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Foreword

The appearance of materials with dimensions on the nanoscale has brought new
stimulus also to magnetism. The discoveries of giant magnetoresistance and tunnel
magnetoresistance can be seen as a result of this development.

Generally, magnetism tends to become weaker or even disappears when the
geometrical dimensions of samples are decreased. In thin films used for data
storage in magnetic recording, for example, this can lead to instability of stored
information.

However, this trend is not always to the disadvantage of possible applications. In
small nanoscale particles, for example, the occurrence of superparamagnetism leads
to hysteresis-free magnetization curves with vanishing remanence. This is useful
when the magnetic response should be given as much as possible by an external field
rather than by the “magnetic history” of the material. There are numerous examples
for this in medical applications as described in this volume. On the other hand — to
dwell a little further on the mentioned problem in data storage — new interactions
have also been discovered, which are operative on the nanoscale and can be used
to solve a given problem. Such an interaction is the interlayer exchange coupling,
which is employed in antiferromagnetically coupled (AFC) media to enhance the
stability of stored information.

Magnetic surfaces and interfaces represent further special classes of nanoscale
materials. Uncompensated spins at the surface of an antiferromagnet, for instance,
give rise to a phenomenon called “exchange bias”, which is applied in magnetic
field sensors to tailor the response curve.

For magnetic structures on the nanoscale there is also a new possibility to
affect their magnetic order by means of electrical currents. This phenomenon called
“current-induced magnetization dynamics” is foreseen to be used for writing infor-
mation. It is currently one of the most active fields of research on nanoscale mag-
netism and also offers a new method of microwave generation by the current-driven
precession of the magnetization.

Hence, a variety of new phenomena operative on the nanoscale is available to
render nanomagnetism an interesting research field and to generate the potential
for new applications. What are the systems, in which these phenomena can occur?
We mentioned already layered magnetic structures and nanoparticles. Other classes
of materials are magnetic nanowires and dots, either lithographically defined or
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realized by assembling molecules and atoms such as fullerenes filled with magnetic
materials.

The field of nanomagnetism is rich indeed both from a fundamental scientific
viewpoint and with respect to applications and new devices.

Peter Griinberg
2007 Nobel Prize in Physics



Preface

This book has its genesis in the 2007 Materials Research Society (MRS) Fall
Meeting where we organized the symposium ‘“Nanoscale Magnetic Materials and
Applications”. This symposium, with more than 200 submissions of presentations
and 30 invited talks, was one of the most successful meetings in magnetic materials
research in recent years. Ms. Elaine Tham from Springer suggested us to edit a
book based on the topics presented in this symposium. We invited a number of
presenters in the symposium to be the authors of this book which shares the title of
the symposium. Moreover, we have extended the scope of the book to other topics
as well that were not covered in the symposium.

Magnetic materials have a long history. People have been using compasses for
thousands of years. However, new magnetic materials and applications are emerging
and are proving indispensable in our daily lives and modern industries. One example
is that there are already over a billion giant magnetoresistance sensors produced
for information technology and other related applications. Hard and soft magnetic
materials are key for efficient energy conversion, especially for converting electric
energy to mechanical energy so that they are important to meet the challenges of the
depletion of fossil fuels, climate change, and global warming.

Nanotechnology is one of the most important developments in science and tech-
nology in our generation, and it has brought revolutionary progress in materi-
als processing and characterization. Current magnetic nanotechnologies have their
roots in the development of bulk materials, such as permanent magnets where
the functionality is derived from a complex nanoscale multi-phase morphology.
Nanotechnology has offered a coupling of synthesis, theory, and characterization
of materials at the nanoscale that enables materials design to evolve beyond ear-
lier Edisonian approaches. By its very nature, magnetic materials are a class of
nanoscale materials. Although early researchers did not explicitly work on the
nanoscale, theoretical research revealed some time ago that nanoscale correlations
exist in magnetic materials and control their properties. Several important charac-
teristic dimensions in magnetism are in the nanoscale range such as the magnetic
domain wall thickness and the “exchange length” in hard magnetic phases. This
highlights why the research and development of new nanoscale magnetic materials
are important and will lead to enhanced performance and new functionality. Some
recent examples highlighted in this book include patterned magnetic recording

vii



viii Preface

media and exchange-coupled nanocomposite magnets, where intense worldwide
efforts are underway to significantly improve the areal density of data storage and
the energy product of permanent magnets, respectively.

This book covers many of the exciting areas in nanoscale magnetic materi-
als and applications. Readers will find topics in the book including theoretical
work on novel magnetic structures, characterization of magnetic structures, single-
phase materials and nanocomposite magnets, spintronic materials, domain structure
and domain wall motion, magnetic nanoparticles and patterned magnetic record-
ing media, magnetocaloric effect, and shape memory effect. The book also cov-
ers the most important emerging applications of advanced materials. The appli-
cations include new devices based on domain wall motion driven by current or
fields, new magnetic sensors based on giant magnetoresistance and tunneling mag-
netoresistance, soft and hard magnetic materials for specific applications, thin-film
applications in micro-electro-mechanical systems, and nanoparticle applications in
biomedicine. We hope that this new book provides a comprehensive view of recent
progress in all the related fields.

While attempting to present the most exciting developments in materials research
and device applications, discussions in depth about the novel phenomena and
emerging new materials are also presented in the book, such as the controllable
exchange bias and inter-phase exchange interactions. Though more work is needed
to understand the issues, we hope that this book gives a good introduction to future
advancement.

We thank Prof. Peter Griinberg, the 2007 Nobel Laureate in Physics, for giving
his insightful and visionary foreword to this book. We thank Ms. Elaine Tham and
Ms. Lauren Danahy from Springer who initiated this book and did a great deal of
work to bring it to completion. Mrs. Grace Liu has worked hard in collecting all
the manuscripts, figures, and related paperwork. Finally, we thank all of our authors
who contributed their very informative and in-depth chapters which made this new
book a reality.

Arlington, TX, USA J. Ping Liu
La Jolla, CA, USA Eric Fullerton
Dresden, Germany Oliver Gutfleisch

Lincoln, NE, USA David J. Sellmyer
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Chapter 1
Spin Dynamics: Fast Switching of Macro-spins

X.R. Wang, Z.Z. Sun, and J. Lu

Abstract Recent progress on the theoretical studies of fast magnetization reversal
of Stoner particles is reviewed. The following results are discussed: (1) The Stoner—
Wohlfarth (SW) limit becomes exact when the damping constant is infinitely large.
Under the limit, magnetization moves along the steepest energy descent path. (2) For
a given magnetic anisotropy, there is a critical damping constant, above which the
minimal switching field is the same as that of the SW-limit. (3) The field of a ballistic
magnetization reversal should be along a certain direction window in the presence
of energy dissipation. (4) Since a time-dependent magnetic field can be an energy
source, two new reversal strategies are possible. One is to use a field following
magnetization motion, and the other is to use a circularly polarized microwave near
the ferromagnetic resonance frequency. The critical switching fields of both strate-
gies are substantially lower than that of precessional reversal for realistic materials.
(5) The theoretical limits for both field-induced and current-induced magnetization
reversal are presented for uniaxial Stoner particles.

1.1 Introduction

Spin dynamics is an old and important subject rooted in magnetism and the
nuclear/electron-spin/ferromagnetic resonances that have wide applications in
physics, information processing, chemistry, biology, and medicine [1-5]. In the field
of magnetic data storage [4], magnetization reversal has received a lot of attention
because data input and output involve switching the magnetization of magnetic stor-
age cells that are important components of modern computers. The typical switching
time with currently used technology is of the order of nanoseconds. If one wants to
have a faster computer (modern electronic computers are working at a clock speed
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of the order of GHz) with magnetic random access memory (MRAM), the conven-
tional magnetization reversal method shall be a bottleneck. Thus, fast magnetization
switching shall be of great importance for future development of high-speed infor-
mation industry.

Magnetization reversal is a very complicated problem in bulk material [5]
because it can be achieved in many different ways. For example, magnetization
reversal can go through bucking and curling modes, coherent rotation, and/or
domain nucleation and domain wall propagation. Recent technological advances
allow us to fabricate magnetic nano-particles [6] that are believed to be useful
for high-density information storage [7-10]. For a magnetic nano-particle, strong
exchange interactions keep the magnetic moments of atoms rigid, creating just a
single magnetic domain, such that the constituent spins rotate in unison. Such a
nano-particle is often called a Stoner—Wohlfarth (SW) or Stoner particle. The under-
standing of magnetization reversal of a Stoner particle should be relatively simple
in comparison with that of a bulk system, yet important in nano-technologies [4] as
a consequence of the miniaturization into the nano-meter scale.

Magnetization reversal of macro-spins (of Stoner particles) is known as the SW
problem because it was first studied by Stoner and Wohlfarth in 1948 [11]. One cur-
rent topic in nanomagnetism is the control and manipulation of the magnetization of
Stoner particles, and magnetization reversal is one of the basic operations. Magneti-
zation state can be manipulated by a magnetic field [11-22], or by a spin-polarized
electric current [23-28] through so-called spin-transfer torque (STT), or by a laser
light [30]. In terms of applications, manipulation by a magnetic field and/or a spin-
polarized electric current dominates and will continue to dominate the information
storage industry. Examples are field-driven and current-driven MRAM. Important
issues in applications are scalability, power consumption, and speed. These issues
relate to the problems of lowering the critical field/current required to reverse a
magnetization [4], as well as to the problems of designing a field/current pulse such
that the magnetization can be switched from one state to another extremely quickly
[21, 29].

Regarding the issue of minimal switching field, Stoner and Wohlfarth [11]
showed that a static field larger than the so-called SW-limit can switch a magne-
tization from its initial state to the target one. The idea is to make the target state
to be the only energy minimum. Thus the system rolls down to the target state.
However, the system can only gradually dissipate its energy during a precessional
motion so that the magnetization moves around the precession axis many times
(ringing phenomenon or ringing mode) [12-16, 21, 22] before reaching the target
state. As a result, it takes typically nanoseconds to switch a magnetization at a field
of teslas. Subsequent theoretical and experimental studies [14, 15] have shown
that the minimal switching field can be smaller than the SW-limit. The energy
consideration alone in the SW theory is not adequate, and one has to take into
account magnetization dynamics. The magnetization dynamics of a nano-structure
is governed by the so-called Landau-Lifshitz—Gilbert (LLG) equation that does
not have a general analytical solution. Most theoretical work in the field has
relied on numerical calculations, and most reversal schemes [21, 27, 28] have
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been proposed on a hunch. Ideas include thermal assistance [27] and sample
designs [28].

Regarding the issue of switching time, picoseconds magnetization switching has
been observed recently in experiments [14, 15] by using pulsed magnetic fields. This
approach has received much theoretical attention [12, 17-19]. Numerical investi-
gations [12] showed that the switching time can be substantially reduced because
ringing effect is avoided so that the magnetization moves along a so-called ballistic
trajectory [19]. The precessional magnetization reversal provides not only a shorter
time but also a lower switching field (well below the SW-limit), as found in the
early numerical calculations [12]. In the absence of energy dissipation, precessional
magnetization switching can also be investigated analytically. Analytical results for
the minimal field were obtained by Porter [20].

There are already many nice reviews and books on the general subject of spin
dynamics, and we shall not try to make a thorough review on the subject. Instead,
we concentrate on the recent theoretical progress on two issues of the SW prob-
lem. One is how to make magnetization reversal fast, and the other is how to lower
the switching field/current. For those readers who want to know more about many
other aspects of spin dynamics, they may read several nice books [1—4] on the sub-
ject. The outline of this chapter is as follows. A brief introduction of spin and its
kinetics and dynamics subjected to different interactions are given in Section 1.2.
These include the dynamics of an isolated spin (without damping) and the dynam-
ics of a macro-spin in contact with the environments (with damping through spin
relaxation and spin decoherence). Spin current as a result of spin kinetics is also
discussed. Section 1.3 is about magnetization reversal by a static magnetic field.
The existence of a critical damping constant, above which the SW theory predicts
correctly the switching field, is discussed, and a direction window for ballistic rever-
sal is explained. Section 1.4 is about the macro-spin reversal by a time-dependent
magnetic field. The fundamental difference between a static magnetic field and a
time-dependent magnetic field is revealed. Based on the fact that a time-dependent
magnetic field can be an energy source, two strategies with substantial lower (than
the precessional one) critical switching field are discussed. The theoretical limits of
the critical switching field or current out of all possible designs, together with the
optimal reversal trajectory, are also given. Section 1.5 is a short summary.

1.2 Spin and Its Kinetics and Dynamics

1.2.1 Basic Concepts of Spin

Like electric charge, spin and the associated magnetic moment are fundamental
properties (intrinsic quantum numbers) of elementary particles. The spin quantum
number relates to many phenomena in elementary particle physics as well as in
nuclear, atomic, solid state, and statistical physics. Spin is one type of angular
momentum which does not have a classical analogy, but one may tentatively view
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a spin coming from a spinning motion of a particle. From the symmetry transfor-
mation viewpoint, spin is one class of generators of spatial rotation transformations,
while electric charge is the generator of so-called U(1) gauge symmetry transfor-
mations. Spin has three components, s;, s, and s3 that generate rotations around X-,
y-, and z-axis. Unlike electric charge being a scalar, the expectation value of a spin
operator s is a vector. According to quantum mechanics, spin operators s satisfies
the following fundamental commutation relations

[sj, skl = ihejusi, (LD

where ¢ j;; is an antisymmetric tensor on three indices, for which ¢, = 0 except
for €123 = €231 = €312 = 1 and €331 = €213 = €130 = —1. This symmetry Viewpoint
explains well why spin is a good quantum number of an elementary particle that has
an intrinsic rotational symmetry. From quantum mechanics, it is known that a spin
can take only integers or half-integers values of 7.

Following classical electrodynamics, the magnetic moment of a charged particle
moving in a circular orbit is given by

q - -

M=-11, L=7%xp, (1.2)
2m,

where ¢ and m, are the charge and the mass of the particle, respectively. L is the
orbital angular momentum of a particle at position 7 with momentum p. Although
the magnetic moments of elementary particles and their spins do not follow exactly
the above equation, they are related to each other by

M= gzi ; (1.3)

with g a fundamental parameter for a given particle.

1.2.2 Kinetics of Spin: Spin Current

Just as the flow of charge generates electric current, so the flow of spin in space
creates a spin current. Different from the electric current density which is a vec-
tor, spin current density is a rank-2 tensor because of the vector nature of spin.
As mentioned earlier, spin is only one type of angular momenta. All particles can
have orbital angular momentums besides spins. An electron can exchange its spin
with its orbital angular momentum through spin—orbit interaction or exchange its
spin angular momentum with the angular momenta of other electrons and/or parti-
cles through particle—particle interactions. As a result, spin current is very fragile,
not continuous, and does not even conserve because the spin state of an electron is
seldom stationary. To see why the spin current behaves like this, it may be helpful
to understand why an electric current reaches easily the continuity condition. The
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reason is not only due to the charge conservation (otherwise, the spin current should
also be very robust) but also because of both charge quantization and large Coulomb
interaction. Each type of particle carries only a fixed number of charges. For exam-
ple, all electrons have one negative charge. Large Coulomb interaction prevents any
real material from either absorbing or releasing excessive charges. In comparison,
an electron can be in any innumerable number of possible spin states, and there is
no interaction to prevent angular momentum accumulation and transformation from
one object to another.

The differences in the electric current and spin current make the study of spin
current much more challenging than that of electric current. In fact, even the issue
of a proper definition of the spin current has been an active issue of debate recently
in the spintronics community [31-33]. Interested readers are referred to the literature
[31-33] for a full discussion.

1.2.3 Dynamics of Spin: Bloch Equation, Landau—Lifshitz
Equation, and Landau-Lifshitz—Gilbert Equation

Consider a spin § under the influence of its Hamiltonian W (5). The dynamics of 5 is
governed by the Heisenberg equation if s can be regarded as a closed system

s 1L
== [we)l. (1.4)

It is straightforward to evaluate the commutator, and Eq. (1.4) becomes

ds R -
d—:=ys><H,, (1.5)

where y = 2.21x 10°(rad/s) /(A /m) is the gyromagnetic ratio, and the effective field
H, = —V;W() / y comes from external magnetic fields and from various magnetic
anisotropy energies [5]. If one takes the expectation value of the above equation
with respect to the spin state, and assumes (—ys x H;) = —y(s) x (H,), then
the magnetization of an isolated spin, M = y (5), satisfies the following dynamic
equation

am M x H (1.6)
—_— = — X . .
dr Y '

Classically, I?I, = —VMW(M)/MO, where 1o = 4m x 107N /A? is the vacuum

magnetic permeability, and W(A71 ) is the classical magnetic energy density.
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1.2.3.1 Bloch Equation

Equation (1.6) is called the Bloch equation of an isolated spin by the nuclear mag-
netic resonance (NMR) and quantum optics scientific community because of the
critical contributions of F. Bloch on these subjects. It is also known as the Landau—
Lifshitz equation without dissipation in magnetism. Equation (1.6) is correct only
for isolated spins, which is not the case for most realistic systems. Spins in a sample
made up by condensed matter experience various interactions with other dynami-
cal degree of freedoms of the sample and its environment. These interactions create
internal magnetic fields. Due to the dynamical nature of the environments, these
internal fields not only contribute an averaged field to the total magnetic field H, but
also exert residual fluctuating fields on the spins. These fluctuating fields, originated
in the infinite number of degrees of freedom of the environment as well as their ther-
mal and the quantum fluctuations, can lead to both spin relaxation and spin decoher-
ence, meaning that the spin magnetization will approach to a preferred equilibrium
value M, along the z-axis which is selected by either external magnetic field or
sample anisotropy. The physics is as what was explicitly demonstrated in Reference
[34]: A random field perpendicular to the z-axis, which produces an off-diagonal
term in the Hamiltonian, can induce transitions between different spin states. The
randomness in the transitions and the spontaneous decay of quantum fluctuations
leads the spin magnetization to take an equilibrium statistical value. The fluctuating
field along the z-direction makes the spin precession random, which gives rise to
spin decoherence.

If one takes into account spin relaxation and spin decoherence in the spin dynam-
ics, the proper way to describe the magnetization dynamics is the so-called Bloch
equation with spin relaxation and spin decoherence.

M. _ (M H,y — M, H,) M — Mo
dr Y My Hyy yix T
dM, M
o= = —v(MH;. — M.H,) - Tx (1.7)
2
dM, M,
7 == _V(Mthx - Mthz) - Tz

where 7| and 75 are called spin relaxation time and spin decoherence time, respec-
tively. 7} is the typical time for an initial non-equilibrium M, to reach the equilib-
rium value M., and T is the typical time for a magnetization to lose the memory
of its initial precession position. The above equation is the starting point of usual
NMR analysis because the NMR signal is related to the average magnetization M
of an ensemble of spins.

1.2.3.2 Landau-Lifshitz Equation and Landau-Lifshitz-Gilbert Equation

The Bloch equation describes well the magnetization dynamics of an ensemble
of non-interacting or weakly interacting spins, but it does not capture the proper
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physics of a strongly interacting spin system such as a piece of magnet. This is
because the magnetization magnitude of a magnet shall not change with time, and
Eq. (1.7) does not preserve the magnitude of the magnetization. To take into account
the dissipative effect of the environment, Landau and Lifshitz [35] introduced a
phenomenological term, aym x (M X f[,), where « is a dimensionless phenomeno-
logical parameter measuring the damping strength, and /7 is the unit vector of M.
Equation (1.6) with this damping term becomes

dM .. L
o =—yM x H —aym x (M x Hy). (1.8)
Equation (1.8) is called the Landau-Lifshitz (LL) equation.

Later Gilbert [36] proposed an alternative way to include dissipation. Similar to
Ohm’s law in electron transport, Gilbert assumed a friction field of —a(dm / dt) on
a moving magnetization due to the dissipation. This friction field generates a torque
on the magnetization. Thus Eq. (1.6) should be modified as

am M x H, + oM din (1.9)
= — X o X —. .
di v ’ di

This equation is called the Landau-Lifshitz—Gilbert (LLG) equation that can also
be written as

>

dM - .
(1 +o¢2)W =—yM x H, —aym x (M x H,). (1.10)

Although Egs. (1.10) and (1.8) have the same mathematical form, the two
approaches to the dissipation are fundamentally different. According to Eq. (1.10),
the change rate of the magnetization goes to zero as _ — 00, and the magnetization
shall move along the dissipation direction of —m x (1l71 x H;) when o — oo. How-
ever, Eq. (1.8) says that the rate change of the magnetization becomes infinity at
infinite damping, and it does not make any sense. Thus LL’s approach to dissipation
is not physical! It is generally accepted that LLG equation is the right description of
magnetization dynamics for a magnet, and it is the starting point in our discussion
of magnetization reversal of Stoner particles.

-e

i |f

—o0
Fig. 1.1 An STT structure. i E X
Note that the direction of the I
electrical current is opposite z
to that of electron flow Iam— y

=y
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Equation (1.9) contains only a torque from a magnetic field. To include the inter-
action between a spin-polarized electric current and the magnetization, one needs to
add the so-called spin-transfer torque (STT) to Eq. (1.10). The idea of STT was inde-
pendently suggested [23] by Slonczewski and Berger in 1996, and it was verified by
several experiments [26]. In order to see the origin of the STT, consider a mag-
netic multilayer structure of nano-meter scale as illustrated in Fig. 1.1. It consists of
two ferromagnets sandwiched in three nonmagnetic metallic layers. Electrons flow
along the Z direction (from the left to the right) in the sample (the current 7 is in
the opposite direction, —Z, as shown in Fig. 1.1). The first ferromagnet F1 is usually
very thick so that the current does not affect its magnetization M,. Electrons are
polarized along M, after they pass through F1 and retain their polarizations before
entering the second ferromagnet F when the thickness of the spacer layer between
F1 and F is much smaller than the spin diffusion length. The polarized electrons
transfer their spin angular momentums to F, resulting in so-called STT [23]. This
STT can affect the dynamics of magnetization M of F when it is thin enough. The-
oretical studies [23-25] show that the STT I is proportional to the current with the
following form

rz{d(Mv)} :”—hl(P §)m X (71 % §), (1.11)
STT

dt Hoe

where § is the unit vector of the current polarization direction (along M 1)- V and e
denote the volume of F and the electron charge, respectively. The exact microscopic
formulation of the STT is still a subject of study and debate [24, 25]. Different
theories differ themselves in different expressions of the function g that depends on
the degree of the current polarization P and relative angle between 7 and §. All
experimental investigations [26] so far are consistent with the result of Slonczewski
[23], which will be used throughout this study,

4p32
(14+P¥3B+m-5)—16P32

g(P,r7z-§)= (1.12)

Equation (1.9) including the STT becomes the following generalized LLG
equation

-

aM - S - dm - .
o =—yM x H +aoM X ar +vyvarM x (M X §), (1.13)

where a; = hlg / (oeM? V) is a dimensionless parameter. This equation is the
starting point of most studies of magnetization dynamics of Stoner particles in the
presence of both a magnetic field and a spin-polarized electric current. Because
the magnitude of M does not change with time, M can be described by the polar
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angle 6 and the azimuthal angle ¢ in spherical coordinates, and Eq. (1.13) can be
rewritten in a dimensionless form

d .
A+ = i xhy — i x (i x ), (1.14)

where

hy = h; +aa;s,
- .,
hy =ah, —a;$,

and 7 in Eq. (1.14) is measured in units of (y M )~!. The magnetization and the mag-
netic field are in the units of M. The total field i, = h + h; includes both applied
magnetic field h and internal ﬁeldjzi due to the magnetic anisotropy energy density
w(m) (which is in unit of woM?), h; = —Vzw(m). Different particles are character-
ized by different magnetic anisotropy. Let &,, &y, and &, be the three spherical unit
vectors of 7. In terms of 6 and ¢, Eq. (1.14) can be written as

(1+ 012)9 =h; ¢ +oahip+ar(asy — sp), 115

(1 4+ ?)sin 9(]5 =ah gy —hipg —ar(asy + s4). (1.15)
Here h; ¢, h; 4 and sg, 54, 5, are the &y, &4, and &, components of I;, and §, respec-
tively.

Both LL and LLG equations are semi-classical. The description should be inade-
quate when quantum effects become important. This may occur for extremely small
particles, or in the case that spin wave excitation can affect spin dynamics. So far, a
quantum version of the LLG equation is still missing.

1.3 Macro-spin Reversal with a Static Magnetic Field

This section is about the magnetization reversal of a uniaxial particle by a static
magnetic field in the absence of an electric current. Thus, there is no STT, a; = 0.
A uniaxial model of w(m,) = —kom? /2 — kym? /4 — hym, — h.m_ will be used
to illustrate the results whenever a detailed magnetic anisotropy is needed. In the
model, k, and k4 are model parameters characterizing the potential barrier and the
shape of the potential landscape. Two parameters are needed to model different
uniaxial Stoner particles since one of the parameters can be eliminated by choosing
a proper time scale in Eq. (1.14).

1.3.1 A Nonlinear Dynamics Picture of Magnetization Reversal
The magnetization reversal of Stoner particles can be conveniently described by the

terminology of nonlinear dynamics. The phase space related to the magnetization
is a two-dimensional (2D) plane of polar angle 6 and azimuthal angle ¢, shown
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in Fig. 1.2a. In the & — ¢ plane, each point corresponds to a particular state of
the magnetization. A magnetization state will in general move to new states due
to its dynamics. Its motion can be described by a trajectory in the phase plane,
called phase flow. The phase flow for a dissipative system ends at a few types of
destinies (attractors), including fixed points, limit cycles, or strange attractors. They
correspond to stable states and periodic, aperiodic, and chaotic motions [38]. In a
2D phase plane, however, the strange attractor solution is not allowed.

The 8-6 phase plane

(b)

Fig. 1.2 (a) z-axis is along the total magnetic field By . —in xRy points to the precession
direction, and —m x (m x h;) decides the dissipation direction. (b) The 6 — ¢ phase plane
for the magnetization of a Stoner particle. Points A and B represent the initial and the target state,
respectively. Two shadowed areas denote schematically basins of two stable fixed points A and B.
The solid curve L1 and dashed curve L2 illustrate two different phase flows from A to B

The only attractor relevant to the magnetization reversal of Stoner particles
under a static field is fixed points. The magnetization reversal problem is as fol-
lows: Before applying an external magnetic field, there are two stable fixed points
(denoted by A and B in Fig. 1.2b), corresponding to magnetizations, say 1 (point
A) and —m (point B), along its easy axis. The phase plane can be divided into two
parts, called basins of attractors. One is around A and the other around B, denoted
by shadowed areas in Fig. 1.2b. The system in basin A(B) will end up at state A(B).
Initially, the magnetization is 77, and the goal is to apply a small external field to
switch the magnetization to —m fast.

The conventional magnetization switching is based on a damping mechanism.
From the viewpoint of nonlinear dynamics, the idea behind the method is to con-
struct the external magnetic field in such a way that the target state is the only stable
fixed point. In other words, basin A (Fig. 1.2b) is reduced to zero and the whole
(except probably a few isolated points) phase plane is the target state basin (basin
B). The minimal reversal field (SW-limit) is the one at which basin A shrinks to a
point. Since the initial and the target states have very large energy difference, the
extra energy must be dumped into the lattice during a spiral motion before the sys-
tem reaches the final state. The system first spirals out of A, and then spirals toward
B, denoted by phase flow L2 in Fig. 1.2b. This spiral motion is often referred [19]
to as ringing effect. The reversal time is largely determined by the effectiveness of
energy dissipation — damping is good!
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In the precessional magnetization reversal, one applies a short magnetic field
pulse perpendicular to the magnetization such that both initial and final states are not
fixed points, and system will start to flow in the phase plane. In order to switch the
magnetization, one needs to let the system to reach the basin of the final state (basin
B) such that the system will flow to the target state after the pulse field is switched
off. Ideally, one wants both initial and target states on its precessional path. This is
a non-damping method, and the reversal time does not rely on the spin relaxation
time. There are several ways with different control precisions to move the system
to the desired state. One way is to apply a perpendicular pulse field to “kick” the
system to basin B. In comparison with the conventional method, the spiral motion
out of the initial state is replaced by a ballistic [19] motion. However, the system
relies on ringing effect to reach the final state. It was shown [12] that the switching
time can be reduced substantially, but it is still hundreds of picoseconds for a normal
magnetic particle due to the ringing effect in the last stage of magnetization reversal.
More efficient reversal is the so-called ballistic reversal in which both the initial and
the target states are on the same phase flow trajectory as schematically illustrated by
the solid line L1 connecting points A and B with an arrow in Fig. 1.2b. The typical
time for a precession of 180° in a field of teslas is on the order of picoseconds for
usual magnetic materials so a picoseconds magnetic field pulse is required in this
method. The damping is bad in this approach, and a precise control of the pulse
duration is required.

From the computational point of view, the magnetization reversal time can be
evaluated as soon as the phase flow connecting the initial and the target states is
found. Since the time for the magnetization to travel a small section d! of the trajec-

tory equals d/ divided by the phase velocity /62 + ¢2, the reversal time is

B
t = —d{(G,qb‘) . (1.16)

In the language of nonlinear dynamics, an external field modifies the dynam-
ics by changing the phase velocity field. This velocity field is in general a con-
tinuous function of the external field. A phase flow between the initial and target
states could only be set up when the external field is strong enough because the
initial and final states are two stable fixed points with equally large basins at the
beginning. The minimal switching field is the critical one at which such a flow is
created.

1.3.2 The Exactness of SW-Limit at Infinitely Large Dissipation

The conventional method is based on damping. Its classical result is the so-called
SW-limit. For a uniaxial model with the easy axis along the x-axis and magnetic
field in the xz-plane, the SW-limit is obtained by assuming that the magnetization
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moves in the xz-plane during its reversal. The minimal switching field is given
by [11]

dw/dm, =0, (1.17)
d*w/dm? =0, (1.18)

with mf + m2 = 1. The SW-limit[11] for k; #£ 0 and k4, = O is
(hy [k)P + (h, k)P =1, (1.19)

corresponding to the solid line in Fig. 1.3. The SW-limits for various choices of k4
are also plotted in Fig. 1.3.

Fig. 1.3 The SW-limit for
various choices of k-, k4.
Solid curve: k4 =0 ;
dash—dot curve: ks = k»/8 ;
dotted curve: ky = ky/4
dashed curve: k4 = ko/2

h, (Unit: ky)

hy (Unit: ky)

The original SW-limit was derived in the static case [11]. As shown in the dynam-
ical Eq. (1.10), the first term on the right hand side (RHS) will lift the magnetization
away from the xz-plane. Thus the assumption of the SW-limit that the magnetiza-
tion moves in the xz-plane is only true when this term can be neglected. This will
happen when the damping constant becomes infinite (¢« — o0). In this case, the
magnetization will move toward the total field as denoted by the big circle (dot—
dash) passing through the north—south poles in Fig. 1.2a. This is the steepest energy
descent path for the magnetization. Thus, the minimal switching field in the SW-
limit corresponds to the one at which there is only one minimum in the energy
landscape.
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1.3.3 Critical Value of Damping Constant

In a realistic system, as damping constant is not infinitely large, the magnetization
does not need to move along the steepest energy descent path. As a result, a sys-
tem may still move from the initial state to the local minimum located near the
target state even when an external field is smaller than the SW-limit. Thus, after the
external field is removed, the system will move toward the target state through a
ringing mode, achieving the magnetization switching. As it was shown in many pre-
vious studies [12, 20], the minimal switching field can be smaller than the SW-limit.
Numerical calculations [12] show that when the damping constant « < 1, magne-
tization switching can occur well below the SW-limit. While ¢ > 1, the minimal
switching field is the SW-limit. Thus, it implies a critical «, exists, above which the
minimal switching field is given by the SW-limit. In Reference [12], @, = 1. It can
be shown [21] that there is indeed a critical damping constant for a given magnetic
anisotropy. But this critical value can be different for different anisotropy, and o = 1
is not special.

To understand the origin of «,, let us consider energy landscape under different
external field. As it was mentioned in the previous section, there is only one sta-
ble fixed point when & > hgy. Asymptotically, the system shall always end up at
the fixed point for any non-zero damping. Thus, if one switches off the field after
it reaches the fixed point, the system will surely move to the target state (state B).
There is also a i1 (< hgy) at which the initial state energy equals that at the saddle
point between two stable fixed points. Thus there is no way to switch the magneti-
zation when i < h; because the initial energy of the system is too low to climb over
the potential barrier. 4| can be determined from the following equations

dw/dm, =0, (1.20)
wim,) = wy, (1.21)

where w, is the energy of the initial state (m, = 1). For a field & between /&; and
hsw, h1 < h < hgy, there exist two stable fixed points. Furthermore, the energy
of the initial state is higher than that of the saddle point. Figure 1.4 is a schematic
3D plot of the energy landscape for the case of 4y < h < hgy. Point A denotes
the initial state whose energy is supposed to be higher than that of the saddle point
(SP). The flow starting from A will eventually end at either of two fixed points,
depending on the value of «. When « is infinity, the system will evolve into the
minimum, near the initial state along the steepest descent path, as shown by line
R1. For the opposite extreme of zero damping (o = 0), the system will move along
an equal potential contour (line R4) surrounding the two minima (fixed points).
For small «, the magnetization can make many turns around the two local minima
before it falls into either one. So there is a special @ = «; with which the system
just touches the saddle point (SP) when it rolls down from A, denoted by dotted line
R3. For ¢ > «;, energy damping is too strong for the system to “climb” over the
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saddle point, denoted by line R2. Value «; depends obviously on the magnetic field,
and critical damping constant «, is the value of ; at h = hgy .

Fig. 1.4 The schematic 3D energy landscape plot of the case h; < h < hgy . Point A denotes
the initial state, whose energy is supposed to be higher than that of the saddle point (SP). Lines R1,
R2, R3, and R4 show schematically four typical evolution trajectories for o = 0o, > «;, «;, and
0, respectively

One may also understand the result from Fig. 1.5 of trajectories of various « in
the energy contour plot at & = hgy along 135° to +x-axis. The result in the figure
is for the uniaxial model with k; = 2 and k4 = 0. As mentioned early, the saddle
point and one minimum merge together at hgy to form an inflexion point denoted
by T in Fig. 1.5. It is clear that all trajectories with & > «, pass through T while all
those with ¢ < o, do not. All curves of ¢ > «, terminate at T because the system
shall not move at a saddle point. But any small fluctuation will result in the system
to leave T and to end up in FP.

In order to demonstrate the correctness of our reasoning for ¢, and the depen-
dence of the value of «,. on the magnetic anisotropy, we carried out numerical
calculations on the uniaxial magnetic anisotropy model with different ratio

Fig. 1.5 The contour plot of
w(p,0) at h = hgy for the
uniaxial magnetic anisotropy
model with k» =2 and

ks = 0. The field is along
3m/4 to +x-axis. Point A is
the initial point. FP denotes
the stable fixed point. T
denotes the inflexion point.
All flow trajectories of

« > a, touch T while those
with @ < a, do not
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of ky / k. Figure 1.6 is o dependence of the minimal switching field for
ks [k =0;1/8;1/4;1/2, respectively. Indeed, all curves (depend only on the ratio
of k4 / k») saturate to their corresponding SW-limit values A gy after « is greater than
certain values «,. Furthermore, o, varies from «. = 1 for k4 = 0 to a, = 0.94 for
ks = k2/2. Thus, o, = 1 is not special at all!

Fig. 1.6 The minimal T T
switching field vs. damping 0.65 7 ]
constant «. The field is along
3m/4 to +x axis. Curves 0.60 A
(from bottom to top)
correspond to D 0.55
kafky = 0; ;1> and5 = ]
S 050+
x
=
0.45 4
0.40
0.35 T T T T T T

1.3.4 Ballistic Reversal

We would like to discuss the field direction in a ballistic reversal. Without dissi-
pation, LLG equation is a conservative system. A phase flow is an equal potential
curve. As it was pointed out in Reference [22], only a perpendicular field is possible
to connect the initial and the target states ballistically. Different from the conserva-
tive case [22], the system starting from A will never pass through the target state B in
the presence of dissipation. Even under an infinitely large field, the energy loss dur-
ing a 180° precession is not negligible. Although 180° precession time t decreases

as inverse of magnetic field, T ~ 7 (1 + az)/h when i >> 1 and ¢ << 1, the

energy dissipation rate goes as dw/dt = — lfaz lm x iz,|2 o h?, thus the energy

loss during t is proportional to field #[21]! In order to connect A and B ballistically,
one has to create a small energy difference between A and B such that the energy
dissipated on its way from A to B equals the energy difference.

On the other hand, Eq. (1.14) can be solved exactly in the absence of magnetic
anisotropy (k» = k4 = 0) [37] with solution ¢ = ht/(l +a?) and cosf =
[(1 4 cos Bp)e2ht/+e™) _ 1 4 cos Gy]/[(1 4 cos Bp)e2ht/ 1+ 4 1 — cos 6],
where 6, is the initial angle between the field and the magnetization (we
assume the field is along the z-axis). Thus the field in a ballistic rever-
sal should be along direction 6 satisfying —cos@ =[(1 + cosf)e’*™ — 1 +
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cos0]/[(1 4 cos 0)e**™ + 1 — cos 6]. It is interesting to notice that the solution is
unique and the angle is tan(6 / 2) = /2,
Given a damping constant o and magnetic anisotropy, a 180°-precession time

t(h, B) is a function of field strength 4 = /A2 + h? and its angle B to the z-axis

(B relates to 6 by 6 = n/2 + B). Thus the energy dissipated Ae(h, f) = fof ‘fi—lfdt
during t is also a function of 4 and 8. For i >> 1, the above isotropic solution
is good because the magnetic anisotropy can be neglected. Under the limit, Ae¢ is
2h{1/[1 4 tan* (B /2 + 7 [4)e "] —1/[1 + tan*(B /2 + 7 /4)]}. The energy dif-
ference AE(h, B) between A and B is 2 4 sin . Therefore, a ballistic path must
satisfy Ae = AE (a necessary condition but not a sufficient one). Due to the
symmetric reason, one needs to consider only 8 € (0, / 2). Without energy dis-
sipation, the only solution is 8§ = 0 and any / larger than certain minimal value.
With large field (h >> 1) and energy dissipation (o # 0), the approximate solution
is tan(8 / 247 / 4) = e?"/2_ the same as the isotropic solution tan(6 / 2) = e/,
For o # 0 and k; # 0, we cannot solve Ae = AE analytically. The field configura-
tion of the ballistic connection between A and B was found numerically. The results
were displayed as in Fig. 1.7.

