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PREFACE

Permanent magnets have been known to exist in nature since antiquity and their
behaviour has always been a matter of great interest. By the 19th century, the
origin of magnetism had been investigated and the fundamental physical con-
cepts underlying the phenomenon of magnetism had been understood to a
considerable extent. In the 20th century, magnetism became a central feature in
condensed matter physics and was the subjects of various theoretical and experi-
mental studies. At the same time, remarkable progress was achieved in develop-
ing industrial applications of magnetism, and many kinds of magnetic materials
were utilized for practical purposes. A characteristic feature of the study of
magnetism is that theoretical and experimental studies are performed in tight
collaboration. Another characteristic is that the gap between basic studies and the
development of actual technical applications is rather small. The rapid develop-
ment of magnetic recording technology can be cited as an example of the great
success of the industrial application of magnetism. The modern hard-disk-drive
system built in each computer, which is a typical magnetic device designed on the
nanoscale, has been critical to the recent enhancement in computational capacity.
Then, one might suppose that magnetism is already a too mature field to expect
any more novel discoveries in the 21st century. However, this speculation is
apparently wrong. If we look back at the progress in magnetism research,
we see that many fruitful breakthroughs have appeared in a rather continuous
manner. Hence, it is very probable that we will often meet something new in
future studies on magnetism. A rapidly growing area in the study of magnetism
is spintronics, which is the main subject of this book. State-of-the-art spintronics
devices require nanoscale designs and fabrication techniques, thus making
nanomagnetism an essential aspect of modern magnetism.

In the last quarter of the 20th century, the most outstanding breakthrough in
the field of magnetismwas the discovery of giant magnetoresistance (GMR) effect.
In 1988, GMR effect was reported in Fe/Cr multilayers by Baibich et al. [Ref. [9] in
Chapter 1], which was the first experiment to reveal that the electric conductance
is significantly influenced by the spin structure, parallel or anti-parallel, even at
room temperature. The discovery of GMR attracted great attention to the interac-
tion between magnetism and transport phenomena and inspired many investiga-
tions into the role of spin in transport phenomena not only from the viewpoint of
understanding the basic magnetism but also from the viewpoint of developing
technical applications. By utilizing the GMR principle, magnetic recording heads
were successfully fabricated rather soon after the discovery. Owing to the great
impact of the discovery of GMR effect, the 2007 Nobel prize in physics was
awarded to the discoverers of GMR, Albert Fert (France) and Peter Grünberg
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(Germany). Nowadays the term spintronics is used to generally refer to the
studies on the interplay between spin and transport.

This book consists of an overview in Chapter 1, followed by six chapters by
12 co-authors covering the various aspects of spintronics. Each chapter begins
with a short introduction and main content covers the latest developments until
2008. I hope that this book will be useful to graduate students and those engaged
in industrial research on nanomagnetism and spintronics. Finally, I would like
to express my sincere gratitude to all the co-authors for their laborious
cooperations.

Teruya Shinjo
January 2009
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Abstract This overview is a brief introduction to the subjects covered by this book,

nanomagnetism and spintronics. The discovery of giant magnetoresistance

(GMR) effect is described together with a brief survey of the studies prior to

the discovery of GMR. Studies on various kinds of magnetoresistance (MR)

effect that were inspired by the GMR effect are reviewed and recent topics

are introduced. In many novel phenomena involving the interplay of electric

conductance and magnetization, the role of the “spin current” has been

revealed to be important and the possibility for exploiting these phenomena

in spintronics devices has been suggested. Nanostructured samples are indis-

pensable to fundamental studies on spintronics and also to various technical

devices, and therefore gaining an understanding of nanomagnetism is a crucial

current issue. At the end of this chapter, the scope of this book is described

with summarizing the content of each chapter.

Key Words: GMR effect, Magnetoresistance, Non-coupled GMR multilayers,

Spin-valve, Spintronics, Nanomagnetism.

1. INTRODUCTION

An electron has two attributes, “charge” and “spin”. The main aim of condensed
matter physics is to understand the behaviour of electrons and for the most part,
the subject is the charge of the electron. In contrast, magnetism originates from the
other attribute, spin. Uncompensated electron spins are the reason why individual
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atoms possess localmagneticmoments. If there is an exchange coupling between the
magnetic moments of neighbouring atoms, amagnetic order on amacroscopic scale
may form at low temperatures. If the sign of the coupling is positive, the magnetic
moments are aligned parallel to each other (i.e. ferromagnetism) and if negative,
anti-parallel to each other (i.e. anti-ferromagnetism). The critical temperature at
which this magnetic order is lost is higher, if the coupling is stronger. The critical
temperature of a ferromagneticmaterial is called theCurie temperature (Tc) and that
of an anti-ferromagnetic material, the Něel temperature (TN). Before the discovery
of giant magnetoresistance (GMR), the investigations on the charges and spins of
electrons were usually considered to be independent of each other and little atten-
tion was paid to the correlation between these two attributes: charge and spin.

