doped quantum wells, where a soft precession mode of magnetization
has been predicted [106], and observed in time-resolved Kerr rotation experiments
[107]. The existence of a soft mode means that magnetization precession slows down
as temperature is lowered down to the Curie temperature. Soft oscillation modes are
typical for systems undergoing a phase transition. Here the soft precession mode is a
consequence of spin–orbit interaction, which is a necessary condition for ferromag-
netism to exist in two-dimensional systems, and at the same time is responsible for
the strong anisotropy of the heavy-hole spin. Due to this anisotropy, the heavy-hole
gas has a large susceptibility only in the direction perpendicular to the quantum well
plane (see Sect. 13.4.2).

The simplest way to figure out how the softening emerges was given by Kavokin
in [106]. As the magnetization M is tilted by a small angle θ from the direction of
the external field B applied parallel to the quantum well plane, the Zeeman energy
increases as MBθ2/2: the Larmor precession can be considered as an oscillation in a
one-dimensional parabolic potential. In the presence of holes the energy required to
tilt the magnetization is reduced by the exchange interaction. This lowers the rigidity
of the system more and more as the temperature is lowered down to TC, so that the
Larmor frequency is expected to decrease with decreasing temperature.15 This phe-
nomenon has been observed in a p-doped CdMnTe quantum well (see Fig. 13.17),
after tilting the magnetization by a short optical pulse (see Sect. 13.7.2). This could
also explain the variation of the Larmor frequency around TC in GaMnAs epilay-
ers [108].

14 In the description of the collective modes only small tilt angles of the magnetization with
respect of the magnetic field will be considered, so that one can define the conjugated operators
X̂ = Mx/(gµBM)1/2 and P̂ = My/(gµBM)1/2 which satisfy [X̂, P̂ ] = i [105]. Similarly
for the electrons one defines conjugated operators x̂ and p̂.
15 This is a classical effect, which can be described from the Bloch equations of the coupled
hole and Mn spins. One can also start from the expression of the free energy (13.15) for Mn
coupled to heavy-holes

F(M,m) = M2

2χMn
− M · B + m2

x

2χh
− IMxmx

(gµB)(geµB)
, (13.27)

and calculating mx so as to minimize the free energy (i.e., assuming a collective Mn–
carrier behavior). For small tilt angle θ the energy of the Mn system can then be expressed
quantum mechanically using the creation and annihilation operators Â† =[(1 − ζ )1/2X̂ +
i(1 − ζ )−1/2P̂ ]/

√
2 and Â = [(1 − ζ )1/2X̂ − i(1 − ζ )−1/2P̂ ]/

√
2, with ζ = I2χMnχh/

(gµB)2(ghµB)2 the key parameter which goes to unity at the ferromagnetic transition. One
finds the familiar expression for the quantum harmonic oscillator H = gµBB(1 − ζ )1/2 ×
(Â†Â + 1/2), the frequency being renormalized by (1 − ζ )1/2.
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Fig. 13.17. Left: strong reduction of the effective g-factor attributed to the soft mode (open

circles) at low temperature in a p-type CdMnTe quantum well where TC ≈ 1.5 K (from
[107]). Right: anticrossing of the Mn and conduction electron spin excitations in an n-type
CdMnTe quantum well (from [110])

Mixed Modes in n-Doped Quantum Wells

Another interesting situation occurs in n-doped quantum wells, when electron and
Mn spin flip energies become comparable. This may happen for example in very di-
luted CdMnTe quantum wells [109, 110]: the Mn spin excitation corresponds to the
normal Zeeman effect with g = 2 while the electron spin excitation first increases
due to the giant Zeeman effect, then decreases because its normal Zeeman effect
tends to align the spin in the opposite direction (ge is negative).16 Due to the s–d

exchange interaction, the electron and Mn can mutually flip their spins, while con-
serving the total energy. In this case the spin–flip excitation is neither that of electron
or Mn but a new collective spin excitation, which involves both electron and Mn.17

The existence of these collective spin excitations has been evidenced as a shift in the
Mn EPR line, and an anticrossing of electron and Mn spin–flip excitations observed
in Raman scattering experiments, see Fig. 13.17 [110].