1.5 ' ' ] 0.10
@ el

o 1 0.084
-~ «@.

1.04 . E 0.06

LE .06+
ﬁ tan(B/2+n/4)=e 5
=

¢ 2 0.04
0.5 i _g
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Fig. 1.7 Ballistic reversal for magnetic anisotropy k; =2 and k4 = 0. (a) The upper and lower
bounds of B as a function of damping constant « . The solid line is tan(B/2 + w/4) = 2 (b)
The window width AB vs. « . Insets: The magnetic field and the corresponding reversal time as
a function of B in the ballistic direction window. S € (0.134,0.156) for a = 0.1 (upper left),
B e (1.165,1.243) for « = 1 (lower right). The dashed lines are used to guide eyes

Surprisingly, the field can be applied in a range of direction, i.e., a direction
window. Given f in this direction window, /4 is uniquely determined. Both the lower
and the upper bounds of this S-window increase with the damping constant. Figure
1.7a is the plot of the upper and the lower bounds of § as a function of «. The
solid line is tan(p / 2+ / 4) = ¢**/2 which is indeed one bound of the window.
The width of the window depends both on the damping constant and the magnetic
anisotropy. At the zero and the infinite damping constant, the width is zero. The
width is also zero in the absence of magnetic anisotropy as indicated by the exact
solution given earlier. Thus, the width is expected to oscillate with « for a given
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magnetic anisotropy. This oscillation was indeed observed in numerical calculations
as shown in Fig. 1.7b for k, = 2, k4 = 0. The upper-left inset of Fig. 1.7b is the
field and the corresponding reversal time in the direction window for « = 0.1 and
ko = 2, kqy = 0. In this particular case, § is between 0.134 and 0.156. One sees that
h increases while the reversal time decreases with 8. The similar plot for « = 1 is
shown in the lower-right inset of Fig. 1.7b. Opposite to the case of small (= 0.1), 7
decreases and the reversal time increases with 8. Thus one should compare the lower
bound for @ < 0.57 and the upper bound for > 0.57 with tan(8/2 + 7 /4) =
e*™/? since it is expected to be exact for & — oo when the magnetic anisotropy
can be neglected. An excellent agreement was shown in Fig. 1.7a. Figure 1.7b is
the window width A as a function of . Our numerical results indicate that the
perpendicular configuration employed in the current experiments [14, 15] cannot
achieve a fully ballistic reversal. It should be pointed out that the above results are
for the precise ballistic magnetization reversal. As we mentioned early, other field
can also switch magnetization if one will also like to use the ringing effect at certain
stages during the reversal process.

1.4 Macro-spin Reversal with a Time-Dependent Magnetic Field

(a)

Sp

(d)

Sp

A B

Fig. 1.8 Energy surface of a uniaxial magnetic particle in various schemes. SP denotes the
saddle point between two minima. (a) In the absence of magnetic fields: A and B are the two
minima, separated by a potential barrier AE. (b) At the SW-limit: Target state B is the only
minimum. (¢) Precessional magnetization reversal: The particle energy at A is higher than that at
SP so that it can pass through SP under its own dynamics. (d) New strategy: Time-dependent
fields pump the energy into a Stoner particle so that the particle climbs over the potential barrier to
reverse its magnetization

In order to show that the magnetization reversal by a time-depenent external
magnetic field is qualitatively different from that by a constant field, it is useful to
consider the energy change rate when a; = 0. From Eq. (1.13), one on show [21]

2 ES

d _
od * — iR, (1.22)

dt 1+a?

m X h;
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where 7 is the time derivative of /. If the external field is time independent, the
second term on the RHS vanishes, and hence the energy will always decrease. In
other words, a constant field cannot be energy source. Conversely, a time-dependent
field could supply energy to a particle. According to Eq. (1.22), the second term on
the RHS can be either positive or negative depending on the relative direction of 7

and 4. This second term can even be larger than the first one so that the particle’s
energy increases during its motion. In other words, a time-dependent magnetic field
can be an energy source such that the particle can constantly obtain energy from the
field and reach its target state. This provides new ways to reverse a magnetization.
Pictorially, one can view different reversal strategies in Fig. 1.8. In the absence of
magnetic fields, two energy minima (points A and B in Fig. 1.8a), separated by a
potential barrier A E, are along the easy axis of a magnetic particle. At the SW-limit,
the original minimum near the initial state A disappears (Fig. 1.8b), and the particle
will end up at its unique minimum near the target state B. In the precessional reversal
as illustrated in Fig. 1.8c, magnetization reversal may occur when the particle energy
at A is higher than the saddle point S P. New strategies are to pump energy into a
Stoner particle so that the particle can climb over the potential barrier to reverse its
magnetization as illustrated in Fig. 1.8d.

1.4.1 Strategy I: Field Following the Magnetization Motion

—m - h is a maximum when m and h are in the opposite direction. From |m| = 1, it

is known that 7 and m are orthogonal to each other, which leads to em = —m-mn.

The second term on the RHS of Eq. (1.22) is the maximum when h= hom / |m| for

a fixed hg. Then, from Egs. (1.13) to (1.22), the maximal rate of energy increase is
dw ‘ﬁ:l X ljlt

o
T

It should be highlighted that h is only well defined when n # 0. Thus, in a
numerical calculation, some numerical difficulties will exist when the system is near
the extremes or the saddle points. Special care must be taken at these points.

The field of magnitude &y noncollinear with the magnetization was applied to
drive the system out of its initial minimum. Fluctuations may also drive the system
out of the minimum, but fluctuations are inefficient. When the system is out of the
minimum and m # 0, a time-dependent field h = hoim / |m| is applied such that
w > 0. The system will climb the energy landscape from the bottom. When the
system energy is very close to the saddle point, the field of magnitude %y can be
rotated to noncollinear with the magnetization, say / 4 to the direction of the target

m X h,

state so that problems of m = 0 are avoided and the system can move closer to
the target state. When the system has overcome the potential barrier between the
initial and target state and stays inside the basin of the target state, the field can be
turned off or applied in the opposite direction to the motion of the magnetization,
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i.e., h = —hom [|in|. In the first case, the system will reach the target state through
the ringing motion caused by the energy dissipation, often due to the spin—lattice
relaxation. In the second case, the system will move faster toward the target state
because both terms on the RHS of Eq. (1.22) will be negative, resulting in a faster
energy release from the particle.

This strategy is schematically illustrated in Fig. 1.8d. The particle first spins out
of its initial minimum by extracting energy from the field, and then spins into the
target state by both energy dissipation and energy release (to the field). Since the
energy gain from the field is partially compensated by the energy dissipation dur-
ing the spinning-out process while both the field and the damping consume energy
in the spinning-in motion, the particle moves out of its initial minimum slowly in
comparison with its motion toward the target state.

For simplicity, consider the case of a uniaxial magnetic anisotropy with the easy
axis lying along the x-axis whose magnetic anisotropy is w(m, h),

- 1
w(m, h) = —Ekmi —myhy —myhy, —m:h., (1.24)

where h,, h,, and h are the applied magnetic fields along x-, y-, and z-axis, respec-
tively. k > 0 is the parameter measuring the strength of the anisotropy. To find the
minimal switching field for the uniaxial anisotropy of Eq. (1.24), one notes from Eq.
(1.14) (with a; = 0) that m is linear in the magnetic field, and each field generates
two motions for 7. The first one is a precession around the field, and the second one
toward the field. Under the influence of the internal field (along the x-axis) and of
the applied field h = hom / ]n? |, the system evolves into a steady precession state for
a small i because the precession motion due to the applied field can exactly cancel
the damping motion due to the internal field. The net motion (sum of precession
around the internal field and damping motion due to the applied field) is a preces-
sion around the x-axis (easy axis). In this motion, the energy loss due to damping
and the energy gain from the time-dependent external field are equal. The balance
equation is

ho — kacosnsinn =0, (1.25)

where 7 is the angle between the magnetization and the x-axis. The initial state is
around n = 0, any stable precession motion must be destroyed in order to push the
system over the saddle point at n = 7 / 2. Since Eq. (1.25) has solutions only for
ho < ak / 2, the critical field is

he = ak /2. (1.26)

It is of interest to note that the minimal reversal field is proportional to the damp-
ing constant, and approach zero when the damping constant goes to zero irrespective
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of how large the magnetic anisotropy. For an arbitrary magnetic anisotropy, it may
not be possible to find the analytical expression for the minimal reversal field and
should thus use numerical calculations. To demonstrate that this can indeed be done
numerically, a calculation for the magnetic anisotropy of Eq. (1.24) has been per-
formed. The result of the minimal reversal field vs. damping constant « is plotted
in Fig. 1.9. For comparison, the minimal reversal field for a time-independent mag-
netic field laying at 135° from the x-axis has been plotted. As it was explained
in Reference [21], the minimal reversal field is smaller than the SW-limit for a
small damping constant « < o« (which is 1 for the model given by Eq. (1.24))
and equals to the SW-limit for « > «,. It is clear that the new strategy is superior
to that of SW or precessional reversal scheme only for « < 1, and it is worse for
larger «.

Fig. 1.9 The minimal 12 — T T T T T T T
reversal field (in unit k/2 ) vs. 1 hsW
the damping constant. The 10 o o i - e o e
diamond symbols are the ] -
numerical results of the new 08ds < - 4
strategy for the uniaxial '
model of Eq. (1.24). The solid he 0.6 1
curve is the analytical results. ¢
For comparison, the dashed
line is the minimal reversal 0.4 1 7
field under a constant field
135° to the x-axis for the 0.2 1 B
same magnetic anisotropy
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To see the type of field to be used in this new strategy, the trajectory of the system
is numerically calculated and the time-dependent magnetic field is recorded. The
results for k =2, « = 0.1, and hy = 0.11 > h, are given in Fig. 1.10. Figure 1.10a
is the phase flow of the system starting from a point very close to the left minimum.
As explained early, the particle moves many turns in the left half of the phase plane
before it crosses the potential barrier (the saddle point on the middle line), while it
moves toward the right minimum (the target state) much faster (with fewer turns).
Figure 10(b—d) are the corresponding time dependence of x-, y-, and z-components
of the magnetic field. The oscillatory nature of 1, and / reflects the spinning motion
around minima. In general the spinning periods along different paths vary. Thus
the time-dependent magnetic field contains many different frequencies as can be
seen from the Fourier transform of h;(¢),i = x, y,z shown in the insets of Fig.
1.10(b—d). For Co-film parameters of Mg = 1.36 x 10°A /m[14], the time unit is
approximately (y Mg)~! = 3.33 ps. Correspondingly, the field consists of circularly
polarized microwaves of about 100 G H z.
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Fig. 1.10 (a) The phase flow under the new strategy with k¥ = 2, = 0.1, and hy = 0.11. Just
as illustrated in Fig. 1.8(d), the phase flow shows a slow spin-out motion near the initial state and
a fast spin-in motion near the target state. (b—d) The time-dependent reversal field with the same
parameter as that in (a). Insets: The corresponding Fourier transforms

1.4.2 Strategy I1: Synchronizing the Magnetization Motion
with a Circularly Polarized Microwave

Another way to utilize Eq. (1.22) is to synchronize the magnetization motion with
a circularly polarized microwave. Synchronization is a general phenomenon in non-
linear dynamics [39]. Since a magnetization in the absence of a damping will pre-
cess around its easy axis, the magnetization motion should be easily synchronized
with a circularly polarized microwave near the FMR frequency and propagating
along the easy axis. After the synchronization, the magnetization starting from its
initial minimum obtains energy from the microwave. The magnetization reversal is
achieved if the synchronized state can go over the saddle point and into the basin
of the target state. A nonlinear dynamic system under an external periodic field
may undergo a non-periodic motion other than synchronization [39]. In general, the
reversal criterion is The magnetization is reversed if the system can cross the saddle
point.

For the uniaxial particle of Eq. (1.24), one can use k / 2 as the field scale (set to 1).
Under a circularly polarized microwave of amplitude /( and frequency w

h(t) = ho[cos(wt)y + sin(wt)?], (1.27)

synchronized motion is

m(t) = cos nk + sin n[cos(wt + ¢)$ + sin(wt + @)2], (1.28)
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where 7 is the precessional angle between m and the x-axis. ¢ is the locking phase
in the synchronized motion. Substitute Eqs. (1.24), (1.27), and (1.28) into Eq. (1.14)
with a; = 0, n and ¢ satisfy

sinn,/a?w? + (2 — a)/cos n)? = hy, (1.29)
singp = —aw sin n/hO, (1.30)

where n € [0, w]. For fixed (hg, w, @), n and ¢ may have multiple solutions. As
illustrated in Fig. 1.11, the solutions of 5 (solid lines) are plotted as a function of
ho for o = 1 and @ = 0.1. The dashed lines denote the corresponding ¢. Multi-
ple solutions of 7, ¢ are evident. For example, there are four solutions of n when
ho € [0.09, 0.45]. Numerically, it can be shown that two solutions around 1 = 1 are
unstable, while the other two near n = 0, 7 are stable. Thus, the system shall even-
tually end up at one of the two stable solutions. Which one the system will choose
depends on the initial condition. For a given initial condition, the system picks the
solution near n = 7 (magnetization reversed) when Ay is larger than a critical value
called the minimal switching field.

Fig. 1.11 Graphic
demonstration of multiple
synchronization solutions.
The solid lines are from Eq.
(1.29) and the dashed lines ! 41
are from Eq. (1.30). The 29
graph is plotted at o = 0.1 1
and w =1 1

S 1.3

A nonlinear dynamic system under an external periodic field may undergo a non-
synchronized motion. Unfortunately, a non-synchronized motion is, in general, hard
to define analytically. Usually, reliance must be placed on the numerical method. In
terms of the LLG equation under a circularly polarized microwave of Eq. (1.15), it
is straight forward [21] to calculate numerically 7 (¢) starting from m(0) = £. The
upper inset of Fig. 1.12 is the trajectory of m(t) after long time in mmm, space
for hgp = 0.35,w = 1, and ¢ = 0.1. A simple closed loop in a plane parallel to
the yz-plane indicates that this is a synchronized motion. Alternatively, the lower
right inset of Fig. 1.12 is the long-time trajectory of m(¢) for hy = 0.35, @ = 1.2,
and o = 0.1. Its motion is very complicated, corresponding to a non-synchronized
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motion. It is found that whether the motion is synchronized or not is sensitive to the
microwave frequency. For example, all motions for @ = 1 are synchronized while
both synchronized and non-synchronized motions are possible for @ = 1.2. The
motion is non-synchronized for % in the range of [0.27, 0.42] while it is synchro-
nized for other values of /. Figure 1.12 is m, of synchronized motions as a function
of hg forw =1 and 1.2.

Fig. 1.12  m, of synchronized motion vs. hy for @« = 0.1 and @ =1 (filled squares); 1.2
(open circles). Non-synchronized motion when % € [0.27, 0.42] (between two dash-dotted lines)
is found for w = 1.2 . Upper inset: Long-time trajectory of m(t) for v = 1 and hy = 0.35.
Lower inset: Long-time trajectory of m(t) for @ = 1.2 and hgy = 0.35

Using the reversal criterion given earlier, the minimal switching field /. in Fig.
1.12 is about 0.375 for w = 1 because m, in the synchronized motion is negative
when hy > 0.375. For @ = 1.2, the minimal switching field takes a value at which
the magnetization undergoes a non-synchronized motion. Numerically, it can be
shown that m crosses the yz-plane when kg > 0.285. Thus, the minimal switching
field is determined as i, = 0.285 for w = 1.2. The reason that the value of the mini-
mal switching field is so sensitive to the microwave frequency is because a switching
field, as illustrated in Fig. 1.8d, needs to overcome the dissipation which is related to
the motion of the magnetization. To reveal the frequency dependence of the minimal
switching field, Fig. 1.13 shows the minimal switching field 4, vs. the microwave
frequency w for various ¢ = 0, 0.001, 0.1, 1, and 1.5. @ = 0 corresponds to the case
of a static field along the y-axis. The curve of @ = 0 intersects the h.-axis at i, = 1
which agrees with the exact minimal switching field 7, = 1[21]. The intersections
of all other curves of « # 0 are the same as those with a static field [12,21]. When
a > 1, it becomes the SW-limit 2. = 2. For a given «, Fig. 1.13 shows the existence
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of an optimal microwave frequency, w,, at which the minimal switching field is the
smallest. Far from the optimal frequency, the minimal switching field can be larger
than the SW-limit. The inset of Fig. 1.13 is w. vs. «. The optimal frequency is near
the natural precessional frequency at which the dissipation is a maximum.

Fig. 1.13 The minimal 4 ; T T

switching field h.vs.w for B -
various damping constant L0 Tiy . , ]
a =0;0.001; 0.1;1;andl.5. 3 {%o0s b RS
Inset: The optimal frequency L 7
W VS. o 1 ~
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under different reversal 104 00 e e e - == L il
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the numerical results of &, at PR b
. . 0.8 " E
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present strategy with a | "
circularly polarized he 0.6 1 " 7
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SW-limit beyond o =1 [21] ™ microwave
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The minimal switching field is lowest at the optimal frequency w,. The square
symbols in Fig. 1.14 are the minimal switching fields at @.. They are approximately
linear in o, h, &~ 0.23 + 0.58«. This approximate linear relation is related to the
fact that the damping (field) is proportional to «. For comparisons, the minimal
switching fields of a precessional magnetization reversal under a static magnetic
field and the SW-limit are also plotted in Fig. 1.14. It can be seen that for small
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damping, the smallest (at the optimal frequency) minimal switching field can be
much smaller than that in the precessional magnetization reversal.

1.4.3 Theoretical Limits of Switching Field/Current and Optimal
Reversal Pulses

After examining the above two strategies based on Eq. (1.22), it is natural to ask the
question whether there exists a theoretical limit in the critical switching field out of
all possible reversal magnetic field pulses. There are infinite number of paths that
connect the initial and the target states. Each of these paths could be used as a mag-
netization reversal path. We shall show, at least for the uniaxial Stoner particles, that
there exists [29] indeed an optimal path along which the critical switching field is
the smallest. Let 2%%(¢) be the magnetic field pulse of design s along magnetization
reversal route L. We can define the following quantities.

Definition of switching field H"*: The switching field H** of design s along
route L is defined to be the largest magnitude of hbs(t) for all ¢, ie., HYS =

max ”EL'S(I)‘ ;Vt}.

Definition of minimal switching field H* on reversal route L: The minimal switch-
ing field H along route L is defined to be the smallest value of HL* for
all possible designs s that will force the magnetization to move along L, i.e.,
HY = min {H"’S;Vs}.

Definition of theoretical limit of minimal switching field H.: The switching field
limit H. is defined as the smallest value of HZ out of all possible routes, i.e., H. =
min {H-;VL}.

Claim 1: For a given uniaxial magnetic anisotropy of w(cos®), the theoretical
limit of the minimal switching field is given by H, = ﬁQ, where O =

max { f(cosf)sinf},0 € [0, 7] and f(cosh) = —3;()2)259(?).

Proof: To find the lowest possible switching field, it should be noticed that field
along the radius direction &, of an external field does not appear in Eq. (1.15) when
a; = 0. Thus one can lower the switching field by setting 4, = 0, and the magnitude

of the external field is h = | /h3 + h3. 6 and ¢ are fully determined by g and hy

and vice versa. It can be shown that 42 can be expressed in terms of 6, ¢, 6, and ¢.

g =h>=(+a?b?+ 2af(cos ) sin 6 (131)
+ (ar sinB¢)? + sin 6[¢ — f(cosO)]>. '
Here g(8, 6, ¢) does not depend explicitly on ¢ for a uniaxial model.

In order to find the minimum of g, it can be shown that ¢ must obey the following
equation:
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¢ = f(cos)/(1+a?), (1.32)

which is from (dg/d¢) |(é’9) =0and (3% g/0¢?) ‘(9’9) > 0.

Equation (1.32) is a necessary condition for the smallest minimal switching field.
This can be understood as follows. Assume H, is the minimal switching field along
reversal path L described by 6(¢) = 0,(¢) and ¢(¢) = ¢;(¢) (i.e., H, is the maximum
magnitude of the external field that generates the motion of 6,(¢) and ¢;(¢)). If ¢ ()
does not satisfy Eq. (1.32), then one can construct another reversal path L specified
by 6(¢) = 0,(t) and ¢(t) = ¢»(¢t), where ¢, (¢) satisfies Eq. (1.32). Because 6(¢) and
0 are exactly the same on both paths L and L* at an arbitrary time 7, the values of
g(t) shall be smaller on L* than those on L at any . Thus, the maximum g* = (H, :)2
of g on L* will be also smaller than that (ch) onL,ie., H < H.. But this is in
contradiction with the assumption that H. is the theoretical limit of the minimal
switching field. Hence, ¢(¢) must obey Eq. (1.32) on the optimal path that generates
the smallest switching field, H..

Substituting Eq. (1.32) into Eq. (1.31), we have

. 2
W = [mé 4 @f(cosb)sing (Col_sf):;ne] . (1.33)

In order to complete a magnetization reversal, the trajectory must pass through
all values of 0 < 60 < m. In particular, it must pass through whatever value of 6
in that range maximizes f(cosf)sin6é on that range. At that maximizing value of
0, the trajectory must be such that 0 is non-decreasing, that is, 9 > (), so that the
trajectory is proceeding in the correct direction. Substituting these constraints into
Eq. (1.5), we see that at that point in the trajectory, 7 must be at least « O / V1 +a?,
where O = max {f(cos6)sin6}, 6 € [0, r] Q.E.D.

To have a better picture about what this theoretical limit H, is, we consider a
well-studied uniaxial model, w(in) = —kmf / 2,or f = kcos#. It is easy to show
that the largest 4 is at 6 = n/4 so that Q = k/2, and

o k
H. = mi (1.34)

At small damping, H, is proportional to the damping constant that is what we
obtained in strategy 1. At the large damping, H, approaches the SW-limit [21] when
a non-collinear static switching field is 135° from the easy axis. The solid curve
in Fig. 1.15 is H, vs. a. For comparison, the minimal switching fields from other
reversal schemes are also plotted. The dotted line is the minimal switching field
of strategy I when the applied field is always parallel to the motion of the magne-
tization [29]. The curve in square symbols is the minimal switching field when a
circularly polarized microwave at optimal frequencies is applied [29]. The dashed
line is minimal switching field under a non-collinear static field of 135° to the easy
axis. It saturates to the SW field beyond «, [12, 21].
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Although the theoretical limit of the switching field is academically important
because it provides a low bound to the switching field so that one can use the the-
orem to evaluate the quality of one particular strategy, a design using a field at the
theoretical limit would not be interesting from a practical point of view because
the switching time would be infinite long. Thus, it is more important to design a
reversal path and a field pulse such that the reversal time is the shortest when the
field magnitude H (H > H.) is given. An exact result is given by the following
theorem.

Claim 2: Suppose a field magnitude H does not depend on time and H > H,. The
optimal reversal path (connects & = 0 and 6 = ) that gives the shortest switching
time is the magnetization trajectory generated by the following field pulse A(t),

h.(t) =0,
ho(t) = a HINT + o2, (1.35)
h¢(t) =H/J/1+a? = hg/Ol.

Proof: The reversal time from A to B (Fig. 1.2b)is T = foﬂ de / 6. According to Eq.
(1.15), one needs (hy + ahy) to be as large as possible in order to make ¢ maximal
at an arbitrary 6. Since H> = h? + h} + h3, one has the following identity:

(1+a”)H? = (1 4+ a®)h} + (hy + ahg)’ + (hg — ahy). (1.36)
Thus, (hg + ahg) reaches the maximum of /1 + a?H when h, = 0and hg = ahg,
which lead to Eq. (1.35). Q.E.D.

Under the optimal design of (1.35), ¢(¢) and 6(¢) satisty, respectively, Eq. (1.32)
and

6 = H/V1+ a2 —af(cos8)sind /(1 + o). (1.37)
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For uniaxial magnetic anisotropy w(m) = —km? / 2, it is straightforward to inte-
grate Eq. (1.37) and to find the reversal time T,

2 (14 o)
KA e E [ie - o2

(1.38)

In the weak damping limite — 0, T =~ n/H while in the large damping limit

a—> 00, T ~ —=22_— — oo. For the large field H — oo T%«/1+a27r/H
’ m ’ 9

inversely proportional to the field strength. Thus, it is better to make « as small as
possible. Then the critical field is low, and the speed is fast (T ~ = / H). Figure
1.16 shows the field dependence of the switching time for « = 0.1, where 7" and H
are in the units of 2 / k and k / 2, respectively.

Fig. 1.16 The field 10
dependence of 7 under the
optimal field pulse Eq. (1.35) 8
for @ = 0.1 . The field is in
the unit of k/2, and the unit —~ 64
for time is 2/k =
)
- 4
2 4
0 T T T
0.0 0.5 1.0 15 2.0

H (k/2)

The above results can also be generalized to the current-induced magnetization
reversal where a; # 0 and h = 0. Assume C L.4(1)8(t) be the polarized electric cur-
rent pulse of design g along magnetization reversal route L and C1+9(¢) be the cur-
rent amplitude, similar to the field case, three interesting quantities can be defined:

Switching current 1*9: The switching current /%4 of design g along route L is
defined to be the maximum of |C™4(1)| for all ¢, i.e., 17 = max {|CH9(r)|; Vt}.

Critical current I* of reversal route L: The critical current I* along route L is
defined to be the smallest value of 174 for all possible designs ¢ that will force the
magnetization to move along L, i.e., I* = min {I-7;Vq]}.

Theoretical limit of critical currents I.: The critical current limit /. is defined as the
smallest value of /- out of all possible routes, i.e., /. = min {/*;VL}.
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Claim 3: Under the constraint of the constant current magnitude and constant polar-
ization degree P, the optimal time-dependent polarization direction of the current
for a uniaxial particle of w(cos 0) is

* (1+P)?
- 32_ 3
16P32=3(1+P) (1.39)

* __ * o )
Sy = —ASy = 1 —s;

such that the reversal time from 6 = 0 to & = 7 is the shortest.

Proof: According to Eq. (1.15), different §(¢) generates different angular velocities
for 6 and ¢, and the magnetization reversal time from 6 = 0to 6 = m is given
by T = fo de / 0. In order to find the optimal §(¢) that minimizes 7', one only
needs a;(asy — s9) or g(P, s, )(asy — Sp) to be maximum such that 0, according to
Eq. (1.15), will be the largest at any 6. This observation is important, and it can be
applied to other function forms of g. Because s> + s92 + sé = 1, the maximum of
g(P, s, )(asg — s9) can be obtained from the standard Lagrange multiplier method
in which one introduces F' = g(P, s,)(asy — Sp) — )\,(SE + 392 + sq%). By setting the
partial derivatives of F with respect to s;(i = r, 8, ¢) to zeros, the maximum of
8(P, s, )asgy — sg) is

[8(P. 5 )(asg — )]

=V 1+ a’G(P), (1.40)

max

where
G(P)=g(P,s))/1—s;2 (1.41)

and the optimal §* is given by Eq. (1.39). Q.E.D.

Claim 4: The theoretical limit of critical currents is
woeM?V o

I =
hG(P) 1+ a2

Here Q = max {f(cosf)sin@} for 6 € [0, 7], f(cosO) = 85’&22‘;), and G(P) is
give by Egs. (1.41) and (1.39).

(1.42)

Proof: Under the optimal design of Eq. (1.39), 0(¢) and ¢(¢) satisfy, respectively,
hi G(P) af(cosf)sinf

- poeM?V /1 + o2 - 1+ o2 (1.43)
and
¢ = f(cos0)/(1+a?). (1.44)

For the uniaxial model, the limit /. of critical current.is the smallest value of /
making 6 (Eq. (1.43)) zero for certain 6. This is because 6 cannot be negative if the
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magnetization of a uniaxial particle moves from & = 0 to & = z. The first term
in Eq. (1.43) must exceed the second term due to magnetic anisotropy for all 6 s
(e [0, 71]) in a reversal. Since Eq. (1.43) is the largest possible velocity, one has

1. = LoeM’ V. __o max { f(cos#)sin6}. Q.E.D.

hG(P) Vita?
It is proper to make a few remarks here. (1) According to Eq. (1.39), s, = —1
and s = s; = 0 when P = 1. Then it seems that ¢ = 0 at & = 0 and 7 accord-
ing to Eq. (1.15). But this is not correct since a; diverges at s, = —1 for P = 1.

In fact, 6 diverges under the limit of s, — —1 at P = 1. This peculiar feature of
Slonczewski’s formula (Eq. (1.12)) may be an artifact which is a subject of debate
[25]. (2) The relative direction of the current polarization and the magnetization in
an optimal pulse does not change with time. (3) Although the optimal §* appears to
depend only on damping constant « and P, not on f(cos #), it is in fact time depen-
dent because § is expressed in a moving frame whose coordinate units &,, &y, & vary
with the time. (4) From Eqgs. (1.43) and (1.44), the optimal reversal route is given by

do

dqb f(cos@) [ /I f(cosB) sin@/Q] .

Thus, a solution passing through 6§ = 0 and 7 simultaneously exists when and
only when I > I.. For I < I, the system undergoes a stable precession motion
[24] (@ satisfies I/IC = f(cosh) sinG/Q) even under a pulse of Eq. (1.39).
The evolution of m under the optimal polarization pulse (meaningful only for
I > 1) is determined by 6 = «Q[I/I. — f(cos8)sinf/Q]/(1 +a?) and
d) f(cos6) / (1 + o?). It is clear that magnetic anisotropy f(cos 6) shall influence
the evolution of m which in turn influences the time dependence of §*. Thus, if they
were to change f(cos 8) and nothing else, the time-dependent §* would be different.

One notices that the derivation of /. (Eq. (1.42)) does not require constant / and
P. The result should be the same even for the time-dependent / and P as long as
STT is proportional to I and g. To see how far that the best value of critical cur-
rents is from the theoretical limit in the most advanced strategy where the current
polarization direction is fixed [28], let us compare it with the critical current limit
of Eq. (1.42) for w(m) = —kmg / 2. The theoretical limit of critical currents from
woeM?V  ak
2hG(P) T+ a2 i
the polarization direction § parallel to the easy axis of m (parallel configuration)
is smaller than that when § is perpendicular to the easy axis (perpendicular con-
figuration). The critical current in the parallel configuration for the same magnetic
anisotropy is [23,28]

Eq. (1.42)is I, = It is known [28] that the critical current for

M?*V
o= ok (1.45)
hg(P, 1)

Figure 1.17 is the plot of I, vs. damping constant « for P = 0.4 which is a real-
istic value for magnetic materials. The dashed line is of Eq. (1.45), and the solid
line is the theoretical limit of the critical current which saturates to a constant at
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Fig.1.17 I, vs. « for 20 T T

. . 7
P = 0.4 and a uniaxial optimal polarization P
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large « limit. At @ = 0.1, critical current limit /. is about one fourth of that given
by Eq. (1.45), showing a large room for the improvement. The difference between
Egs. (1.42) and (1.45) depends on the degree of polarization P. Figure 1.18 is I, vs.
P ata = 0.1. It should be pointed out that zero I. in Eq. (1.42) at P = 1 is an artifi-
cial result originated from the divergence of g(1, x) at x = —1 in the Slonczewski’s
theory [23]. This divergence is removed in other formulations of g [25].

T T T T

Fig.1.18 /. vs. P at 81

il — optimal polarization
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that of Fig. 1.17 S8 1
>
Q \
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The reversal time 7T is obtained by integrating Eq. (1.43) from6 =0to 6 =«
(1. is given in Eq. (1.42)),

2 d+ o)
Ko Ja /.y -1

In the weak damping limit (@ — 0) or large current limit (/ — 00), T JT/[.
To have an idea about the order of magnitudes for the critical current limit and the
time scale considered here in a realistic set-up, let us consider a Co nano-structure
[28] of 3 nm thick and lateral dimension of 30 x 60(nm)?*. Other parameters [28]

T = >1) (1.46)
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area = 0.01, M = 1.4 x 10°A/m, k = 7 x 10*J /m?, and P = 0.4. Then, the
theoretical limit of critical currents is about /. ~ 18 A (current density of about
10%A /(cm)*) compared with 80 A from Eq. (1.45). The optimal switching time is
about 360 ps for I = 1.8mA > I, (current density of 104 /(cm)?). This switching
time is shorter than the typical experimental value of order of several nano-seconds
[26, 28].

1.5 Summary

In summary, we discussed several theoretical results obtained on the fast magneti-
zation reversal of Stoner particles. For the reversal by a static magnetic field, SW-
theory is the special solution of the LLG equation in the infinite damping limit.
The existence of a critical damping constant above which the SW-limit is exact is
explained. In terms of ballistic reversal, the existence of a direction window is pro-
posed. For the reversal by a time-dependent magnetic field, two new strategies were
proposed based on the fact that a time-dependent magnetic field can be an energy
source. One strategy is to use a field following the magnetization motion, and the
other one is to use a circularly polarized microwave near the FMR frequency to syn-
chronize the magnetization motion. Both strategies can substantially reduce the crit-
ical switching field. Furthermore, theoretical limits on the switching field, switching
current, and switching time were obtained for uniaxial Stoner particles. The limits
could be used as a benchmark to evaluate different reversal scheme besides other
possible usages.
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Chapter 2
Core-Shell Magnetic Nanoclusters

Jinlan Wang and X.C. Zeng

Abstract Nanoclusters, aggregates of a few tens to millions of atoms or molecules,
have been extensively studied over the past decades. Core—shell nanoclusters have
received increasing attention because of their tunable physical and chemical prop-
erties through controlling chemical composition and relative sizes of core and shell.
The magnetic core—shell nanoclusters are of particular interests because these het-
erogeneous nanostructures offer opportunities for developing devices and cluster-
assembled materials with new functions for magnetic recording, bio, and medical
applications.

The purpose of this review is to report latest progress in the experimental and
theoretical studies of bimetallic magnetic core—shell nanoclusters (e.g., at least one
component of the constitution is magnetic). Due to page limit, a concise survey of
synthetic techniques and main experimental characterizations for magnetic proper-
ties is presented. A more detailed overview is given to previous theoretical work.

2.1 Introduction

Nanolusters (or nanoparticles), aggregates of a few tens to millions of atoms or
molecules, have attracted enormous interest from either basic science or application
point of view in the past decades. From basic science point of view, nanoclusters are
species intermediate in size between microscopic atoms or molecules and macro-
scopic bulk matter, and these may be considered as new forms of matter or super-
atoms that display properties very different from their molecular and bulk coun-
terparts. Small nanoclusters can show strongly size-dependent characteristics, for
example, their structures can vary dramatically with size. Among others, manifesta-
tion of this strong-size dependence includes behavior of “magic number” clusters,
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metal-nonmetal transition, nonmagnetic—magnetic transition, red or blue shift of
optical gap, and selective catalysis [1, 11, 12, 24, 31, 42, 60]. The intriguing prop-
erties of nanoclusters stem from their finite size, large surface-to-volume ratio, and
quantum effect. From application point of view, highly stable nanoclusters can serve
as building blocks for assembly of new materials and for design of nano-devices.
Size-dependent characteristics also open a possibility for tailoring properties of nan-
oclusters by precisely controlling the formation process.

Nanoclusters are usually produced from mass-selective cluster beams and can
be studied in the gas phase, or within an inert matrix, or adsorbed onto a surface.
Many technologies such as mass spectrometry; ion mobility spectrometry; photo-
and collision-induced dissociation; photoionization, photoelectron, and infrared
spectroscopies; electron paramagnetic resonance; Stern—Galach molecular-beam
deflection; and optical spectroscopy have been advanced to measure the energy,
ionization potential, electron affinity, magnetic moment, and optical absorption of
nanoclusters.

Theoretical computations have also played a key role in the cluster science since
certain properties of nanoclusters are difficult to measure, and many conventional
theories developed for treatment of atomic/molecular systems or bulk matter are
inapplicable to nanoscale systems. Common computational tools include empiri-
cal potential methods such as molecular dynamics and Monte Carlo simulation,
semi-empirical methods such as tight-binding approximation, and first-principles
methods or ab initio electronic structure calculations such as density functional the-
ory and molecular orbital methods. In particular, the density functional theory has
become a de facto tool for the study of nanoclusters with more than a few tens of
atoms.

Current investigations in cluster science can be loosely categorized into two main
areas. One is to understand how the structures and properties of the matter evolve
from isolated atom or molecule to nanoparticle and to the bulk as the size increases.
Another is to explore new cluster-assembled materials for practical applications,
such as novel electronic and optical devices, chemical sensors, and efficient and
selective catalysts.

Core-shell nanoclusters have recently received considerable attention owing to
their physical and chemical properties that are strongly dependent on the structure
of the core, shell, and interface. This structure dependence opens possibility for tun-
ing properties by controlling their chemical composition and relative size of the core
and shell. The core—shell magnetic nanoclusters are of special interests since the het-
erogeneous nanostructures offer opportunities for developing devices and cluster-
assembled materials with new functions for magnetic recording, bio, and medical
applications. In fact, superparamagnetic nanoparticles with suitable biocompatible
coatings have important implications in biology, biotechnology, and other biomedi-
cal disciplines [36, 44, 35].