Magnetoresistance (MR) is a term widely used to mean the change in the
electric conductivity due to the presence of a magnetic field. A variety of MR
effects are known and their characteristics depend on the material. Namely,
MR effects in metallic, semiconducting and insulating materials have different
characteristics. Ferromagnetic materials with metallic conductance exhibit the
anisotropic magnetoresistance (AMR) effect, that is, the dependence of conduc-
tance on the relative angle between the electric current and magnetization. Nor-
mally the resistance is smaller if the electric current flows in a direction
perpendicular to the direction of magnetization than parallel. AMR is regarded
to originate from spin–orbit interactions. The change of resistance (MR ratio) due
to the AMR effect is fairly small, a few percent for Ni80Fe20 alloy (permalloy) at
room temperature, but this phenomenon is very useful in technical applications,
for instance in sensors. Before the discovery of GMR, the construction of read-out
heads utilizing the AMR effect for magnetic storage devices had already been
planned. The principle of magnetic recording is as follows: Data are stored by
nanoscale magnets in a recording medium (disc or tape) and the direction of
magnetization of individual regions on the medium corresponds to one bit. To
read out the data, a sensor (i.e. read-out head) must detect very small magnetic
fields straying on the surface of the recording medium. Compared with a conven-
tional coil head, a head using the MR effect (i.e. MR head) can be much smaller
and has the advantage of being able to convert magnetically stored data directly
into electric signals. High-density recording can be realized by reducing the size of
each memory region and by enhancing the sensitivity of the detecting head. For
ultra-high-density recording, a much larger MR ratio than that possible with the
AMR effect is necessary but a search for new materials having a large MR ratio at
room temperature appeared to be futile. Some magnetic semiconductors have
been found to exhibit very large MR ratios but their Curie temperatures are lower
than room temperature and they require excessively large magnetic fields,
making them unsuitable for technical applications.

There have been a number of resistance measurements on ferromagnetic thin
films and small resistance change was generally observed in the vicinity of the
magnetization reversal field. In the process of magnetization reversal, domain
walls are formed and the spin directions in the domain wall are deviated from the
easy direction. Then, a change in resistance is expected owing to the AMR effect.
On the other hand, a non-collinear spin structure that forms in the reversal process
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can serve as an electron scattering centre and eventually the resistance is
increased. In practice, an increase in resistance at the magnetization reversal is
often observed in the case of ferromagnetic amorphous alloy films with perpen-
dicular magnetization. From such results, it was recognized that the spin structure
has an influence on conductance, but still not much attention was paid to these
phenomena since the observed MR anomalies were not satisfactorily large. Velu
et al. [1] studied the behaviours of metallic sandwich systems with the structure,
non-magnetic/magnetic/non-magnetic layers. The design of their sample was
[Au 30 nm/Co 0.3 nm/Au 30 nm]. They observed an increase in resistance during
magnetization reversal: 6% at 4 K and 1% at 300 K, respectively. The obtained MR
ratio was not remarkably large. However if the Co layer thickness is taken into
account, which is only a few atomic layers and is much smaller than the total
thickness of the Au layers, the contribution of the magnetic structure change to the
total conductance is considerably large.

During 1980s, multilayers with artificial superstructures were actively investi-
gated [2, 3]. Because of the progress in thin film preparation techniques, it became
possible to deposit two or more elements alternately in order to construct artifi-
cially designed periodic structures with nanoscale wavelengths. Such artificial
superstructured multilayers are new materials that do not exist in nature and can
therefore be expected to possess novel physical properties. Multilayers were
fabricated by combining various metallic elements and their superconducting,
magnetic and lattice dynamical properties have been investigated. Resistance
measurements also were performed on magnetic multilayers, for example,
Au/Co superlattices, but the observed MR effect was not significantly large [4].
This was because the role of interlayer coupling was not yet properly taken into
consideration. It was suggested that noticeable enhancement in the MR effect was
not induced by a superlattice effect or an interface effect of multilayers.

2. DISCOVERY OF GMR

Grünberg and his group [5] were investigating the magnetic properties of Fe/Cr/
Fe sandwich systems. They measured the magnetic behaviour of the two Fe layers
by changing the thickness of Cr spacer layers. Initially, the main aim of their
experiment was to clarify the role of the Cr layer inserted in between Fe layers. If
an ultra-thin Cr layer has an anti-ferromagnetic spin structure analogous to that of
bulk Cr, the relative spin directions of the two outermost atom layers should
change from parallel to anti-parallel, depending on the number of atomic layers in
the Cr layer (odd or even). As the number of atomic Cr layers is increased, the
interlayer coupling between Fe layers should alternate in a layer-by-layer fashion.
In other words, the sign of the interlayer coupling should oscillate between plus
and minus, with every additional atomic Cr layer. However, the observed result
was somewhat different from the naı̈ve speculation. The magneto-optic Kerr
effect and spin-polarized electron diffraction measurements suggested that there
exists a rather strong anti-ferromagnetic exchange interaction between Fe layers
separated by a Cr spacer layer when the Cr layer thickness is around 1 nm [6, 7].
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That is, the magnetizations in the two Fe layers are spontaneously oriented
anti-parallel to each other and are aligned parallel if the external field is enough
large. Binasch et al. [8] measured also the resistance of Fe/Cr/Fe sandwich films
and found that the resistance in the anti-parallel alignment is larger than that in
the parallel alignment. This clearly evidences that the conductance is influenced
by the magnetic structure and thus the physical principle of the GMR effect was
demonstrated in such sandwich structures. However, the observed MR ratio,
about 1.5%, was not large enough to have a significant impact.