16 This is a direct indication that the positive sign of the exchange integral α results into an
antiparallel configuration of the s and d magnetic moments in CdMnTe. At even larger field,
the Larmor frequency of the conduction electrons vanishes: this is not a soft mode, but it
provides a good configuration for a study of skyrmions.
17 The free energy reads

F(M, m) = −(M + m) · B − IM · m

(gµB)(geµB)
. (13.28)

For small tilt angles of M and m, the energy can be expanded up to quadratic terms using
the conjugated operators introduced before H = 1

2 (geµBB + ∆)(x̂2 + p̂2) + 1
2 (gµBB +

K)(X̂2 + P̂ 2) − (K∆)1/2(X̂x̂ + P̂ p̂) with the notations ∆ = IM/gµB and K = Im/geµB
for the Overhauser and (EPR) Knight shifts respectively. In terms of annihilation and creation
operators this becomes H = h̄ωe(ââ† +1/2)+ h̄ωMn(ÂÂ† +1/2)−

√
K∆(Ââ† +Â†â)+· · ·



422 J. Cibert and D. Scalbert

13.7 Advanced Time-Resolved Optical Experiments

There is a great interest in dynamical spin processes in DMS both from scientific and
technological viewpoints. Time-resolved optical experiments have been developed
for many years to investigate these processes.

In direct band gap semiconductors such as III–V and II–VI compounds cw- and
time-resolved photoluminescence have been widely used to study the spin relaxation
of photoexcited carriers and excitons [99, 111]. These experiments are based on the
fact that the degree of circular polarization of the emitted light is directly related to
the degree of spin polarization of the recombining carriers.

Time-resolved photoluminescence can also be used to investigate the magneti-
zation dynamics because the energy of optical transitions depends on magnetization
(see Sect. 13.5). Most studies devoted to the dynamics of magnetic polaron forma-
tion rely on this technique. However spin-splittings of conduction and valence bands,
which are proportional to magnetization, are generally not measurable in photolumi-
nescence because carriers thermalize in the lowest spin levels. Only the energy shift
of these lowest spin levels are measured, but these shifts are not due solely to the evo-
lution of magnetization but also to spectral diffusion in the potential fluctuations due
to disorder. Detailed studies, including resonant optical pumping below the mobil-
ity edge, are necessary to extract the correct magnetic polaron energy and formation
time [112, 113]. Another disadvantage of time-resolved photoluminescence is that
magnetization dynamics at time scales longer than photoexcited carriers lifetime is
not easily accessible.

To circumvent these drawbacks one can use some very well known magneto-
optical effects, such as Faraday rotation or, for nontransparent media, magneto-
optical Kerr rotation, which are sensitive probes of magnetization (Sect. 13.5.1).
If magnetization evolves in time after being perturbed, this evolution can be mea-
sured by time-resolved Faraday or Kerr rotation. Typically this is done by using a
pump–probe configuration. An ultrafast laser pulse may alter in various ways, which
will be examined below, the magnetization of the sample. The complete dynamics of
magnetization, which includes excitation by the laser pulse and recovery of thermal
equilibrium, is triggered by a linearly polarized laser pulse, which probes the Faraday
or Kerr rotation at different time delays. This constitutes the principle of the so-called
time-resolved magneto-optical Kerr rotation and time-resolved Faraday rotation.