The purpose of this review is to survey most recent studies on bimetallic mag-
netic core—shell nanoclusters. Toward this end, we will mainly focus on core—shell
nanoclusters with at least one component of the constitution being magnetic. Other
fascinating topics — for example, binary clusters and nanoalloys, whose structures
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are neither core—shell nor magnetic — are completely left out for space reasons. The
metal-oxide core—shell clusters are also not discussed in this chapter, although these
species can be magnetic. Readers interested in these topics are referred to [8, 10,
17, 41, 43]. Nevertheless, even on the topics that we are focusing we do not claim
to be exhaustive. If some contributions are left out, we apologize in advance. We
will review previous experimental and theoretical studies: On the experimental part,
we present a brief summary of known synthetic technology and measured magnetic
properties. On the theoretical part, we provide more detailed review since much less
theoretical work has been published in the literature.

The review is organized as follows. In Section 2.2, we give a short description of
the experimental techniques for the fabrication of core—shell nanoclusters, as well
as a survey of previous analysis and characterization of clusters’ structures, compo-
nents, size, and magnetic properties. In Section 2.3, we summarize previous theo-
retical work on the core—shell clusters and discuss their structural, electronic, and
magnetic properties with different core and shell. Specifically, magnetic systems
including iron-, cobalt-, nickel-, manganese-based core—shell clusters are discussed
in detail. In Section 2.4, we conclude by providing an outlook for future research
about core—shell nanoclusters.

2.2 Experimental Studies of Core—Shell Magnetic Clusters

In this section, we survey the recent progress in fabrication and characterization of
magnetic core—shell nanoclusters. The main focuses are placed on three prototype
magnetic core/shell nanoclusters, i.e., iron-, cobalt-, nickel-core-based nanoclusters.
A list of previous experimental and theoretical studies on the core/shell magnetic
nanoclusters is presented in Table 2.1.

Table 2.1 Summary of the recent experimental and theoretical studies on the core—shell magnetic
nanoclusters

Clusters References

Fe@Au [2,48, 15, 13, 14, 63, 64, 40, 16, 20, 7, 62, 57, 45]
Co@Au [48,3,4,5,6,39,61,9, 58]

Co@Ag [50, 29, 56, 26, 32, 51, 25, 27, 65, 57]
Co@Cu [29, 39, 30, 27, 65]

Co@Pt [46, 47, 39, 34]

Co@Pd [3,4,5,6,39]

Ni@Au [3,4,5,6, 18]

Ni@Ag [3,4,5,6,53,28, 19, 38, 18]

Ni@Pd [53]

Pt@Co [54]

Mn@Au [58]
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2.2.1 Iron-Based (Fe@Au) Core—Shell Nanoclusters

Nanometer-sized magnetic particles of iron show promise for practical applica-
tions in catalysis, magnetic recording, magnetic fluids, and biomedical applications.
However, pure iron nanoparticles are chemically unstable in the air and easily oxi-
dized, which limits their utility. To protect the particles from oxidation, one way is
to coat the particles with another inert layer, namely, making a core—shell structure.
The core—shell structure is capable of maintaining favorable magnetic properties
of metal iron while preventing the nanoparticles from oxidation. Materials such as
metal-oxide (iron oxide), inorganic compound (Si0O;), and noble metal (gold and
silver) are commonly used as the coating for iron nanoparticles.

Gold has been one of the popular coating materials owing to its chemical inert-
ness, bio-compatibility, non-toxic, and diverse cluster geometries such as planar
sheets, cages, and tubes [49, 33, 59, 37]. Indeed, it has been found that gold-
coated nanoparticles are more resistant to oxidation and corrosion, compared to the
uncoated particles. The gold coating (shell) tends to distribute more uniformly on
the spherical particles than on the acicular ones. More importantly, the gold coat-
ing is capable of retaining many favorable magnetic properties (such as coercivity
or blocking temperature) of the core. The iron-core gold-shell Fe@ Au nanoparti-
cles are of particular importance owing to their potential biodiagnostic applications,
such as rapid magnetic separation and concentration of biomaterials.

Paulus et al. [48] has fabricated Fe@ Au colloidal particles (stabilized by organic
ligands) with average sizes of 2nm and 5.1nm. They found that the Fe@Au
nanopaticles are superparamagnetic at room temperature with the blocking temper-
ature Tg~40 K. The magnetic anisotropy of Fe@ Au is larger than the bulk, which
might be caused by the formation of inhomogeneous Fe/Au alloy.

Lin et al. [40] have developed a unique reverse-micelle method to synthesize
gold-coated iron (Fe@ Au) nanoparticles as illustrated in Fig. 2.1. The average size
of Fe@ Au nanoparticles is about 10 nm. These nanoparticles are characterized by
a combination of transmission electron microscopy (TEM), energy dispersive spec-
troscopy (EDS), X-ray diffraction (XRD), ultraviolet-visible spectroscopy (UV/vis),
and quantum design superconducting quantum interference device (SQUID) mag-
netometry. The absence of oxygen and iron oxide, based on the EDS and
XRD measurements, confirms a complete coating of the iron core by the gold
shell. The authors have also found that a red shift and broadening occurs in
the absorption band of the Fe@Au colloid as compared to that of pure gold
particles.

Particularly interesting is that these Fe @ Au nanoparticles are superparamagnetic
with Tg~42 K. At 300K, no coercivity (H.) and remanence (M, ) are observed,
while they are 728 Oe and 4.12 emu/g at 2 K, respectively (see Fig. 2.2).

The authors have also investigated self-assembly of the Fe @ Au nanoparticles in
a magnetic field for potential biomedical applications. The Fe@Au nanoparticles
formed parallel chains with length ranging from 5 to 30 nm, and each chain can
be considered as a single magnetic domain. Under the influence of the external
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Fig. 2.1 Schematic diagram showing the reverse-micelle method for preparation of Fe@Au
nanoparticles. Reproduced with permission from J. Solid State Chem. 159, 26-31 (2001) Copy-
right 2001 Elsevier

magnetic field, these single domains are aligned along the direction of the magnetic
field to form even longer parallel chains.

Other researchers [15, 13, 14, 63, 64, 16, 45] have also successfully fabricated
different sized Fe @ Au nanoparticles using the same method and characterized them
with XRD, UV/vis, and TEM techniques. Zhou et al. [63] obtained the average
particle size of the core—shell structure about 8 nm, with about 6 nm diameter core
and 1-2nm thick shell. Carpenter [16] synthesized nanoparticles with a 7nm core
in diameter and a 1 nm thick shell. These Fe@ Au nanoparticles are found to be air
stable, and their magnetic properties are enhanced.

Chen et al. [20] have synthesized gold-coated acicular and spherical iron-based
nanoparticles by using a mild chemical reduction process. Iron core nanoparticles
are synthesized by simultaneous thermal decomposition of Fe(CO)s and polyol
reduction of Co(acac); in dioctyl ether before coating. The acicular iron particles
are coated with gold from the gentle chemical reduction of an organo-gold com-
pound in nonaqueous solvents. TEM and alternative gradient magnetometry studies
indicate that the small particles have relatively uniform coatings, while for the larger
particles, many gold surfaces have been decorated. Compared with uncoated parti-
cles, gold-coated commercial iron particles show good corrosion resistance even in
a 1.03 M HCI solution at 80°C for 12 h. Additionally, although the Fe@ Au particles
possess a very small coercivity because of slight oxidation, the magnetic moment is
still larger than that of pure iron oxide.

Ban et al. [7] have successfully synthesized Fe@ Au nanoparticles (about 11 nm
core of Fe and 2.5 nm shell of Au) by the partial replacement reaction in a polar apro-
tic solvent. High-resolution transmission electron microscopy (HRTEM) studies
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confirm the core—shell structures with different crystal lattices: Fe (110 and 200
lattice planes) and Au (111 and 200 lattice planes). SQUID magnetometry reveals
that particle magnetic properties are not significantly affected by the thickness of Au
shell. The produced Fe@ Au nanoparticles exhibit a red shift in absorption band as
compared to pure gold nanoparticles, due to the surface plasmon resonance. Inter-
estingly, the Fe@ Au nanoparticles are ferromagnetic at room temperature.

Cho et al. [23] have reported chemical synthesis of Fe@ Au nanoparticles using a
reverse-micelle method through the reduction of an aqueous solution. The blocking
temperature of the particles Ty is about 150 K, which is much higher than that of
50K obtained by O’'Connor group. A negative giant magnetoresistance effect has
been observed, and the particles are metallic, which imply a metallic a-Fe core.
However, the Mossbauer studies on the samples a month later have confirmed the
occurrence of oxidation over time, which indicates that the Fe core is not fully cov-
ered by the Au shell or that the Au shell is permeable to oxygen. Therefore, the
authors have proposed that the formation of a-Fe core Au-shell structure and subse-
quently the Fe core oxidizes.

Later, however, the authors have found that the structure of Fe@ Au nanopar-
ticles might be not as simple as reported earlier. To investigate the growth mech-
anisms and oxidation-resistant characteristics of the Fe@Au core—shell structure,
Cho et al. [21] used the same synthetic method to fabricate a large enough Fe core
coated with gold shell (about 19 nm). TEM, EDX, XRD, Mossbauer spectroscopy,
and inductively coupled plasma studies demonstrated the Fe@ Au core—shell struc-
tures and the presence of the Fe and Au phases. From atomic-resolution Z-contrast
imaging and electron energy loss spectroscopy (EELS) in a scanning transmission
electron microscope (STEM) studies, the Au shell grows by nucleating at selected
site on the surface of the Fe core before coalescing, and the surface is rough. The
authors further found that the magnetic moments of the nanoparticles, in the loose
powder form, decrease over time due to oxidation (see Fig. 2.3). On the other hand,
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Fig. 2.3 (A) First quadrant of the magnetic hysteresis loop at 5 K. From the top, each curve
indicates the measurement with a 1-day interval, right after synthesis. (B) Decay of saturation
magnetization of exposed Fe/Au nanoparticles over time. Reproduced with permission from Chem.
Mater., 17, 3181-3186 (2005). Copyright 2005 American Chemical Society
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electrical transport measurements showed that the particles in the pressed pellet
form are fairly stable for the resistance, and magnetoresistance does not change
over time.

Cho et al. [22] have further investigated the Fe@Au nanoparticles using both
the conventional- and synchrotron-based X-ray diffraction and the magnetic and
Mossbauer spectral techniques. The powder X-ray diffraction patterns indicate the
presence of crystalline a-iron and gold and the absence of any crystalline iron oxides
or other crystalline products. However, the Mossbauer spectra of both uncoated iron
nanoparticles and the Fe @ Au nanoparticles showed that three major iron-containing
components are found (see Fig. 2.4). Of the iron components, 16% and 40% are
represented by the expected a-iron phase in the uncoated and gold-coated iron
nanoparticles, respectively. The other byproducts are an amorphous Fe;_,B, alloy
and Fe(IIl) oxide as well as paramagnetic Fe(Il) and Fe(IlI) components. These
results indicate that the produced Fe@ Au nanoparticles through reverse micelles
are far more complicated than had been believed.
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Fig. 2.4 Mossbauer spectra of the iron (left panel) and the Fe@Au (right panel) nanoparticles
prepared in a reverse micelle. The Fe(Il), Fe(Il), R-iron, and Fe( 73 Bp27 components are shown
in different colors (see original article). They are obtained within a week and approximately 2
weeks after synthesis for gold-coated and uncoated iron particles. Reproduced with permission
from Chem. Mater. 18, 960-967 (2006). Copyright 2006 American Chemical Society

Zhang et al. [62] have exploited a laser ablation technique to synthesize the
Fe@ Au core—shell nanoparticles. This technique includes three steps. The first step
is to make both the Fe core and the Au shell by using the laser ablation method sep-
arately. The second step is to prepare the Fe core through a wet chemistry method
and to be subsequently coated with Au shell by laser ablation of Au powder. The
third step is magnetic extraction/acid washing for sample purification. The main
advantage of this fabrication technique is the second step, which provides a higher
overall yield and better control of the size of the magnetic core. Their studies indi-
cate that although the effect of irradiation is complicated, the most possible coating
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process is that Au particles are fragmented into small Au clusters and deposited onto
the iron core through repeated heating and melting. The laser-irradiated mixture
Fe-containing nanoparticles were separated by magnetic extraction techniques, and
the uncoated or incompletely Au-coated nanoparticles were washed away through
acid washing. The detailed synthesized process is illustrated in Fig. 2.5.
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Fig. 2.5 Experimental process for fabrication of Fe@Au magnetic core—shell nanoparticles.
Reproduced with permission from J. Phys. Chem. B. 110, 7122-7128 (2006). Copyright 2006
American Chemical Society

The samples have been characterized during and up to several months after
synthesis by HRTEM, HAADF STEM, EDX, XRD, UV-vis, inductively coupled
plasma atomic emission spectroscopy, and SQUID magnetometry. The red-shifted
and much broadened spectra are observed in the absorption band structure of the
Fe @ Au nanoparticles due to the surface plasmon resonance, a reflection of the shell-
thickness effect. The Au shell is about 3-nm diameter with fcc structure and the lat-
tice interplanar distance of 2.36 A. The core is about 18-nm diameter bcc Fe single
domain with the lattice interplanar distance of 2.03 A. The nanoparticles are super-
paramagnetic at 300 K with a high blocking temperature T of 170 K and exhibit
excellent long-term oxidation resistance. After 4 months of shelf storage in normal
laboratory conditions, high-saturation magnetization is found (210 emu/g), which is
about 96% of the Fe bulk value.

As discussed above, the Fe@Au nanoparticles have some unique advantages:
first, they can be easily prepared in either aqueous or organic medium. Second, the
particles often have high saturation magnetization, as compared with iron oxide and
other magnetic material. Third, because of diverse surface functionality of gold,
gold-coated iron nanoparticles have increased functionality.
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2.2.2 Cobalt-Based Core—Shell Nanoclusters

2.2.2.1 Co@Pt Core-Shell Nanoalloys

Park et al. [46] have exploited redox transmetalation reaction techniques for the first
time to synthesize CoOggrePtsher Nanoalloys under 10 nm. As shown in Scheme 2.1,
first, the Co nanoparticles are prepared from the thermolysis of Co,(CO)jg in toluene
solution. Next, the Cocere Ptshe nanoparticles are synthesized by refluxing 6.33 nm
Co nanoparticle colloids (0.5 mmol) and Pt(hfac), (0.25 mmol) in a nonane solution
containing 0.06 mL of C;,H,sNC as a stabilizer. After 8 h of reflux, the core—shell
nanoparticles are isolated from the dark red-black solution in powder form after
adding ethanol and centrifugation. Last, reaction byproduct Co(hfac), is separated
from the core—shell nanoparticles.

M» + Co(hfac),
A
Co nanoparticle CogqrePtshen Nanoalloy

Scheme 2.1 Synthetic route of core—shell nanoalloys via modified redox transmetalation reaction.
Reproduced with permission from J. Am. Chem. Soc. 123, 5743-5746 (2001). Copyright 2001
American Chemical Society

Magnetic studies of the Cocore Ptshenn Nanoparticles indicate that they retain most
magnetic properties of pure Co core and are not significantly affected by the Pt shell.
The block temperature of this sample is about 15 K and a coercivity is 330 Oe at 5 K,
which are less than the pure Co nanoparticles but are close to those of nanoparticles
with similar size to the Cocore.

Later, Park et al. [47] have exploited a similar redox transmetalation reaction
technique to fabricate similar-sized CocqePtshen nanostructures (Scheme 2.2) and
studied their magnetic properties and thermally induced dynamic phase transition
behavior.
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Scheme 2.2 Synthetic routes of CocorePtshen nanoalloys via modified redox transmetalation
reaction. Reproduced with permission from J. Am. Chem. Soc. 126, 9072-9078 (2004). Copyright
2004 American Chemical Society
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The Co,orePtsnenn Nanoparticles are superparamagnetic with zero magnetic coer-
civity (H,) at room temperature, and 330 Oe at 5 K. In particular, the H, is consider-
ably improved to 1300 and to 7000 after the CocorePtshenn nanoparticles are annealed
at 600 and 700°C for 12 h. Moreover, the particle annealed at 700" C shows ferro-
magnetism with an H. of 5300 Oe at room temperature (Fig. 2.6).
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Fig. 2.6 XRD analysis and
magnetic properties of 104
Cocore Ptshen nanoparticles. ' C
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Jun et al. [34] have demonstrated Co@Pt core—shell nanoparticles can be effec-
tively served as a bifunctional nanoplatform for the hydrogenation of a number of
unsaturated organic molecules under mild conditions, and also for the magnetic sep-
aration and recycling ability. They also prepared Co@Pt nanoparticles via the redox
transmetalation reaction process between Pt(hfac), and cobalt particles. The plat-
inum shell surface is stabilized by dodecyl isocyanide capping molecules (Fig. 2.7).
The average particle size is 6.4 nm, while the diameter of a cobalt core is 4.6 nm; the
overall stoichiometry is Cog 45Ptg 55. Elemental analysis and HRTEM study indicate
that the thickness of the Pt layer is about ~0.9 nm, corresponding to ~4 layers of
Pt. The core—shell nanoparticles exhibit superparamagnetic behavior at room tem-
perature with the blocking temperature Tg~15 K and a coercivity H. ~ 660 Oe
at5K

Separation

- B
- L

6.4nm

Fig. 2.7 The dual functionality of Co@Pt core—shell nanoparticles. Insert: The HRTEM image of
a single nanoparticle. The 2.27 A represents the lattice constant of the Pt shell. [35] — Reproduced
by permission of The Royal Society of Chemistry

2.2.2.2 Co@Au, Co@Pd, Co@Pt, and Co@ Cu Nanoparticles

Lee et al. [39] have successfully fabricated Co@Au, Co@Pd, Co@Pt, and
Co@Cu core-shell nanostructures by using the redox transmetalation reac-
tion technique. During the transmetalation processes, metal ions My(My =
Aut, Pd*t, PT, or Cu™") of the reactant metal complexes (My — Li) are reduced
on the surface of M; (M; = Co in this work) nanoparticles, while neutral M;(Co)
atoms are oxidized to M (Co*") accompanying the formation a Co-ligand com-
plex (M; — L) as a resultant reaction byproduct (Scheme 2.3). Repeating this pro-
cess leads to a complete covering of Co core by M, shell layers. The advantage
of this technique is that the original Co nanoparticles are retained because of shell
layer formation and core metal consumption occur simultaneously.

EDS studies indicate that the nanoparticle is estimated to have a 5.7 nm Co core
and 0.4 nm Au shell with Co/Au ratio of 79:21 for Co@Au; 4.9 nm Co core and
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Scheme 2.3 Schematic of core—shell nanoparticle formation via redox transmetalation processes.
Reproduced with permission from J. Am. Chem. Soc. 127, 16090-16097 (2005). Copyright 2005
American Chemical Society

0.9 nm Pd shell with Co/Pd ratio of 47:53 for Co@Pd; the Co/Pt ratio of 45:55 with
4.6 nm Co core and 0.9 nm Pt shell for Co@Pt; and 5.2 nm Co core shell and 0.7 nm
Cu shell with the ratio of 54:46 for Co@Cu nanostructure. The HRTEM studies
further confirm the formation of the shell of Au, Pd, Pt, and Cu on Co nanoparticles
by their good coincidence with the corresponding lattice parameters for their fcc
(111) plane.

SQUID magnetometer measurements are performed on these core—shell struc-
tures and show coercivity (H.) of 2090 Oe for pure Co nanoparticles, 1310 Oe for
Co@Au, 840 Oe for Co@Cu, 660 Oe for Co@Pt, and 740 Oe for Co@Pd core—shell
nanoparticles, respectively (Fig. 2.8). Taking into account that average diameter of
cobalt for Co, Co@Au, Co@Cu, Co@Pt, and Co@Pd is estimated to be 6.5, 5.7,
5.2, 4.7, and 4.9 nm, respectively, the H. trend suggests that core—shell nanoparti-
cles with larger Co core sizes have higher coercivity. Therefore, the magnetism of
the core—shell nanoparticles mainly stems from the magnetic core while the noble
metal shell layer has little effect on it. Superparamagnetic behavior is observed for
all of these nanoparticles at room temperature.

2.2.2.3 Pt@Co Core-Shell Nanoclusters

Sobal et al. [54] have developed a new two-stage route to synthesize monodisperse,
controllable Pt@Co core—shell structures. The first step is to prepare definite diam-
eter pure platinum particles. The second step involves thermal decomposition of
cobalt carbonyl on the Pt seeds. The thickness of the Co shell can be controlled
by varying the amount of dicobalt dicarbonyl. For the ratio Pt:Co,(CO)g 1:4, the
average diameter of the spherical bimetallic particles is 7.5 nm with the maximum
thickness of Co (2.3£0.2 nm). In the case of Pt/Co,(CO)g 1:5, incomplete coverage
was observed due to cobalt island formation on the platinum surface. The particles
exhibit superparamagnetic behavior at room temperature, and the blocking temper-
ature Ty is between 175 and 225 K.

2.2.2.4 Co@Cu Core-Shell Nanoclusters

Guo et al. [30] have fabricated Co@Cu core—shell nanoparticles by using a dis-
placement method in aqueous solution at room temperature. The nanoparticles
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Fig. 2.8 Hysteresis loops of (a) Co nanoparticles and core—shell nanoparticles (b) Co@Au,
(c) Co@Pd, (d) Co@Cu, and (e) Co@Pt at 5K on a SQUID magnetometer. (f) Hysteresis
loop of Co@Cu nanoparticles at 300 K shows superparamagnetism. Reproduced with permis-
sion from J. Am. Chem. Soc. 127, 16090-16097 (2005). Copyright 2005 American Chemical

Society

were fabricated through a wet chemical scheme by using the surfactant sulfo-
betaine, dodecyldimethyl (3-sulfopropyl) ammonium hydroxide (98%) in tetrahy-
drofuran. Cobalt oxide was not present in the nanoparticles upon exposure to air
through X-ray absorption near-edge structure analysis. The relative high blocking
temperature (Tg~235 K') was found for the Co@Cu nanoparticles, indicating the
coating enhanced the magnetic properties of the nanoparticles.
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2.2.2.5 Co@Ag Core/Shell Nanoclusters

Sobal et al. [54] have fabricated monodisperse bimetallic Ag@Co core—shell
nanoparticles by using colloid chemistry methods. These nanoparticles exhibit opti-
cal and magnetic behavior significantly different from that of pure Ag and Co met-
als. In addition, the presence of a noble metal appears to improve the stability of
nanosized Co against oxidation.

Rivasa et al. [50] have prepared Co@ Ag nanoparticles through a microemulsion
method in an inert atmosphere. The size of the nanoparticles is controlled by the
water droplets of the microemulsions. This whole procedure can be divided to two
steps. The first step is to produce the magnetic core by mixing two water-in-oil
microemulsions containing the reactants dissolved in the aqueous phase. The second
step is to coat the core with Ag through successive reactions in microemulsions. The
reaction takes place inside the droplets, which controls the final size of the particles.
Subsequently, silver ions are adsorbed onto these particles and finally are reduced
to produce a silver shell. The produced samples contain 3.3—40.5 vol% Co, and the
average size of the particles is about 15-60 nm.

The authors have also investigated the temperature dependence of the magnetiza-
tion and found that the magnetic properties are strongly dependent on the annealing
temperature. The study shows coercive fields as high as H. = 600 Oe at room
temperature after thermal treatments (TA ~ 500 deg C).

Later, Rivasa et al. [51] have synthesized Co@ Ag core—shell nanoparticles with
the same technique and explored magnetic behavior vs. heat treatment. This study
confirms that under the experimental conditions, the size of the Co nuclei is deter-
mined by the reactant concentration, whereas microemulsion droplet size controls
the Ag covering.

2.2.2.6 Co@Au Core-Shell Nanoclusters

Paulus et al. [48] have presented a detailed experimental study of Co colloidal par-
ticles stabilized by organic ligands with and without gold coating. The magnetic
anisotropy of the Co@ Au particles was found to be highly reduced, to a value very
close to the bulk.

Xu and Wang [61] have fabricated Co@Au core—shell nanoparticles directly
from gas phase by using a physical-vapor-deposition-based nanocluster deposition
technique. The synthesized Co—Au nanoparticles are Co82.7Aul7.3 at.% with the
size ranging from 5 to 15 nm in diameter and an average size of about 12nm. The
composition ratio in the particles can be adjusted by changing the ratio of sputtered
areas of Co and Au in the target. The advantage of this method is that it can precisely
control conditions for particle formation, thus good control of phase, size, and size
distribution of particles.

Low-temperature and room-temperature hysteresis loops show that the Co—Au
nanoparticles retain the magnetic properties of pure Co core. At room tempera-
ture, the Co—Au nanoparticles show superparamagnetic behavior with a very high
blocking temperature Tg~290 K. A field-cooled low-temperature hysteresis loop
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of Co—Au nanoparticles at 50 K indicates the existence of oxide, and Au shell does
not fully cover the Co core.

To avoid the formation of the interface between the core and the shell in the redox
transmetalation reaction process, Bao et al. [9] have synthesized Co—Au core—shell
nanoparticles by using an organo-gold compound as precursor in a nonpolar solvent.
No diffraction pattern of cobalt oxide was observed in XRD, which confirmed that
these produced Co—Au core—shell nanoparticles are stable in organic solution and
last up to several months. However, their stabilities are reduced in aqueous solution,
which are mainly caused by the reaction of cobalt and thiol groups.

TEM, HRTEM, and Z-contrast imaging studies show that the core—shell structure
is about 9nm and a single-crystal Co core is surrounded by multiple gold grains,
forming a raspberry structure, and the core diameter is 5—6 nm, close to the size of
the cobalt seeds used during synthesis, and the shell is roughly 1.5-2.0 nm thick. The
particles are superparamagnetic at room temperature and the blocking temperature
Tp is about 55 K. The UV-visible absorption spectra of these nanoparticles show a
red shift to 680 nm because of the surface plasmon resonance enhanced absorption.

2.2.3 Ni-Based Core-Shell Nanoclusters

2.2.3.1 Ni@Pd Core-Shell Nanoclusters

Sao-Joao et al. [53] have successfully fabricated Pd—Ni core—shell nanoparticles
with the average size (5-7 nm) through decomposition of metalorganic compounds.
TEM, EDS, HRTEM, energy-filtered microscopy (EFTEM), and XPS studies indi-
cate that the physical and chemical properties of the Pd shell are sensitively depen-
dent on its electronic properties, which are influenced by the presence of the Ni core
and by the deformation in the Pd lattice. The catalytic properties of the pure metal
and the bimetallic particles, toward CO oxidation, have been investigated. The core—
shell clusters show similar catalytic activities toward the CO oxidation as the case of
pure Pd clusters, i.e., no increase of reactivity is observed on the Ni@Pd core—shell
structure, which might be caused by the presence of edges in the small particles.

2.2.3.2 Ni@Ag Core-Shell Nanoclusters

Chen et al. [19, 38] have successfully fabricated Ni@ Ag core—shell nanoparticles by
successive hydrazine reduction of metal salts in ethylene glycol without the addition
of protective agents. To prohibit the particles from coalescing, the appropriate nickel
concentration for the coating of Ag nanoshells should be less than 1.0 mm. The TEM
and XPS on surface composition studies indicated that Ni cores are fully covered
by Ag nanoshells, and the shell thickness could be controlled by the silver nitrate
concentration. The EDP and XRD analyses reveal that both Ni cores and Ag shells
have an fcc structure.

Later, Chen et al. [38] have further developed this synthetic technique by
using polyethyleneimine (PEI) as a protective agent to fabricate Ni-core/Ag-shell
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(Ni@Ag) nanoparticles. The produced Ni@ Ag nanoparticles are monodisperse, and
the core is about 6.2 nm in diameter, and the shell thickness is about 0.85 nm. In the
nickel concentration of 0.25-25 mM, the size of the Ni@ Ag nanoparticles shows no
significant change for different thickness of Ag coating. X-ray photoelectron spec-
troscopy indicates both Ni cores and Ag shells have an fcc structure, and the Ni
cores are fully covered by Ag shells. Moreover, a peak was observed at 430 nm in
the absorption band of the Ni@ Ag nanoparticles, which is consistent with the char-
acteristic spectra of Ag nanoparticles. The sample is nearly superparamagnetic. The
saturation magnetization (My), remanent magnetization (M, ), and coercivity H, are
17.2 emu g~!, 4.0 emu g~', and 81 Oe, respectively, based on the weight of Ni
cores. The coating of Ag shells leads to a decrease of My and M., which indicates
that the formed Ni—Ag interface plays a quenching role on the magnetic moment.
The thermal and XRD analyses indicate that the Ag shells provide a better anti-
oxidation protection to Ni@Ag nanoparticles as compared to the case of pure Ni
nanoparticles.

2.2.3.3 Ni@Au Core-Shell Nanoclusters

Chen et al. [18] have developed a redox transmetalation method by combining
with a reverse-microemulsion technique to synthesize Ni—-Au core—shell nanopar-
ticles. The obtained size of the nanoparticles ranges from 15 to 30 nm in diameters,
with 5—10 nm core diameters and 5—10 nm shell thickness. A red-shift absorption to
590 nm was observed in this core—shell structure as compared to pure gold nanopar-
ticles due to the enhanced surface plasmon resonance absorption. The blocking
temperature of the nanoparticles is 16 K, and the superparamagnetic behavior was
detected at room temperature. The saturation magnetization, remanent magnetiza-
tion, and coercivity at 5 K are 9.0 emu/g, 4.1 emu/g, and 2 kOe, respectively, which
are dramatically smaller than that of 55 emu/g at 300 K for bulk nickel metal. This
reduction in moment might stem from the small size effect, the oxidation of the Ni
cores, the increased surface of the nanoparticles, the crystal lattice defects, etc.

2.3 Theoretical Studies of Bimetallic Magnetic Core—Shell
Nanoclusters

In contrast to extensive experimental studies of bimetallic core/shell nanostructures,

theoretical studies are much less (Table 2.1). In this section, we will give a more
detailed survey on previously reported theoretical results.

2.3.1 Iron-Based (Fe@Au) Core—Shell Nanoclusters

Sun et al. [56] have reported the first theoretical study of gold-coated iron nan-
oclusters using a gradient-corrected density functional theory (DFT). Specifically,



52 J. Wang and X.C. Zeng

the authors used a combination of the Becke exchange functional and the Perdew—
Wang correlation functional (BPWO91), and a plane-wave basis set with the pro-
jector augmented plane-wave (PAW) method. The authors focused on the effect
of gold coating on the structural and magnetic properties of the iron core of var-
ious sizes, as well as chemical reaction of uncoated and coated iron clusters with
oxygen.

Calculated magnetic moments of clusters Fey@Au;, Fe; @Auj;, and
Fei@Au;,@Auzy@Au;, (Fig. 2.9) are 3.44, 3.0, and 3.0 pp, respectively.
These values are all greater than the bulk value of 2.2 ppg/atom, indicating
that the gold shells provide an enhancement effect on the magnetism of iron
atom.

Fig. 2.9 Geometries of Fe
atom enclosed in gold shells.

Reproduced from [57]. 7]

Copyright (2006) by the e /

American Physical Society . @Y/ X
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The authors have also examined whether a Fe;3 core can remain magnetic with
a gold shell of two different thicknesses, namely, Fe;3@Auy, and Fe;3@Auysy.
Main results of their calculation for Fe;s, Fe;3 @Auy,, and Fe;3@Au;s, are given
in Table 2.2. For Fe ;3 @Auy,, the lowest-energy structure is an icosahedron with
I, symmetry, although bare Fe s itself is a distorted icosahedron, which indicates
that the gold coating results in a structural change of the iron core. Meanwhile, the
magnetic moment of the Fe 3 core is more or less preserved even though the Fe—Fe
bond length is expanded by 3.2% with the gold coating. Covering additional gold
shells to Fej3@Auy; has little effect on the bond length and magnetic moment of
the Fe;3 core. The induced magnetic moment within the Au shell is mainly at the
Au/Fe interfacial layer, and the outermost Au layer shows no magnetic moment.
Hence, the thickness of the gold shell has a negligible effect on the magnetic
moment of the Fe3 core and little influence on the induced moment within the gold
coating.

Sun et al. have also studied the oxidation of Fe;3 and Fe 3 @ Auy, nanoclusters
and found that O, dissociates and the atomic O binds strongly with the outer Fe
atoms with a binding energy of 8.04 eV. The total magnetic moment of Fe 30, is
38 wg, less than that of the pure Fe 3. As for Fe 3 @ Auy,, oxygen remains molecular,
and the adsorption energy of O, to the cluster is small (< 0.25eV), indicating that
gold coating prevents the iron core from oxidation.
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Table 2.2 Bond lengths (in A) and magnetic moment (in i) of Fe 3 and the Fe@ Au core—shell
nanoclusters. Reproduced from [56]. Copyright (2006) by the American Physical Society

FC]3 FelB@Au3O@AU12 Fe]3@ AI.I3U@AU]2@A060@AU]2

pre 232 2.384 2.357

pro  3.00 2.923 2.801

KAu 0.018 (1st shell) 0.015 (1st shell)
0.014 (2nd shell) 0.012 (2nd shell)

0.010 (3rd shell)
0.007 (4th shell)
0.003 (5th shell)

Rpet  2.390 2.457 2.438
Rpy 2512 2.594 2.543
) . 2.830 2.820

2.3.2 Cobalt-Based Core-Shell Nanoclusters

2.3.2.1 Co@Cu, Co@Ag Core-Shell Nanoclusters

Guevara et al. [29] have explored electronic and magnetic properties of Co cluster
coated with Cu and Ag (Coy Xy, X = Cu, Ag, and N + M up to 405) using a
parametrized tight-binding Hamiltonian method. The noble-metal coating has the
structure of an fcc lattice. In the case of Co@Cu clusters, both the average and
the total magnetic moments show an oscillatory behavior as a function of coating
thickness, as shown in Fig. 2.10. Because of hybridization with the Cu atoms, the
moment of the core—shell cluster is attenuated in comparison with the bare Coys
cluster. For some special coatings, Cu is antiferromagnetic (AFM) to Co and thus
yields smaller magnetic moment per Co atom, and in some cases even smaller than
that of bulk Co. They also found that a rather open or corrugated cluster surface
induces a ferromagnetic polarization.

For the Co@ Ag core—shell clusters, the total magnetic moment depends not only
on the number of Co atoms but also on the number of surrounding Ag atoms as well
as the shape of the Ag shell, as shown in Fig. 2.11. Moreover, Guevara et al. have
found that the spin on Ag is antiparallel to that on Co for various coatings, thereby
giving smaller total magnetic moment of the core—shell clusters than that of pure Co
clusters. In contrast to the Cu coating, the magnetization of Co core per atom within
the Ag coating is larger than that of bulk Co value. A few cases of ferromagnetic
polarization are also identified and these are due to a corrugated outer Ag shell with
several poorly coordinated Ag atoms (spikes).
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Fig. 2.10 Magnetic moment
per Co atom vs. increasing
number of Cu atoms for
Co3Cuy, clusters. O
corresponds to the total
magnetic moment, e to the
magnetic moment of the Co
core. Reproduced from [29].
Copyright (1998) by the
American Physical Society 1.2
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Fig. 2.11 Same as Fig. 2.10
for (a) Coj3Ag,, and (b)
Coy3Ag,, clusters.
Reproduced from [29].
Copyright (1998) by the
American Physical Society
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2.3.2.2 Pd@Ag, Ni@Ag, Ni@Au, Co@Au Core-Shell Nanoclusters

Baletto et al. [3—6] have investigated the growth of Pd@Ag and Ni@Ag core—shell
structures using molecular dynamics simulation and empirical many-body potentials
derived within the second-moment approximation to the tight-binding model. Their



2 Core—Shell Magnetic Nanoclusters 55

studies suggest that very stable core—shell structures can form over a wide range of
temperatures. A novel multi-shell A—-B-A structure can also form by inverse depo-
sition of B atoms above A cores. The growth of A—-B—A structures depends on the
structure of the initial A core and the temperature. If the initial A core is an fcc
cluster, the A—B—A multi-shell structures can be achieved for all three bimetallic
systems (Ni/Ag and Pd/Ag) in different temperature ranges. On the contrary, the A—
B-A structures cannot form by deposition on the I, cores, where normal core—shell
structures grow instead. The growth of the intermediate B shell is triggered by the
fact that the most favorable positions for isolated B impurities inside A clusters are
located just one layer beneath the cluster surface.

Rossi et al. [52, 28] have identified a new family of magic-number polyicosahe-
dral core—shell clusters, Ni@Ag, by using a genetic algorithm coupled with DFT
calculation (Fig. 2.12). The authors have demonstrated that these core—shell clus-
ters are very stable on basis of energetic, electronic energy gap, and thermodynamic
information. More interestingly, these core—shell clusters can have higher melting
points than the corresponding pure clusters.

Several other theoretical studies have shown that Ag—Co, Au-Ni, and Au—Co
particles tend to form core—shell structures, while Ag—Pd and Au—Cu tend to mix in

¢-% & @

Fig. 2.12 Magic-number
core—shell pl; clusters.
Reproduced from [52].
Copyright (2004) by the (27,7) (:ﬁ? (30,8) (32,13)

7 12
American Physical Society plh plh
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bulk alloy phases. Many calculations have also shown that magnetic effects desta-
bilize the core—shell arrangement of Ag—Co and Au—Co bimetallic clusters.