Really “giant” magnetoresistance was first observed in Fe/Cr multilayers by
the group of Fert in 1988 [9]. They were interested in the curious behaviour of the
interlayer coupling in the Fe/Cr/Fe structure found by Grünberg et al. [5] and
intended to visualize the role of interlayer coupling in a multilayered structure.
They have prepared epitaxial Fe(0 0 1)/Cr(0 0 1) multilayers with the typical
structure [Fe(3 nm)/Cr(0.9 nm)] � 60 and systematically measured the magnetic
properties including magnetoresistance. The magnetization curves indicated that
the remanent magnetization is zero and ferromagnetic saturation occurs at mag-
netic fields higher than 2 T. These features correspond to the existence of rather
strong anti-ferromagnetic interlayer coupling. Surprising results were obtained in
the measurements of resistance under external fields. The resistance decreased
with an increase in the applied field and was almost a half at the saturation field at
4 K (see Fig. 10 in Chapter 2). The MR ratio was nearly 20% even at room
temperature, a strikingly large value at that time for a metallic substance. This
fantastic discovery was first reported very briefly at the International Conference
onMagnetism (ICM at Paris, 1988) as an additional part of a paper. The surprising
MR data were quite new and therefore not yet mentioned in the rěsumě of the
conference. A great discovery is often obtained as an unexpected observation.

The results of this GMR experiment confirmed the existence of a strong anti-
ferromagnetic interlayer coupling between Fe layers separated by a Cr spacer
layer. The mechanism of the GMR was phenomenologically explained rather
soon after the discovery by considering the spin-dependent scattering of conduc-
tion electrons. The scattering probability for conduction electrons at the interface of
the ferromagnetic layer should depend on the spin direction, up or down. For
instance, an up-spin electron is considered to penetrate without scattering from a
Cr layer into an Fe layer with magnetization in the up-spin direction, while a
down-spin electron is scattered. If the Fe layers have anti-parallel magnetic struc-
ture, both up- and down-spin electrons soonmeet an Fe layer having a magnetiza-
tion in the opposite direction (within two Fe layers’ distance) and accordingly the
possibility of scattering is rather high for both types of electrons. In contrast, if all
the Fe layers have parallel magnetizations, down-spin electrons are scattered at
every Fe layer whereas up-spin electrons can move across long distance, without
scattering. In other words, up-spin electrons will have a long mean-free path but
down-spin electrons have a very short mean-free path. Total conductance of the
system is the sumof that by up-spin electrons and by down-spin electrons. Because
of the longmean-free path of up-spin electrons, the total resistance ismuch smaller
in the state with parallel magnetizations than in the anti-parallel state. A compre-
hensive explanation of the GMR effect is presented by Inoue in Chapter 2.
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The GMR experiment brought two key issues to the fore: interlayer coupling
and spin-dependent scattering. Although interlayer coupling was reported in the
Fe/Cr/Fe sandwich system and later in Co/Cu multilayers by Cebollada et al.
[10], before the discovery of GMR, it was hard to image a multilayered structure
with anti-parallel magnetizations, that is, “giant anti-ferromagnet”. By applying
an external field, the giant anti-ferromagnet can be converted into ferromagnetic.
The GMR effect is the difference in conductance between these two states. In
general, very large magnetic fields are necessary to change an intrinsic anti-
ferromagnetic spin structure into ferromagnetic. In contrast, in the case of multi-
layers, the anti-parallel structure (giant anti-ferromagnet) generated by interlayer
coupling can be turned into a parallel structure (ferromagnetically saturated
structure) by a moderate magnetic field. This is the key behind the discovery of
GMR, which seems to be the first successful experiment to utilize spin structure
manipulation. The anti-parallel alignment of Fe layers’ magnetizations at zero
field and the reorientation into parallel alignment by an increase in the external
field were confirmed by neutron diffraction technique for Fe/Cr multilayers [11].
A magnetic diffraction peak corresponding to the twice of the adjacent Fe layer
distance was observed, which indicates that the direction of magnetization alter-
nates at every adjacent Fe layer. This is clear evidence for the formation of a giant
anti-ferromagnetic arrangement in an Fe/Cr multilayer. The mechanism behind
GMR is thus attributed to the change in the internal magnetic structure. This is
apparently different from that of AMR, which is induced by a directional change
of the total magnetization.

The behaviour of Cr spacer layers sandwiched between ferromagnetic Fe
layers has been extensively studied by Grünberg et al. and also many other
groups, using sandwich films and multilayers. The dependence of the interlayer
coupling on the Cr layer thickness has been examined in detail. For a systematic
experiment on thickness dependence, a sample with a wedge-shaped spacer layer
is very useful [12]. A wedge layer is prepared by slowly sliding the shutter during
the film deposition to effect a variation in thickness from zero to some 10 nm over
a macroscopic length. To study the interlayer coupling, sandwich samples with a
wedge-shaped spacer layer are prepared. Then, by applying Kerr rotation tech-
nique, the magnetic hysteresis curves at confined regions are measured. This
method became very fashionable and was utilized not only for Fe/Cr/Fe struc-
ture but also for many metallic elements. Bulk Cr metal is known to have peculiar
anti-ferromagnetic properties and the spin structure of ultra-thin Cr layers is very
complicated, being not satisfactorily understood even today. Although many
studies have been performed on the interlayer coupling, the relation between
the interlayer coupling and the intrinsic anti-ferromagnetism of Cr metal is not
fully accounted for and the effect of this anti-ferromagnetism is usually neglected
in discussions on the GMR properties of Fe/Cr systems.