The total magnetization of the sample contains two distinct contributions from
magnetic atoms and from carriers, and their spin dynamics can be both studied by
time-resolved magneto-optical Kerr rotation or Faraday rotation, as shown below.18

with h̄ωe = geµBB + ∆ and h̄ωMn = gµBB + K . This expression of two coupled harmonic
oscillators shows that the electron and Mn spin–flip excitations are coupled and the anticross-
ing energy is given by 2

√
K∆ [109]. Note that, as for the soft mode, a classical description in

terms of Bloch equations give the same result.
18 Care must be taken in the interpretation of Kerr or Faraday signal in magnetic materials,
due complications introduced by the dichroic bleaching effect. Considering for example the
Faraday rotation one can write the Faraday angle as θF ∝ QM , where Q is a magneto-optical
coefficient. After excitation by a laser pulse the total variation of Faraday rotation contains
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Fig. 13.18. (a) Induced Faraday rotation (solid line) in ZnCdMnSe/ZnSe quantum well, show-
ing the rapid exponential decay of the hole spin superimposed on the electron precession
(from [119])

13.7.1 Carrier Spin Dynamics

Carrier spin dynamics under the influence of an external magnetic field may be stud-
ied by time-resolved Kerr or Faraday rotation in usual nonmagnetic semiconductors
and in DMS as well. Although Faraday and Voigt geometries are both eligible, Voigt
geometry is generally used. In this geometry the laser light propagates perpendicular
to the magnetic field and the photoexcited carriers have their spins initially perpen-
dicular to the field. Electron spin precesses at terahertz frequencies in DMS and
produces pronounced oscillations in the Kerr or Faraday signal, while the heavy-
hole spin does not precess and contributes to an exponential decay in the signal
(Fig. 13.18).

From these measurements electron and hole (transverse) spin relaxation times
are deduced. In nonmagnetic semiconductors the electron spin relaxation can be due
to spin precession about random internal magnetic fields (as in the Dyakonov–Perel
mechanism). However, in addition to spin relaxation, spin dephasing due for example
to a distribution of g-factors [117], may contribute to the decay of the transverse
electron spin polarization. In II–VI DMS electron spin relaxation is much faster than
in the corresponding nonmagnetic host, as expected because of the strong random
exchange fields created by the magnetic atoms (see Sect. 13.6) [87, 118]. Note that
in Voigt geometry the measured precession frequency gives a clear signature of the
spins which are being observed, provided that their effective g-factors are known.

two terms δθF ∝ MδQ + QδM , where the first term corresponds to the dichroic bleaching,
i.e., a change of magneto-optical properties due to photoexcited carriers, and the second term
contains the relevant information on magnetization dynamics [114–116].
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13.7.2 Magnetization Dynamics

Magnetization Precession Induced by an Exchange Field

In semiconductors circularly polarized ultrafast laser pulses can generate transient ef-
fective magnetic fields acting on spins of carriers, nuclei, or magnetic atoms
[119–124].

In magnetic materials magnetization precession can be induced by a fast transient
effective field noncollinear with the initial magnetization direction. If the effective
field changes slowly in comparison to the Larmor period, the magnetization follows
adiabatically the total field direction and does not precess. But if the rise time of the
transient field is much shorter than the Larmor period the magnetization experiences
a torque, which triggers the coherent rotation of magnetic moments.

This effect has been studied in details in II–VI DMS quantum wells. Coherent
rotation of magnetic ion spins has been demonstrated experimentally by Crooker et
al. in ZnCdMnSe quantum wells with ZnSe barriers using time-resolved Faraday ro-
tation [119]. ZnCdMnSe is a diluted magnetic semiconductor with no spontaneous
magnetic ordering. The initial magnetization of Mn atoms is aligned parallel to the
quantum well plane by an external magnetic field, and the exchange field perpen-
dicular to the plane is induced by an ultrafast circularly-polarized laser pulse via the
photoexcited spin-polarized carriers. The rise time of this field is only limited by
the optical pulse width, while its decay is limited by the hole spin relaxation time at
the picosecond time scale. After magnetization precession has been launched by the
exchange field, free precession can persist for hundreds of picoseconds (Fig. 13.19).