Hoof et al. [32] have employed Metropolis Monte Carlo and molecular mechan-
ics methods and embedded atom potentials to study the structural and thermody-
namic equilibrium states of isolated Ag—Co nanoparticles with the size ranging from
200 to 3000 atoms and temperature ranging from O to 1500 K. The authors have
obtained a lower and an upper limit to the Co concentration for the occurrence of
core—shell structure. The lower limit is determined from the balance between Co—
Co binding interaction and the stress of the Ag lattice. The upper limit is associated
with the wetting of the Co core by Ag shell. In the core—shell structure, the Co core
expands within 2% while the Ag lattice contracts. The Co core melts at a tempera-
ture <1500K, and the melting is insensitive to the thickness of the Ag shell. Since
the melting temperature of the Ag shell is fairly lower than that of the Co core, a
solid core covered by a liquid shell can be observed. The coexistence of a liquid
layer and a solid center is found within the Co core, and the thickness of the liquid
layer increases with increasing the temperature. As the temperature is increased, the
Ag shell may undergo a crystal to amorphous transition followed by an amorphous
to liquid transition, depending on its thickness. A detailed melting process is shown
in Fig. 2.13, where the disordering of the core starts at the interface and proceeds
toward the center as the temperature is increased.

Fig. 2.13 Cuts through
equilibrium Ag,,5,Co7s9
cluster configurations at
several temperatures. Dark
spheres: Co atoms; light
spheres: Ag atoms.
Reproduced from [32].
Copyright (2005) by the
American Physical Society
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Hou and coworkers [27, 65] have shown that the equilibrium atomic configura-
tions of Ag—Co and Cu—Co are determined by the binding and interfacial config-
uration energies. Thermal vibrational entropy plays an important role in the bal-
ance of energy contributions to thermodynamic equilibrium. Core—shell Ag—Co and
“onionlike” Cu—Co equilibrium configurations were observed, which can be altered
by adjusting composition and temperature.

Hou and coworkers [26, 57] have also explored the slowing down process (depo-
sition) of CoygsAgs,; nanoclusters on an Ag (100) substrate using classical molec-
ular dynamics simulation. The kinetic energies of the nanoclusters range from
0.25eV to 1.5eV per atom to mimic the low-energy cluster beam deposition and
aerosol-focused beam techniques. Initial Cozg5Ags,; has a core—shell structure with
one complete Ag monolayer covering the Co core. The cluster undergoes partial
accommodation and partially retains a “memory” of its initial morphology. As a
result of the impact, the substrate undergoes significant damage, while the degree of
damage depends on the slowing down energy.

Using the same simulation methods, the authors extended their study to clusters
with no special morphology when deposited on the Ag (100) surface. The effect of
size and deposition energy was systematically examined. The authors have found
that the interface formed between the Ag matrix and the core—shell Co@Ag nan-
oclusters is no more than a few atomic layers thick and that both the cobalt core and
the silver shell display limited epitaxy with the substrate. The effect is not much
energy dependent but is strong for the Ag shell than for the Co core.

Dorfbauer et al. [25] have explored structures of Co,Ag,_, nanoparticles (864
atoms, 2.8 nm) by using molecular dynamics simulation with an embedded atom
potential. Starting from a completely random distribution of Co and Ag atoms, the
clusters are heated up to 1300 K and then cooled down to form Co core and Ag shell
structures. Radial distribution function (RDF) analysis suggests the coexistence of
both hcp-like and fec-like stackings in the Co core.

We [58] have recently explored the structure and magnetic properties of gold-
coated Coj3 icosahedral anionic clusters [Coj3 @ Au,o]~ using a gradient-corrected
DFT. First, we searched for the lowest-energy states of the uncoated Co;3~ and
gold-coated [Coj;3@Auyy]~ clusters over a broad range of total spin magnetic
moment S, values, from 2 to 38 wg. Main results are summarized as follows:
The [Coj3@Au;p]™ anion cluster is a perfect [}, structure (Fig. 2.14). The Co—Co,

Fig. 2.14 Optimized
geometry of

[TM3@Auy]~, TM=Mn
and Co. Dark color represents
the TM core, while light color
depicts the goal shell
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Co—Au, and Au—Au bond lengths in the lowest-energy structure are 2.45, 2.61, and
2.89 A, respectively. These bond lengths can vary, depending on the total magnetic
moment. In general, the Co—Co and Au—Au bond lengths increase as the magnetic
moment increases, while the Co—Au bond lengths display a complicated variation
pattern although in the higher magnetic states the bond lengths are usually longer.

More interestingly, the magnetic moment of [Coj;3@Auyy]~ is significantly
reduced compared to the bare Coy3~, that is, from 30 to 20 ug with the gold coat-
ing, 33% less than the optimal value (30 wg) of the bare Co3~ (see Fig. 2.15).
This result indicates that the gold coating can have an attenuation effect on the mag-
netism of strongly magnetic clusters. Paulus et al. [48] have also found the magnetic
anisotropy of the Co@ Au particles being greatly reduced, to a value very close to
the bulk.

Mullliken population analysis on Coj3~ and [Coi3@Auyg]~ confirms that the
main magnetic moment of [Co;3@Auy]~ originates from the contribution of Co
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atoms. The local atomic spins on each Au atom are nearly zero, but close to 2.0 g
on each Co atom. The Co atoms are ferromagnetically ordered in both uncoated and
gold-coated Co;3~, although the moment S, in the uncoated cluster is larger (2.33
vs. 1.59 pp for surface Co atoms, and 2.06 vs. 1.89 g for the central Co atom).
Another source for the reduction of the total S, of [Co;3@Auy]~ is the antiparallel
ordering of the spin moments of all Au atoms (0.05 g per Au) with respect to the
moment of the Co3~ core.

2.3.3 Mn-Based Core—Shell Nanoclusters: [Mn ;3 @Au,,]~

Using the same computational scheme [58], we have also studied the structure
and magnetic properties of gold-coated Mn,3 anionic cluster [Mn;3 @ Auyy]~. The
lowest-energy configuration of [Mn;3@Auy]~ is a slightly distorted icosahedral
structure (Cs) with a very large total S, of 44 g (see Fig. 2.16). The low spin state
with the total S, of 2 pp at the same symmetry (Cy) is the second lowest-energy
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configuration whose energy is only 0.071 eV higher. Other high spin states such as
S, =36,42,52, 54 g are found as deep local minima whose energy is 0.133, 0.182,
0.253, 0.277 eV higher, respectively, than the lowest-energy state (Fig. 2.16).

The average bond lengths of Mn—Mn, Mn—Au, and Au—Au in the lowest-energy
configuration are 2.76, 2.61, and 2.95A, respectively. Different spin-correlated
behavior for the bond lengths of Mn—-Mn, Mn—Au, and Au—Au are observed. The
Mn-Mn bond lengths are more spin-sensitive at high spin states, while the Au—
Au bond lengths are more spin-sensitive at the low spin states. The Mn—Au bond
lengths are very sensitive to the spin states in general, and they decrease as the mag-
netic moments increase from 2.635 to 2.602 A.

Mullliken population analysis on [Mn;3@Au,y]~ shows that the local atomic
spins on each Au atom vary from —0.24 to 0.20 pg, and most are nearly zero, while
they are around 4.0 g on every Mn atom.

Most interestingly, [Mn3 @ Auyp]~ exhibits a giant magnetic moment (44 1p),
whose corresponding lowest-energy state has a ferrimagnetic arrangement where
one surface Mn atom is antiparallel to the rest eleven surface atoms with the local
moment of —3.877 and 3.949 g, respectively, and the core Mn atom possesses
a local moment of 2.679 wg. For the state of S; = 2up, six surface Mn atoms
are antiparallel to the rest six surface atoms with the atomic moment of 3.927
and —4.104 g, respectively. The core Mn atom possesses a small moment of 3.066
pg. In the case of S, = 36 pp, two symmetric apex Mn atoms are antiparalleled
(—=3.770 p) to the rest eleven Mn atoms (3.981 g for the surface atoms and 2.575
g for the core atom). In the case of Sz = 52 and 54 g, all the Mn atoms are
paralleled, and the local moment of Mn atoms is around 4.0 pg. In contrast, the
bare Mn3~ favors a ferrimagnetic ordering with a net total moment of 2 5, where
six surface Mn atoms have antiparallel spin arrangements (—3.63 pwp) to the rest
six surface Mn atoms (3.85 pg), and the core atom possesses 1.09 pg. The ferro-
magnetic state of Mn3~ has a total S, of 52 g, while the core Mn atom possesses
0.94 g and the twelve surface Mn atoms have the atomic moment of 3.72-4.59 g
(Fig. 2.17).

2.4 Summary

As summarized in previous sections, the core—shell magnetic clusters often exhibit
new physical and chemical properties compared to their single-component coun-
terparts. In many cases, the noble metal coating not only can enhance magnetic
properties with large coercivity and high blocking temperature but also can provide
sufficient resistance to the oxidation of the magnetic core. These added values in
core—shell clusters pave the way for the applications of the magnetic nanoparticles
in future information and biological technologies such as information storage, mag-
netic sensors, bioseparation, and drug delivery. Although a variety of physical and
chemical techniques have been employed for their fabrication, challenges in pro-
ducing uniformly coated and highly stable core—shell nanoparticles (e.g., without
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Fig. 2.17 Local spin on bare and coated Mn;3~ clusters in different spin states Mn;3~  Mnj3
in [Ml’l13 @Allz()]_

aggregation associated with their production) have limited wide application of the
core—shell nanolclusters (or nanoparticles).

On the other hand, compared to the large amount of literature in fabrication and
characterization of core—shell magnetic nanoclusters, theoretical work on the core—
shell clusters is considerably less in the literature, especially on the study of nano-
magnetism based on first-principles theory. Better understanding of core—shell mag-
netic clusters, including their structures (morphology), growth mechanics, magnetic,
electronic, and optical properties are greatly needed and will definitely benefit both
basic science and application. Another issue that limits extensive first-principles
studies is that the core—shell nanoclusters produced in most experiments are a few to
a few tens nanometers in sizes, which are beyond computational capability for the
first-principles studies in most researchers’ laboratory. However, the gap between
the two sides is narrowing as smaller-sized core—shell clusters can be produced and
characterized more routinely, and more efficient computational methodologies as
well as more powerful computers are under development. We are optimistic that a
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great surge in joint theoretical/experimental studies will come up in the near future,
which undoubtedly will expedite our understanding and utilizing this novel form of
matter.
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Chapter 3
Designed Magnetic Nanostructures

A. Enders, R. Skomski, and D.]J. Sellmyer

Abstract  The fabrication, structure, and magnetism of a variety of designed
nanostructures are reviewed, from self-assembled thin-film structures and magnetic
surface alloys to core—shell nanoparticles and clusters embedded in bulk matrices.
The integration of clusters and other nanoscale building blocks in complex two- and
three-dimensional nanostructures leads to new physics and new applications. Some
explicitly discussed examples are interactions of surface-supported or embedded
impurities and clusters, the behavior of quantum states in free and embedded clus-
ters, the preasymptotic coupling of transition-metal dots through substrates, inverted
hysteresis loops (proteresis) in core—shell nanoparticles, and nanoscale entangle-
ment of anisotropic magnetic nanodots for future quantum information processing.

3.1 Introduction

Magnetic nanostructures form a broad range of geometries, chemical compositions,
and internal structures, with intriguing physical properties and important applica-
tions [1-6]. Aside from thin films and multilayers, which are often considered as
a separate field, there are natural or artificial dots, antidots, wires, and rings. Some
examples of more complex nanostructures are core—shell particles [7, 8], includ-
ing encapsulated transition-metal atoms or cluster-assembled solids such as CrSij,
[9], various types of thin films [5, 10-16], doped clusters [17], and nanotubes [18].
Some bulk magnets may also be considered as embedded nanostructures, as exem-
plified by Sm—Co permanent magnets [3, 19, 20]. The structural features are on
length scales ranging from less than 1 nm to several 100 nm [3, 18], and the involved
magnetic substances range from magnetic elements (Fe, Co, Ni) and alloys (such as
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permalloy, L1, alloys, and rare-earth transition-metal intermetallics) to oxides and
complicated compounds.

Non-interacting structures are interesting research subjects [21] and have impor-
tant applications. For example, FePt nanoparticles with sizes down to 3 nm are of
interest in permanent magnetism [22] but require coating by a thin shell or embed-
ding in a matrix. A large volume fraction of the particles is necessary, because, the
key figure of merit in permanent magnetism is the energy product, which scales
as the square of the saturation magnetization Mg = m/V in sufficiently hard mag-
nets [23]. Another example is catalysis, which is usually realized by non-magnetic
transition-metal surfaces [7]. The catalytic activity of a material [24] reflects sub-
tle details of the electronic structure, which is easily modified by nanostructuring
[25]. The confinement of electrons on a length scale of the order of 10 nm makes
the electronic band-structure quasi-continuous, with level spacings and shifts suffi-
ciently large to potentially interfere with the catalytic performance or the magnetic
properties [26]. Other applications involving non-interacting nanoparticles are in
optics, biomedicine [27], and magnetic recording (bit-patterned media) [28]. In the
last case, a high-areal density of magnetic elements is required, and the suppres-
sion or management of the inter-particle interactions is an important, yet nontrivial
task [4, 16, 29]. Figure 3.1 shows some elementary nanostructures, which can be
produced in various homogeneous and inhomogeneous chemical compositions.
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Fig. 3.1 This cartoon shows some simple nanostructures: (a,b) nanowires, (¢) nanorings,
(d) nanotube, (e,f) nanoparticles, (g) nanoparticle chain, (h) nanojunction, and (j) thin film. Chains
of magnetite nanoparticles (g) naturally occur in the brains of animal such as bees and doves, where
they may contribute to the spatial orientation during migration
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The magnetic properties of the nanostructures in Fig. 3.1 are strongly influenced
by their particular shape. But if the size of a metallic structure is decreased to only a
few nanometers, then coordination effects become observable and exploitable. The
reduced coordination results in an electronic structure different from that of bulk or
single atoms. Fundamental magnetic properties, such as spin and orbital moments
or magnetic anisotropy, are thus found to depend on the sample size and shape.
For instance, clusters of Fe, Ni and Co in the gas phase show enhanced magnetic
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moments per atom [30, 31], the magnetic anisotropy of clusters strongly depends
on the number of atoms forming it [32, 33], and a magnetic moment is found in
ultrathin layers of Rh, which is non-magnetic in the bulk [34]. But not only new
magnetic and electronic properties emerge; also the structure [35], the reactivity
[36] or thermal properties can deviate drastically from bulk behavior.

For surface-supported or embedded nanostructures, the mere size and shape are
only among many other quantities that determine their properties. Also, mutual
interactions [37], interactions with the substrate [38] or with ligands, capping lay-
ers, etc. influence their magnetic and electronic behavior, offering a wealth of pos-
sibilities to manipulate their magnetic properties. The desire emerges to use them
in future devices such as patterned storage media, calling for the further study of
nanoscale clusters deposited on surfaces. First experiments addressing the magnetic
and structural cluster properties after deposition have been performed with rather
large clusters consisting of N > 100 atoms [39, 40]. It turns out that size effects
in the spin and orbital magnetic moments or the anisotropy energy become only
observable in clusters of a few atoms in size. In fact, nanomagnetism is intermedi-
ate between atomic-scale magnetism and macroscopic magnetism (Maxwell’s equa-
tions) but cannot be considered as a superposition of the two limits [3]. Not only the
size but also their areal density [41], the interaction with the substrate or a cover
layer [42, 43], and the electronic exchange and hybridization during alloy formation
decisively determine the magnetic cluster properties.

One aspect of the quest for new structures, new physics, and new applications
is the development of complex nanostructures. Such structures can be used for
logic operations [44, 45], exchange spring and other composite media for mag-
netic recording [23, 46-53], multiferroics [54], and can be rather exotic, such as
three-dimensional arrays and hybrids involving living cells and magnetic nanos-
tructures. The ultimate goal is the creation of complicated three-dimensional objects
from nanoscale building blocks, and the hope is that complex structure and chem-
ical composition results in complex interactions, and ultimately in useful proper-
ties or additional functionality. The achievable level of complexity of nanostruc-
tures depends on advances in fabrication and synthesis [55]. Intriguingly, new struc-
tures are often discovered in other areas of nanotechnology [56] but then develop
into magnetic structures with very different physical properties, such as magnetic
nanotubes [18].

The length scales considered in this review range from less than 1 nm to several
100 nm, although is in most cases the feature size are 5-20 nm. A natural length
scale is ao/a. = 7.2 nm [3, 57, 58], where a is Bohr’s hydrogen radius and o = 1/137
is Sommerfeld’s fine-structure constant. Basically, this length scale determines the
range of magnetic interactions and distinguishes nanostructures from macroscopic
magnets.

The thermal stability of the magnetization direction in nanostructures is a critical
for applications as magnetic recording media [46, 59]. For a small particle of vol-
ume V and anisotropy K, the relaxation time t = T, exp(KV/kgT), where 1, ~1071°
s. The particle volume is usually limited, so that room temperature thermal stabil-
ity requires the control and enhancement of the anisotropy, including surface and
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interface anisotropy contributions [3]. Quantum-mechanical effects such as entan-
glement are even more demanding and require temperatures of 4.2 K or below. Ther-
mally stable hard-magnetic nanoparticles can now be produced down to 3 nm [22],
but some of the other nanostructures discussed here are of the low-temperature type.

In this chapter, we review synthesis strategies with prospect of success for the
fabrication of moderately complex nanometer- and sub-nanometer scale structures
and discuss relevant interactions and effects that determine the magnetic behavior
of such structures as a result of their complexity.

3.2 Structure, Chemistry, and Geometry

Some nanostructures occur naturally—in minerals and biological systems—or are
easily produced by bulk-processing methods. However, in most cases the struc-
tures are produced artificially, by using methods such as pulsed laser deposition
(PLD), cluster deposition [60, 64], lithography [5], patterning using nanomasks and
templates such as porous alumina [61], focused ion-beam milling (FIB) [45, 62],
molecular-beam epitaxy (MBE), ball milling, STM deposition [63], melt spinning,
lithography, and chemical vapor deposition (CVD). More recently, supramolecu-
lar chemistry [66] and self-assembly [65] have attracted special attention, as they
allow for the fabrication of complex surface-supported structures with nearly atomic
precision.

There is a crucial distinction between top-down and bottom-up methods. Top-
down methods start from relatively big structural units and use methods such as
cutting and milling to decrease the structure size. Examples of top-down methods
are traditional microfabrication and lithography. By contrast, bottom-up methods
start from very small units like atoms, molecules, or small clusters and implement
concepts such as self-assembly and ‘lock-and-key’ type molecular recognition, with
the goal to increase the structure size. It is anticipated that devices based on func-
tional self-assembled structures will become available by combining both top-down
and bottom-up fabrication steps [55]. A summary of all available techniques would
go far beyond the scope of this chapter, but a few methods will be described as we
go along.

The processing, analysis, or application of nanostructures requires their depo-
sition on a surface, embedding in a matrix (Fig. 3.2), or incorporation into a more
complicated structure (Fig. 3.3). Nanoscale embedding is characterized by interface-
specific features that go beyond the short-range atomic order observed in many inter-
metallic compounds. The collective ferromagnetic behavior of Fe nanodots on Cu
surfaces [38] or the canted uniaxial anisotropy of Fe or Co atoms at Pt step edges
[67, 68] is direct consequences of embedding, i.e., the interaction of the nanos-
tructure with the supporting host. A counter-example is rare-earth transition-metal
alloys, where the relatively big rare-earth atoms tend to be surrounded by a large
number of transition-metal atoms. These groups of atoms look like clusters—and
some properties, such as the rare-earth anisotropy, can be interpreted as cluster
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Fig. 3.2 Some types of embedding: (a) free isolated clusters, (b) free coated clusters, (¢) ran-
domly distributed clusters on a substrate (top view), (d) ordered nanonparticles on a substrate, and
(e) simplified side view of a high-density recording medium

properties [69]—but the electronic structure of these units is very different from
that of true clusters (Section 3.1).

An important practical point is the packing fraction of the clusters, which is
roughly proportional to the magnetization M. Figures of merit of magnetic mate-
rials depend on M, as exemplified by the energy product of permanent magnets,
which is quadratic in M. The packing also affects the hysteresis, especially via the
demagnetizing factor [70]. Magnetic recording requires high-areal densities [29],
but interactions between particles lead to harmful cooperative effects [4]. However,
while we consider interactions, a detailed discussion of packing and compression
issues goes beyond the scope of this chapter.

3.2.1 Synthesis of Supported Nanostructures

All bottom-up strategies for the fabrication of metallic nanostructures at surfaces
are essentially based on growth phenomena. Atoms or molecules are deposited on
the substrate in vacuum and nanoscale structures evolve as the result of a multitude
of atomistic processes. Key processes during epitaxial growth are the surface diffu-
sion of single adatoms, including diffusion on terraces, over steps, along edges, and
across corners. Each diffusion step is thermally activated, with the respective rate
depending exponentially on corresponding potential energy barrier. The shape and
size of nanostructures are largely determined by the competition of active diffusion
processes, and the growth temperature is the key for shaping the growing aggre-
gates. The control over the epitaxial growth can be further increased by exploit-
ing structured surfaces, such as stepped, reconstructed, or corrugated surfaces, as
nanotemplates. Such surfaces offer predefined nucleation sites and the position of
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each nanostructure is hence exactly defined by the template with nanometer accu-
racy (recent overview in [65]). However, surface free energies, lattice mismatch, or
structural imperfections set limits to the epitaxial growth and most of the growth
strategies work only for a few model systems.

complexity

Fig. 3.3 STM images of surface-supported nanostructures of increasing complexity. From left:
Fe clusters on Pt [71]; 2D core—shell particles of Fe cores (grey) with Pt shell (bright) on Pt sub-
strate (dark) [72]; Co clusters, deposited on corrugated boron nitride template surface [73]; and
Mononuclear Fe(TPA), clover-leaf compounds from Fe-directed assembly of terephthalate orga-
nized in regular superlattices on Cu(100) [74, 75]

The complications associated with epitaxy can be overcome with cluster deposi-
tion methods, to fabricate cluster layers or cluster-assembled nanocomposites [64].
Here, the clusters are formed before they make contact with the surface. Mainly
two techniques are established, which are soft-landing of clusters formed in the
gas phase [76] and buffer-layer-assisted cluster growth (BLAG) [77-79]. Both tech-
niques are, in principle, suitable to form clusters of almost any material on any
substrate [80]. Advantages of BLAG are that (i) no experimental equipment beyond
the standard molecular-beam epitaxy tools are required, (ii) it can be used to deposit
clusters on nanotemplate surfaces, such as stepped substrates [81] or corrugated
boron nitride monolayers ([82] and Fig. 3.3), to achieve controlled, ordered cluster
arrangements, and (iii) the cluster formation is a parallel process and high cluster
coverage can be achieved during a short preparation step. In contrast, the flux of
dedicated cluster sources is limited by the mass filtering, but they usually give clus-
ters with much narrower size distribution. Recent overviews over fabrication and
properties of surface-supported clusters can be found in Refs. [83, 84]. A direct
comparison between deposited and epitaxial Fe clusters illustrates best the effect
of direct overlayer-substrate interaction during preparation and can be found, for
instance, in Ref. [85].

Buffer-layer-assisted cluster fabrication requires pre-coating the substrate by a
noble gas layer, such as Xe, at low temperature. Metal deposited on this buffer layer
is mobile enough already at such low temperatures to form small clusters [79].
Warming up the substrate to 90K causes evaporation of the Xe layer. The clus-
ters coalesce during the Xe sublimation and thus grow in size, until making contact
with the surface. The final cluster size and the size distribution depend mainly on
the initial thickness of the Xe layer and on the metal coverage. Still on the Xe layer
the cluster structure can partly relax. Figure 3.4 indicates that the site occupancy
depends on size of the embedded particles. The corresponding statistical mechanics
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is nontrivial and similar to the description of Krypton on graphite by the ¢ = 3
Potts model [86]. We will return to these methods in the context of Fe—Pt thin-film
nanostructures (Section 3.2.2).

Molecular self-assembly on metal surfaces is a powerful means to realize
structurally complex nanosystems [55, 66, 87, 88]. Molecular networks are formed
during the deposition of specific organic molecules on single crystalline metal sur-
faces under ultrahigh vacuum. Desired architectures can be obtained by controlling
non-covalent interactions, such as hydrogen bonding, ionic bonding, and metal—
ligand interactions, with the functional groups of the molecules. A particular class of
network structures, the so-called metal-organic coordination systems (see Fig.3.3,
right), is obtained by the co-deposition of functionalized organic molecules and
metal atoms. The self-assembly depends here on coordination bondings between
the two species. Metal-organic systems represent a fascinating form of magnetic
material, as they are a lattice of metal centers with the lattice spacings defined by
the molecules and interactions mediated by molecules and the surface. The symme-
try of the networks can be controlled in a wide range by the design of the molecules
and the preparation conditions [89-93].

3.2.2 Case Study: Fe Clusters on Pt Surfaces

The clusters of Fe, shown in the STM images in Fig. 3.4, have been produced by
buffer-layer-assisted growth on pristine metal surfaces [71]. The cluster size and
areal density are controlled during BLAG mainly by two parameters, namely by
the thickness of the Xe buffer layer and by the coverage of the cluster material.
The smallest clusters in Fig. 3.4, of less than 2 nm diameter, can be formed with
0.05 monolayers (ML) Fe and 2 ML Xe (a). For the images (b—d), 2 ML Fe and
buffer layers of varied thickness between 5 and 45 ML have been used. We see
that higher Xe layer thicknesses or higher Fe coverages result in larger clusters.
The cluster density can also be controlled via both the Fe and the Xe coverage, and
higher cluster densities are achieved with thin Xe layers and comparatively large Fe
coverage (Fig. 3.4b). The diameter of the clusters of flattened hemispherical shape
increases from 2.0 £+ 1.0 to 9.9 4+ 7.6 nm, from (a) to (d). Since STM tends to

Fig. 3.4 Scanning tunneling microscopy (STM) pictures of Fe clusters fabricated by buffer-layer-
assisted growth. (a) 0.05 ML Fe on Ag(111) using 2 ML Xe, (b—d) 2 ML Fe on Pt(997) using Xe
buffer layers of 5, 18, and 45 ML thickness
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overestimate the cluster size due to well-known tip convolution effects, the quoted
cluster sizes are an upper limit. Without the Xe layer, the Fe is found to grow in the
Volmer—Weber mode at substrate temperatures of 300 K and below [85]. Rough Fe
films are obtained in this case with an average island size depending on the nominal
Fe coverage.

Fe and Pt are known to form structurally and magnetically interesting phases in
the bulk, such as Fe;Pt (cubic CuzAu structure) and FePt (tetragonal L1 structure).
The latter has a rather high magnetic anisotropy of about 5MJ/m?, which makes
it suitable for ultrahigh-density magnetic recording [3, 94]. L1j-ordered FePt can
also be produced in thin-film form, although stacking sequences different from the
original ABAB stacking yield modified electronic properties. However, supported
growth offers completely new possibilities to form also other Fe—Pt structures of
different stoichiometry, geometry, and coordination. Fe—Pt sub-nanostructures can
been realized, for instance, on flat Pt(111) or the vicinal Pt(997) Pt surfaces, by
exploiting simple rules of epitaxial growth [65]. By controlling only the growth tem-
perature and the Fe coverage, low-coordinated atoms, dots, and wires of Fe on the Pt,
as well as ordered or disordered FePt surface alloys can be formed (Fig. 3.5) [95].
The local atomic environment in all these structures is different from bulk alloys.
The iron partially spin polarizes the Pt, which then exhibits spin, orbital moment,
and magnetic anisotropy and contributes to, if not dictates, the magnetism of the Fe
[96, 97].

In a thermodynamic sense, zero- and one-dimensional structures (dots and long
wires) do not exhibit long-range ferromagnetic order but are paramagnetic. How-
ever, the interaction between wires and dots, realized by the Pt atoms, can make
the system ferromagnetic. A very simple example is one fcc(111) monolayer of Fe
atoms where every second monatomic row is replaced by Pt atoms, similar to the
surface alloy in the right part of Fig. 3.5. Denoting the respective Fe—Fe and Fe—Pt
exchange interactions by J and J* < J yields the mean-field Curie temperature

T.=2(J +J*2/J)/ks 3.1

It can be shown that the corrections to the mean-field approximation are comparable
to the mean-field result itself [99], which makes even the simplest surface alloys
quite intriguing.

A nontrivial question is the onset of ferromagnetism in low-dimensional systems.
It can be shown exactly that one-dimensional ‘ferromagnets’ are actually paramag-
netic [100-102]. The proof for thin-film stripes of width w and thickness ¢ is similar
to the argumentation for the Ising model [100], except that the Ising bonds J must
be replaced by effective exchange bonds scaling as Jeg = 4tw(AKe)'2, where A
and K. are the exchange stiffness and effective anisotropy, respectively [3] of the
film. Kinetic barriers to reaching equilibrium, as considered in [67], are irrelevant to
the problem, because ferromagnetism is defined as an equilibrium property. A slow
approach toward equilibrium may mimic ferromagnetic order. The kinetics merely
decides how long it takes to establish equilibrium [102] and structures larger than
1 or 2 nm behave bulk like.
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Fig. 3.5 Top-view on magnetic Fe—Pt surface structures (schematic). The brightest colors represent
Fe atoms and darker colors represent Pt atoms in different layers. A variety of different Fe—Pt
nanostructures can be fabricated by controlling only the substrate temperature during Fe deposition
(T) and the Fe coverage (Og.). The increased mobility at higher temperatures promotes chain or
stripe formation on Pt(997) or compact cluster formation on Pt(111), and eventually surface and
bulk alloying [98]

3.2.3 Structure of Embedded Clusters

Let us now discuss the structure and properties of clusters that are embedded in
a matrix. Such cluster systems, for example Fe-Pt, Co-O, Mn-Au and Ti-O, can
be produced by cluster deposition (Sect. 3.2.1) and other methods. The formation
of clusters in a solid matrix can often be considered as an addition of substitu-
tional or interstitial atoms. Figure 3.6 shows that here is a major distinction between
coherently embedded and precipitated clusters. In dilute magnetic oxides and other
systems, there may be segregated phases with distinct lattice parameters and struc-
tures (d), or coherent clustering with some lattice strain but without topological
disruption of the lattice (c). This phenomenon applies to both substitutional and
interstitial atoms and has many parallels in other areas of magnetism (C in Fe, N in
Sm,Fe 7Nj3). It is related to spinodal decomposition and involves phenomena such
as negative diffusion constants (see below). In many cases, the site occupancy is ran-
dom (not shown in Fig. 3.6), and there is a general trend toward randomness above
a structural ordering temperature 7. The mean-field description of this transition is
known as the Gorsky—Bragg—Williams model and predicts that 7 is proportional to
the interatomic interaction strength.

The model is actually very similar to the spin-1/2 Ising mean-field model, except
that the average spin variables s; = = 1 (or 1 and | ) are replaced by the concentra-
tion ¢; = 0 (A-atom) and ¢; = 1 (B-atom). The relation between ¢; and s; is therefore
¢; = (1 + 57)/2, and the mean-field equation

(3.2a)

<zJ <5 > +h>
<s>=tanh|[ ———

kg T
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Fig. 3.6 Embedding of atoms in a matrix: (a) solid solution, (b) alloy, (¢) coherent embedding,
and (d) incoherent embedding or precipitation. These mechanisms are realized in a variety of
nanostructures, including dilute magnetic semiconductors

becomes

1
<c>= (3.2b)

dzJ < ¢ > +h —2zJ
1 +exp T
B

In the latter equation, J is a (non-magnetic) net interaction energy between A and
B atoms. The external field (or force) variable A has the character of a chemical
potential and fixes the total numbers of A and B atoms [103]. In both cases, z is the
number of nearest neighbors (z = 4 in the simplified model of Fig. 3.6b), and the
mean-field ordering temperature T, = z|J|/kg. Above T, the structures of (b) and
(c) are destroyed.

Treating the dynamics of the structures on a mean-field level amounts to the
introduction of an effective diffusion constant [105, 206],

D = D, (1 —4c(1 — c)%) 3.3)

where D, is the interaction-free diffusivity and ¢ = <c> is the concentration of the
impurity atoms. An important special case is spinodal decomposition, that is, the
transition from Fig. 3.6a to c.

A striking feature of (3.3) is the prediction of negative diffusion constants D.
Ordinary diffusion means that initial concentration gradients are smoothed, whereas
negative diffusion constants lead to the enhancement of pre-existing concentration
inhomogenities. Figure 3.7 illustrates this point by showing the evolution of a con-
centration inhomogenity for D < 0, eventually leading to phase segregation, Fig.
3.6c¢. Interestingly, there are three cases where the diffusivity is concentration inde-
pendent. First, for small concentrations (¢ ~0), we obtain the trivial limit D = D,,
roughly corresponding to Fig. 3.6a. Second, for high concentrations (¢ ~1), one
obtains D = D,, meaning that dense systems behave like diluted systems. This
is a diffusion analogy to dense electron gases, which behave like non-interacting
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particles. The underlying physics is the division of the phase space into cells, namely
crystal sites in diffusive systems and k-space cells in electron gases. Then, the
hard-core repulsion of the atoms and the Pauli principle, respectively, reduce the
importance of interactions. Alternatively, one may consider diffusing holes rather
than diffusing particles. The third exception is the limit of high temperatures: since
c(1-c) < 1/4, negative diffusion coefficients are limited to 7' < T, and D = D,
for T = oo.

The role of attractive interactions between A (or B) atoms is seen from the ideal-
gas analogy. A non-interacting hard-core gas can be compressed to a relatively dense
random packing fraction of about 64%, but it never becomes a fluid with different
high and low-density phases. The interactions between diffusing atoms are largely
elastic [103, 104]. The electronic interactions determine the solubility, parameter-
ized by A in (1b), and ensure the hard-core repulsion between atoms, but their contri-
bution to J is negligible. Due to the size difference between A and B atoms, Fig. 3.6c
is elastically more favorable than Fig. 3.6¢, so that spinodal decomposition is a very
common phenomenon, especially for interstitial impurities. However, some alloys
have strong A-B interactions, and the resulting structure is similar to Fig. 3.6b.
Examples are L1 alloys, such as FePt, where the light and heavy transition-metal
atoms form layers, and the surface alloys discussed in the following subsection.

An interesting point is that the mean-field approximation works well for impurity
atoms if the summation zJ = % Jjj includes more distant atoms. This is different
from the magnetic Ising model, where the critical exponents become incorrect in
fewer than four dimensions [104, 105]. Note that the elastic energy of Fig. 3.6¢c
is smaller than that of (a), but a global minimum of the elastic energy is achieved
by incoherent phase segregation, Fig. 3.6d. For large atomic-size differences, the
incoherent state is the only one that can be realized in practice. Experimentally,
(d) yields two well-separated x-ray diffraction peaks, but (a—c) are more difficult to
distinguish.

0.2 T T T T T T T T T T

Fig. 3.7 Effect of negative
diffusion constants during
spinodal decomposition. In
contrast to ordinary diffusion,
initial concentration gradients
(dotted line) are enhanced -0.2 ; ; ; ! ; ; : : ! ;
during the diffusion (solid
line) Position x (arb. units)

Concentration ¢ (hormalized)
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3.2.4 Case Study: FePt Clusters in a Carbon Matrix

Recently, interest in films based on magnetic nanoclusters has grown enormously
with increasing attention devoted to the extension of the magnetic recording areal
density to 1 terabit/in?> and beyond. This depends on the development of high-
anisotropy films with uniform size clusters or grains below 10 nm that are exchange
decoupled or weakly coupled [29, 106, 107]. The Equiatomic FePt nanoclusters
with L1y phase are a promising candidate for such media, because of their large
anisotropy constant K of about ~7 x 107 erg/cm [107, 108], which helps to meet the
requirement for both high signal-to-noise ratio and thermal stability of the media.

While many efforts have been made to fabricate oriented L1, FePt nanopar-
ticle or nanograin films with some exchange coupling [109, 110], understanding
the magnetic properties of a collection of well-isolated clusters is of similar high
interest for exploring FePt clusters as a potential media for extremely high-density
recording. Xu et al. [111] have prepared FePt nanoclusters with small average clus-
ter size (d~4nm) using a gas-aggregation technique [112]. The FePt clusters are
nearly monodispersed with a narrow Gaussian size distribution (standard deviation
o/ d~0.09). Dilute FePt:C nanocluster films have been prepared, in which the FePt
volume fraction ranged from 5 to 30%. Carbon was used as the matrix for isolat-
ing the FePt clusters to decrease the exchange interaction and to reduce the cluster
growth during high-temperature annealing.

Fig. 3.8 TEM image of
FePt:C cluster film with
5 vol% FePt annealed at
700°C for 10 min

Figure 3.8 shows a TEM image of FePt:C cluster film with 5 vol% FePt annealed
at 700°C for 10 min. Well-isolated clusters with single crystal L1, structure are
observed. The arrows indicate the clusters with lattice fringe observable, suggesting
single crystalline clusters.

Figure 3.9a shows the in-plane and perpendicular hysteresis loops of the FePt:C
film with 5vol% FePt annealed at 700°C for 60 min, measured at 10 K. Both in-
plane and perpendicular loops are similar, indicating that the easy axes of the FePt
clusters are distributed randomly, which is in agreement with the XRD measure-
ment. A perpendicular coercivity of about 29 kOe at room temperature and 40 kOe at
10K are achieved. This result indicates the high degree of L1, ordering after anneal-
ing for a relatively long time (> 10 min). The loops are not saturated at an applied
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Fig. 3.9 In-plane and perpendicular hysteresis loops of FePt:C cluster films with 5vol% FePt
annealed at 700°C for 60 min: (a) at 10K; (b) hysteresis loop obtained by numerical simulation
based on Landau-Lifshitz—Gilbert equation

field of 70 kOe. Assuming these isolated clusters are non-interacting and the formula
H, = 0.48 Hy can be applied [113], an anisotropy field Hy = 2K/u,M; of 8.3 T [83
kOe] is obtained. This estimate is confirmed by a numerical simulation using the
NIST OOMMEF code based on Landau-Lifshitz—Gilbert equation.! The simulation
assumes L1y FePt spheres of diameter of 4.5nm. The spheres occupy 5% of the
total volume and are randomly oriented in a non-magnetic matrix, without inter-
granular exchange interactions. The chosen parameters are the anisotropy constant
K = 4MJ/m? and the saturation magnetization My = 1.13 T [900 emu/cm?], corre-
sponding to Hy = 8.9 T, as well the exchange stiffness A = 10 pJ/m. The simulated
hysteresis loop, Fig. 3.9b, is essentially a Stoner—Wohlfarth loop for randomly ori-
ented particles, and its coercivity of 4.27 T is close to the experimental value of
4 T at 10K. This confirms that the 5 vol% of FePt clusters in the C matrix behave
like non-interacting Stoner—Wohlfarth particles. Such a system may show useful and
more interesting nanomagnetism if the orientation of the clusters can be controlled,
which needs to be further investigated.