The discovery of GMR effect in Fe/Cr multilayers inspired various experi-
ments on interlayer coupling in many other metals aiming to explore the nature
of the MR effect in other elements. The existence of interlayer coupling was
confirmed in many non-magnetic metals, making it clear that the interlayer cou-
pling does not originate from the intrinsic magnetic properties of the spacer layer.
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If the interlayer coupling is anti-ferromagnetic, the GMR effect is almost always
observed, that is, the resistance in anti-ferromagnetic state is larger than that in
ferromagnetic state. In the study of Co/Cu multilayers, a striking result was
obtained: the interlayer coupling across the Cu layer oscillates with variations in
its thickness [13, 14]. Because the MR effect is caused by anti-ferromagnetic
interlayer coupling, the MR measurement can be utilized as a tool to clarify that
the sign of the interlayer coupling is negative. In the plot of the MR ratio as a
function of Cu layer thickness, peaks of MR ratio were found to appear periodi-
cally with an interval of about 1 nm. Parkin et al. prepared multilayers combining
Co and various non-magnetic metals, and found that the oscillation of interlayer
coupling occurs rather generally with a wavelength of 1–1.5 nm [15, 16]. The
oscillation of the interlayer coupling was an amazing result and was the subject
of many subsequent investigations. In the case of simple normal metals, the
oscillatory feature was accounted for by considering the band structure and a
relation with the quantum well state has been argued. Thus, through the studies
on the oscillatory interlayer coupling behaviour, our understanding of the elec-
tronic structure of thin metal film has been significantly advanced. About 10 years
after the discovery of GMRwitnessed a boom in studies on interlayer coupling but
scientific progress in more recent years has not been remarkable. This book does
not include a chapter on interlayer coupling. See other publications [17, 18] for
review articles on interlayer coupling studies.

3. DEVELOPMENT OF GMR STUDIES

The GMR effect is the result of change in the magnetic structure, between anti-
parallel and parallel alignments. In the cases of Fe/Cr and Co/C multilayers, the
anti-parallel configuration that originates from the anti-ferromagnetic interlayer
exchange coupling is converted into ferromagnetic configuration by an externally
applied field. The magnitude of the external field necessary for this conversion is
determined by the strength of the interlayer coupling. Because of the strong
interlayer coupling, the magnetic field required to induce the MR effect in Fe/Cr
multilayers is significantly large (about 2 T). In the case of Co/Cu system, the
coupling is somewhat weaker and the necessary field smaller. Nevertheless, the
saturation field value is too high for the MR effect to be exploited in technical
applications such as magnetic recording sensors.

Another type of GMR was demonstrated in 1990, by using non-coupled multi-
layer samples [19]. Multilayers comprising two magnetic elements were prepared
by successively stacking NiFe (3 nm), Cu (5 nm), Co (3 nm) and Cu (5 nm) layers.
Since the Cu spacer layer is not very thin, the interlayer coupling between the
NiFe and Co layers is negligibly small and their magnetizations are independent.
NiFe is a typical soft magnetic material but Co is magnetically rather hard. Owing
to the small coercive force of the NiFe layer comparedwith that of the Co layer, the
magnetization of the NiFe layer changes direction much earlier than that of the
Co layer. Thus, an anti-parallel alignment of magnetizations is realized when
the external field is increasing (and also when it is decreasing). This is not due to
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interlayer coupling but because of the difference in coercive forces. A remarkable
enhancement in resistance (i.e. GMR) was observed in the field region for this
induced anti-ferromagnetic configuration. The experimental results are presented
in the next chapter (Fig. 12 in Chapter 2). This demonstration of non-coupled GMR
confirms that the interlayer coupling has no direct influence on theMR properties.
In other words, GMR and interlayer coupling are independent issues. For these
non-coupled multilayers as well, the establishment of an anti-parallel magnetic
structure was confirmed by using the neutron diffraction method [20]. Non-
coupled GMR multilayers can serve as a model system for fundamental research,
with several advantages, for instance, the fact that the spin structure is easily
manipulated. A survey of the basic studies on non-coupled GMR multilayers is
presented elsewhere [21]. A feature of non-coupled GMR, that is very important
from a technical point of view, is the high sensitivity to external field. The resis-
tance change occurs atweak fields if the softmagnetic component has a sufficiently
small coercive force. Since NiFe is a typical soft magnetic material, the MR effect
in a multilayer including NiFe component can show a high sensitivity under fields
on the order of 10 Oe.