It is important to note that in magnetic quantum wells the coherent rotation is
mainly induced by photocreated holes. The hole spin is generally locked along the
growth axis due to confinement and strain, while the electron spin precesses rapidly.
It is therefore possible to cancel the electron spin polarization using a second pump
pulse delayed with respect to the first one by a half of the electron Larmor period.
The amplitude of the tilted magnetization appears to be insensitive to the relative
delay between the two pump pulses, indicating that the coherent rotation is induced
mainly by the hole spin polarization [125].

In addition, a careful analysis of the time-resolved Faraday rotation data reveals a
dephasing of the oscillations associated with Mn spin precession [126]. This dephas-
ing suggests the non-instantaneous decay of the transient field created by the holes
[127] and allows for an indirect determination of the hole spin relaxation time [87].

The experimental demonstration of optically induced magnetization precession
in ferromagnetic GaMnAs is more difficult because of the strong damping of this pre-
cession, and poor optical properties of this material. Magnetization rotation induced
by photogenerated holes, as in II–VI DMS, was observed in ferromagnetic GaMnAs
[108, 128], but the mechanism of photoinduced magnetization rotation is still not
very clear [129, 130]. Magnetization rotation may also have a thermal origin, as first
identified in ferromagnetic metals [131]. The effect relies on the temperature depen-
dence of the anisotropy axis [132, 133]. The absorption of an ultrashort laser pulse in-
creases locally the sample temperature, thus changing suddenly the anisotropy axis.
Then the magnetization precesses coherently about the new anisotropy axis [134].
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Fig. 13.19. (a), (b) Observation of electron and Mn spin precession (spin beats) via time-
resolved Faraday rotation. (c) Mechanism for the coherent magnetization rotation initiated by
the exchange field of the holes (after [119])

Demagnetization by Hot Carriers

Magnetization dynamics includes the coherent regime, such as magnetization preces-
sion addressed above, and incoherent processes such as demagnetization involving
heating of the spin subsystem. Ultrafast demagnetization by intense laser pulses finds
applications to magneto-optical recording and has been mainly investigated in metals
[136]. In the standard description of the demagnetization process three thermal reser-
voirs are involved, the carriers, spins and lattice reservoirs as shown in Fig. 13.16.19

The laser pulse primarily excites the carriers, which may then transfer the excess en-
ergy directly to the spins via carrier–spin coupling, or indirectly through the lattice.
In DMS these two regimes of demagnetization can be observed depending on the
density of excited carriers. At high excitation density the direct carrier–spin coupling
dominates, while at low excitation density spins are heated indirectly by the lattice.
The later process is much slower, since it is limited by the spin–lattice relaxation (see
Sect. 13.6).

19 In itinerant ferromagnets the distinction between carriers and spins is rather artificial as
itinerant electrons contribute both to transport and magnetism (see [130]).
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Fig. 13.20. (a) The first 3 ps of demagnetization dynamics in InMnAs/GaSb. Also shown is the
cross correlation between the pump and probe pulses. (b) Demagnetization dynamics covering
the entire time range of the experiment (up to ∼1 ns). There is a slow demagnetization process,
which follows the fast component shown in (a) and completes only after ∼ 100 ps (from [135])

In ferromagnetic p-type InMnAs and GaMnAs ultrafast demagnetization is ob-
served by TRKR on the timescale of several hundreds of femtoseconds (Fig. 13.20).
It is interpreted as a consequence of transfer of polarization from Mn spins to holes
via spin–flips. The holes become dynamically polarized at the expense of localized
spins, and the dissipation of magnetization occurs through hole spin relaxation [130,
135].