3.3 Anisotropy and Hysteresis

The control of anisotropy and hysteresis is one of the key aims of magnetic
nanostructuring. Anisotropy means that the magnetic energy depends on the angle
between magnetization and crystal (or nanostructure) axes. In contrast, interatomic
exchange refers to the relative orientation of neighboring atomic spins. Magnetic
hysteresis and coercivity reflect energy barriers caused by magnetic anisotropy,
although the barriers depend on the exchange, too. Both anisotropy and hystere-
sis are real-structure dependent. The real-structure dependence of the anisotropy is

Uhttp://math.nist.gov/oommf/
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epitomized by surface and interface anisotropies, whereas hysteresis and coercivity
are often affected by seemingly small imperfections. For example, tiny additions
of N or C may enhance the coercivity of pure iron by several orders of magnitude
[69, 114].

The practical importance of anisotropy and coercivity cannot be overestimated.
In soft magnets, low coercivity is desired and achieved by embedding of Fe-Si
nanoparticles of random-anisotropy in a three-dimensional matrix [115, 116]. Per-
manent magnets are usually characterized by high anisotropies and coercivities,
whereas ultrahigh-density recording media combine well-defined hysteresis loops
with sufficient anisotropy and reasonably low writing fields. The focus of this sec-
tion is on some aspects of the anisotropy of embedded nanostructures. There is a rich
literature on specific magnetization-reversal mechanisms [3, 58, 117-121] and the
resulting hysteresis loops in various systems, such as soft magnets [116], permanent
magnets [23, 69, 122-124], and recording media [47, 49].

A long-standing challenge in nanomagnetism is the thermal stability of the mag-
netization direction. For a small particle of volume V and anisotropy K, the relax-
ation time

T =1,exp(KV/kgT) (3.4)

where 1, ~107'% 5. The particle volume is usually limited, so that room temperature
thermal stability requires the control and enhancement of the anisotropy, includ-
ing surface and interface anisotropy contributions. Thermally stable hard-magnetic
Fe—Pt nanoparticles can now be produced down to 3nm [22], and much work is
presently being done to understand and exploit the lower end of these length scales,
especially in ultrahigh-density magnetic recording. Based on present-day bulk mate-
rials (SmCos), stable room temperature ferromagnetism is possible down to particle
sizes of slightly less than 2nm. SmCos is quite corrosive and therefore not suit-
able as traditional recording material. However, future recording may be realized
by sealed drives, partially for tribiological reasons, which could put SmCos in the
spotlight again.

3.3.1 Surface and Interface Anisotropies

Magnetostatic contributions, such as shape anisotropy, are important in some mate-
rials. However, the leading anisotropy contribution is usually magnetocrystalline
and reflects the interplay between crystal-field interaction (including hopping) and
spin—orbit interaction. This includes not only bulk anisotropies but also surface,
interface, and magneto-elastic anisotropies. The magnetic surface anisotropy adds
to the total anisotropy [3, 125, 126].

In a nutshell, magnetocrystalline anisotropy reflects aspherical current loops
(orbital moments) created by the spin—orbit coupling. These orbital-moment elec-
tron clouds interact with the atomic environment (crystal field), resulting in a
directional dependence of their orientation which is observed as magnetocrystalline
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anisotropy. It is important to keep in mind that symmetry breaking at surfaces and
interfaces is a necessary but not sufficient condition for magnetic anisotropy. For
example, the Heisenberg model (Section 3.1) is intrinsically isotropic, that is, the
exchange energy does not depend on the angle between magnetization direction and
bond axis r; — rj. A challenge is that surface anisotropy is closely linked to the
indexing of the surface [3, 121, 133], which makes the frequently assumed normal
anisotropy -K (s-n)? [126, 205] a very crude approximation.

The calculation of the anisotropy is often complicated [127, 128], but there exist
simple models for a variety of limiting cases [69, 120, 129, 130]. For example,
rare-earth anisotropy is characterized by a spin—orbit coupling much larger then the
crystal-field interaction. This leads to a rigid Hund’s-rules coupling between spin
and orbital moments and means that the anisotropy energy is essentially equal to the
electrostatic interaction energy between the rare-earth 4f shells and the crystal field
[69, 120]. Most rare-earth shells are aspherical and yield large anisotropy contribu-
tions, but gadolinium (Gd) has a half-filled 4f shell (4f”) with spherical symmetry
and zero magnetocrystalline anisotropy.

The crystal-field character of the anisotropy is seen, for example, from the pos-
sibility of changing the magnetization direction of Ni due to reversible absorption
of H on Ni/Cu(001) [131]. A similar mechanism, namely the interstitial absorption
of N, can be used to turn the soft magnetic material SmyFe;; into hard-magnetic
SmyFe ;N3 [105]. In itinerant 3d metals, the electron density {*(r)(r) is largely
determined by the interatomic hopping (band structure), and the spin—orbit cou-
pling is a small perturbation [132]. The relation between crystal-field (hopping)
and anisotropy can no longer be mapped onto a simple electrostatic interactions
[120, 129, 133], but it remains possible to postulate rules for limiting cases, such as
nearly filled 3d shells (Section 4.3)

An unusual surface magnetic anisotropy occurs in MnO nanoparticles. Mn?* has
a half-filled shell (3d5) and should be isotropic in any environment, similar to the
role of Gd in the rare-earth series. The anisotropy of bulk MnO is indeed very
small, but there is a striking anisotropy enhancement in nanoparticles [134]. This is
explained in terms of a high-spin—low-spin transition created by the strong crystal—
field interaction at the surface. The crystal field causes majority 3d electrons to jump
to low-lying minority states and creates anisotropy in the Mn atoms [134].

3.3.2 Hysteresis of Fe Clusters on Pt

Let us now return to the Fe/Pt system introduced in Section 3.2.2. Figure 3.10 shows
Kerr-effect (MOKE) hysteresis loops for an epitaxially grown Fe layer of nominally
deposited 2 ML of Fe (left), and cluster ensembles formed from the same amount
of Fe on Xe layers of the indicated thickness (see STM images in Fig. 3.4). For the
clusters, preferential in-plane magnetization is found, in contrast to the perpendic-
ular anisotropy found for the epitaxial Fe layer. The increase of the average cluster
size with Xe buffer layer thickness enhances the total magnetic signal. Due to a
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distribution of the cluster size and orientation, the loops are not saturated at the
maximum available field.

For all samples shown in Fig. 3.4, the magnetic anisotropy is significantly
enhanced with respect to bulk Fe [71]. This is the result of the large Fe—Pt inter-
face anisotropy caused by the hybridization of iron-series 3d and heavy transition
metal 4d/5d electrons (Section 3.3.3). By choosing suitable combinations of sub-
strate and clusters, it is possible to tune the magnetic anisotropy of the clusters, and
values of up to 0.9 meV/atom and 9 meV/atom have been reported for smallest Fe
and Co clusters on Pt [135]. In addition, STM images reveal the presence of sig-
nificant strain in epitaxial Fe islands on Pt(117) due to the lattice mismatch. The
corresponding magneto-elastic contribution to the anisotropy energy is sufficient to
overcome the shape anisotropy, thus favoring perpendicular magnetization [85].

E 20 polar €——— in-plane | 1 ds E
= t Tt o
2 ob 4 I L 1 40 %
o 0 | | ]
E [ . L r 5
‘_D- 220 F e — L i -5 ’él)
a - | BT It'IO |Xc 1 :’-\'H: 5.‘5 MLJ--. I | IS.‘S |ML. -. | DO d.'j ML.- =
-10 0 00 =50 0 50 500 00 50 500 00 50
field (mT)

Fig. 3.10 MOKE hysteresis loops of 2 ML Fe on Pt(997) prepared on Xe buffer layers of vary-
ing thickness between 0 and 45 ML. Without Xe, Fe grows epitaxially in Vollmer—Weber mode
[68], while the Xe layer promotes the formation of partially relaxed Fe clusters. The cluster size
increases with the Xe thickness, see Fig. 3.4

The evaluation of experimental hysteresis loops and the determination of the
anisotropy are complicated by the unknown moment of the clusters. In fact, the sur-
face enhancement of the magnetic moment in clusters can even exceed the moments
found in monolayer thin film or in metallic surfaces [136]. Ignoring interactions, the
deposited particles are superparamagnetic, and their anisotropies can be estimated
form the superparamagnetic blocking temperature 7, which can be determined
experimentally from temperature-dependent MOKE measurements (Fig. 3.11). Tak-
ing the average cluster volume from STM images and putting T ~100 s in (3.4) gives
an estimate for the anisotropy of the clusters, which is K = 13 peV per atom for
clusters of 2 ML Fe and 45 ML Xe (compare to bulk Fe: 4 peV per atom). The
anisotropy energy per atom in the cluster might actually be larger since STM tends
to overestimate the cluster volume. The importance of finite-temperature effects is
also seen from Fig. 3.11; the pronounced decrease of magnetization and coercivity
is a consequence of Eq. (3.4).

The net magnetization of clusters can be stabilized by inter-particle and particle—
substrate interactions [37, 38, 137, 138]. In the present case, the dominant contri-
bution to the magnetic anisotropy is expected to come from the interaction of the
clusters with the substrate. The clusters hybridize with the underlying substrate,
thus producing a cloud of magnetic polarization in the Pt [139, 140]. Although the
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contact to the substrate somewhat reduces the average spin moment per atom in the
cluster, it introduces a moment in the d-band of the substrate, which might even be
extended beyond the region of physical contact [141]. Hence, the effective magnetic
volume as well as the anisotropy is increased, which stabilizes the overall magneti-
zation, increases the blocking temperature, and ties the cluster magnetization to the
substrate lattice. However, this leads to cooperative magnetization reversal [3] and
goes at the expense of the effective cluster size, eventually reducing the areal density
in magnetic recording. Furthermore, (3.4) is limited to very small particles [59]. In
large particles, incoherent magnetization processes and thermal excitations reduce
the volume V to some effective volumes V. < V. For example, magnetization rever-
sal in long and highly anisotropic wires requires a thermal energy of 4TR*(AK)!"2,
corresponding to Ve = 43gR?, where R is the wire radius and 83 = 7(A/K)"? is the
Bloch-wall width of the wire. In other words, making wires very long yields large
values of KV but no proportional increase in thermal stability.
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3.3.3 Role of Heavy Transition Metals

The spin polarization of exchange-enhanced Pauli paramagnets in compound struc-
tures affects not only the magnetic moment but also the anisotropy. This is because
the 4d and 5d elements are much heavier than the 3d elements and exhibit a more
pronounced spin—orbit coupling. This explains the pronounced anisotropy of L1g-
ordered 3d/4d and 3d/5d magnets, such as the FePt, CoPt, and FePd [94], as well
as the 'giant’ [135] anisotropy of various thin-film structures. Since a single late 3d
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atom can spin polarize several 4d or 5d atoms, the anisotropies per 3d atom can
actually be huge, for example, 9 meV for one Co atom on Pt(111) [135]. In thin-
film nanostructures, such as those shown in Fig. 3.3 or Fig. 3.5, the effect strongly
depends on the chemical nature and indexing of the substrate, on the structure and
shape of the clusters, on the lattice mismatch (strain), and on the reduced coordina-
tion.

However, the main contribution to the anisotropy comes from the heavy transition
metals, and the anisotropy per Pt atom is relatively large but not surprising. In fact,
even larger values can be achieved in 5f compounds, but as in the Co/Pt(111) system,
these high values are limited to low temperatures [130]. Incidentally, the tempera-
ture dependence of these structures is quite intriguing, with substantial deviations
from the popular Callen-and-Callen theory [142—-144].

The spin polarization also affects the dynamics of thin-film structures, because
spin—orbit coupling is a major source of damping. The effect is also known as spin
pumping [145], although it is somewhat different from the spin pumping usually
considered in magneto-transport. Figure 3.12 shows a typical geometry. As in other
inhomogeneous nanostructures [146—148], the magnetization modes are localized,
and the damping comes from the regions where both the magnetization and the
spin—orbit coupling ()\) are large. Physically, iron-series 3d electrons hop onto Pt
sites, where they give rise to damping via the spin—orbit interaction of the Pt 5d
electrons. Since the Co ensures a significant spin polarization in the Pt, the effect
is large in Fig. 3.12a. In (b), the Ni is essentially unable to spin polarize the Pt and
may actually become paramagnetic at the interface. This means that the damping is
larger in the Co/Pt systems than in the Ni/Pt system. The effect can be investigated
experimentally, by using optical pump-probe techniques [209] or FMR [145].

An idea related to the magnetic anisotropy of 3d/4d and 3d/5d thin-film nanos-
tructures is the exploitation of heavy transition metals such as W in permanent mag-
netism and ultrahigh-density magnetic recording. One example is the Fe—W system
[149]. In fact, there are many ferro- and antiferromagnetic L1y-type compounds
[96, 150-154], and many alloys exhibit easy-axis anisotropy along the c-axis, espe-
cially those containing Pt and Pd, whereas MnRh has in-plane anisotropy [96]. This
reflects the orientation of the easy axis to the bond axis of itinerant magnets [129].

(b)

Fig. 3.12 Damping at Co—Pt and Ni—Pt interfaces. The damping is much larger in Co—Pt, because
the Co yields a substantial spin polarization in adjacent Pt atoms, which then realize damping via
the strong spin—orbit coupling ()) of the Pt 5d electrons
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Aside from binary L1, compounds, one can consider alloys with the general com-
position Ay B, C,, where A = Fe, Co, B =Pd, Pt, C = Mn, Ni, Cu, W, Rh, Ir, and x, y,
and z are compatible with the stoichiometry and solid-solution range [152—-154] of
the tetragonal L1, phase. Similar considerations apply to materials crystallizing in
the hexagonal NiAs structure, especially MnBi and PtBi. Based on these materials,
two-phase nanostructuring can be used to tailor the magnetic anisotropy. Anisotropy
is an atomic quantity, but the ferromagnetic exchange ensures an anisotropy averag-
ing over a few nanometers, in contrast to the absence of nanoscale Curie temperature
averaging [120, 155]. In particular, the intriguing temperature dependence of the
anisotropy of many alloys [130, 144] opens the door for the creation of temperature-
dependent anisotropy zeros, with a useful write-field reduction in magnetic record-
ing. On an atomic scale, a similar effect is well known to occur in alloys such as Fe—
Co-Tb-Dy but limited to a relatively narrow range of rare-earth transition-metal
intermetallics [156]. Nanostructuring offers a way to greatly extend the range of
these materials.

3.3.4 Proteresis

Nanoscale embedding may yield properties and phenomena not encountered in
bulk magnets and single-phase nanostructures. One example is the occurance of
inverted hysteresis loops (or proteresis) in CoO/Co core—shell nanostructures. The
effect was originally discovered in granular nanocomposites and means that the
hysteresis loop is cycled clockwise rather than anticlockwise [157]. The phe-
nomenon is counterintuitive, because it means that magnetostatic energy is cre-
ated rather than dissipated. The basic explanation [157] involves an energy trans-
fer between magnetic and exchange energies, so that the net energy is well
behaved.

Proteresis has recently been observed in ultrasmall Co:CoO core—shell nan-
oclusters [8]. The structures, produced by cluster-beam deposition, have Co core
sizes ranging from 1 to 7nm and a common CoO shell thickness of about
3nm. Figure 3.13 shows that the proteretic behavior reflects a subtle interplay
between various anisotropies and exchange interactions in the Co and CoO
phases and at the Co—CoO interface. A striking feature is the existence of pro-
teretic (clockwise) rather than hysteretic loops in a relatively narrow core size
range from 3 to 4 nm—smaller and larger particles exhibit ordinary hysteresis
loops.

The size dependence is explained by first considering a very small soft-magnetic
core in a hard matrix. The hard and soft regions are then strongly exchange-coupled,
and the core—shell cluster rigidly rotates in a magnetic field, and the loop is hys-
teretic. In the opposite limit of large core—shell clusters, the system behaves like
a superposition of two phases, both hysteretic. Only on a length scale of a few
nanometers, where the interactions shown in Fig. 3.13b—c are comparable, protere-
sis is observed.
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Fig. 3.13 Proteresis in Co:CoO core-shell nanoparticles: (a) structure and sublattice magnetiza-
tions, (b) initial spin structure and (c) final spin structure. In (b), the magnetic field acts on the
sublattices A and B of the AFM CoO, but not on the FM magnetization of the core

3.4 Quantum-Mechanical Effects

Both free and embedded nanostructures exhibit interesting quantum effects [21,
158], although the relative importance of those effects tends to decrease with
increasing feature size and is often difficult to distinguish from classical real-
structure effects [159]. According to quantum mechanics, electrons behave like
waves, and the embedding of an atom or cluster in a bigger unit tends to mix the
wave functions both in the cluster and in the matrix. The range of those interaction
is rarely much larger than 1 nm, but this is sufficient to create major changes.

A crude way of gauging of the effect of nanostructuring on the anisotropy is to
compare the spin—orbit coupling A (about 0.05eV for the late 3d metals) with the
3d band width of about 5 eV. This means that minor structural changes may have a
strong impact on the anisotropy, and depending on the individual energy levels near
the Fermi level, the effect may extend over several nanometers. Anisotropy rules
for itinerant ferromagnets are therefore more difficult to establish than for rare-earth
magnets.

3.4.1 Embedding from a Quantum-Mechanical Point of View

How do the quantum states change when an isolated cluster is embedded in a
matrix? A conceptually simple—though practically often demanding—procedure is
the mapping of the complex states onto simpler wave functions, such as hybridized
atomic states or extended orbitals. The corresponding procedure is known as down-
folding [160-162] and goes back to a perturbation approach by Lowdin [163]. The
idea is to divide the quantum states |y > of the full system into arbitrary classes,
which yields a relatively simple formula describing the interaction between sub-
systems. In solids, downfolding is used to simplify Hamiltonians and to introduce
physically transparent extended orbitals (including third-nearest neighbors). This
method was successfully applied, for example, to high-temperature superconduc-
tors [162].

In the present case, it is natural to choose the quantum states |¢ > of the embed-
ded cluster or nanostructure as the first class and the quantum states |x > of the
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embedding matrix as the second class. The Schrodinger equation H [y > = E [{y>
can then be written as

Hesterl® > +VIx >= E|¢ > (3.52)
and
V¥¢ > +Hmarixlx >= Elx > (3.5b)

where V describes the interaction between cluster and matrix. Substitution of |x >
into 3.5(a) yields

1
Heuster|@ > +va+|¢ >=E|¢p > 3.6)

This equation is the type Hegr |¢> = E |¢p>, where Heg is an effective interac-
tion and may by solved by various methods. For example, one can first diagonalize
Hiaix and label the eigenvalues by k, so that 1/(E — Hyaix) becomes 1/(E — Ey). As
a special case, (3.6) yields ordinary perturbation theory [163].

Equation (3.6) is remarkable, because it does not contain the unknown wave
function |x > of the matrix but yields the exact energy eigenvalues. The down-
side and practical challenge is the energy dependence H.x(E) of the effective
Hamiltonian. Consider, for example, a single impurity level |¢ > in a solid. If Heg
was independent of E, then the energy would be given by E = < ¢|Hcpseer [ > +
<¢| Hegr |@ >. However, for each eigenstate of Hjyser, the E in the denominator of
(3.6) creates additional roots of the secular equation. The corrections are particularly
large when the eigenvalues of the clusters (E) are comparable to those of the matrix
(Hmatrix)- This is particularly common in metals, where the bulk states form rather
broad bands and easily hybridize with the discrete states of the embedded objects if
they have comparable energies.

3.4.2 Exchange Interactions

The Curie temperature and many other magnetic properties, such as the temperature
dependence of the anisotropy, reflect interatomic exchange. On a one-electron level,
exchange is obtained by making the potential spin dependent, as in the Stoner model
and in LSDA calculations. On a many-electron level, there are correlation correc-
tions, with the Heisenberg model as an extreme limit (Section 3.3). Here, we focus
on a simplified model, namely on the Ruderman—Kittel-Kasuya—Yosida (or RKKY)
model [164]. The idea is to model two spins S and S’ at r and r’/, respectively, by a
point-like interaction J with conduction electrons s,. The effect of the S and S’ can
then be described perturbatively, by equating the conduction electron Hamiltonian
with Hpiix in (3.6) and applying perturbation theory.
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A key feature of the free-electron RKKY exchange [164] is its long-range oscil-
latory behavior, which is caused by the sharp Fermi surface and described by
Jij =~ cos(2kgr)/r, where kg is the Fermi wave vector and r = |ri—r;| is the dis-
tance between the spins. The oscillations means that spatial features smaller than
about 1/kp cannot be resolved with the available zero-temperature wave functions.
Interestingly, net RKKY interactions do not average to zero but actually increase
when embedded atoms are replaced by embedded nanoparticles, although the size-
dependent increase is less pronounced than of the magnetostatic energy [165].

While traditional RKKY theory considers conduction electrons, the same
approach can be used to treat tightly bound electrons [166] and electron orbitals
localized around impurities [167]. The latter is of interest for dilute magnetic semi-
conductors [168—174], where structures similar to Fig. 3.6a yield ferromagnetism at
and above room temperature.

Let us assume that the exchange between the two localized 3d spins is mediated
by s electron (or hole) states from shallow donors or acceptors, which hybridize
and may or may not form a narrow band. The calculation of the exchange amounts
to the evaluation of the total energy for parallel and antiparallel spin orientations
S; = £ §;. The corresponding energies are

W V(S) £ V(S)IW 2
Ei=zu|< wl (E) E( )| Wo > |
w — Lo

3.7

where |¥, > describes the mediating electrons and the interaction potential V is of
the s—d type

Vi(r) = £/,5i8(r — 1) (3.8)

Here, the sign indicates whether the mediating electron is 1 or |. When both local-
ized (3d) spins are located in one single-occupied shallow orbital, then the exchange
is ferromagnetic, irrespective of the sign of J,,, because both 3d spins are parallel (or
antiparallel) to the spin of the shallow electron. With increasing impurity concentra-
tion, the shallow orbitals overlap and eventually percolate. Since the shallow orbitals
have a radius of the order of 1 nm, this happens at very low concentrations.

Consider the exchange mediated by two overlapping shallow orbitals located at
R, and R;. The hybridized wave functions have the character of (anti)bonding states
whose level splitting is determined by the hopping integral ¢, and (3.7) yields the
exchange [167]

J2
Jij = —8—(; (p(ri—R)—p(ri—R)) (p (rj — R1) — p (rj — R2)) (3.9)

where r denotes the hydrogen-like density ¥*¥ of the shallow electrons. Here
the involvement of J,2 reflects the second-order perturbation character of the the-
ory, whereas the level splitting E, — E, ~ t originates from the denominator in
Eq. (3.2a,b).
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Equation 3.9 is separable and can be interpreted in terms of Fig. 3.14: the
exchange is ferromagnetic (FM) if the magnetic ions are located in the same shallow
s-orbital (a) and antiferromagnetic (AFM) if they are in different s-orbitals (b). The
dashed line in the figure provides an alternative explanation: spins on the same side
of the line exhibit FM coupling, whereas spins separated by the dashed line exhibit
AFM coupling.

In contrast to the free-electron RKKY exchange Jjj, equation (3.9) cannot be
reduced to a function of ri—r; and also depends on R; and R;. The present model
does not yield RKKY interactions in a proper sense, because shallow orbitals do
not correspond to a sharp Fermi surface. However, aside from band-filling effects,
the RKKY oscillation period mt/kg is essentially given by the interatomic distance.
In the present model, the exchange changes sign in a very similar way, on a length
scale given by the average distance between the donor and the acceptors.

The above mechanism is independent of whether the shallow orbitals form iso-
lated clusters or percolate. In other words, it does not matter whether one considers
dilute magnetic semiconductors or ‘dilute magnetic dielectrics’ [174]. However, the
magnetic phase transition (critical temperature 7;) requires separate consideration.
For localized spin-1/2 systems, the corresponding mean-field equation are

—d \
(@) m ( (b) ,mi (

Fig. 3.14 Exchange mediated by two shallow orbitals: (a) ferromagnetic and (b) antiferromagnetic
exchange. The dark small circles are the shallow donors or acceptors, whereas the arrows show
the (fixed) positions of the localized 3d spins

i Jimi + Hm;
m; = tanh [ 232207 T Holte i (3.10)
kgT
where m; = <S;j>. At the critical point, the zero-field magnetization vanishes

(m; = 0) so that (6) can be linearized and m; = X J;; m; /kgT. This equation can
also be written in secular form, %; (Ji — kg7 8;) = 0, indicating that the critical
temperature is basically an eigenvalue of the matrix J;;. In more detail, kg7Tc = Jmax,
where Jina is the largest eigenvalue of J;;* This procedure, applies to a wide range
of materials, including ferro-, ferri-, and antiferromagnets [210]; spin glasses [183];
magnetic nanostructures [155]; and magnetic semiconductors [212]. The reliability

2The other eigenvalues have no transparent physical meaning, because |m;| > 0 below T and the
approximation m; = 0 are no longer valid.
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of the mean-field predictions depends on the dimensionality of the structure [155,
211] and on the range of the interactions, similar to the well-known critical behavior
of homogenous magnets [86].

From a quantum-mechanical point of view, the RKKY theory is a fairly crude
approximation. In particular, (3.7) ignores spin—orbit coupling, which affects the
anisotropy and—to a lesser extend—the magnetization [207, 208]. Dilute magnetic
semiconductors are often anisotropic, exhibiting not only a preferential magnetiza-
tion direction but also a direction dependence of the magnetic moment, for example,
in the film plane of V-doped SnO; [175].

3.4.3 Preasymptotic Coupling

Moment formation and interatomic exchange in itinerant magnets such as Fe, Co,
and many of their alloys is very different from the coupling between stable local
moments, as represented by the RKKY mechanism. Itinerant moments are strongly
band-structure dependent, as epitomized by the Stoner criterion ID(Er) > 1, where
I ~1¢eV is the Stoner parameter and D(EF) is the density of states (DOS) at the
Fermi level. Small band widths W ~1/D(EF) favor ferromagnetism, because the
intra-atomic interactions responsible for moment formation (/) compete against
hybridization energies of order W.

Strongly exchange-enhanced Pauli paramagnets such as Pd and Pt, which nearly
satisfy the Stoner criterion, are easily spin polarized by neighboring Fe or Co atoms.
Examples are L1y magnets [176], Fe/Pt thin films [177], spin-glass-type dilute alloys
[183], and various magnetic nanostructures [31, 135]. Some other elements such as
V exhibit moderate exchange enhancement, whereas elements such as Cu and Ag
can be considered as non-interacting metals [178]. The spatial aspect of exchange-
enhanced Pauli paramagnetism is described by the wave-vector-dependent suscep-
tibility [179]

Xo(k)
1 - UXo(k)/ZMo/LBZ

x (k) = (3.1D)

where y (k) is the non-interacting or Pauli susceptibility:
Xo(k) = xn(1 — k*/12kp® + O(K?)) (3.12)

The higher-order terms in this equation exhibit a complicated behavior with a singu-
larity at k = 2k, which is the origin of the RKKY oscillations [164, 179]. However,
when the Stoner criterion is nearly satisfied, the quadratic term is strongly enhanced
in (3.11), and Fourier transformation yields a pronounced exponential decay with
a decay length 1/k. The decay is preasymptotic, that is, for long distances there
remains an oscillating tail [180]. For Pd thin films, the transition from exponential
to power-law behavior occurs at about 10-12 monolayers [180]. The range of the
preasymptotic decay scales as 1/(1 — UD)"2. It is rarely larger than about 2 A but
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sufficient to spin polarize a significant neighborhood of atoms such as Pt or Pd. Fig-
ure 3.15 illustrates the geometry of the polarization cloud for small transition-metal
dots on a 4d/5d surface.

For semiquantitative calculation of polarization-cloud and interdot exchange
coupling (Fig. 3.15), it is convenient to start from the energy density [181, 182]

! (Vv )2+1<1 U) 2 (3.13)

= m - | = - m .
"7 48k 4\ D
By Fourier transformation, it is straightforward to show that this equation corre-
sponds to the quadratic limit of (3.11). Minimization of (3.13) yields the Yukawa-
type equation V2m+k2m = 0. Let us first consider a spherical Fe or Co particle
of radius R, in a Pt or Pd matrix. In this case, the Yukawa equation with the well-
known spherical solution ms(r) = ¢ exp(-kr)/4nr, where r is the distance from the
center of the cluster. Next, we integrate m(r) over 4mr2dr, taking into account that
the magnetization at the cluster surface is equal to that of the Fe or Co, m(R) = m,,

and that the moment of the Fe particle ., = 41R,3my/3. This yields the moment

1+ «R,
2 =3M0K2—RO2 (3.14)

Taking a single Co atom of moment |1, = 1.73 pp and radius R = 1.24 A, we
obtain theoretical polarization-cloud predictions of about 3.5 g for Pt and 7.3 pg
for Pd. Moments of this order of magnitude are indeed observed, for example, in
dilute alloys [183].

Fig. 3.15 Coupling between
two Fe or Co clusters on a Pt
surface (schematic). The Fe, Co R

exchange is estimated by

volume integration of the i S S'
energy density (3.13), thereby - -

ignoring surface-state \ f
contributions \ /

The interdot exchange J = — (E, — E.) is obtained by putting m(r) ~ m(|r —
R;|) £ my(Jr — Ry|) into (3.13) and evaluating the total energies £+ = f n(my) dV.
Here the sign corresponds to ferromagnetic (+) and antiferromagnetic (—) exchange,
and the calculation requires careful bookkeeping, including the boundary condition
m(r) = m, at the cluster—matrix interface and the consideration of the semi-infinite
character of the problem [99] and yields in lowest order
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Ju RS2
J= 7t R°2 exp(—k R) (3.15)

at

Equation (3.15) shows that the exchange increases quadratically with the
radius R of the clusters but is rapidly outweighed by the exponential term.
This is different from the RKKY interaction between nanoparticles [165], which
exhibits a power-law dependence on the particle or cluster separation. Taking
R, = Inm and R = 3nm yields an effective preasymptotic interaction of about
5 mK, corresponding to an interaction field of order 15 wT. By comparison, magne-
tostatic interaction fields are typically of the order of a few mT. In other words,
for cluster sizes and separations exceeding about 1 nm, intercluster interactions
are weaker than magnetostatic dipole interactions and the RKKY tail interactions
through the substrate.

3.4.4 Kondo Effect

The Kondo effect arises when electrons of a spatially confined system with discrete
energy levels interact with the conduction electrons of an otherwise non-magnetic
metal. Such systems can be ferromagnetic impurities in strongly diluted alloys, or
magnetic adatoms, clusters, magnetic molecules, or artificial quantum structures on
metal surfaces (recent reviews in [184, 185]). Requirements for the Kondo effect to
occur are that the defects are magnetic, that is, they have a nonzero total spin, and
that the metal is cooled to temperatures below the Kondo temperature, Tx. At the ori-
gin of the Kondo effect are correlated electron exchange processes between the dis-
crete and continuum states that effectively flip the spin of the impurity, while simul-
taneously creating a spin excitation in the Fermi sea (see Fig. 3.16). The involved
electrons form a many-electron ground state, the Kondo state. The Kondo tempera-
ture can be thought of as the binding energy of this correlated state and is typically
of the order of 0—400 K. The spin polarization of the impurity and the host are oppo-
site to each other, hence, the conduction electrons effectively screen the impurity’s
spin.

The Kondo effect has two profound experimental consequences: (i) the magne-
tization is reduced below the free-moment value due to the screening, and (ii) the
electron scattering cross-section of the impurity is strongly enhanced, resulting in
anomalies in transport measurements near and below Tx. The Kondo resonance is
experimentally observable on surface-supported atoms or nanostructures with low-
temperature scanning tunneling microscopy (STM), where it shows up as a Fano
resonance in the differential conductance of the tunneling contact d//dV at the lat-
eral adatom position [186—189].

Progress in nanotechnology has made it possible to construct spatially con-
fined nanostructures with pronounced discretization of electronic states, in which
the Kondo physics is clearly displayed [190-192]. The Kondo effect is thus by no
means limited to single impurity atoms but is a phenomenon generally associated
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with magnetic nanoscale systems with discrete electronic states and non-zero net
spin. However, the Kondo temperature is rapidly suppressed as the size of the clus-
ter increases and goes to zero exponentially with increasing cluster size [193]. The
Kondo effect is of fundamental importance for the study of magnetism in nanoscale
systems, as it can serve as a local probe to determine the exchange interaction in
sub-nanometer clusters. For instance, the magnetic ground state of spin-frustrated
Cr trimers [194] and the exchange interaction between single Ni or Co atoms [195,
196] could be determined from measurements of the Kondo state the clusters form
with the substrate. Recent experiments have demonstrated that the Kondo effect can
be manipulated by tuning the interaction with the bulk-state electrons via local coor-
dination, chemical bonding, or quantum size effects [197-199].

Potential applications for the Kondo effect might arise in spintronics and quan-
tum information processing, as it permits, for example, to transport information in
systems which are too small for conventional wiring [191].

lmpurity host B _
A l
i SRR M T
\\i‘_ i 7 9 v { ~
(a) (b) (c) (d)

Fig. 3.16 Electronic (spin-flip) exchange between the discrete energy levels of an impurity and
the delocalized states of a host metal, leading to the Kondo effect. An electron tunnels into an
empty state near the Fermi energy of the host (a), and the hole is filled with an electron of opposite
spin from the host (b). The so-induced spin polarization of the delocalized electrons around the
impurity is effectively screening the magnetic moment of the impurity. (¢) Screening cloud around
an impurity in a bulk matrix and (d) on a metal surface

3.4.5 Entanglement

Entanglement is a key consideration in quantum information processing systems
[200-203], including magnetic nanostructures [158]. It has been shown theoretically
that and how quantum entanglement arises in interacting magnetic nanodots [158].
The thermal stability of the entangled states increases with the magnetic anisotropy
of the dots, which reaches substantial values for some noncubic intermetallic com-
pounds. This is of potential importance for future quantum computing above 4.2 K.

An example of an entangled state is the wave function |®> = |a> [f> + B>
|a>, which cannot be written as a product of one-electron states. Entanglement
between magnetic nanodots of total spin S can be realized by using the macrospin
wave functions of the type o> = [S> and |p> = |S — 1>. Another approach is
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to exploit those wave functions such as |®>, which naturally occur in Heisenberg

magnets. Fig. 3.17 shows a simple example, namely the AFM spin-1/2 Heisenberg
square. The square is described by the transparent Hamiltonian

H=—J(s;- s+ S>-53+83-S4+S4-51) (3.16)

where J > 0. The quantum states of the square may be manipulated by an inhomo-
geneous magnetic field and/or by interactions with neighboring dots.

(a)

-4 o 4| A AT

(d)

Fig. 3.17 Interactions and entanglement in small-scale nanostructures: (a) free square, (b) local
interaction field, (¢) exchange interaction with neighboring atoms, and (d) entangled wave function
in the limit of strong interactions. For simplicity, only the ground state is shown in (d)

In spite of its simplicity, the model exhibits a substantial degree of complexity,
even in the ground state. In the absence of a magnetic field, the classical ground
state is shown in Fig. 3.17a, meaning that neighboring spins minimize the energy
by forming pairs with antiparallel spins. The quantum-mechanical ground state is of
the many-electron type but easily obtained by diagonalizing the 16 x 16 Hamilton
matrix (3.4). Aside from the classical ground-state configurations, Fig. 3.17a, there
is a substantial admixture of states that have two parallel bonds, as in Fig. 3.17b.
These states do not appear in the classical ground state, because they cost exchange
energy, but in the quantum-mechanical case, they reduce the total energy by realiz-
ing hybridization between degenerate classical ground-state configurations.