The potential for the use of the GMR effect in technical applications was
revealed in the result of studies on non-coupled multilayers. A practical applica-
tion of GMR effect for magnetic recording heads was achieved by using non-
coupled type sandwich films with only two magnetic components. At nearly the
same time as the studies on non-coupled type GMR multilayers, Dieny et al. [22]
published a paper on a non-coupled GMR sandwich system that was named the
“spin valve”. The initial design of the spin-valve structure was NiFe(15 nm)/
Cu(2.6 nm)/NiFe(15 nm)/FeMn(10 nm). There are two ferromagnetic NiFe layers
and an anti-ferromagnetic FeMn layer is attached to one of the NiFe layers to
increase the required coercive force via the exchange anisotropy. The other NiFe
layer behaves freely as a soft magnet. Therefore, the two NiFe layers are called the
“pinned” and “free” layers, respectively. Because of the ease in controlling the
magnetic properties, the spin-valve system was adopted for commercial magnetic
recording heads. Although the initial spin-valve structure was very simple, vari-
ous kinds of improvements were attempted promptly soon after. To enhance the
coercive force of the pinned layer, a simple anti-ferromagnetic layer (FeMn) used
originally was replaced by a complicated structure combined with an anti-ferro-
magnet (MnPt) and a synthetic anti-ferromagnetic layer. An example of a syn-
thetic anti-ferromagnet is FeCo/Ru/FeCo, which acts as a powerful magnetic
anchor due to the strong interlayer coupling across the Ru layer. Because the
large surface magnetic moments are essentially important for spin-dependent
scattering, surfaces of both free and pinned layers were covered by ultra-thin
FeCo layers with a few atom layers thick, which are supposed to have a large
magnetic moment. Concerning the material for the spacer layer, Cu seems to be
the best choice and has always been used. At the beginning, sandwich systems did
not show such large MR values as multilayer systems. However, remarkable
improvements were achieved within a short time and fairly large MR ratios
were realized in refined spin-valve systems. Perhaps the improvement in quality
from a crystallographic viewpoint was one of the keys to this success. There are
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many ideas for further progress: the introduction of reflective layers (ultra-thin
oxide layers) on each surface, which will reflect the conduction electrons without
energy loss, and the insertion of a nano-oxide layer with many microscopic holes
in the spacer layer, which may be useful to collimate the electron path. A number
of industrial research groups joined in the competition for the GMR head business
and consequently various trials were performed.

Eventually the MR ratio of the spin-valve system has been increased satisfac-
torily for commercial purposes. Within 10 years from the discovery, the GMR
principle has been successfully exploited in commercial magnetic recording tech-
nology. The commercial products called spin-valve or GMR head have greatly
contributed to the progress of magnetic recording technology as shown in Fig. 1.
The progress of recording technology is typically expressed by the increase in
recording density. The GMR head was integral to the recent increase from 10Mbit
to 1 Tbit/sqi. The industrial application of the new GMR phenomenon was
realized in such a short interval because the application of AMR effect in a similar
manner was just in progress. It is interesting to note that although interlayer
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coupling and multilayer structure were key conditions for the discovery of the
GMR effect, commercial spin-valve heads have neither a periodic multilayered
structure nor anti-ferromagnetic interlayer coupling through a spacer layer. As a
matter of fact, a strong anti-ferromagnetic interlayer coupling through Ru layer is
utilized in the structure of the pinned layer but the magnetic coupling between
pinned and free magnetic layers through a Cu spacer layer is negligibly small. On
the other hand, initially the spin-valve structure started with only a few layers but
today’s improved spin valve is actually a multilayer consisting of more than 10
layers. A similar trend is seen in the case of recording media materials for
magnetic data storage. Namely, the magnetic substance on a recent hard disk is
a multilayer consisting of more than 10 different layers with nanoscale thick-
nesses. Spin-valve heads and hard disk media indicate that multilayers with
artificial nanoscale designs are prototypical advanced functional materials.

4. FURTHER PROGRESS IN MR EXPERIMENTS

How to enhance the MR effect is an attractive challenge for scientists in funda-
mental physics and also for researchers in industries. The GMR effect has been
observed inmultilayers and sandwich samples in many combinations of magnetic
and non-magnetic metallic elements but concerning the magnitude of MR ratio,
eventually Fe/Cr and Co/Cu seem to be the optimum selections. There are many
reports for the investigations to use compounds (e.g. oxides or semiconductors) as
magnetic constituents in GMR systems. In some investigations, considerably large
MR ratios were obtained at low temperatures but those at room temperature were
fairly small.

There can be several strategies to search larger GMR effects as the following:
(1) taking the CPP geometry, (2) using the tunnelling current, (3) using half-metal
as the magnetic constituent and (4) using the ballistic current. Usually resistance
measurements for thin metallic specimens are carried out in a conventional
geometry to use an electric current flowing in the film plane. Such configuration
is called the CIP (with current in the plane) geometry. In contrast, resistance
measurements in the other geometry, the CPP (with current perpendicular to
the plane), are very inconvenient for thin metallic films. An enhancement of MR
ratio is, however, expected in the CPP geometry compared with the CIP geometry
because the GMR effect is a phenomenon for the electrons passing through
interfaces. Before the discovery of GMR, it was not expected that any remarkable
effect may happen in the CIP geometry. Fortunately, this naı̈ve speculation was
not correct and significantly large MR effect has been obtained in the CIP geome-
try, even at room temperature. However if measurements in the CPP geometry are
available, further enhancement of MR ratio is obtainable. The first measurement
on extremely small resistance of GMR systems in the CPP geometry has been
attempted by Pratt et al. [23], using superconducting electrodes, and an apparent
increase of MR ratio at low temperatures was observed. To avoid the inconve-
nience in the measurements on a too small resistance in the CPP geometry, the
application of nanofabrication technique is worthwhile for metallic GMR systems.
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Gijs et al. [24] have prepared micro-column samples of GMR system for the first
time and confirmed the enhancement of MR ratio in the CPP geometry at room
temperature. Experiments in the CPP geometry are important not only for the
purpose to enhance the MR ratio but also to investigate the mechanism of spin-
dependent scattering. In the case of the CPP geometry, the electric current is
regarded to be constant in the sample, while the current in the CIP geometry is
not homogeneous and the estimation of current density distribution is a hard job.
It is therefore difficult to argue quantitatively the spin-dependent scattering
probability from CIP experimental results. The discovery of GMR has revealed
that fortunately the MR effect in the CIP geometry is not too small at room
temperature and subsequently commercial products for recording heads could
be prepared using the principle of GMR in the CIP geometry. However, CPP-
GMR has a definite potential for further enhancement of the MR ratio. The low
resistivity of CPP systems may be a merit from a viewpoint of application.
Therefore, further extension of CPP-MR studies is awaited. CPP experiments
have evidenced that the application of nanoscale fabrication techniques is very
crucial for the further progress of material sciences.