Similarly, in paramagnetic undoped CdMnTe quantum wells direct heating of
Mn spins through spin–flips with high density photoexcited carriers has been ob-
served on the nanosecond timescale [137–139], while at low excitation density the
indirect coupling via the lattice always dominates [100]. These observations are well
explained by the competition between the Mn–carrier and Mn–lattice spin relaxation
mechanism. Interestingly, the Mn spin heating induced by excited carriers is not ho-
mogeneous and lead to formation of hot and cold Mn spin domains [139, 140]. Time-
resolved Kerr rotation experiments in Voigt geometry are well adapted to demon-
strate this effect, since the electron spin Larmor frequency depends on the magne-
tization. The onset of two (or even three) different electron Larmor frequencies is a
direct evidence of formation of Mn spins domains (Fig. 13.21). It was shown that in
paramagnetic DMS, the injection of nonequilibrium electron spins in the presence of
magnetic field may induce a spontaneous magnetization patterning. The observed bi-
furcation from homogeneous to inhomogeneous magnetization as the field increases
is well reproduced by the theory [141].
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Fig. 13.21. Left: Fourier spectra of the TRKR signal θK(t) measured at 1.8 K on CdMnTe
quantum wells. At low field a single line corresponding to electron spin precession shows up,
which splits into lines H, M, and C above 2.5 T. These lines correspond to electron spins pre-
cessing in spatial regions of the quantum well with different Mn spin temperatures. Lines Mn
and U correspond respectively to magnetization precession induced by the holes, and electron
precession in a non magnetic layer. Right: (a) Frequencies of the lines H, M, and C, as a func-
tion of the field intensity. Open triangles show the electron–spin precession frequency under
low excitation density when no spin instability occurs. Temperatures of hot and cold domains
are deduced by fitting the Larmor frequencies with a Brillouin function. (b) Normalized spec-
tral weight of the line C gives an estimate of the fraction of quantum well area occupied by
the cold domains. (From [140])
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Index

absorption

bleaching, 256

spin sensitive, 255

resonant, 253

acceptors, 7

additional terms, 225

affinity, 286

angular dependent linewidth, 190

angular momentum, 12

anisotropic exchange splitting, 82

anomalous Hall effect, 22, 215, 239, 413

anticrossing, 421

balanced receiver, 125, 130

ballistic regime, 233

band structure of GaAs, 11

Berry phase, 231

biexciton, 99

binding energy, 7

Bir–Aronov–Pikus mechanism, 17, 18, 32,

35, 186, 205

bistability, 322

Bloch equations, 191, 201

Bloch waves, 203

Bloembergen N., 23

Bohr radius, 7, 180

Boltzmann equation, 239

Born approximation, 225, 230

Born parameter, 226

boundary conditions, 218

Brillouin function, 356, 397

Brillouin zone, 5

Brossel J., 2

bulk inversion asymmetry, 33, 40, 41, 183

Bychkov–Rashba field, 184

Bychkov–Rashba splitting, 20, 182

carrier induced ferromagnetism, 399, 408

circular polarized light, 30

circularly polarized light, 15

coherent spin dynamics, 25

collision integral, 239

common-atom system, 43

composite fermion, 351, 354, 379

compressibility, 350

compressible states, 356

conductance mismatch, 291

conduction band, 5, 40, 41

confinement energy, 39

continuous waveexcitation, 29

core states, 179

correlation time, 16, 192, 316

Coulomb energy, 354, 368, 380

critical density (of excitons), 83

Curie law, 356

Curie–Weiss law, 397

Curie–Weiss temperature, 397, 399

current induced spin rotation, 196

cyclotron energy, 354

cyclotron frequency, 348

cyclotron motion, 187, 190

cyclotron resonance

plasma shift, 191

d-states, 390

Datta–Das device, 296

decoherence time

intrinsic, 203

deep levels, 180, 202

density matrix, 232

dephasing, 193

dichroism

circular, 155

linear, 155

diffusion equation, 218, 287

diluted magnetic semiconductor, 298, 389

diluted magnetic semiconductors, 26

dipole–dipole interaction, 4, 23, 313, 360
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direct and exchange interaction, 56