From a quantum-mechanical point of view, Heisenberg spin structures are highly
complicated and poorly described by one-electron approaches, including LSDA+U
and SIC. A particular effect is spin-charge separation, meaning that the low-lying
excitations are magnetic and rather unrelated to the interatomic hopping of the elec-
trons [179, 204]. In more detail, the Heisenberg model assumes that the four spin-
carrying electrons are localized at the corners of the square but the spins are free
to switch. The electron’s interatomic hopping (hopping integral #) is important in
itinerant and RKKY systems but enters the Heisenberg model only indirectly by
determining the exchange [179].
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3.5 Concluding Remarks

In summary, we have investigated how nanoscale proximity effects change the prop-
erties of magnetic nanostructures. Progress in fabrication and deposition techniques
has made it possible to produce an unprecedented range of structures, from embed-
ded and coated clusters to nanotubes and complex thin films, including magnetic
surface alloys. The structures offer new physics on length scales of more than
a few interatomic distances, making it different from typical atomic-environment
effects in alloys and at surfaces. Focus has been on the relation between classical
and quantum effects. Some quantum effects, such as RKKY interactions between
nanoparticles, but many nanoscale effects are of the micromagnetic type, where
interatomic exchange ensures a coherent spin orientation over several nanometers.
An example of the latter is proteresis in core—shell nanoparticles, which is counter-
intuitive from a magnetostatic point of view but explained by the involvement of
nanoscale exchange interactions between noncollinear magnetic sublattices. While
future research is necessary in various directions, including, for example, the fab-
rication of monodisperse metal clusters on substrates with good control over size,
density, orientation, and anisotropy, the structures will have potential applications
in many areas of nanotechnology, from biomagnetism and sensors to materials for
bulk applications and structures for quantum and classical information processing.
It will be fascinating to monitor and accompany this development in the years to
come.
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Chapter 4
Superconductivity and Magnetism in Silicon
and Germanium Clathrates

Joseph H. Ross Jr. and Yang Li

Abstract Clathrates are materials containing closed polyhedral cages stacked to
form crystalline frameworks. With Si, Ge, and Sn atoms populating these frame-
works, a wide variety of electronic and vibrational properties can be produced in
these materials, by substitution upon framework sites or through incorporation of
ions in cage-center positions. Commonly formed structures include the type I, type
II, and chiral clathrate types, whose properties will be described here. BagSiss with
the type-I structure has been found to exhibit superconductivity with 7, as high
as 9 K. The enhanced 7. in this compound has been shown to arise predominantly
from very sharp features in the electronic densities of states associated with the
extended sp3-bonded framework. Atomic substitution can tailor these electronic
properties; however, the associated disorder has been found to inevitably lower the
T, due to the disrupted continuity of the framework. Efforts to produce analogous
Ge-based superconductors have not been successful, due to the appearance of spon-
taneous vacancies, which also serve to disrupt the frameworks. The formation of
these vacancies is driven by the Zintl mechanism, which plays a much more signif-
icant role for the structural stability of the Ge clathrates. The sharp density of states
features in these extended framework materials may also lead to enhanced magnetic
features, due to conduction electron-mediated coupling of substituted magnetic ions.
This has led to magnetic ordering in Fe- and Mn-substituted clathrates. The largest
number of clathrates exhibiting magnetic behavior has been produced by substitu-
tion of Eu on cage-center sites, with a ferromagnetic 7, as high as 38 K observed in
such materials.

J.H. Ross (X))
Department of Physics, Texas A&M University, College Station TX 77843-4242, USA
e-mail: ross @physics.tamu.edu

J.P. Liu et al. (eds.), Nanoscale Magnetic Materials and Applications, 105
DOI 10.1007/978-0-387-85600-1_4, © Springer Science+Business Media, LLC 2009



106 J.H. Ross and Y. Li
4.1 Introduction

Clathrates containing crystalline frameworks of group-IV semiconductors have
attracted considerable interest in recent years for their variety of electronic and
vibrational properties. Like carbon-based fullerenes, silicon, germanium, and tin
also form polyhedral cage structures. However, unlike fullerenes, the heavier group-
IV elements form sp*-bonded connected structures periodic in three dimensions.
Intermediate between the disconnected fullerenes and the tetrahedral diamond struc-
ture, these materials have a number of unique properties. In this chapter, we discuss
the electronic and vibrational properties of these framework materials, specifically
as they relate to the appearance of superconductivity and magnetism.

While closed-cage materials of all types can be denoted as clathrates, the class
of group-IV clathrates generally refers to the set of materials that share a common
structure with the hydrate clathrates. The latter are crystalline materials such as
methane hydrate, 8CH4 « 46H,0, in which the water molecules form a framework
enclosing individual methane molecules in a regular array. Methane clathrate is nat-
urally occurring when natural gas combines with seawater at pressures of the ocean
floor. The potential for useful energy reserves or of greenhouse gas emissions from
such formations is one of the reasons for intensive interest in such materials. Several
recent reviews [1-4] describe the features of the hydrate clathrates.

Jeffrey [5] developed a naming convention for the hydrate clathrates; by this
labeling scheme “type I’ and “type II”” are the most commonly observed structures.
These are illustrated in Figs. 4.1 and 4.2. These structures feature three-dimensional
tessellations that completely fill spaces with polyhedral cages, such as the dodeca-
hedron and tetrakaidecahedron that make up the type-I structure shown in Fig. 4.1.
In the hydrate clathrates, the vertices of these polyhedra are water oxygens, while
small molecules fill the closed cages. Figures 4.1 and 4.2 show silicon clathrates for

Tetrakaidecahedron

Fig. 4.1 Type-I clathrate structure, with Si and Ba atoms labeled according to the BagSiss com-
position. Also shown are the two basic cages forming the Siss framework for the structure (space
group Pm3m, #223), along with the cubic unit cell. The Siss framework is a closed network
involving all Si sites; only two of the polyhedra are shown connected for clarity
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Dodecahedron

Hexakaidecahedron

Fig. 4.2 Type-II clathrate structure, illustrated along with the two cages that make up the closed
network. Inside the cubic unit cell, a central hexakaidecahedron is shown connected to two of its
neighboring dodecahedra. Atom labels correspond to Naj6Sijs6; 8b, the large cage-filling site, is
shown unoccupied. Space group is Fd3m (#227)

which the framework is a fourfold-bonded Si-atom network. Another set of mate-
rials sharing identical structural characteristics is the clathrasils [6], in which the
crystalline framework is constructed of SiO;, rather than H,O.

The silicon clathrates were first synthesized in 1965 [7], when type-I NagSisg
and type-II Na,Sij3¢ were prepared. A large number of related compositions have
since been synthesized, including those with frameworks of Ge and Sn, and cage-
filling atoms including Na, K, Rb, St, Ba, Te, Cl, Br, I, Eu, H,. Aside from column-
IV elements, the framework may be substituted from columns II through VI, a few
examples being type-I SrgAl;Gesg [8], BagGa;gSbyGeyg [9], Teg(SizgTeg) [10], and
CsgZnygSny [11], or type-1I Ba;sGazrSnjos [12]. Furthermore, several late transition
metal elements have been substituted on the Si and Ge frameworks [13], while Si
and Ge type-II clathrates can also be formed as empty frameworks [14, 15], by
driving Na out of the filled cages or out of an intermediate product, respectively.

Closely related structural types not observed among the hydrate clathrates
include the low-temperature stable structure found in «-BagGajSnsy [8] and
a-EugGa;6Gesg [16], a cubic structure closely related to the type-I structure stable at
high temperatures in both of these materials (type I corresponding to the B-phases).
This structure has also been called “clathrate VIII,” as an addition to the seven
structure types originally identified among hydrate clathrates. The chiral clathrate
structure, originally discovered as the structure of BaglnyGe,; [17], has been iden-
tified to form several silicon and germanium compounds, generally in combination
with barium, as in the binaries BagSiys [18] and BagGess [19]. Tin-based chiral
clathrates can be formed with alkali metals, for example, K¢Sn,s5 [20]. A member of
the chiral space group #213 (P4,23), the chiral clathrate structure, features polyhe-
dral cages arranged in a three-dimensional network of interlinked helices (Fig. 4.3).
Aside from the single type of closed cage, which encloses the cation occupying the
8c site, the structure also features two additional cation sites in open regions of the
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Fig. 4.3 Chiral clathrate
structure, as observed in
BagGeys [18]. A 2x2x 1 raft
of cubic cells is illustrated.
Large spheres are Ba, with
connected framework
composed of Ge atoms. One
helical grouping of
framework cages has been
highlighted for clarity;
however, all cages are
identical, forming somewhat
irregular dodecahedra

Dodecahedral
cage

cell. In addition, two of the six framework sites (representing 8 of the 25 framework
atoms per formula unit) are only threefold coordinated to other framework atoms,
as opposed to the fourfold coordination uniformly observed in all other clathrates
discussed here. At times this structure has been termed type IX or type III (although
a different hydrate clathrate structure also has been labeled type III); here the desig-
nation “chiral clathrate” will be used.

4.2 Superconductivity in Siys Clathrates

Roy [21] initially searched for superconductivity in type-I and type-II Na-Si
clathrates; however, these original silicon clathrates were found not to be super-
conducting. A few years later the type-I composition Na, 9Bas 5Sise was prepared
and shown to be superconducting with 7, near 4 K [22]. Similarly, the K- and Ba-
filled analog was found to have T, = 3.2 K [23]. Advances in synthesis, in particular
high-pressure methods, led to the preparation of BagSiye for which the alkali metals
were replaced completely by Ba [24]. This composition achieves a superconducting
T. = 8 K. BagSiyg prepared with a slight deficit of Ba was found to have T, as high as
9.0 K [25], which is a high-water mark for superconducting transition temperatures
among sp°-bonded clathrates.

Further advances in synthesis have included the production of single crystals of
Ba; ¢Sige [26], however, with no increase in 7 . of this material. Single crystals of
the NayBagSiye clathrate have also been produced, and a crystallographic study has
confirmed the ordered structure of this material, with Na ions occupying the smaller
dodecahedral cages and Ba ions the larger tetrakaidecahedral cages, surrounded by
a fully populated Sise framework [27].
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4.3 Rattler Atoms and Narrow Bands

Among the distinctive features commonly observed in the clathrates is low-
frequency Einstein-like phonon modes. Generally associated with ions loosely held
within their encapsulating cages, such modes can be observed by various techniques,
including Raman scattering [28] or detection of the displacements of the encap-
sulated ions via x-ray [29] or neutron [30] crystallography. Einstein modes with
energies corresponding to approximately 80 K have been reported for BagSiye [31],
between 30 and 60 K for type-I1 EugGa;cGeso, SrgsGaGesp and BagGa,6Gesg [30],
and 45-60 K in type-I CsgGagSnsg [32], with similar small values obtained for many
other clathrate materials.

Slack [33] originally suggested the idea that the “rattling” of encapsulated ions
may contribute to low observed thermal conductivities, a feature of great current
interest due to potential thermoelectric applications for semiconducting composi-
tions of these materials. Similar behavior is observed in other cage-type materials,
particularly the skutterudites [34]. Much effort has been devoted to understanding
such behavior in type-I materials in particular, for which the larger tetrakaidec-
ahedral cages afford room for smaller ions to displace to off-center positions
within the cage. A recent work [35] gave direct evidence for a very low-frequency
(450 MHz ~20 mK) mode attributed to tunneling between such off-center posi-
tions in EugGa;6Gesp. Furthermore, glass-like thermal conductivity with T 2 tem-
perature dependence has been observed in EugGa;sGesyp and SrgGa;sGesg [36],
at temperatures of the order of a few kelvins. The standard explanation for such
behavior is phonon tunnel centers spread over a wide range of energies. The source
of this energy spread is not entirely clear; however, there is additional spectro-
scopic evidence for distributed behavior [37, 38], which may be related to intrinsic
framework-site disorder due to mixed atomic occupation in the alloyed clathrates
such as SrgGa6Gesp.

Note that other mechanisms may also affect the thermal conductivity; in particu-
lar, a large electron—phonon coupling parameter has been argued to be important in
the Ba—Ge type-I clathrates [39, 40]. However, it is clear that there is a large density
of phonon modes at low frequencies, which can potentially affect the superconduct-
ing behavior in these systems. Some of the observed behavior may relate to the
mixed site occupancy in alloyed clathrates; however, even in NagSiss, amorphous-
like thermal conductivity has been observed at low temperatures [41].

The electronic properties of the superconducting silicon clathrates feature sharp
electron density of states peaks at or near the Fermi energy (Er). This is illustrated
in Fig. 4.4 [42], where a particularly sharp peak can be seen in the calculated density
of states at the position of Er for BagSiy. It was noted in the original report [22, 43]
that a similar behavior may hold for Na,;BagSiss. Photoemission [44] and NMR [45]
experiments have confirmed the large g(Er) in these cases.

Aside from the behavior near EF, it is also a general feature of the silicon and
germanium clathrates that the bands are narrowed, and g(E) enhanced, compared to
the corresponding diamond-structure semiconductors. Figure 4.5 shows a compari-
son of calculated electronic structures for empty silicon and germanium clathrates
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Fig. 4.4 Band structure and 2
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[46]. These feature larger band gaps than diamond-structure silicon or germanium.
This result follows the general expectation of expanded structure leading to reduced
hybridization and hence a smaller bandwidth. This mechanism is demonstrated
in A3Cqo fullerides (A = alkali metal atom), for which g(Er) increases mono-
tonically with cell size as the cation is changed, decreasing the overlap between
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Fig. 4.5 Band structures and electron densities of states calculated for empty Si and Ge clathrates
[46], using an ab initio pseudopotential method. Siz4 and Gesy are type-II clathrates. Sisq and Geye
are hypothetical empty type-I frameworks. (©) 2000 American Physical Society
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fullerene molecules. An increase in superconducting 7, that is also monotonic in
cell size tracks the g(EF) increase [47]. For example, in Rb,CsCgg, 7. = 31 K, while
g(EF) is 24 states/eV per Cgy molecule, comparable to the height of the peak seen in
Fig. 4.4.

In contrast to the fullerenes, however, the cage-center guest ions in group-1V
clathrates hybridize relatively strongly with the framework ions. Calculations for
superconducting Siue clathrates reveal significant Na and Ba contributions [43] mod-
ifying the conduction band, so that the large g(Er) can be attributed in part to states
of these ions. Similarly in semiconducting BagGa;Gesp, and analogs centered by Sr
and Eu, guest-ion d-states appear to participate strongly in the conduction band [48].
In type-II Na,Si; 34 clathrates, 2’ Na NMR shifts have been found to be strongly tem-
perature dependent, indicating the presence of Na-based electron states at Er [49].
Figure 4.6 shows a theoretical g(E) for this situation; Er appears at a sharp dip in
this case rather than the sharp peak as in the type-I case. From the strong presence
of Na states in the band edge one may make the case that conductivity in Na,Si;36
proceeds via an impurity band, as originally invoked to explain the metal-insulator
behavior observed in this material [50]. However, this picture seems less apt for
the type-I clathrates, for which hybridization between cage-center and framework
atoms are generally stronger and band calculations have generally been successful
in modeling the electrical transport behavior.

Fig. 4.6 Calculated density ! ’ ' !
of states for type-1I NagSij36
from [49]. Er appears at an
energy just above a strong
band of Na-dominated states.
(© 1998 American Physical
Society

Density of States (Arb. Units)
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4.4 Superconducting Mechanism

The observation of superconductivity in BagSise has led to significant interest in the
reason for the relatively large 7, in this material. One of the challenges has been the
range of reported transition temperatures due to the difficulty of preparing single-
phase BagSiss. A study of silicon isotope-substituted samples of BagSiss [51], how-
ever, showed an isotope effect corresponding to the range of expected values for the
BCS theory, indicating that a phonon mechanism is responsible for the supercon-
ducting state. In addition, by matching the changes in 7, due to applied pressure to
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ab initio calculations [52], a further measure was obtained for the parameters driving
superconductivity in the material. In the McMillan theory [53], T, can be expressed
as

® —1.04(1 + A,
=92 o U+re) @.1)
145 P\, — (1 + 0.624,,)

where ©p is the Debye temperature, and A., and u* are the electron—phonon cou-
pling constant and repulsive interaction, respectively. For BagSiss, 1., was found to
be about 1.05, and p* to be 0.24. The parameter A, is a product of g(Er) and the
electron pairing interaction, V,,. By comparison with theoretically calculated values
[52], it appears that g(EF) is the most important parameter determining 7.

Further information has been obtained by changing the composition through sub-
stitution of framework or cage-center atoms. Table 4.1 summarizes the reported
changes in 7, for such materials. In some cases only the end member of a series
is given in this table, for example, in Fig. 4.7 the susceptibility for a series
Bag_,Sr,Siyg [54], showing the progressive change in T, is shown.

Framework substitutions by fourth-row Ge, Ga, and Cu have a progressively
larger effect on T, as might be expected from the increasing differences in elec-
tronic character relative to Si. A calculated series of electron densities of states [57]
(Fig. 4.8) indicates a nearly rigid-band change in the region near Er upon going
from BagSise to BagGagSiyg. The observed change in T, for BagGagSiyg is consistent
with a reduction of A, to 0.78, attributable to a reduction in g(Er) of this magni-
tude, combined with a modest reduction in V,, [57]. Thus, it appears that relatively

Table 4.1 Superconducting transition temperatures as reported in type-I silicon clathrates

Molecular T . Reference
Bagsi4(, 8 [24]
Ba7A76$i46 9 [25]
NaO.ZBaGSi% 4.8 [55]
NagBas 6Sise 35 [56]
Nag3Bag 2 Sigs 4 [55]
Nal_sBagsi% 2.6 [55]
Nay 9Bay 5Sigs 4 [22]
NagSise 0 [56]
K29Bay 9Sise 32 [56]
K7Siss 0 [56]
BaZSrGSi% 4.1 [54]
BagSi40Gaﬁ 3.3 [57]
Bagsi23Gez3 2.3 [26]
BagCu0_5Si45_5 6.3 [58]
Ba3CU4Si42 2.9 [59]
BagAgp.5Sisss 6.1 [58]
BagAU15i45 5.8 [58]
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Fig. 4.7 Magnetic
susceptibility for
Bag_,Sr,Siye alloys [54],
showing the progressive
change in 7. (©) 2005
American Physical Society

Fig. 4.8 Calculated electron
densities of states for
Ga-substituted BagSiyg [57].
(© 2007 American Physical
Society
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low substitution of Ga preserves the sp® character of the Si clathrate network. By
contrast, a calculated set of electron bands for BagCugSisg, and the corresponding
density of states (Fig. 4.9, left), shows a much larger change [59], clearly not rigid-

band in character near Er.

Additional information can be obtained from valence-electron density plots, as
in the left panels of Fig. 4.10, for BagGa,Sigs—, [57]. Near the top and bottom these
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Fig. 4.9 Calculated electron bands and densities of states for BagCugSisg (leff) and hypothetical
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sections cut through Si—Ga-Si and Si-Ga—-Ga bond sequences, showing that the
hybridization of the framework is maintained. The left panels illustrate the Fermi-
level resolved states, responsible for the superconductivity, which maintain their
integrity for the case BagGagSigg, but become much less well connected for the
more highly substituted case.

Calculations for Ge-based type-I clathrates (Fig. 4.9, right) indicate an electronic
structure for BagGeye rather similar to that of BagSiss [57]; the lack of superconduc-
tivity in the former material is due to vacancy formation, as shown below. However,
there is also likely an increase in V, going up the periodic table; calculations for a
hypothetical type-I carbon clathrate [52] have indicated a significant increase over
that observed in silicon clathrates, indicating potentially large increases in 7 if such
materials could be formed. Among germanium clathrates, there has been only one
report of superconductivity, in BagGa;Gesy [60]; however, most samples of this
composition do not show such behavior, which must not be a general property of
the material [30].

4.5 Zintl Concept and Vacancies

The Zintl phases [61] are a class of compounds featuring cations from the first or
second column combined with more weakly ionic anions from the carbon group or
later. In these materials, the anions combine to form clusters or connected networks.
The combination of electron transfer from the cations and anion—anion hybridiza-
tion can be viewed as leading to closed-shell configurations in these materials, and
hence enhanced stability. The clathrates include classic examples of Zintl phases.
For example, in the type-I structure, each framework atom has four framework
neighbors. In a localized-bond picture, the hypothetical empty type-I clathrate Sisq
would have a closed shell of four bonds per atom, Si having a valence of 4. In
BagGa,6Sisg, the presence of 16 valence-3 Ga atoms implies a deficit of 16 bond-
ing electrons per cell. The electron transfer from 8 Ba atoms, each in a nominal
2% state, can thus achieve a completed bond network. This simplified model has
predictive power, and indeed BagGa;Si3) is a stable material synthesized more
easily than, for example, BagSisg, which has excess framework electrons when
viewed in a Zintl picture. Furthermore, the AgBsGesy and AgBj6Siz) materials
(A = Sr, Ba, Eu; B = Al, Ga) are semiconductors, a hallmark of the Zintl phases,
or at most they are very weakly metallic, indicating proximity to a filled-band
situation.

BagSiys exhibits an unbroken framework, as established through crystallography
and NMR [27, 62]. However, its analog BagGes does not form a fully populated
framework, instead favoring spontaneous vacancy formation [63, 64], with the con-
figuration BagGe,3[J3, [J denoting the vacancies, with a superstructure as shown in
Fig. 4.11. According to a Zintl picture 4 vacancies, with 4 electrons each, might
be expected to accept the 16 electrons from Ba?*, completing a network of filled
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Fig. 4.11 View of the large [010]
cages in BagGey3, with 0
structure based on the type-I 'T

structure [64]. Small cubes
are vacancies, forming a
helical superstructure as
shown. (©) 2004 Wiley-VCH

bonds. The observed vacancy count of three may indicate incomplete charge trans-
fer from ionized Ba, or the limitations of the Zintl concept. Type-I alkali metal—tin
clathrates exhibit the composition AgSn4s[J,, in this case precisely satisfying the
Zintl criterion [65-67], as does KgGeyy[1, [68].

Germanium and tin clathrates commonly adhere closely to Zintl stability con-
ditions, forming vacancies as needed. For example, the type-I compound ini-
tially reported as BagCugGesp was found instead to form a composition close to
BagCus 3Geyo 7, satisfying the Zintl criterion [69], with Cu treated as a simple s-p
substituent having a valence of 1. On the other hand, silicon-based BagCu,Sisg.,
forms with varying composition not keeping to Zintl rules [59, 70]. Other germa-
nium and tin clathrates obeying Zintl criteria are BagAl;s—,Gesoy, Which forms
vacancies when x # 0 to maintain a Zintl composition [71], and IgTes3Geso [72],
SnyyP1931s_,Cl, [73], and Sny4lnioP;;2Ig [74], all exhibiting spontaneous vacan-
cies. BagGaoSise is the only silicon-based clathrate thus far reported to exhibit
spontaneous vacancy formation [70, 75]. On the other hand, BagGagSi4o, a composi-
tion further from the Zintl phase BagGa;Siso, is a bulk superconductor as described
above [57], and thus most likely features an unbroken framework. Typically the
Si—Si bond strength makes vacancy formation less common in silicon-based sys-
tems, and although the electronic structures would appear to favor superconductiv-
ity in germanium and tin clathrates [59] the tendency of these compounds to form
vacancies rather than high-electron compositions explains the lack of superconduc-
tivity observed in such materials. It is possible that a high-pressure synthesis tech-
nique might stabilize a vacancy-free germanium clathrate, but the relatively weak
Ge—-Ge bond may make this difficult.
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4.6 Superconductivity in Other Clathrates

There are no reports of superconductivity in type-II clathrates, although these mate-
rials feature complete sp>-bonded frameworks similar to the type-I structure. In part
this is because far fewer compositions are found to be stable in the type-II structure.
For example, there is only one report of a Ba—Si type-II clathrate: Na;sBagSi;36
contains Ba in the larger cage [76]; however, there has been no superconductivity
observed in this compound above 2 K. Among Sn clathrates Ba;sGaz;Snjg4 can be
formed with a larger concentration of second-column ions [77, 78], although this is
a likely Zintl phase with a corresponding low carrier concentration.

By contrast, chiral clathrates have been reported to exhibit superconductivity, for
silicon-based and also for germanium-based materials. Na;BasGe,s was found to
have T. = 0.84 K, and BagGe,s T, = 0.24 K, under ambient conditions [79]. How-
ever, with applied high pressure an increase was observed for BagGeys up to T, =
3.8Kin 2.7 GPa [79]. BagGeys is not a Zintl semiconductor; however, the eight spz-
bonded framework sites per formula unit can formally be regarded to possess lone
pairs acting as electron acceptors, so that a Zintl-type charge transfer from Ba ions
to the framework may be regarded as explaining in part its stability [80]. This mate-
rial exhibits two structural changes under ambient conditions [81] involving shifts
of both Ge and Ba atoms. The structural distortions induced under high-pressure
conditions have been found to be associated with a large increase in g(Er), which
has been identified to be largely responsible for the enhanced 7, [82].

Recent reports have also shown that BagSiys is a superconductor [83, 84], with
T. as high as 1.55 K [83]. There is no large pressure-induced change in BagSi,s, as
observed for BagGe;s, and the complex sequence of structural transitions at ambient
conditions is also not present. Thus this material can be compared directly to the
corresponding type-I superconductor BagS4. It is not yet entirely clear why such a
large difference is observed between T, for the chiral and type-I Ba—Si clathrates.
The presence of sp>-bonded sites in the sp* framework has been invoked as reducing
the electron—phonon coupling [83], as have a significant difference in low-frequency
vibrational properties [40]. Further study will be needed to resolve this question.

4.7 Magnetism

The narrow peak in g(Er) evidenced in BagSisg might be expected to favor mag-
netism as well as superconductivity, similar to the A3Cgp materials, which are close
to a Mott—Hubbard transition. However, in both cases, superconductivity is gener-
ally preferred. It has been argued that the sp? orbital degeneracy of the fullerenes
stabilizes the expanded Cgp materials against a metal-insulator transition [85];
similarly the sp® configuration for Si and Ge clathrates may also help to stabi-
lize the superconducting state. As described above, superconductivity in BagSisg
is uniformly suppressed by substitution of transition metals. However, this effect
has generally been shown to be attributable to the broadening of the g(Er) peak
rather than the competing appearance of a magnetic moment.
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Ready substitution of transition metals onto the clathrate framework has only
been exhibited for late transition elements, starting with Ni. These late transi-
tion metals exhibit filled d-bands when substituted on the silicon and germanium
clathrates, shown for example by the formal valence of 1 for Cu atoms in the germa-
nium type-I clathrate [69]. The earlier transition metals would be expected to induce
magnetic moments, similar to observations in doped III-V and related semiconduc-
tors [86, 87]. The difficulty of substituting earlier transition metals is consistent
with diamond-structure silicon, for which the Fe-group atoms are most commonly
interstitial rather than substitutional [88]. In addition, there are many competing
binary phases among the silicides and germanides. Two examples of substituted
magnetic clathrates have been found thus far: type-I BasMn,Geys [89] and chiral
BagFe;Gey, [90]. However, these materials are difficult to prepare, for example,
BagFes;Ge,, is apparently stable only at intermediate temperatures. Complicated
interrelationships control the stability of such materials [91]; it may be that fur-
ther advances will be made in this direction, for example, through stabilization with
vacancies.

The largest class of magnetic materials based on the silicon and germanium
clathrates occurs with Eu ions occupying cage-filling positions in type-I compounds.
In these cases, Eu?* carries a large local moment, leading to a ferromagnetic tran-
sition temperature as high as 38 K for Eu,BagGagSise [92]. The coupling between
europium-based magnetic moments is apparently due to an RKKY interaction in
all cases, with even the nominally semiconducting Zintl phases having a sufficient
residual electron density to allow carrier-intermediated interactions as specified by
the RKKY model. It will be interesting to see if the magnetic behavior can be tai-
lored by modifying the carrier concentrations in some of these compounds. The
properties of these materials will not be reviewed here, but in Table 4.2, we have
summarized the compositions reported to exhibit ferromagnetic behavior, along
with the reported transition temperatures.

Table 4.2 Eu-containing magnetic clathrates along with reported magnetic transition tempera-
tures. All have type-I structure except for type-VIII a-EugGa;cGes

Material T, (K) Reference
EuzBa(,Gagsi% 38 [92]
a-EuSGalﬁGem 36 [16]
EllzBEl@AlsSi}(, 32 [70]
Eu65r2 GalsGew 20 [93]
EU4SI'4G.’:1]6G€3() 15 [93]
ﬂ-EUgGalﬁGem 10.5 [16]
KGEUZCdsGQu 9.3 [94]
EUZB36CU4Si42 5 [70]
EU2BZl(,CU4Si33Ga4 4 [70]
K6EUQZH5 Ge41 4 [94]

KgEUQGaloGC% 3.8 [94]
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4.8 Conclusions

Group-IV clathrates are expanded cage-structured materials akin to the fullerenes.
However, the presence of the extended sp® networks in these materials, as well
as the vibrational behavior and Zintl behavior, leads to a number of properties
unique to these materials. Here, we have discussed the superconducting behavior
and shown that the enhanced superconductivity can be regarded as related most
strongly to the electronic features of the sp® framework. Charge transfer between
the cage-center atoms and the framework enhances the stability of these materials,
but the Zintl mechanism also limits the ability to design high-carrier density compo-
sition, for example, promoting spontaneous vacancy formation. In addition because
of significant hybridization, the cage-center ions participate much more actively in
the electronic properties, as compared to carbon-based fullerenes. Magnetism has
been observed in a number of cases where framework or cage-center positions can
be substituted by magnetic ions.
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Chapter 5
Neutron Scattering of Magnetic Materials

Olivier Isnard

Abstract Neutron scattering is a comprehensive tool for condensed matter research.
After a brief description of the interaction of neutrons with matter, the usefulness of
neutrons to probe the physical properties of magnetic materials is illustrated using
examples taken from different research areas. Then a description of the crystal struc-
ture investigation, including in situ and time-resolved studies is given. The use of
polarized or unpolarized neutrons to study magnetic structures or magnetic phase
transition is also illustrated. The potential of techniques such as small-angle neutron
scattering or neutron scattering on magnetic surfaces is presented showing that neu-
tron scattering now offers a wide range of useful techniques to probe the structural
and magnetic properties of magnetic materials whatever their state: polycrystalline,
single crystal, amorphous, bulk, or thin films. Examples are taken from a wide range
of research fields: hard magnetic materials, nanocomposite soft magnets, multilay-
ers, superlattices, geometrically frustrated magnetic materials, etc. The experimen-
tal aspects are not covered in detail but relevant references are given throughout the
chapter.

5.1 Introduction

Since the discovery of neutrons in 1932 by Chadwick [1, 2] and the following stud-
ies in nuclear physics, scattering of neutrons on crystals has become a powerful
technique to study the properties of condensed matter. As a consequence several
books and reviews have been devoted in the past to neutron scattering and diffraction
studies among which one can cite [3—8]. The last few years have been the occasion
of numerous technical developments of both neutron sources on the one hand with
increasing performances of spallation sources and neutron scattering instruments on
the other hand. Many neutron scattering techniques are now available for scientists
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and engineers to perform investigations of materials with neutrons. This experimen-
tal progress has significantly widened the field of research that can be undertaken
by neutron scattering techniques. The present article is confined to magnetic mate-
rials; we will present here some essential aspects of the use of neutron scattering
for nanoscale magnetic materials and their applications. A description of magnetic
neutron scattering is even too broad to be treated in the limited space of this chapter.
For further information, the readers are advised to consult books especially devoted
to magnetic neutron scattering such as [9, 10].

If the idea of magnetic neutron scattering originates from Bloch [11], Shull and
Smart [12] provided the first experimental demonstration of the existence of antifer-
romagnetism predicted theoretically by Néel [13, 14]. To illustrate the potential of
neutrons, we will present examples of scattering studies taken from different fields
of research. The instruments used and the more technical parts are not discussed
here, for more details the reader is referred to the following references [9, 15, 16].
This article is organized as follows the next section gives a brief description of the
basics of interaction of neutron with materials. Then Section 5.3 presents the use
of the neutron diffraction to investigate crystal structure on either polycrystalline
or single crystal samples. In situ and time-resolved studies by neutron diffraction
are illustrated in Section 5.4 with a few examples showing the usefulness of such
techniques to investigate synthesis, processes, or kinetics of phase transformations.
The study of magnetic structures is treated in Section 5.5, followed by examples
of magnetic phase transition studies. Polarized neutron techniques are discussed in
Section 5.7 with an emphasis on diffraction techniques. Small-angle neutron scat-
tering and neutron scattering on magnetic surfaces are presented in Sections 5.8 and
5.9, respectively. Magnetic excitations as probed by inelastic neutron scattering are
illustrated in Section 5.10. The possibility of performing neutron scattering inves-
tigations under extreme conditions of pressure, temperature, and magnetic field is
addressed in Section 5.11.

5.2 Interaction of Neutrons and Materials: A Brief Presentation

Unlike neutrons inside the nucleus which are stable, a free neutron is unstable and
decays. Consequently, neutron diffraction experiments must be carried out with neu-
trons from either a nuclear reactor or a spallation source [17]. For most neutron scat-
tering studies, the high kinetic energy of the produced neutrons must be reduced, i.e.,
the neutrons must be thermalized, through collisions with a moderator such as light
or heavy water. The resulting thermal neutrons have energy of ca. 10~ to 1073 eV or
a wavelength, corresponding to ca. 1-5 A. Thus, thermal neutrons have wavelengths
appropriate for diffraction by an atomic or molecular lattice. As a consequence, neu-
tron diffraction is closely related to x-ray diffraction, and typically neutron diffrac-
tion studies are preceded by x-ray diffraction structural studies. Neutron diffraction
does, however, have certain advantages over x-ray diffraction, advantages which
will be discussed herein. Neutrons interact with matter in a variety of ways which
make neutron diffraction both similar to and yet different from x-ray diffraction.
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The fundamental aspects of neutron diffraction and its use in the study of materials
have been covered in detail in several excellent books which should be consulted
for details [3—10, 15—18]. It is worth to note also that the range of energy of the neu-
trons matches very well the typical energy range of excitations in the matter: solid,
liquid, or gas. Consequently neutrons are excellent tools to probe the diffusion of
atoms in solid or liquid, or to investigate the vibrations in materials either atomic
or collective (phonons) or rotation. Finally, a neutron has a spin magnetic moment
so that it is very sensitive to the presence of a magnetic field in general and to the
atomic magnetic moments in particular. Neutron scattering is thus the ideal tool
to investigate magnetic materials both for their magnetic structure and to analyze
magnetic excitations such as spin waves [6, 9, 16]. This is now an intensive field of
research since polarized neutrons can be produced leading to even better sensitivity
to magnetism. Thus, the advantages of neutrons versus electrons or x-rays include
the magnetic scattering which can be very useful, particularly in conjunction with
polarized neutron scattering studies, in determining the magnetic structure of an
ordered material. Further, because of the very different neutron scattering lengths —
see Fig. 5.1 — it is usually possible to both accurately locate light atoms, such as
hydrogen, deuterium, or lithium, even in the presence of heavy atoms, and distin-
guish between atoms with similar atomic numbers, such as nitrogen and oxygen
or cobalt and iron. In both cases, the analogous x-ray studies are either impossi-
ble or very difficult. Thanks to the sensitivity of neutrons to most of the nuclide, a
wide range of materials can be investigated with the same efficiency from polymers
to inorganic materials or even metals and alloys. Another advantage of neutrons is
that because the neutron is uncharged it can easily approach the point-like atomic
nuclei found in a material before that nuclear scattering occurs. The rather weak
interaction of neutrons with materials enables them to penetrate much deeper into
the material than either electrons or x-rays. This is particularly useful to know the
bulk properties of a material and is more and more often used by materials science
engineers [19, 20].
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5.3 Crystal Structure Investigation

Crystallographic studies by neutron diffraction can be performed by different
techniques such as powder diffraction, single crystal diffraction using a poly, or
monochromatic beam [21, 22].

5.3.1 Powder Diffraction

The applications of powder neutron diffraction have been greatly expanded by the
use of the Rietveld line profile analysis technique [21], a technique which permits a
detailed analysis of the intensity of the individual powder diffraction lines in terms
of a refinement from a proposed structure. In many cases, this information is avail-
able and the Rietveld method will, for instance, permit the determination of the
occupancy of a given metal crystallographic site by, say, manganese and/or iron.
This can be useful to determine the preferential substitution scheme of magnetic
phases and understand the composition dependence of the magnetic properties in a
solid solution. Examples of such neutron diffraction type studies can be found in
[23-25].

As mentioned above, one of the main advantages of neutrons versus x-rays for
crystallography is the possibility to locate very accurately light elements in the
vicinity of heavier ones. This has been particularly useful for the study of the influ-
ence of interstitial elements on the physical properties of magnetic materials con-
taining rare-earth and transition metal elements. Indeed it has been found to be pos-
sible to insert interstitial elements like H, C, or N in the crystal lattice of the R,Fe
phases (R being a rare-earth element) [26-28]. Tremendous change of the magnetic
properties have been observed after insertion of light elements such as H, C, or N in
the crystal structure of binary or ternary intermetallic phases.

In the case of hydrogen in Nd,Fe;7, two inequivalent interstitial sites have been
found to accommodate H atoms in the crystal structure: an octahedral site and a
tetrahedral site referred to as Dy and D», respectively [26, 29], see Fig. 5.2. Unlike
hydrogen, larger atoms like N or C have been found to be exclusively located on
the octahedral site [27, 30], thus clarifying that the upper carbon or nitrogen content
that can be accommodated in the structure is 3 atoms/ f.u. compared to 5 atoms/f.u.
for hydrogen.

In addition to the determination of the crystal structure and the study of its tem-
perature dependence, neutron scattering can provide much more information in par-
ticular concerning the dynamics of the interstitial atoms. This has, for example, been
performed using inelastic neutron scattering on the Pr,Fe;7Hy isotype compounds
[31-33].