Recently, remarkable advance has been achieved in MR experiments using
tunnelling current (tunnelling magnetoresistance, TMR). Basically, the sample
structure for TMR measurements is very simple; two magnetic electrodes are
separated by an insulating barrier and the difference of conductance in the states
of parallel and anti-parallel magnetizations is measured. Since the TMR is a
phenomenon for the electrons passing through the barrier, the geometry of mea-
surement is equal to CPP-GMR. Trials to use a tunnelling current were already
initiated in 1975 by Julliere [25] and in 1982 by Maekawa and Gäfvert [26], and
were followed by several groups. But observation of perceivable MR effect was
very difficult and the reproducibility was poor, because at that time it was difficult
to prepare ultra-thin tunnelling barriers without pinhole. The preparation techni-
ques for thin oxide films have progressed in the 1990s, in relation with the
flourishing of high Tc superconducting oxide research. Inspired by the success
of GMR measurements, attempts for TMR have revived and outstanding break-
through was obtained in 1996 [27, 28]. Miyazaki and Tezuka prepared three-layer
junctions, Fe/Al2O3/Fe, and observed MR ratio of 30% at 4 K and 18% at 300 K.
Afterwards many groups joined in active research on TMR. Nowadays the size of
TMR samples is very small, being prepared by nanoscale fabrication, and such
samples with very limited area have an advantage that the possibility of pinhole is
relatively less. Thus, it has become rather easy to obtain large MR ratio at room
temperature reproducibly. More recently, a remarkable progress was achieved by
usingMgO as the tunnelling barrier instead of Al2O3 [29, 30]. Yuasa et al. prepared
FeCo/MgO/FeCo junctions using epitaxially grown MgO layers as tunnelling
barriers, and observed such enormousMR ratios as 200% at 300 K and 400% at 4 K.
The application of TMR effect with such very large MR ratios into commercial
recording heads has already started and TMR heads have become the successor of
GMR heads. In the case of TMR also, the initial sample structure was a simple
three-layer structure but the actual structure of recent TMR heads is a sophisti-
cated multilayer, similar to that of spin-valve heads.
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The theoretical background of TMR phenomena is given in Chapter 2 by
Inoue. The geometry of TMR is analogous to CPP-GMR and the conductance is
determined by the spin polarization at the interface of ferromagnet. If the spin
polarizations of two ferromagnets are P1 and P2, the MR ratio is expected to be
2P1P2=ð1� P1P2Þ. Therefore, to utilize a half-metal as the electrodes in a TMR
system is an attractive approach because a ferromagnetic metal with a larger
polarization can make a larger MR ratio. The definition of half-metal is that only
one kind of spin exists at the Fermi level owing to a big spin splitting of the energy
band, and only up spins participate in the tunnelling conduction. From band
calculation, certain metallic compounds such as Heusler alloys are regarded as
examples of half-metal. Some successful results of TMR experiments utilizing
Heusler alloys are introduced also in Chapter 2. It is therefore confirmed that a
half-metal is efficient to enhance the TMR effect and infinitively large MR ratio
may be realized if rigorously 100% half-metal is available. For the further exten-
sion of spintronics, it is an urgent issue to establish the technique to create a
current with a full spin polarization (i.e. an ideal spin current source).