disorder, 350, 362

domain, 371, 373, 374

donor spin coherence, 204

donor wave function, 203

donors, 7

donors in Silicon, 203

doping, 6

symmetrical, 195

double dots, 205

double exchange, 395

Dresselhaus coefficient, 33

confinement energy dependence, 45

Dresselhaus splitting, 17, 18, 33, 183

Dyakonov–Perel mechanism, 17, 18, 20, 32,

35, 39, 187, 204, 258, 259, 265

strong scattering regime, 45

weak scattering regime, 45

dynamic magnetic susceptibility, 187

dynamic nuclear polarization, 4, 26, 317

dynamical Kerr (Faraday) rotation, 78

dynamical nuclear polarization, 357, 363,

364, 366, 373

reverse effect, 366

Dysonian line shape, 199

eddy currents, 201

edge channel, 351

scattering, 353, 364

edge state, 351

effective magnetic field, 16, 284

effective mass, 6, 380

effective mass approximation, 6

effective nuclear field, 358

electric dipole transitions, 200

electrical spin injection, 357

electro-optic modulator, 118

electron g-factor, 75

anisotropy, 157

electron spin resonance, 357, 358, 360

resistively detected, 362

electron spin transport, 36

electron wavefunction, 358

electron–electron scattering, 32, 45, 187

electron–hole exchange, 56

electron–hole interaction, 205

electron–hole spin interaction, 122

electron–nuclear spin system, 310

Elliott–Yafet mechanism, 17, 32, 35, 186,

194, 204, 224, 258, 259, 263

elliptical exciton states, 83, 86

ENDOR, 203

energy spectrum, 5

ESR

current induced, 199

electric dipole, 198

line shape, 188

linewidth, 181

photo, 180

sensitivity, 181, 198

transmission, 280

exchange assisted mutual exciton

scattering, 86

exchange integral, 392, 404

exchange interaction, 3, 94, 392

exciton, 8, 38, 56, 93, 325

fine structure, 56, 94

positively charged, 71

exciton exchange energy, 73, 76

exciton exchange splitting, 81

exciton formation (bimolecular,

geminate), 62

exciton g-factor, 73, 76

exciton longitudinal spin relaxation time, 68

exciton mutual exchange, 83

exciton quantum-beats spectroscopy, 76

exciton spin dynamics, 60

exciton transverse spin relaxation

time, 68, 78

exciton–polaritons, 86

extended states, 350

Faraday effect, 30, 408

Faraday rotation, 25, 41, 123, 266, 319, 422

time-resolved, 138

Faraday signals, 45

Fermi contact interaction, 4, 180, 357

Fermi level, 31

Fermi sea, 31, 356, 379

filling factor, 348, 351

fine structure, 180

forbidden gap, 5

g-factor, 4, 348

anisotropy, 184, 331

current-induced shift, 196

in silicon, 179
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GaAs, bulk, 35