5.3.2 Single Crystal Diffraction

Four circle diffractometry is the most precise technique to determine the crystal
structure by neutron diffraction and it requires a single crystal of typically 1 mm
in diameter. Indeed, since the interaction of neutrons with matter is weak with
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Fig. 5.2 Crystal structure of
the Nd,Fe;7Hs compound
showing the atomic position
(D1 and D2) of the hydrogen
atoms as revealed by powder
neutron diffraction
investigation [26, 31]. The
arrows indicate the local
atomic displacements induced
by hydrogen insertion in the
interstitial sites

& Fe1 (6c) © Fe2 (9d)
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respect to that of electron or x-rays, large quantities of material are usually needed
to obtain good statistics in reasonable counting times and good signal/background
ratio. The improvement of instruments and neutron flux these last years has per-
mitted to decrease significantly the sample size. In some cases, set-ups are now
available to use powder or single crystal with volumes as small as 0.001 mm?. Sin-
gle crystal diffraction can be performed with an unpolarized neutron beam giving
access to the crystal structure (atomic location and interatomic distances) as well
as to the magnetic structure (size and orientation of the atomic magnetic moments
in the ordered state). Four circle diffractometry is usually based on the use of con-
stant wavelength and the sequential acquisition of the set of (hkl) Bragg reflection
intensities. Precise crystallographic investigation can also be carried out by Laue
diffractometry [34, 35], such a polychromatic technique is particularly useful to
investigate phase transitions occurring in matter. Indeed the use of a polychromatic
beam enables to perform diffraction by several (hkl) families of plane at the same
time and the use of large-angle detectors permit to obtain fast acquisition. An exam-
ple of such a polychromatic diffraction pattern is given in Fig. 5.3, in the case of
FCT3206 [36]
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Fig. 5.3 Typical single crystal diffraction pattern recorded on the quasi Laue neutron diffractome-
ter VIVALDI FeTa,Og [36]. The figure presents the difference between the patterns recorded at 10
and 2 K in order to better observe the pure magnetic Bragg reflections

5.4 In Situ Neutron Diffraction

5.4.1 Thermodiffractometry: Crystallization
of Amorphous Materials

In situ neutron diffraction investigation is now widely used to investigate the crystal-
lization steps of amorphous materials such as metallic glasses [37, 38]. This enables
to determine the stability domain of metallic glasses, as well as to identify the
phases produced by the transformation of the glass, including metastable or tran-
sitory phases. An example of such an application is given in Fig. 5.4, where the
diffraction pattern has been recorded every 5 min during a temperature ramp per-
formed at 2°/min, meaning that between two spectra the temperature has changed
by 10°C. As can be seen from Fig. 5.4, the as synthesized sample is vitreous and the
diffraction pattern only shows a broad bump characteristic of the amorphous state.
This bump remains up to 520°C, due to the large penetration depths of the neutrons,
this proves that the bulk metallic sample stays amorphous in the whole volume. On
heating, the Fe —Ni—Co—Si—B alloy transforms irreversibly around 900 K to sta-
ble and metastable crystalline phases according to in situ neutron diffraction experi-
ment. The main peaks appearing can be associated to a simple cubic phase with lat-
tice parameter close to that of Fe. Several other crystallization processes occur such
as the formation of Fe, B, FeSi, and Co3B,. At 656°C, the simple cubic Fe phase dis-
appears and transforms into a cubic centered phase close to y(Fe). More details of
the present example can be found in reference [37, 38]. This type of information is
very useful and can be combined with other techniques such as DSC measurements
[39, 40] or magnetic measurements [37, 38], thus leading to a deeper understanding
of the behavior of amorphous or glass materials. Neutron scattering is also a very
useful technique for time-resolved reaction processes inside materials. In situ neu-
tron diffraction has been widely developed at the high neutron flux sources. Many
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Fig. 5.4 Thermal evolution of the powder neutron diffraction pattern recorded upon heating an
amorphous alloy of Fe—Ni—Co—Si—B type. The symbols +, #, °, *, and § indicate the Bragg
peaks corresponding to the FCC (Fe,Ni,Co), simple cubic (Fe,Ni,Co), Fe,B, Co3;B, FeSi phases,
respectively [37, 38]

examples including time-resolved neutron diffraction investigations can be found in
the following references [41, 42].

5.4.2 In Situ Investigation of the Synthesis and Ordering
of nanocrystalline FePt Alloys

The excellent magnetic properties of the Fe—Pt alloys have been studied for
decades. The FePt alloys have attracted considerable attention during the past few
years since they are considered as candidates for ultrahigh-density magnetic storage
media (as thin films or nanoparticles) and as materials for special permanent magnet
applications such as magnetic micro-electromechanical systems. In this context, it
is necessary to prepare both nanocrystalline and well-ordered Fe—Pt alloys in order
to combine a high magnetocrystalline anisotropy and a small grain size required
for example for high-density data storage. The excellent magnetic properties of
these alloys are associated with the ordered L1 structure of the FePt phase see
Fig. 5.5. Both experimental data and theoretical calculations have indicated a corre-
lation between the degree of order within the L1, phase and the intrinsic properties,
such as magnetocrystalline anisotropy and Curie temperature. The knowledge of the
ordering process is thus of prime importance in order to optimize the magnetic prop-
erties of such compounds. A recent example of thermodiffractometry is the ordering
of nanocrystalline Fe—Pt alloys [43] obtained by mechanical alloying. Figure 5.5
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presents the thermal evolution of the neutron diffraction pattern for Fe50Pt50 pow-
ders obtained by mechanical alloying after 4 h of milling. The typical acquisition
time for such a diffraction pattern was about 3—35 min. The in situ investigation [43]
has shown the coexistence of several phases during the thermal treatment. The for-
mation of the tetragonal ordered L1, phase results from the combination of the Fe
and Pt elements into a disordered face centered cubic phase labeled Al in Fig. 5.5.
But other off stoichiometric phases such as Fe;Pt and FePt; have been found to be
formed as well depending on the operating conditions. The Rietveld analysis of all
the diffraction patterns recorded allows us to determine quantitatively the volume
fraction of each phase as well as its temperature dependence [43]. The compari-
son of the diffraction patterns recorded for different milling conditions [43, 44] is
thus very useful to both better understand and optimize the ordering process and the
magnetic properties. The reader is referred to Figs. 3—7 of reference [43] for more
details. Depending upon the starting composition, it is also possible to character-
ize the synthesis experimental condition of nanocomposite systems consisting of a
mixture of hard and soft phases for exchange coupled nanocomposite bulk magnets.
Furthermore, while cooling down an ordered L1y phase and recording the thermal
evolution of the neutron diffraction pattern, one can follow the progressive mag-
netic ordering and quantify the magnetic moments by recording the thermal evolu-
tion of the neutron diffraction pattern. This has been undertaken successfully and
was recently published in [44]. Further examples of magnetic studies can be found
elsewhere [45-48].
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Fig. 5.5 (a) The atomic arrangement of the Fe50Pt50 alloys are schematically presented for the
disordered A; (left) and ordered Lo, phase. The colors present the different nature of Fe or Pt
atoms. (b) Thermal evolution of the neutron powder diffraction patterns recorded at a heating rate
of 0.8 K/min during the formation of the ordered L1 phase from a Fes,Ptsy powder milled for 4 h
at liquid nitrogen temperature [43]. The diffraction peaks corresponding to the phases observed are
indicated

5.4.3 Time-Resolved Neutron Diffraction Studies

Thanks to the increasing neutron flux available and the use of large angular detec-
tors, it is now possible to investigate not only in situ but also time-resolved physical
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or chemical processes over several time scales ranging from hours to a few millisec-
onds. Several recent examples have been reported in different fields of research:
physics, magnetism, chemistry, and metallurgy. In addition to powder neutron
diffraction, among the scattering techniques that can be used to perform in situ or
time-resolved experiments one can cite small-angle neutron scattering and neutron
radiography. A review of in situ and/or time resolved neutron scattering can be found
elsewhere [41] as well as in references [42, 49]. In order to illustrate the investiga-
tion of irreversible processes, we will describe two examples.

5.4.3.1 Decomposition of Nd,Fe 4B Under Hydrogen Atmosphere

Materials design on the nanoscale can be used to improve a magnet’s performance.
The high-performance Nd—Fe—B permanent magnets are made of microstructures
controlled at the nanoscale. One of the more efficient routes to make coercive
powder for magnets is the so called hydrogen-disproportionation—desorption-
recombination (HDDR) process [50-54]. Among other techniques neutron diffrac-
tion has been carried out in situ to investigate the mechanisms involved in this pro-
cess [55, 56]. The use of neutron has proved to be very useful from both the funda-
mental and the applications point of view.

This process first requires the disproportionation of the Nd,Fe ;4B phase under
hydrogen atmosphere to better control the recombination reaction under vacuum to
form Nd,Fe 4B. The key point is to control the recombination process in order to
form very fine grains of Nd,Fe 4B required for high coercivity of the powder. The
two first steps of the process: HD are presented in Fig. 5.6. The powder has been
decomposed in situ under 0.8 bar of deuterium gas (this isotope has been preferred
to hydrogen in order to reduce the neutron diffraction background). The temperature
profile used is plotted in Fig. 5.6. It consists of a heating rate of 400°/h up to 720°C,
followed by a plateau for 1 h at 720°C. The starting neutron diffraction pattern is
characteristic of the presence of the tetragonal Nd,Fe 4B majority phase together
with an additional phase of the Nd,xFe4B4 (x =0, 0.1) type. Starting at 600°C, the
Nd,Fe 4B begins to disappear. Simultaneously one can observe the appearance of
iron and of a neodymium hydride NdDx. After 1 hour at 720°C, the Nd,Fe 4B has
completely disappeared. The refinement of each of the recorded diffraction patterns
permits to determine the relative quantity of the different phases present at each step
of the process. A comparison of the reaction of Nd,Fe 4B and D, gas at different
experimental conditions has thus been derived in Fig. 5.6. It is clearly shown that
the decomposition is soon accomplished after the start of the plateau at 720°C, on
the contrary, the HD process is not complete after 1 h at 680°C and a temperature of
600°C is too low to initiate the decomposition of the Nd,Fe 4B phase under hydro-
gen atmosphere. Since the acquisition of the diffraction pattern is time resolved, it
is also possible to access the kinetics of the decomposition process. A comparison
of the different decomposition kinetics is given in Fig. 5.6 for different operating
conditions. It has thus been shown that the kinetics of iron formation in the HD pro-
cess can be slowed down by adjusting the temperature of the plateau [55-56]. This
is very useful in terms of permanent magnetic properties since soft particles like
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Fe have to be avoided to optimize the performance of the hard magnetic material.
Since a small fraction of the hard Nd,Fe 4B phase is not decomposed after the heat
treatment at 680°C, adjusting the reaction temperature can be used to keep some
Nd,Fe 4B germs which will favor the next step of the process: recrystallization.
Following the evolution of the lattice parameters during the reaction process can
give further structural information such as the quantity of hydrogen atoms inserted
in the Nd,Fe 4B structure before decomposition, provided that the determination of
the hydrogen atom localization has been performed previously by high-resolution
neutron diffraction [57].

This example shows that high neutron flux instruments available nowadays
enable to investigate complex physical and chemical processes such as the HDDR
used industrially to produce coercive magnetic powders.
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Fig. 5.6 (a) Thermodiffraction pattern recorded during the decomposition of the Nd,Fe 4B(D)y
(plateau at 720°C for 1 h). (b) Time evolution of the quantity of Nd,Fe ;4B phase during the decom-
position step of an HDDR process performed at the indicated temperature 720, 680, and 600°C.
The temperature profile used is indicated for the plateau at 720°C [55]

5.4.3.2 Kinetics of Photoinduced Transformation

The field of molecular magnetism can also be probed by neutron scattering and
even in situ. Some compounds offer the possibility to externally control their mag-
netic, optical, or electronic properties and are potential candidates as switchable
materials for information storage or optical switching. Recently, Goujon et al. have
reported a structural study during the photoinduced transformation of the [Fe(1-n-
propyltetrazole)s](BF4), switchable compound from low-spin to high-spin state [58,
59]. Two neutron diffraction studies have been carried out on single crystals one by
polarized neutron diffraction and more recently by time-resolved Laue diffraction
techniques using an unpolarized beam. For these experiments, a dedicated set-up has
been developed in order to perform the photoexcitation of the single crystal in situ
in the cryostat and to study the crystal structure in situ by neutron diffraction in the
low-spin state, the high-spin state or to investigate the kinetics of the photoinduced
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Fig. 5.7 The arrows on the left part of the figure indicate the change of position of the Bragg peak
when going from the low-spin sate to the high-spin state of the Fe(1-n-propyltetrazole)s(BF4),
compound [59]. The part on the right shows the relative evolution of the lattice parameters as a
fingerprint of the photo-conversion. At 2 K the conversion of the single crystal can be performed
in about an hour. The photon wavelength used was . = 473 nm [58]

transition to the metastable high-spin state. Figure 5.7 indicates the evolution of the
Bragg peak positions between the two spin states as recorded on the Laue VIVALDI
spectrometer [34]. Such investigations have clearly demonstrated the continuous
character of the photoinduced transition [58, 59]. The right part of Fig. 5.7 illustrates
the lattice parameter change during the structural transition. The kinetics of the pho-
toexcitation can easily be studied and the irradiation time required for a complete
conversion determined. A precise structural study has been undertaken evidencing
the main structural changes occurring during the transition from the low-spin Fe!!
state to the high spin one, in particular the increase of Fe—N distances from 1.97 to
2.18 A [58].

5.5 Magnetic Structure Determination

Neutron—diffraction is a unique method for the determination of magnetic structures.
It has first revealed the existence of antiferromagnetic order in MnO [12]. When
Shull and Smart saw for the first time, the magnetic order in a MnO powder neutron
diagram, there was no ambiguity: new diffraction peaks had grown indicating the
doubling of the magnetic unit cell. Magnetic neutron scattering was born with a
large impact on magnetism.

The magnetic interaction of neutrons is due to the coupling of the neutron spin
with the magnetic field, arising from unpaired electrons. There are two origins one
coming from the classical dipolar interaction due to the spin of electrons, whereas
the other arises from the orbital motion. The full theory of neutron scattering by
magnetic materials can be found elsewhere [3, 4, 7, 9, 10, 60].
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The magnetic scattering amplitude a,, can be written as:
am(K) = b, f(K)M, (5.1

where the product b |1, is a constant equal to 0.2696 10~'?cm. |1, and obeing
the magnetic moment of the neutron and a unit vector along the neutron magnetic
moment, respectively, f(K) being the form factor of the magnetic ion and M being
the projection of the magnetization onto the plane perpendicular to the scattering
vector K. See Fig. 5.8. This angular dependence of the scattering amplitude allows
to determine both the amplitude and the direction of the magnetic moment. So in
the general case the magnetic amplitude depends upon the relative direction of the
magnetic moment M and the scattering vector. This amplitude is maximum when
the magnetic moment M is perpendicular to the diffusion vector K and null when
both are collinear. It is worth to note that the magnetic scattered intensity can be
of the same magnetic order or even larger than the intensity of scattering nuclear
origin.

Fig. 5.8 Geometry of
neutron scattering by
magnetic materials

incident neutr

scattered neutrons

Since the birth of magnetic neutron diffraction techniques, many different kinds
of complex magnetic orders including conical, spiral, and sinusoidal structure have
been observed. A more general background on this subject can be found in a number
of previous reviews and books [3, 4, 9, 10, 61, 62]. The systematic use of symmetry
and group theory arguments has led to a good deal of progress in the interpretation
of neutron diffraction patterns. The majority of neutron diffraction investigations
have been made on polycrystalline samples first because of the simplicity of the
method and second because single crystal neutron diffraction requires the use typ-
ically millimeter-sized sample. The improvement of neutron diffraction techniques
together with the gain of flux obtained at both spallation and reactor sources now
enables experiments on single crystals of much smaller size.

In cases of high symmetry structures, it is frequently impossible to get unambigu-
ous results from powder diffraction alone. Then the use of single crystal diffraction
is necessary. Single crystal neutron diffraction techniques is a wide field of research
and depending on the complexity of the problem to be solved the user can use either
an unpolarized neutron beam [9] or polarized neutron techniques [7, 9, 63] or even
of so called polarimetry technique [9, 64, 65]. The specificity of the different tech-
niques will be addressed below.

Geometrically frustrated magnets are a class of systems where the lattice geome-
try prevents all magnetic interactions to be satisfied simultaneously. A famous exam-
ple is that of antiferromagnetic moments on a triangle, where all moments want to
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be antiparallel to each other. In three dimensions, the pyrochlore lattice with corner-
linked tetrahedra is frustrated. Tb,Sn,O5 is such a geometrically frustrated magnet,
where magnetic interactions cannot be satisfied because of the lattice symmetry
[66]. Magnetic order settles in two steps, with a smeared transition at 1.3(1) K, then
an abrupt transition at 0.87(2) K. A new magnetic structure is observed, akin to an
ordered spin ice, with both ferromagnetic and antiferromagnetic characters.

By neutron diffraction, the onset of a new magnetic structure has been observed
below 1.3 K, With decreasing temperature, a spin liquid phase is shown to transform
into a new type of ordered phase, not predicted by theory, which could be called an
“ordered spin ice.” When temperature decreases the broad liquid peak narrows and
slightly shifts from its theoretical value, as an intense signal grows at low angles,
showing the onset of ferromagnetic correlations (Fig. 5.9). Just above the transition,
an abnormal change in the spin correlations shows the influence of dipolar interac-
tions. At still lower temperatures, magnetic Bragg peaks appear showing that the
spin liquid transforms into an ordered phase. Refinement of the magnetic structure
shows that the local spin structure is very close to that of a spin ice. But in contrast
with the true spin ices, all individual tetrahedra are identical, yielding the magnetic
Bragg peaks. This new magnetic phase has been called an “ordered spin ice”. Actu-
ally, the magnetic moments remain correlated at the scale of about 20 nm only, even
at 0.10 K.
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Fig. 5.9 (left) Ordered spin ice magnetic structure, (right) magnetic intensity of Tb,Sn,O7 versus
the scattering vector q = 4IT sinf/\. A spectrum at 100 K was subtracted. Arrows show the position
of the Bragg peaks and liquid peak (L) [66]

5.6 Magnetic Phase Transition

5.6.1 Magnetic Phase Transitions Studied by Powder Diffraction

Thanks to its spin, the neutron is very sensitive to the presence of magnetic fields
in matter, and thus magnetic phase transitions can be studied by neutron diffraction
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[9, 45, 46, 23, 24]. Any magnetic order (ferromagnetic, antiferromagnetic, helimag-
netic, etc.) occurring in the matter leads to a characteristic diffraction pattern. The
use of neutron powder diffraction is thus a direct way to measure the temperature at
which the magnetic orders occur and to determine the corresponding arrangement
of the magnetic moments. Consequently neutron thermodiffractometry has become
the most used technique to follow the change of magnetic structures.
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Fig. 5.10 Thermal dependence of the low-angle part of the diffraction pattern of Ce,Fe;7 showing
the three different magnetic phases, ferromagnetic FM up to O, antiferromagnetic AFM, and
finally paramagnetic PM above Ty

An example is given for the case of Ce,Fe 7 compounds which have been studied
for decades [45-46, 67-71] before solving the complexity of the magnetic structures
involved in the magnetic phase diagram. Figure 5.10 shows the thermal evolution
of the neutron diffraction pattern of Ce,Fe;; at ambient pressure in the form of a
three-dimensional plot. Above 210 K, a high-temperature paramagnetic state noted
PM in Figs. 5.10-5.11 is observed since only the diffraction peaks corresponding to
rhombohedral Ce,Fe;; are found. The presence of a very broad peak at low angles
(26 ~ 5°) indicates, however, that some short-range magnetic order exists even at
high temperatures. Below 210 K the peak at 26 &~ 5° increases abruptly and addi-
tional superlattice reflections appear. These peaks correspond to the antiferromag-
netic structure which exists down to about 90 K where the increase of intensities
of the (101) and (102) nuclear peaks reflects the onset of ferromagnetism. These
results are in excellent agreement with the macroscopic magnetic measurements
presented as an inset in Fig. 5.10. The antiferromagnetic phase is characterized by
the observation of purely magnetic satellites peaks around the nuclear peaks referred
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to as (hkl)+/— in Fig. 5.10. These satellites can be indexed using an incommensu-
rate wave vector [45]. Since only first-order satellite reflections were detected, the
presence of a simple helimagnetic spiral structure was assumed [45]. It is worth to
mention that such type of thermodiffractometry can be also undertaken in situ under
special environment, such as in a pressure cell thus enabling to determine complete
magnetic phase diagrams as a function of temperature and pressure see Fig. 5.11
[45]. In the case of Ce,Fe;7, the application of high pressures leads to significant
changes of the magnetic structure. The ferromagnetic phase is suppressed down to
2 K by pressures higher than 3 kbar and gets substituted by a new and more complex
incommensurate antiferromagnetic phase. More details on the incommensurate heli-
cal magnetic structure, its thermal evolution or pressure dependence can be found in
the following references [45, 46]. When substituting Mn for Fe in the Ce,Fe 7. Mny
compounds, the magnetic interactions are changed thus leading to modification of
the magnetic order. The evolution of the corresponding magnetic phase diagram (T,
P, x) has been studied as a function of temperature at different pressure [45, 70] thus
leading to the results presented in Fig. 5.11.

P, Kbar 100

5 N ARML @w
” @
L0 &

1.7
FM FM
AFMl@w 100 200
1N &
EM AF
= FM_J100 200 T (K)
=
1.0
e e\ o

N

Fig. 5.11 Magnetic phase diagram (T, P, x) of the Ce,Fe;7.4Mn, compounds as obtained from
thermodiffraction studies at different pressures [45, 46, 70]. Three different types of magnetic
phases are referred to ferromagnetic FM, antiferromagnetic AFM, and PM state above Ty

PM

5.6.2 Magnetic Phase Transitions Studied by Single
Crystal Diffraction

The thermodiffractometry studies devoted to investigate magnetic phase transi-
tions have for a long time been rather limited to powder neuron diffraction, but
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the development of two-dimensional detectors has extended this to single crystal
diffractometry. Indeed instrument such as the quasi Laue diffractometer recently
developed at the ILL (instrument VIVALDI or LADI) enables a wide part of the
reciprocal lattice to be recorded in a short time of about one to a few minutes.
Thanks to the image plate detectors, it is thus possible to investigate the evolu-
tion of the magnetic diffraction pattern by recording a set of diagrams at different
temperature on a single crystal [36]. For example, a typical diffraction pattern of
a FeTa,Og¢ single crystal has been presented in Fig. 5.3. This compound has been
found to order antiferromagnetically at 8 K and to exhibit a quasi two-dimensional
antiferromagnetic behavior above Ty. More generally the (Fe; xCox)TayOg series
of compounds have been found to exhibit peculiar magnetic behavior as reported
elsewhere [47].

5.7 Polarized Neutron Techniques

5.7.1 Uniaxial Polarization Analysis

Because the neutron has a magnetic moment of spin % which can be in one of two
states, +1/2 or —1/2, this leads to the possibility of generating polarized beams with
all neutrons in one spin state can be generated. Polarization analysis was first intro-
duced by Moon, Riste and Khoeler [72] and consists in analyzing the initial and final
polarization component parallel to the applied magnetic field. By measuring spin-
flip and spin-non-flip scattering cross sections in more than one direction, it can
separate the various spin-dependent interactions. It can be implemented on different
neutron spectrometers, thus enabling the performance of a wide range of investiga-
tions among which one can cite polarized neutron diffraction on single crystals to
study magnetic structure [62], it has also been proved to be useful to study param-
agnetic scattering [9, 73—75], it can easily show non-collinear components in ferro-
magnetic arrangements [76], contribute to separating the magnon and phonon peaks
in case of ambiguity, or is also very useful to investigate the magnetism of thin films
and layers.

The field of polarized beam techniques has significantly expanded these last years
and powerful tools are now available to study the microscopic magnetic properties
of condensed matter and especially of spin densities in crystals. By using polarized
neutrons, one has a much more sensitive tool for magnetic studies. Keeping in mind
that there is coherence between nuclear and magnetic Bragg scattering: instead of
having the total intensity as follows (case of unpolarized neutrons):

I =1Iy+1Iy (5.2)

with Iy~ |Fy|? and Iy~ |Fj|?, one has in the simple case where neutron polar-
ization is unity:

I* = |Fy + Fy|? (5.3)
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The + and — sign corresponding to the parallel or antiparallel orientation of the
neutron spins relative to the magnetization direction of the crystal. Lets take the
following example: if Fy; is 10% of Fy The sensitivity gain is obvious, in an unpo-
larized neutron study, the magnetic intensity Iy is only 1% of the nuclear one. Using
a polarized neutron beam, the ratio of intensities measured with the two neutron spin
states (+ or —) is

+
! (—FN P (5.4)

“\Fy — Fy

2
F F

— = #1 + 47M for small =2

I~ Fy F

N
for the chosen case the ratio amounts to 40%.

Without going further in the description of the features of the polarized neutron
techniques, we will describe a few examples of applications of such techniques. For
more details on the neutron techniques using polarization, we refer to references [7,
77, 78] and [9, 62] for the theoretical and experimental aspect, respectively.

One of the key roles of polarized neutrons in studying magnetism is that it per-
mits to determine the magnetization density distributions. This has been extensively
used to investigate single crystalline magnetically ordered materials such as soft or
hard magnetic materials, but has also been shown to be very useful for the study
of molecular magnetism since the emergence of this research field [79]. This tech-
nique applies to single crystals which are magnetized by an applied field and scatter
a beam of polarized neutrons. The polarization of the beam is either parallel to the
magnetic field or reversed.

To illustrate the potential of polarized neutron diffraction, Fig. 5.12 presents the
example of the magnetization density in the YCosunit cell as revealed by polarized
neutron diffraction on a single crystal [80]. The regions in red show the region car-
rying negative polarization due to the polarization of the conduction electrons by
the magnetic Co atoms. In particular, one can note a negative magnetic moment
on the edges of the hexagonal cell corresponding to the location of Y atoms. Such
negative polarization first evidenced experimentally by neutron diffraction has been
confirmed since then by band structure calculations [81]. The analysis of the two
inequivalent Co sites in YCos has shown that they exhibit large localized magnetic
moment of 1.77(2)up and 1.72(2)up, a result that bears witness to the accuracy of
this neutron polarimetry technique. In addition it is possible to quantify the orbital
and spin contribution to the magnetic moment on each Co site and determine the
wave function occupations on the different orbitals [80]. This has been successfully
done on YCos and other isotype compounds [82-84]. For YCos, the spin contri-
bution to the magnetic form factor has been determined to be 74 and 84% for the
two inequivalent sites, respectively, thus demonstrating the large contribution of the
orbital magnetic moment. The discovery of this large unquenched orbital moment on
the Co site has been very useful to explain the huge magnetocrystalline anisotropy
of YCos. This particularly high orbital moment on one Co site has been attributed
to its peculiar and asymmetric local environment.

Such polarized neutron techniques are very sensitive, and low magnitude mag-
netic moments can be determined accurately, this is particularly useful in the case of
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Fig. 5.12 Left: The unit cell and the magnetization density projected along the c-axis of YCos as
obtained by maximum entropy from the magnetic contribution to the diffracted neutron polarized
intensity, the scale is given in jg/A? [80]. Right: Projection onto the nitroxide mean plane of the
spin density of the free radical paranitrophenyl nitronyl nitroxide [85]. High level contour step
0.002 wp/A? top and 0.05 pp/A? bottom

molecular magnetism. An illustration is given in Fig. 5.12 which presents the pro-
jection onto the nitroxide mean plane of the spin density of the free radical paran-
itrophenyl nitronyl nitroxide. Note that the level contour is given in steps of 0.002
wp/A? in the upper part showing the extreme sensitivity of this technique. This com-
pound was the first purely organic molecular magnet reported in the literature. The
density map shows that the spin is mostly localized on the two NO group of the rad-
ical. A negative contribution (dashed part) is observed on the central carbon, a result
which has been attributed to a spin polarized effect. The polarized neutron study was
also very efficient in revealing the important role played by the N atom. This atom
is located between the two neighboring molecules and carries a significant spin con-
tribution, thus demonstrating the importance of this atom in the transmission of the
super-exchange like interaction between the molecules.

Other examples of the application of polarized neutron diffraction can be found
in the following references for ferromagnetic materials Y,Fe;4B, Nd,Fe 4B [86],
ThCos [83, 84], or molecular magnetism [87].

At this point, it is worth to underline that polarized neutron techniques are no
longer restricted to the investigation of single crystals but have been extended to the
field of thin films and multilayers [88, 89] as well as recently to powder diffraction
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[90]. This emerging technique benefits from the combination of wide angle neu-
tron polarizers and large position sensitive detectors which enable a reduction in
the data acquisition time while maintaining the accuracy of neutron polarization
methods.

5.7.2 Spherical Neutron Polarimetry

Without going into the details of the technique, it is worth to mention the recent
development of spherical neutron polarimetry. This is a very precise technique
which requires the independent measurement of the three components in both the
incident and the scattered neutron polarization. Consequently, the method exploits
the maximum information one can get from magnetic neutron scattering. It has been
shown that spherical neutron polarimetry can be very useful in the case of antiferro-
magnetic structures and their domain population, for example [91]. For more details
on this technique, the reader is referred to [9, 64, 76].

To conclude, polarized neutron diffraction has proved to be a very sensitive tool
to experimentally probe magnetization distributions at the sub-atomic scale in con-
densed matter.

5.8 Small-Angle Neutron Scattering

Small-Angle Neutron Scattering (SANS) is an ideal tool for studying the struc-
ture of materials in the mesoscopic size range between 1 and about 100 nm. One
of the main advantages of SANS is that this is a non-destructive method and that
it provides information with high statistical accuracy due to the averaging over a
macroscopic sample volume. This is consequently a complementary technique to
other investigation techniques at the mesoscopic scale. Among these one can cite
atomic force microscopy which is mostly surface sensitive or transmission electron
microscopy which provides a direct image of the specimen.

The basics of small-angle scattering can be found in classical text books [92,
93, 94], whereas examples of this techniques in materials science can be found in
the following articles [95, 96]. It is worth to remember that in many cases, neutron
and x-ray small-angle scattering are complementary techniques both having their
merits. SANS also offers the particular interest of being sensitive to the magnetic
spin. A full description of the different scattering amplitudes for the different polar-
izations can be found in the article of Moon, Riste and Koehler [72]. Even if the
incident beam is unpolarized, the magnetic neutron—target interaction may be use-
ful in identifying and separating structural and magnetic inhomogeneities. A simple
case to consider is the magnetic saturation with M parallel to the applied field H, it
can be shown [95] that in this case, the scattered intensity is

Hi = |F(Q) + M(Q)|2 (55)
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If the scattering vector Q is perpendicular to H. Where F(p) and Mo, refer
to the scattering amplitude of the system and the magnetic scattering amplitude,
respectively. But no magnetic scattered intensity occurs for Q parallel to H. Conse-
quently, for an unpolarized neutron beam, one can rewrite the previous equation as
I+ = |Fp)|* + |M(g))? or 1" = |Fp)|* depending upon the field direction respect
to the scattering vector. L and // stands for the perpendicular and parallel geometry,
respectively. Because the scattering intensity measured along the direction parallel
to the magnetic field includes only the nuclear component, the magnetic component
can be extracted by subtracting this nuclear component from the scattering intensity
measured along the direction perpendicular to the magnetic field.

Making use of the magnetic scattering cross section for neutrons, it is possible to
study magnetic clusters or precipitates by SANS, some applications are discussed
in [94-96]. On the basis of a few examples, we will illustrate some use of SANS in
the field of magnetic materials. Many useful applications are possible, a simple case
is that of a magnetic phase embedded in a non-magnetic matrix or vice versa which
will result in a contrast of neutron scattering. This has been done to demonstrate the
presence of non-magnetic Ni3Al particles of about 5 nm diameter in an homoge-
neous matrix of Ni—Al alloys, by measuring at the temperature where the matrix is
completely ferromagnetic. In general, measurements of SANS in zero field on bulk
ferromagnetic materials are not often performed if domain walls are present, as they
introduce multiple refraction. Nevertheless domain walls and grain boundaries in
Nd—Fe—B hard magnets have been examined by SANS experiments for different
heat treatments of the sintered permanent magnets [97]. This study has used both
magnetized and demagnetized sintered samples and also different orientation of the
magnetization versus the scattering vectors. This enabled the domain walls thick-
ness to be evaluated to be 70 A. The domain walls appearing as magnetic contrast
precipitates. In addition, thin layer-like precipitates along the grains boundaries with
thickness varying from 60 to 40 A depending on the heat treatment have been evi-
denced due to nuclear scattering contrast of these precipitates, a contrast resulting
from the difference in composition with respect to the Nd,Fe 4B matrix. This last
result has been correlated to the coercive field increase occurring versus the heat
treatment.

SANS can also give valuable information on nanocomposite soft magnets. SANS
can also be performed under an applied magnetic field, this has been undertaken to
investigate the spin disorder in nanoperm-type nanocomposite ferromagnets [98].
Such investigations can also be performed in situ to study the effect of magnetic
field annealing on the soft magnetic properties of nanocrystalline materials [99].
Using unpolarized and polarized neutrons in a saturating field of 0.7 T, the nuclear
and magnetic contribution to SANS from a magnetically soft amorphous alloy
(FINEMET) have been compared by Kohlbrecher et al. [100]. The corresponding
results are presented in Fig. 5.13 [100]. The difference between the two contri-
butions permits to investigate the features of the nanocrystalline inclusions that
have been formed by the heat treatment at 550°C. In addition to the determina-
tion of the volume fraction and size of the two different phases involved in the soft
composites, SANS can provide unique information on the characteristic magnetic
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length scales and local anisotropies at the nanoscale in nanocomposite ferromag-
nets. The current trend is to reduce the grain size of ferromagnets below the ferro-
magnetic exchange correlation length (about 30 nm for Fe) in order to dramatically
diminish the magnetocrystalline anisotropy of the soft nanocomposite. Such com-
posites are usually made of two-phase ferromagnets consisting of crystalline mag-
netic particles that are exchange coupled to an amorphous magnetic matrix. SANS
is now routinely used to probe the nanocrystalline particles in a matrix to deter-
mine their shape size and difference in compositions. This has been, for example,
performed to study FesSi or Fe particles in amorphous FeSiBCuNb or nanocrys-
talline alloy matrix [101, 102]. A comprehensive presentation of the analysis of
SANS from nanocrystalline ferromagnets can be found in [103]. Using both mag-
netic and nuclear scattering contributions, this investigation has shown that in these
rapidly quenched samples, the Fe;Si particles are surrounded by a diffusion zone
of about 3—4 nm thickness. SANS is the only known method which can unam-
biguously resolve spin disorder at the nanoscale inside the bulk of a nanocom-
posite ferromagnet, since static variations of the magnetization on the scale of a
few nanometers to a hundred of nanometers give rise to intense elastic magnetic
scattering [103].
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Ferrofluids are a special category of smart nanomaterials, in particular magnet-
ically controllable nanofluids [104]. They consist of suspensions of monodomain
ferromagnetic particles in non-magnetic and insulating fluids. The size, shape, dis-
tribution, composition, structure, and magnetic correlations can be studied by SANS
[105, 106, 94]. Unpolarized as well as polarized neutron diffraction are now com-
monly used to probe the properties of ferrofluids leading to a better understanding
of the influences of the different characteristics of the magnetic particles (density,
composition, shape, etc.), the surfactant, or the fluids. Recent reviews on these appli-
cations of SANS can be found in [94, 104].

More generally the SANS technique can nowadays be applied to investigate a
wide range of systems among which one can cite: study of the assemblies of dis-
ordered crystalline iron nanoparticles [107], measurement of magnetic flux line
lattices in superconductors [108]. Finally it is worth mentioning that the SANS
technique can now also be applied using grazing incident angle in order to investi-
gate magnetic nanostructures on surfaces [109].

5.9 Neutron Scattering on Magnetic Surfaces

The magnetic interaction of neutrons with ordered spins in a superlattice provides
the opportunity to study magnetic spin configurations and the range of coherence of
the involved magnetism [110-112]. This has been used to probe the propagation of
magnetic coupling and phase information from a magnetically ordered layer (e.g.,
Er or Dy) across an intervening non-magnetic layer (e.g., Y or Lu) to additional
ordered layers. In addition to the structural information that can be obtained from
the wide-angle diffraction from the superlattice, extra peaks of solely magnetic ori-
gin can be observed below the ordering temperature. In case of incommensurate
magnetic order such as found in Dy or Er, this leads to peaks whose position is dic-
tated by the propagation vector. The study of such magnetic diffraction permits the
investigation of exchange coupling across the non-magnetic layers. This has been
extensively examined to determine the exchange coupling dependence on (a) the
direction of the spin alignment (basal plane or c-axis), (b) the type of spin structure
(ferromagnetic or periodic antiferromagnetic), (c) the growth direction of the super-
lattice, and (d) the nature and thickness of the non-magnetic interlayers. The study
of Dy/Fe superlattices has demonstrated the loss of coherence as the spacer thick-
ness is increased [113] as well as the occurrence of ferromagnetic coupling across
the spacer layers. For Lu layers greater than 10 atomic planes thick antiparallel
alignment of the Dy layers is always observed [113]. Looking at the diffuse scat-
tering about the nuclear peak positions, characteristic of short-range ferromagnetic
correlations, the coherence range of about 24 A has been extracted for Dy/Sc mul-
tilayers. These examples illustrate the usefulness of neutrons to probe the magnetic
exchange coupling between magnetic layers. In this context, the discovery of Giant
Magnetoresistance [114] in layer structures has triggered a wide range of studies of
the magnetic structures and interactions in surfaces, such as exchange bias between
ferro and antiferromagnetic layers, multilayers, or superlattices. To go deeper into
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the analysis of such systems, neutron spectrometers using polarized neutron beams
have been developed. This has given rise to emergent techniques such as neutron
polarized reflectometry which as emerged as a routine tool for characterization of
magnetic heterostructures. The fundamental theory of neutron reflectometry as well
as further examples can be found in the following references [88, 115-118].