5. THE SCOPE OF THIS BOOK

This book is organized by six chapters following this overview. The fundamental
knowledge on up-to-date topics relating to nanomagnetism and spintronics is
presented here. The authors for the seven chapters are Japanese and French who
are actively involved in the current investigations. Chapter 2 described by Inoue
is an introduction to spin-dependent transport in ferromagnetic metallic systems
and the theoretical backgrounds for GMR, TMR and other magnetoresistance
effects are explained. Recent development of spin Hall effect studies also is briefly
mentioned. This chapter will be useful as a text for students who begin to study
physics on magnetotransport phenomena in ferromagnetic metallic materials.
The main subject of Chapter 3 by Suzuki, Tulapurkar and Chappert is the
spin injection of which studies are recently progressing remarkably. Novel phe-
nomena induced by the spin torque transferred by electric current, such as
current-induced magnetization switching and spin-torque diode effect, in GMR
and TMR junctions are described. Basic physical concepts and feasibility for
application are argued. In Chapter 4, Ono and Shinjo explain experimental results
on magnetic domain wall motion in ferromagnetic nanowires. Dynamical proper-
ties of magnetic vortex core in ferromagnetic nanodot systems are also intro-
duced. Theoretical aspects of domain wall motion induced by electric current
are discussed by Kohno and Tatara in Chapter 5. Studies on dynamical behaviour
of magnetic domain wall with micro-magnetic simulation are presented in
Chapter 6 by Thiaville and Nakatani. Finally in Chapter 7, Ohno and Matsukura
survey recent developments on ferromagnetic III–V compound semiconductors,
typically Mn-substituted GaAs. Their electric and magnetic properties are sur-
veyed and novel phenomena relating to spintronics, such as current-induced
domain wall motion and electric field control of ferromagnetic phase are
introduced.
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Although the title of this book is nanomagnetism, there is no section for the
traditional issues on nanoscale magnetic clusters. From a long time ago, magnetic
properties of clusters (with limited number of atoms) have been of great interests
from theoretical and experimental points of view, but the progress in recent years
is not remarkable. In industrial applications, on the other hand, such as magnetic
recording technology, the size of magnetic elements becomes smaller and smaller,
down to the scale of a few nm. Therefore, it is very crucial to understand the
influence of interface atom layer and size reduction on local magnetic moment,
anisotropy and dynamical characteristics. An example of computational simula-
tion for nanoscale ferromagnetic clusters was recently reported by Entel et al. [31].
Comprehensive studies using large-scale computers will give us useful guidance
for further development of spintronic studies. Here is no chapter describing
spintronic properties of compounds such as perovskite oxides [32], carbon nano-
tubes and graphenes, and organic molecules, although they may become key
players for future spintronic devices.

This book is not able to cover whole relevant areas of nanomagnetism and
spintronics. However, the author hopes that this book will be useful for the
readers to recognize the significance of this field. It is certain that the field,
nanomagnetism and spintronics, will continue to grow.

In this chapter, the author introduced a part of his investigation carried out at
Kyoto University where he has served for 36 years. He would like to express his
gratitude for the collaborators.
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Abstract Novel magnetotransport phenomena appear when magnet sizes become

nanoscale. Typical examples of such phenomena are giant magnetoresistance

(GMR) in magnetic multilayers, tunnel magnetoresistance (TMR) in ferromag-

netic tunnel junctions and ballistic magnetoresistance (BMR) in magnetic

nanocontacts. In this chapter, we first briefly review the relationship between

spin-dependent resistivity and electronic structures in metals and alloys, and

describe microscopic methods for investigating electrical transport. We then

review the essential aspects of GMR, TMR and BMR, emphasizing the role of

the electronic structures of the constituent metals of these junctions and the

effects of roughness on the electrical resistivity (or resistance). The important

factors that control GMR are shown to be the spin-dependent random

potential at interfaces and band matching/mismatching between magnetic

and non-magnetic layers. For TMR, several factors are shown to be important

in determining the MR ratio, including the shape of the Fermi surface of the

electrodes, the symmetry of the wave functions, electron scattering at inter-

faces and spin-slip tunnelling. An interpretation of TMR in Fe/MgO/Fe and of

an oscillation of TMR is presented. TMR in granular films and in the Coulomb-

blockade regime is also described.

We further give brief explanation for other MR effects, normal MR, aniso-

tropic MR (AMR) and colossal MR (CMR) to clarify the essential difference

between these MRs: GMR, TMR and BMR. Interesting transport properties,

anomalous and spin Hall effects originated from the spin–orbit interaction

are also introduced briefly.

Key Words: GMR, TMR, BMR, Two-current model, Spin-dependent resistivity,

a-Parameter, CIP-GMR, CPP-GMR, Granular TMR, MR ratio, Interface rough-

ness, Multilayers, Ferromagnetic tunnel junctions, Fe/MgO/Fe, Ferromagnetic

nanocontact, Spin polarization, Half-metals, Coulomb blockade, Normal MR,

AMR, CMR, Spin–orbit interaction, AHE, SHE, Inverse SHE, Spin accumulation,

Kubo formula, Recursive Green’s function method, Conductance quantization.

1. INTRODUCTION

The magnetism of materials [1] is carried by electron spin, while electrical trans-
port is caused by the motion of electron charge. While these two fundamental
properties of solids have been well known for many centuries, the electron and
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spin were not discovered until the beginning of the twentieth century [2, 3]. The
fields of magnetism and electrical transport have developed almost indepen-
dently. However, as the fabrication techniques of micro- and nanoscale samples
have progressed rapidly, the field of spin electronics or spintronics has been
developed, where the coupling of electron spin and charge plays an important
role. In paramagnets, the number of up- and down-spin electrons is the same and
no effect of spin appears in the electrical transport. However, the difference in the
number of up- and down-spin electrons in ferromagnets causes complex proper-
ties in which magnetism effects electrical transport and vice versa. For example,
the control of spins by an electric field and the control of electrical current by a
magnetic field are fundamental issues in the field of spintronics.

The fundamental properties of spintronics are closely related to the length
scale L characteristic of samples and to the motion of electrons in metals. There are
several length scales that characterize the properties of electrons in metals.