GaAs/AlGaAs, 38, 47, 50

modulation doped, 45

GaAs/AlGaAs, quantum well, 41

GaN, bulk, 36

gapless semiconductor, 5, 10, 14, 232, 239

GaSb, bulk, 35

GeMn, 413

giant magnetoresistance, 281

giant Zeeman effect, 392, 402

graded interface, 41

growth

seeded, 205

Stranski–Krastanow, 205

gyromagnetic ratio, 311

gyrotropic crystals, 22, 222

Hall resistance

quantization of, 351

Hanle effect, 1, 21, 23, 30, 40, 41, 47, 196,

260, 280

oblique, 327

Hanle spectroscopy, 116

Hanle W., 1

Hartree–Fock, 45

heavy-, light-hole exciton, 59

helicity, 10

heterostructure, 14

hole g-factor, 75

hot luminescence, 11

hyperfine broadening, 206

hyperfine decoherence, 204

hyperfine interaction, 4, 18, 23, 108, 180,

202, 203, 311, 313, 357

in quantum dots, 169

ligand, 180

hyperfine splitting, 202

hysteresis, 23, 322

impurities, 5

impurity scattering, 362

InAs, bulk, 35

InAs/GaSb, 44

indirect exchange, 394

indirect gap, 180

InGaAs/InP, 44

inhomogeneous broadening, 252

InSb, bulk, 35

intersubband scattering, 119

intrinsic mechanism, 223, 231

inverse scaling, 284

inverse spin Hall effect, 22, 215

inversion asymmetry

bulk, 251

structure, 251, 254, 263

inversion symmetry, 213

Ising ferromagnetism, 369

isoelectronic, 390

isotopes, 180

k–p method, 32

Kastler A., 2

Kerr effect, 30

Kerr measurements, 38

Kerr rotation, 25, 123, 235, 328

time-resolved, 138

kinetic coefficients, 214, 286

kinetic equation, 225

kinetic exchange, 393

Knight shift, 313, 358, 381

Korringa relation, 359

Kramers degeneracy, 94

Kramers–Kronig relation, 124

Lampel G., 2

Landau level, 348

Landé g-factor, 30

Larmor frequency, 30, 136, 192, 260, 267

Larmor precession, 30, 81, 118, 327

Larmor vector, 32

lateral confinement, 202

level crossing, 354, 355, 370

light and heavy holes, 8, 14, 56, 232

light polarization, 106

linear response, 286

liquid crystal retarder, 118

local nuclear field, 313

localized states, 350

long-range many-body interactions, 86

longitudinal-transverse splitting, 57

luminescence, 11

Luttinger Hamiltonian, 8, 9

parameters, 59

magnetic

random access memory, 301

magnetic circular dichroism, 407

magnetic dipole transitions, 200

magnetic flux quantum, 348
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magnetic impurity, 389

magnetic interaction, 5

magnetic length, 351

magnetic moment, 2

magnetic polaron, 410, 419

magnetic resonance

optically detected, 180

magnetic susceptibility, 181

magnetization patterning, 426

magnetization steps, 397

magneto-optical Kerr effect, 408, 422

magneto-plasma effects, 181

magnetoresistance, 280

Magnus effect, 213

metal insulator transition, 36

microwave absorption, 187

microwave cavity, 200

momentum relaxation, 188

momentum relaxation time, 252

momentum scattering time, 66, 68

Moss–Burstein shift, 407

motional narrowing, 188

motional slowing, 32, 45

Mott effect, 223

natural interface asymmetry, 33, 42

NMR, 203, 319, 358, 371, 381

all-optical, 337

multi-quantum, 333

multi-spin, 333

optically induced, 334

optically pumped, 360, 381

resistively detected, 361, 372, 382

traditional, 360, 381

no-common-atom system, 43

nonequilibrium magnetization, 283

nonequilibrium thermodynamics, 280

nuclear field, 372

compensation, 331

nuclear magnetometry, 377

nuclear magneton, 311

nuclear paramagnetism, 356

nuclear self-polarization, 326

nuclear spin, 4, 180

nuclear spin decoherence, 367

nuclear spin diffusion, 23, 360

nuclear spin memory, 374

nuclear spin polarization, 356, 361, 363,

372, 377

nuclear spin relaxation, 316, 357, 359–363,

368, 375

Korringa type, 359, 381

resistively detected, 375

nuclear spin system, 23

cooling, 323

resonant cooling, 337

nuclear spin temperature, 323

nuclear spins, 125

optical orientation of exciton, 59

optical pumping, 2, 357

selection rules, 59

optical selection rules, 117

optical spin orientation, 15

optical transitions, 251

interband, 253

intersubband, 249, 251, 261

intrasubband, 261

Orbach relaxation, 204

Overhauser field, 312

Overhauser shift, 313, 358, 363

Pauli blocking, 131

Pauli principle, 2, 30, 86

Pauli susceptibility, 400

phase space filling, 30, 83

phase synchronization, 162
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