Polarized neutron reflectivity has been used to investigate the structure and mag-
netism of Fe;Cox/Mn/Fe; Coy trilayers, and especially to study the magnetic
structure of 3-Mn (bcc with two atoms per cell) which can be stabilized in the form
of thin films by molecular beam epitaxy on the (001) surface of bcc Fe; xCox (x =
0—0.75) up to thicknesses of 3 nm. Polarized neutron reflectivity performed at room
temperature (see Fig. 5.14) has indicated a net magnetization of 0.8 pp/at to be
present in the Mn layer in Fey 5Cog s/Mn/Fe( sCog 5 and no net magnetization in the
Mn layer in Fe/Mn/Fe [118, 119]. Fitting the neutron reflectivity curves recorded
at low field (1.2 mT), with a Mn magnetization parallel to the applied field has led
to the determination of the angle between the direction of magnetizations of the
Fey5Coy 5 layers to be 9045°, both being tilted at 45° with respect to the applied
field (see Fig. 5.14).
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Fig. 5.14 Left: Reflectivity for two different neutron polarization states of a Feys5Cops (8 nm)/
Mn(0.8 nm)/Fey5Cog5(5 nm)/Ag trilayer in a saturating field of 0.5 T. Right: Magnetic config-
uration deduced from the fit of the polarized neutron reflectivity of this trilayer system in a low
magnetic field (1.2 mT) [118, 119]

In addition to classical reflectometry to probe the sample along its depth only, the
technique of off-specular scattering has been developed, a technique which is par-
ticularly useful to investigate the roughness since it permits one to probe in plane
structures ranging from 50 down to 0.5 wm. This can be use to determine the size
of magnetic domains in multilayers. This has been performed on different Fe/Cr
or Co/Cu superlattices [120-122]. The last technique which has emerged the graz-
ing incident scattering which can now be used to probe magnetic thin films [123,
124], nanodots [125], or stripes [123, 126]. A review on magnetic neutron scatter-
ing investigations of magnetic nanostructures has recently been published [94] with
an emphasis on polarized neutrons.

As has been discussed above, neutron scattering provides a wide range
of experimental techniques useful to investigate magnetic surfaces, layers, and
nanostructures. No doubt the increasing interest for magnetic heterostructures for
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high tech applications like Magnetic RAMs and Giant Magneto Resistive systems
will continue to push further the development of these neutron scattering techniques
to investigate magnetic surfaces.

5.10 Magnetic Excitations

Neutron inelastic scattering can provide much useful information about magnetic
materials. This is probably the most established and direct experimental method
to determine spin wave energies in magnetic solids, as well as both crystal elec-
tric field and exchange interactions in rare-earth-containing compounds. Indeed,
it turns out that the energy range over which the magnetic excitations occurs is
very well suited to neutron scattering. Depending on the neutron energy range used,
it is thus possible to investigate transitions within 4f element multiplets, or even
between the low-lying multiplets of the rare-earth ions. Crystal electric field exci-
tations have energies which are typically in the range 1-100 meV so that they can
easily be probed by cold or thermal neutron spectrometers. In addition, the use of
high-energy neutron spectroscopy >0.1 eV has been developed these last years, thus
enabling to investigate, among others using high-energy excitations, spin orbit exci-
tations transition between the J = 5/2 and the J = 7/2 of Sm>* such as in SmPd;
[127]. Inelastic neutron scattering can be used in many systems ranging from hard
magnetic materials to valence fluctuation and heavy fermion 4f systems. Of partic-
ular interest are metals and intermetallic systems, since in these systems the optical
spectroscopy is generally extremely difficult. A detailed description of the inelastic
neutron scattering theory can be found in the following references [6, 9, 128, 129],
whereas experimental details are described in [9, 130]. Several review articles or
book chapters have been devoted to the use of INS: concerning magnetic excita-
tions in crystal-field split 4f systems, the review by Fulde and Loewenhaupt [131]
gives a comprehensive survey of the use of neutron inelastic scattering features. For
neutron scattering, investigations of anomalous 4f behavior such as valence fluctua-
tion and heavy fermion 4f systems, the reader is refereed to the excellent specialized
review articles such as [132, 133]. Crystal electric field effects as studied by inelastic
neutron scattering in intermetallic compounds have been reviewed by Moze [134].
The book edited by Chatterji give comprehensive illustrations of the study of spin
waves in pure metals (Ni, Fe) as well as in manganites [9].

Below, among all the different applications of inelastic neutron scattering to
investigate magnetic materials, we will describe two examples, one of the analy-
sis of the crystal electric field scheme and one of the determination of exchange
interactions. For other examples, the reader is referred to the following references
[9, 130, 132-136]

In general, performing neutron scattering experiments with energy transfers of
up to hundred of millivolts or so leads to investigate the manifold of states split by
the crystal electric field from the (2 J+1)-fold degenerate ground state of a rare-earth
element in compounds. Indeed, for an understanding of the magnetic properties at
a microscopic scale, knowledge of the crystalline electric field (CEF) interaction
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is indispensable. Thus, one should see peaks at the neutron energy transfers corre-
sponding to the splitting within a multiplet, broadened by instrumental resolution
and also by other effects such as thermal broadening or exchange broadening. In
order to identify the states between which the transitions are occurring, it is often
necessary to measure the temperature dependence of the various lines or the rela-
tive intensities for up and down scattering. Then, the level scheme can be measured.
An example of such a study on Nd,Pd,Al; [137] is given in Fig. 5.15. One can
notice that the intensities of the CEF transitions are decreasing with increasing scat-
tering vector due to the form factor, and their temperature dependence is governed
by Boltzmann statistics. As shown in Fig. 5.15, the ten-fold degenerated ground
state multiplet *Ios, of Nd** in Nd, Pd,Al; has been shown to be decomposed into
five doublets (I'7, [ Vg, Py, Vg, T'?g). The inelastic energy spectra of paramag-
netic Nd,Pd, Al; shown in Fig. 5.15 exhibit three inelastic lines, which appear for
neutron energy loss (noted A, B, and C) and for energy gain (A’, B’). Such investi-
gations by neutron crystal-field spectroscopy has been performed on many systems
and the reader can find further examples in the following references [138, 139] for
the RNi,B,C and R,Fe 4B series, respectively.
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Fig. 5.15 Inelastic neutron scattering spectra (leff) and the corresponding energy level scheme
(right) deduced from polycrystalline hexagonal Nd,Pd;Al;. The arrows indicate the dipolar tran-
sitions observed by inelastic neutron scattering [137]



148 O. Isnard

The magnetic inter-sublattice exchange coupling of rare-earth transition metal
hydride (or deuteride) has been directly probed by inelastic neutron scattering on a
high energy time of flight spectrometer installed at the Isis spallation source [140—
142]. Inelastic neutron scattering experiments on Gd compounds have the advantage
that the energy transfers of the dispersionless spin wave mode (flat mode) are a direct
measure of the exchange fields B¢x experienced by the Gd spins in the various types
of Gd intermetallics [143—145]. As already observed for other interstitial elements
such as C or N, D insertion reduces the exchange field B¢ at the Gd site. By is
found to decrease from 285 T for Gd,Fe;7 to 247 T for Gd,Fe 7 Ds. It is noteworthy
that although it is well known that the permanent magnet properties of D-doped
samples are considerably better than those of the pure compound Gd,Fe,7, there is a
reduction in the Gd—Fe exchange field. The influence of deuterium insertion on the
exchange interactions between the Gd and the Fe sublattices has been compared to
that of nitrogen (N) or carbon (C). The C and N atoms are found to be more efficient
in reducing the inter-sublattice coupling. This has been related to the much smaller
increase of the unit cell volume by D insertion in comparison to that of C or N. In
spite of a significantly larger overall iron magnetic moment in Gd,Fe ;D5 compared
to Gd,Fe,7, an important decrease of the exchange interactions experienced at the
Gd site is observed. The determination of the J** exchange coupling constant for
different compositions has revealed that the insertion of D atoms in the octahedral
interstitial sites D (noted D1 on Fig. 5.1) has almost no influence on J**, whereas
when the tetrahedral interstitial sites (noted D2 on Fig. 5.1) are filled the J** value
drops significantly.
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Fig. 5.16 Inelastic neutron spectra of Gd,Fe;7Dx x = 0 (leff) and 5 (right) at T = 15 K. The
shaded area indicates the non-magnetic inelastic intensity as deduced from the spectrum at high Q
values. The incident neutron energy was 250 meV taken from [140]

5.11 Neutron Scattering Under Extreme Conditions

Thanks to the ability of neutrons to penetrate deep into matter, ancillary equipment
can be used to perform experiments under extreme conditions such as very low tem-
peratures, high pressure, under magnetic field, or a combination of these. Neutron
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scattering can thus provide useful information on matter in technical conditions dif-
ficult to explore. Medium pressures ranging from 0 to 35 kbar are now widely used
in neutron research centers and high pressure is also available at some centers (up to
50 GPa). Details on the experimental setup and examples of neutron studies under
pressure can be found in the following recent references [146—148], whereas the
evolution of high-pressure neutron scattering over time is described in [149]. Many
pressure induced phenomena exist in condensed matter sciences, among which one
can cite valence transitions, hybridization of magnetic moments, and magnetic tran-
sitions induced by structural transitions. Since the 1980s [150],instrumental devel-
opment has demonstrated the feasibility of performing neutron diffraction in dia-
mond and sapphire anvil cells. Some specialized spectrometers are now dedicated to
the pressure studies on reactor sources [151] as well as on spallation sources [152]
example of which are the G61 and PEARL instrument at Laboratoire Léon Bril-
louin and ISIS, respectively. An example is shown in Fig. 5.17, where an unusual
succession of magnetic phases have been investigated up to high pressure by neu-
tron powder diffraction studies on the Laves type Ho(Mng9Aly ), phase [153]. It
has been shown that the main effect of Al for Mn substitution is lattice expansion,
expansion which can be reversed by applied pressure. Under pressure, the mag-
netic order changes since the atomic Mn—Mn distances are modified thus leading
to pass the critical distance 2.67 A when the Mn moment starts to be unstable. As
can be seen from Fig. 5.17, depending upon the applied pressure, short-range anti-
ferromagnetic correlations are observed according to the broad SRO signal, whereas
antiferromagnetic order and ferromagnetic order are observed at higher pressures,
respectively [153]. The succession of the magnetic phases results from an energy
balance between the dominant Mn—Mn interactions, frustrated by the Mn lattice to

Fig. 5.17 Magnetic neutron
diffraction patterns obtained
at 15 K and at the indicated
pressures for
Ho(Mng9Alp),. The spectra
in the paramagnetic state have
been subtracted. A
short-range order (SRO) of
antiferromagnetic (AF) origin
is observed at ambient
pressure coexisting with an
incommensurate magnetic
phase (INC). A long-range
order appears progressively
upon increasing the applied
pressure first of 7.8 GPa
antiferromagnetic (AF) type
evolving toward a
ferromagnetic type order (F) 20 4 %0
at higher pressure 20 (deg.)

0.9 GPa

6 GPa

Magnetic intensity (arb. units)
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competing R—Mn and R—R ones. In the meantime, the nature of the Mn magnetism
changes, under pressure, from localized to an induced and then to a non-magnetic
state.

High-pressure cells can also be useful for inelastic neutron scattering measure-
ments and a review on such experiments can be found in [154, 155, 148]. The
investigation of the pressure dependence of phonon or even magnons is also pos-
sible [156].

In terms of low temperature measurements, temperatures as low as down to 50
mK are now becoming feasible in many neutron facilities, this range of tempera-
ture can be even confined with magnetic field (up to 7 T) and high pressures (up
to 50 GPa) offering a wide playground for in material scientists. In fact, very low
temperature phenomenon can be studied by neutron scattering. Typical examples
are the investigations of nuclear order in noble metals [157]. Neutron is a unique
tool to determine the magnetic structure of the nuclei. A study has been carried out
by neutron experiments on antiferromagnetic nuclear order in silver at picokelvin
temperatures [158]. Another unusual magnetic property has been investigated: the
magnetic behavior of the solid oxygen which is the only elementary molecular mag-
net. Indeed the magnetic phase diagram has been investigated up to 9.5 GPa [159,
160]. Several neutron institutes are already equipped with superconducting coils
to perform neutron scattering up to 20 T and projects are in progress to develop
neutron spectrometers operating up to 30 T. Due to the specific shape of the coils,
the spectrometer will be of time of flight type.

5.12 Conclusions

Neutron scattering is a comprehensive tool for the investigation of condensed mat-
ter in general and magnetic materials in particular. Even if the incident beam is
unpolarized, the magnetic neutron—target interaction may be useful for obtaining
structural and magnetic information. As has been discussed above, neutron scatter-
ing offers a wide range of useful techniques to probe the structural and magnetic
properties of magnetic materials whatever their state: polycrystalline, single crystal,
amorphous, bulk, or thin films. At this point, it is worth remembering that in addi-
tion to neutron scattering, other techniques, in particular local probes such as x-ray
scattering, Mossbauer spectroscopy, NMR studies, etc. can provide valuable com-
plementary information on the properties of materials. The recent improvement of
neutron sources and spectrometers offers new perspectives to investigate magnetic
materials and a description of some of these possibilities has been recently reviewed
in[9, 161, 162].
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Chapter 6
Tunable Exchange Bias Effects

Ch. Binek

Abstract Extrinsic control mechanisms of the interface magnetization in exchange
bias heterostructures are reviewed. Experimental progress in the realization of
adjustable exchange bias is discussed with special emphasis on electrically tun-
able exchange bias fields in magnetic thin film heterostructures. Current experi-
mental attempts and concepts of electrically controlled exchange bias exploit mag-
netic bilayer structures where a ferromagnetic top electrode is in close proximity
of magnetoelectric antiferromagnets, multiferroic pinning layers, or piezoelectric
thin films. Various experimental approaches are introduced and the potential use of
electrically controlled exchange bias in spintronic applications is briefly outlined. In
addition, isothermal magnetic field tuning of exchange bias fields and extrinsically
tailored exchange bias training effects are reported. The latter have been studied
in a variety of systems ranging from conventional antiferromagnetic/ferromagnetic
bilayers and core—shell nanoparticles to all ferromagnetic heterostructures where
soft and hard ferromagnetic thin films are exchange coupled across a non-magnetic
spacer. Such ferromagnetic bilayers show remarkable analogies to conventional
exchange bias systems. At the same time they have the experimental advantage to
provide direct access to the magnetic state of the pinning layer by simple magnetom-
etry. A large number of exchange-coupled magnetic systems with qualitative differ-
ences in materials composition and coupling share a common physical principle that
gives rise to training or aging phenomena in a unifying framework. Deviations from
the equilibrium spin configuration of the pinning layer generate a force that drives
the system back toward equilibrium. The initial nonequilibrium states can be tuned
by temperature and applied set fields providing control over various characteristics
of the training effect ranging from enhancement to complete quenching.
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6.1 Introduction

Proximity effects in general and those of magnetic materials in particular are corner-
stones of modern condensed matter physics. The investigation of exchange-coupled
magnetic thin films has enormous technological importance particularly for appli-
cations which utilize spin-dependent transport across magnetic interfaces [1-4].
Exchange bias (EB) is a prototypical magnetic proximity phenomenon widely used
in modern magnetic field sensors and read heads exploiting giant magnetoresistance
(GMR) and tunnel magnetoresistance (TMR) effects. Scalability of read head sizes
toward smaller devices is a prerequisite for the ongoing exponential growth of the
areal storage density in magnetic hard disk drives. Remarkably, this exponential
growth known as Moore’s law [5] shows an even increased rate since 1997 when
GMR-based read heads with exchange-biased electrodes were first introduced in
hard drive technology.

The basic physics of the EB phenomenon is best studied at the interface of
exchange-coupled ferromagnetic (FM) and antiferromagnetic (AF) heterostructures
[6-12] . In the proximity of an AF pinning layer a FM film can experience an
exchange-induced unidirectional anisotropy. The latter reflects its presence most
prominently by a shift of the FM hysteresis along the magnetic field axis and is
quantified by the amount ;1o Hgp of the shift. The EB effect is initialized when field
cooling an AF/FM heterosystem to below the blocking temperature, 75, where AF
order establishes at least on mesoscopic scales [13].

Microscopically the EB phenomenon depends on a large number of system-
specific details like structural and magnetic interface roughness and anisotropy to
name just a few. Therefore, a large number of theories have been proposed compet-
ing to explain the origin of the EB effect. This chapter will not attempt to give an
overview of the microscopic theories or even favor a particular microscopic mech-
anism over another one. The interested reader is referred to a number of excellent
review articles with emphasis on experimental and theoretical aspects, respectively
[8-11, 14].

Despite the ongoing controversy about “the origin” of EB many of the macro-
scopic observations are satisfactorily summarized in the phenomenological descrip-
tion which goes back to Meiklejohn and Bean. It has often been stated that the
Meiklejohn—Bean (MB) expression is an invalid oversimplification which overes-
timates the expected EB field typically by more than an order of magnitude. This
overestimation arises when bulk properties and ideal interface conditions are naively
assumed. However, when using the MB expression in its appropriate phenomeno-
logical sense and the non-trivial relation between macroscopic and microscopic
parameters is carefully considered, the MB approach remains a useful description
with even quantitative predictive power. State-of-the-art molecular beam epitaxial
growth of EB heterostructures allows the fabrication of nearly ideal interfaces with
no or negligible roughness on mesoscopic lateral length scales. In fact, such ideal
interface regions follow precisely the MB prediction of vanishing EB for compen-
sated AF interfaces [15]. Similar results are known already for nearly a decade now
from experiments using artificial AF superlattices as virtually ideal pinning systems
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confirming the MB approach [16]. Therefore, it is meanwhile widely accepted that
EB requires a net irreversible AF interface magnetization Sxr coupling via exchange
with the FM interface magnetization Sgy [17]. It turns out to be the major challenge
for microscopic theories to explain why Sar can be surprisingly large for antifer-
romagnets with compensated AF surfaces and can be surprisingly low in systems
with uncompensated surfaces. The MB description does not address these ques-
tions. It is therefore not a flaw of the MB approach when unrealistic values for Sap
for instance are used which consequently overestimate the EB fields. It is one of
the major experimental and theoretical insights in recent years that only a fraction
of the AF interface magnetization remains stationary during the FM magnetization
reversal. It is this stationary or irreversible fraction Sxp of the AF interface mag-
netization that should be used in the MB expression to estimate realistic EB field
values.

Another potential flaw of the MB approach originating from the assumption of
uniform rotation of the ferromagnet seems also significantly overrated. Intrinsic
properties which determine for instance the absolute values of the coercive fields
and the magnetization reversal process are not necessarily relevant for the EB field,
only their asymmetry with respect to the magnetic zero field determines the EB
field. The latter is therefore insensitive on microscopic and micromagnetic details
as long as they do not affect the irreversible interface magnetization.

When considering the exchange coupling of strength J between Sar and the
FM interface magnetization, Sgv, as phenomenological parameters the original MB
approach describes in fact major features of the EB effect in a correct manner. In
particular, the EB field, o Heg, quantifying the shift of the FM hysteresis loop along
the magnetic field axis is in its simplest form expressed as

J SArSEm
mwoHgp = —————, (6.1)
P Mpyvtem

where Mry is the saturation magnetization of the FM film and #gy is its thickness.
The latter inverse thickness dependence on the FM film has been confirmed in count-
less investigations and reflects the true interface nature of the effect. Experimentally
this interface sensitivity implies that control over interface properties is crucial for
systematic studies of the phenomenon.

Meiklejohn and Bean derived Eq. (6.1) from the Stoner—Wohlfarth type model
where uniform rotation of FM magnetization is induced by a magnetic field applied
along the easy AF and FM axes. In addition to the free Stoner—Wohlfarth ferromag-
net, exchange coupling at the interface between the ferromagnet and a stationary
AF pinning system of infinite anisotropy is the major ingredient of the simple MB
model. Equation (6.1) is analytically derived from the MB energy expression. The
most convenient and original MB approach contracts the Zeeman and the AF/FM
coupling energy into an effective Zeeman term where the renormalized field is inter-
preted as the sum of the applied field and 1o Hggp.-
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MB-type approaches have been studied for a variety of generalizations includ-
ing finite anisotropy of the antiferromagnet, finite AF film thickness, and arbitrary
orientation of the applied field with respect to the easy axes to name just a few [18].

In contrast to the usual analytic MB approach discussed elsewhere, Fig. 6.1 pro-
vides a graphical illustration associated with the evolution of the MB energy on vari-
ation of the magnetic field. Here, as an example, the applied magnetic field makes
an angle of @ = m/6 with respect to the easy axis of the Stoner—Wohlfarth-type
ferromagnet with uniaxial anisotropy of energy density K. The displayed hysteresis
loop, M/Mj vs. h, represents the projection, M = My cos (& — Bmin(h)), of the uni-
formly rotating magnetization vector M of magnitude M; onto the direction of the
reduced magnetic field 7 = oM tpy H. Rotation of M takes place in accordance
with the evolution of the angle Bnin = Bmin(h). The latter follows a crossover from
a global energy minimum into a local minimum on approaching the coercive fields
h.1 and h, respectively. In addition to the hysteretic M/M; vs. h curve the evolution
of the corresponding energy density

E/A = —hcos(a — B) + K sin? B — J SapSpm cos 8 (6.2)

is plotted with K=0.5, J SarSpm = 0.2 (solid line) for selected fields 2 = +2 (upper
right and lower left insets), and for the switching fields 7 = h.; (upper left inset)
and h = h., (lower right inset) where M changes sign, respectively. It is the asym-
metry of the switching fields with respect to /=0 which determines the EB field
hgg = (he1 + hep) /2. Full lines in the insets of Fig. 6.1 show the respective energy
densities when exchange coupling between the ferromagnet and the AF pinning
layer is included. The dashed curves show the corresponding energy densities of the
same Stoner—Wohlfarth ferromagnet in the absence of coupling (/ = 0). The com-
parison of these energy curves in particular at h.; and A, illustrates the mechanism
giving rise to the EB shift igp.

In the presence of the strong positive field 7=2 the magnetization vector aligns
virtually parallel to the magnetic field. Here, in a state close to positive saturation,
the Zeeman energy controls the pronounced minimum in E/A vs. 8 where  mea-
sures the orientation of the magnetization with respect to the easy axis of the ferro-
magnet. The dominance of the Zeeman energy over the AF/FM coupling energy is
reflected in the fact that the energy densities with (solid line) and without coupling
(dashed line) virtually coincide. On lowering the magnetic field toward h = h,y,
antiparallel orientation of M with respect to the applied field becomes unstable. The
instability is reflected by a saddle point in E/A vs. §. The dashed curve in the upper
left diagram of Fig. 6.1 indicates that in the absence of interface coupling the insta-
bility and, hence, magnetization reversal set in at s¢;(J = 0) = h¢; — hgp. Finally,
negative saturation at h= —2 is virtually achieved, corresponding to a pronounced
minimum in E/A vs. § and parallel alignment of the magnetization vector with the
applied field. With increasing magnetic field again antiparallel alignment of M with
respect to 4 becomes unstable in accordance with a saddle point in E/A vs. 8 at
he = heo(J = 0) + hgg. This switching field is lowered by the amount |igg| in
comparison to the switching field of the unpinned Stoner—Wohlfarth ferromagnet
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Fig. 6.1 Field dependence M /M, vs. h of an uniaxial anisotropic Stoner—Wohlfarth ferromagnet
exchange coupled to the stationary and field-independent interface magnetization of an adjacent
pinning system. The coupling gives rise to the exchange bias effect shifting the loop along the field
axis by the amount |igg| indicated by an arrow. Insets show the energy densities E/A vs. B for
h = 2 (upper right), h = h¢; (upper left), h = =2 (lower left), and h = he, (lower right)
with (solid lines) and without (dashed lines) exchange coupling. Magnetization states of specific
interest are marked by large dots on the M /M; vs. h curve. The corresponding minima in E/A
vs. B are indicated in the energy densities by small dots. Pictograms show the easy axis of the
ferromagnet of anisotropy energy density K and the relative orientation of the magnetization and
the magnetic field. The former rotates uniformly with constant magnitude M, in contrast to h
which is applied under a constant angle of o = 7 /6 with respect to the easy axis

[2c2(J = 0)]. The dashed E/A vs. B curve in the lower right inset of Fig. 6.1 shows
still a clear local minimum when the actual system with coupling evolves already
into the saddle point instability.

The shift of the FM hysteresis loop along the magnetic field axis is often accom-
panied by an EB-induced loop broadening [19, 20]. This effect is not included in
the MB description. The understanding of the loop broadening makes it necessary
to consider the role of the loosely coupled majority fraction of AF interface spins
which do not affect the EB field. The magnetic moment of these loose spins is
not irreversible but follows to some extent the magnetization reversal of the top
ferromagnet giving rise to a drag effect which broadens the FM hysteresis. More
quantitatively based on mean-field arguments it has been predicted that the FM
coercivity is related to the AF interface susceptibility [21]. Loosely coupled spins
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are in particular sensitive to either exchange or applied magnetic fields and, hence,
increase the AF interface susceptibility and by that the FM coercivity. The coercivity
enhancement accompanies the EB effect and is characteristically reduced when the
blocking temperature 7y of vanishing EB is approached from T < Tg. While loosely
coupled moments flip easier when their AF neighboring spins lost long-range order,
nevertheless a drag effect on the adjacent FM film is still present above the blocking
temperature and even above the Néel temperature, Ty, of the pinning layer allowing
for persistence of loop broadening above Ty.

In addition to the EB loop shift and broadening, a gradual degradation of the EB
field can take place when cycling the heterostructure through consecutive hysteresis
loops [22-32]. This aging phenomenon is known as training effect. It is quantified
by the woHgp vs. n-dependence, where n labels the number of loops cycled after
initializing the EB via field cooling. EB and its accompanying training effect have
been observed in various magnetic systems [8, 33—39]. The MB expression does
not directly address the phenomenon of EB training. However, Eq. (6.1) correlates
the bias field with the AF interface magnetization Sap. The latter can and typically
does change during successively cycled hysteresis loops of the FM top layer such
that Sap = Sap(n) gives rise to an n-dependence in poHgg. This chapter dedi-
cates a section on the recent progress in understanding aging phenomena in various
exchange-coupled systems. Selected experiments evidence certain control over the
aging effects through the initialization protocol that sets the magnetization state of
the pinning system.

While many intrinsic details of the EB phenomenon are still a matter of scien-
tific debate, extrinsic control of the EB has been added in recent years to the major
research topics in this field. Among the various possible control mechanisms, elec-
trically tuned EB appears most attractive for spintronic applications. Research on
electrically controlled EB has been initiated by work on Cr,O3/CoPt heterostruc-
tures stimulating at the same time a revived interest in magnetoelectric materi-
als. The same motivation, namely control of magnetism via electric fields, created
recently a tremendous renewed interest in multiferroic materials where multiple fer-
roic order parameters (magnetic, electric, and elastic) can be simultaneously present
and sometimes significantly couple. Conjugate magnetic and electric fields can be
used to manipulate the respective cross-coupled order parameter. Switching of FM
order by an electric field for instance promises significant impact in the design of
future spintronic devices. Note, however, that the magnetoelectric effect does not
require multiferroics and multiferroics do not necessarily show appreciable magne-
toelectric effects. Actually in most cases they do not [40]. Nevertheless, some of the
multiferroic materials promise potential for spintronic applications in addition to
their more general exciting physical properties. Most recently studied multiferroics
can be classified into single-phase and two-phase systems. Single-phase multifer-
roics are predicted to be rare [41]; however, many perovskite-type oxides have been
successfully exploited to control magnetic order to some extent by electrical means
and vice versa.

Next, various attempts of electric and magnetic field control of EB-related phe-
nomena are introduced. Some of them are based on multiferroics and most are not.
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6.2 Electrically Tuned Exchange Bias

6.2.1 Electrically Tuned Exchange Bias with Magnetoelectrics

Experiments on the perpendicular EB heterostructure Cr,Oz/CoPt pioneered the
field of electrically tuned EB [42-46]. Here the magnetoelectric Cr,O3 has a twofold
role. It serves as an AF pinning layer allowing at the same time for electrical tun-
ing of the AF interface magnetization. Exchange coupling of the latter with the FM
interface magnetization of the perpendicular anisotropic CoPt gives rise to electri-
cally tunable interface coupling energy and, hence, to electrically tunable EB fields.
The AF Cr, 03 is a prototypical magnetoelectric material. Its intrinsic magnetoelec-
tric effect sets in below the Néel temperature, Ty= 307 K, together with AF long-
range order when spatial and time inversion symmetry are broken, respectively, but
build a symmetry operation in combination. AF magnetoelectrics do not depend
on spontaneous ferroelectric polarization to achieve coupling between the magne-
tization and an electric field and are therefore complementary to the multiferroic
materials discussed in Section 6.2.2.

In a magnetoelectric material an applied electric field induces a net magnetic
moment which can be used to electrically manipulate the magnetic states of adjacent
exchange-coupled FM films. More specifically, the linear magnetoelectric effect is
characterized by a linear magnetic response M’ (electric response P’) induced by
the application of an electric field E; (magnetic field H;) such that poM' = o E;
and P\ = ol H ;» where adm = ame = o are the tensors of magnetoelectric
susceptibility and its transpose counterpart while 7, j label the vector and tensor
components, respectively [47, 48]. The magnetoelectric susceptibility tensor oy of
Cr,0;5 has diagonal structure with !}, = 022 = o} and o33 = o) ~ 4.13 ps/m at
its maximum value achieved close to 7=263 K. This magnetoelectric susceptibility
is small in comparison to some other magnetoelectric materials [49]. However, the
AF nature of Cr,03 and its appreciably high Ty still make it a first choice candi-
date for an intrinsic magnetoelectric material when applications at or close to room
temperature are envisioned.

Figure 6.2 shows the schematics of a Cr,O3/CoPt heterostructure for electrically
tunable EB. Here the electric field orients along the (111) direction of Cr,0O3 taking
advantage of the parallel magnetoelectric susceptibility. Note that EB requires a
non-zero projection of Sar on Sgy making a top ferromagnet with perpendicular
anisotropy mandatory when ¢ is used.

The current status of the description of the microscopic origin of the magneto-
electric effect in Cr,O3 has been summarized by Alexander and Shtrikman [50] and
by Hornreich and Shtrikman [51]. Figure 6.2 shows a sketch of a section of the unit
cell of Cr,0s. It indicates the A (spin up) and B (spin down) sites of the Cr*t jons
along the threefold rotation axis. In the presence of a positive applied electric field,
the Cr** ion on the A site moves toward the upper triangle of O~ ions. The cor-
responding ion on the B site moves in the same direction along the symmetry axis
toward the smaller triangle of O>~ ions. The latter triangle is shared among the two
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Fig. 6.2 Sketch of an electrically controlled EB heterosystem based on the magnetoelectric anti-
ferromagnet Cr,O3; and a thin exchange-coupled CoPt multilayer. A voltage V applied across the
top and bottom electrodes creates an electric field £ = V/d where d is the thickness of the insu-
lating Cr,O3 film. The E field induced the magnetization AMooaE in Cr,0Oj3 . It contributes to
the interface magnetization Sar and modifies the EB field. Arrows indicate the AF and FM spin
structure in the Cr,O3 bottom and CoPt top layer, respectively. The right sketch depicts the crystal
and spin structure of Cr,O3 . The spin orientations in the four sublattices are shown for one of the
two 180° domains. The S = 3/2 spins of the Cr** ions are aligned along the threefold symmetry
axis. O?~ ions form distorted octahedrons (distortion not shown) surrounding the cr’t jons.
Electrically induced displacement of the latter into crystal fields of alternating higher and lower
strength gives rise to the single ion contribution of the magnetoelectric effect (see text)

distorted octahedra of O®~ ions, which surround the Cr*" ions on the A and B sites.
The asymmetry in the change of the crystal fields experienced by A and B ions gives
rise to the single-ion contributions of the magnetoelectric effect. In terms of a spin
Hamiltonian, the single-ion contributions reflect the changes of the Landé g-tensor
and the single-ion anisotropy, which differ for the spins at position A and B in the
presence of an electric field. In addition, the asymmetric displacement of the ions
gives rise to different modifications of the exchange interaction between Cr’" ions.
The resulting electric field-induced change of the exchange integrals is known as
the two-ion contribution to the magnetoelectric effect.

Electric control of the EB field can be approached at least in two very distinct
ways. An electric field can be applied simultaneously with a magnetic field in order
to magnetoelectrically anneal the AF pinning layer. Magnetoelectric annealing is
a well-known procedure to bring a magnetoelectric antiferromagnet into a single
domain state by cooling the system from 7 > Ty to below Ty in the presence of E
and B fields. By energetically favoring one of the AF 180° domains over the other,
the magnetic state of the AF interface magnetization is selected too and at least
partially irreversibly frozen in. In an EB system using a magnetoelectric pinning
layer the interface magnetic state can be magnetoelectrically selected. This type of
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electric-controlled EB has been named magnetoelectric switching because it allows
switching between positive and negative EB fields by controlling the sign of the
product E - B [39]. This pronounced effect is highly interesting from a fundamental
point of view. Spintronic applications, however, favor an electric control of the EB
field at constant 7' < Ty where ideally 7y is significantly above room temperature.

Recently, a reversible electrically induced shift of the magnetic hysteresis
loops along the magnetic field axis has been achieved. The heterostructure fol-
lows the schema in Fig. 6.2 and is based for the first time on an all thin film
c-Al,03/Pt5.70m/Cr,03 50 nm/Pt 0.5 nm/[Co 0.3 nm/Pt 1.5 nm];/Pt 1.5 nm het-
erostructure.

Similar experiments have been performed earlier in Cr,O3(111)/CoPt het-
erostructures using bulk Cr,O3 single crystals as AF pinning systems with mag-
netoelectric properties [40, 41]. Note, however, that millimeter thick single crystals
require orders of magnitude higher voltages to achieve the electric fields that can be
realized in nanometer thin films by a few millivolts. It is important to stress that the
electrically controlled EB shown in Fig. 6.3 resembles a global effect. Here the tun-
able exchange anisotropy affects the entire FM top electrode and the EB field can be
reversibly changed back and forth with the applied electric field. Competing EB sys-
tems based on multiferroic pinning layers show significantly larger isothermal EB
tuning effect but are limited so far to local or irreversible control [52, 53]. A variety
of spintronic applications based on electrically controlled exchange bias have been
proposed. Those concepts of spintronic applications using electrically controlled EB
have been pioneered by the authors in Refs. [42, 43]. Here spin-dependent transport
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Fig. 6.3  The left frame shows normalized magnetic hysteresis loops of the all thin film
Cr,03(111)/CoPt heterostructure measured by polar magneto-optical Kerr effect. Loop 1 is mea-
sured at 7=300 K. Loops 2, 3, and 4 are measured after magnetoelectric annealing in uoH =
—0.4 T and V= —100 mV from T=300 K to 7=250 K< Ty . The isothermal loops have then
been measured at 7=250 K in the presence of applied axial voltages V=—100 mV (2), +90 mV
(3), and +100 mV (4), respectively. The inset in the left frame provides a detailed look onto the
electrically controlled change of the negative coercive fields of loops 2, 3, and 4. The right frame
depicts the systematic results of the electric field control of the exchange bias field. The line is a
linear best fit to the poHgg vs. V data
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devices with electrically controlled resistance states have been suggested. In general,
magnetoelectrically induced interface magnetization provides control of the pinning
in exchange-biased GMR- or TMR-type structures. In the GMR-type structures the
active magnetoelectric material is used as a tunable pinning bottom layer offering
new versatility for logic and memory devices based on a change of resistance due to
a change of the magnetic configurations. In TMR-type structures the conventional
passive tunneling barrier can be replaced by a magnetoelectrically active barrier
material [42]. The electric field-induced magnetization of the latter allows switch-
ing magnetic states of exchange-coupled layers by pure electrical means. Following
these suggestions numerous variations have been proposed [54]; often the magneto-
electric antiferromagnet has been replaced by a multiferroic component like BiFeO3
[55-57].

6.2.2 Electrically Tuned Exchange Bias with Multiferroics

The above discussed attempts to achieve electrically tuned EB with the help of
magnetoelectric antiferromagnets require further investigations and show clearly
the need for an increase of the magnetoelectric response in order to accomplish
appreciable electric tuning effects. In the case of magnetoelectric antiferromagnets
significant efforts are made to further improve the structural and dielectric proper-
ties of Cr, O3 films allowing for higher applied electric fields and improved interface
coupling [58].

Many research teams who currently focus on the use of multiferroic materials
expect a qualitative progress from this class of materials. The latter show simultane-
ous presence of two or more ferroic order parameters like ferroelectric polarization
and (anti)ferromagnetic order. This coexistence seems to make them obvious candi-
dates for the quest of increased magnetoelectric response. The renewed excitement
about multiferroics for spintronic applications is based on this hope. It is supported
by a fundamental inequality which states that the square of the magnetoelectric sus-
ceptibility is limited by the product of the magnetic and the dielectric susceptibility
[59]. Since multiferroics have spontaneous ferroelectric and ferromagnetic order the
latter susceptibilities are high and their product limiting the magnetoelectric suscep-
tibility a is high. However, to take advantage of this potential upper limit of a strong
coupling between the ferroic order parameters is required. The coupling is, however,
typically weak. Hence, the magnetoelectric susceptibility of most multiferroics is at
room temperature or above disappointingly weak and it is not straightforward to
exceed the magnetoelectric bulk susceptibility of, e.g., Cr,O3 which is of the order
of 4 ps/m close to room temperature [60]. Nevertheless, in view of the potential
applications there is an intense search for the ideal magnetoelectric single-phase
multiferroic [61-69].

Currently there are at least two multiferroic single-phase materials under intense
investigation for use in electrically controlled EB applications [44, 45]. Both
YMnO3 and BiFeO; order antiferromagnetically with Néel temperatures of 90 and
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643 K, respectively. Despite their AF order the terminology multiferroics is still
applied in the literature in a somewhat generalized sense.

Complete electrically induced suppression of EB has been achieved at 7=2 K in
an YMnO3 /Py heterostructure when applying a voltage of 1.2 V across the c-axis of
the hexagonal YMnOj; film of 90 nm thickness [44]. So far, the effect is, however,
irreversible which means that a voltage of opposite sign does not recover any EB
effect. Moreover, the limitation to low temperatures makes it an interesting system
for proof of principle but little attractive for the envisioned applications.

This situation changes in part when BiFeOs is used as an electrically controllable
pinning layer [45]. In heterostructures of the t