The z-component of spin sz takes one of two values�1/2 and is not necessarily
conserved, that is, it is time dependent due to such effects as the spin–orbit
interaction (SOI) and interactions between electrons. Therefore, the length for
which the spin of an electron is conserved is finite. This length is called the
spin-flip mean free path and typically takes values in the range 102 nm–101 mm.
Due to scattering of electrons, the length an electron travels with a fixed spin
direction is much shorter than the spin-flip mean free path. This length is called
the spin-diffusion length lspin. To find the spin-polarized current in non-magnetic
metals it is necessary that the system length L be much shorter than lspin.

In ferromagnetic metals, due to the imbalance between the number of electrons
with up and down spins, the current may be spin polarized. Because the electrical
resistivity is governed by the mean free path ℓ, which characterizes the scattering
process of electrons, it is necessary that ℓ � lspin in order that the spin polarization
of the current bemeaningful.When this condition is satisfied, the spin polarization
of the current is well defined and the up- and down-spin electrons may be treated
independently. This is called Mott’s two-current model [4]. When the condition is
satisfied, the two-current model holds even in systems for which L � lspin.

Another important length scale is the Fermi wave length lF, which charac-
terizes the electronic states. In general, ℓ � lF. This length scale becomes impor-
tant when interference occurs betweenwave functions of electrons. The velocity of
electrons on the Fermi surface is given by the Fermi velocity nF and hence the time
scale for an electron with nF travelling a distance ℓ is given by t ¼ ℓ=nF, the
relaxation time.

As mentioned above, progress in nanofabrication techniques has made it
possible to create artificial structures such as magnetic multilayers and nanocon-
tacts, the characteristic scale length L of which can be shorter than lspin or ℓ and
can even be close to lF. In these cases, novel transport phenomena occur; giant
magnetoresistance (GMR), tunnel magnetoresistance (TMR) and ballistic magne-
toresistance (BMR) are typical examples. GMR occurs when the layer thickness of
magnetic multilayers is close to or shorter than ℓ. BMR occurs when the scale of
the contact region of two ferromagnets is close to lF. TMR is a phenomenon in
which the overlap of wave functions of electrons in two separated ferromagnetic
metals becomes small.
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In this chapter, we first review the spin dependence of electrical resistivity in
metals and alloys and explain the phenomena of GMR, TMR and BMR. Theoreti-
cal methods to calculate the conductivity or conductance will be presented in
Section 3, though the reader may skip pass this section and move directly to the
section on magnetoresistive properties.

GMR, TMR and BMR appear in multilayers, tunnel junctions magnetic nano-
contact, respectively. The magnetoresistive phenomena also appear in bulk sys-
tems. Typical examples are normal MR in normal metals and semiconductors,
anisotropic MR (AMR) in transition metals and alloys and colossal MR (CMR) in
manganites. To clarify the essential difference between these MRs, we will give a
brief explanation of normal MR, AMR and CMR in Section 7.

SOI, which is responsible to AMR, gives rise to other interesting transport
properties such as anomalous Hall effect (AHE) and spin Hall effect (SHE) which
recently attract much interests in both technological aspect and fundamental
physics. Since SOI is a coupling of spin and orbital motion of electrons, current
control of spin and magnetic control of charge via SOI are possible. This is the
reason that SOI attracts much interests in the technological aspect. Therefore, we
introduce AHE and SHE in Section 7, in addition to a spin accumulation caused by
SOI in the non-equilibrium state.

Other aspects on the spin-dependent transport and may be found in several
textbooks and review articles [5–16]. Electronic and magnetic properties of solids
may be found, for example, in Harrison’s [17] and Chikazumi’s textbook [18].

2. SPIN-DEPENDENT TRANSPORT IN FERROMAGNETIC METALS

One of the most important requirements for magnetoresistance (MR) in nanoscale
ferromagnets is spin dependence of the electrical resistivity. In this section, we
review spin-dependent resistivity (or conductivity) in ferromagnetic bulk metals
and alloys, emphasizing the role of the electronic states on the resistivity at low
temperatures.

2.1. Electronic states and magnetism in transition metals and alloys

Few ferromagnetic materials are composed of a single element. The exceptions are
the transition metals (TMs), such as Fe, Co and Ni, and rare earth metals. This is in
marked contrast to superconductivity, which appears in many pure metals. In
rare earth metals, electrons responsible for transport and magnetism can be
distinguished. However, this distinction is not clear in TMs, that is, both s- and
d-electrons contribute to transport and magnetism. A high Curie temperature is
another characteristic of TM ferromagnets.

The electronic structure of TMs consists of mainly s- and d-orbitals. The
relative position of the Fermi level EF to the s- and d-states depends on the
material, that is, the number of s þ d electrons per atom. Figure 1 shows the
schematic density of states (DOS) of the typical TMs Cr, Fe and Co, and the DOS
of Cu. The electronic states are composed of wide s-bands and narrow d-bands.
The d-part of the DOS is high because the d-states are localized near atoms. The
s- and d-states hybridize to form complicated electronic states.
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The electronic structures shown in Fig. 1 for TMs give rise to the characteristic
features of both magnetism and electrical transport. A typical example of the
former is the Slater–Pauling curve of the magnetization of TM alloys, as shown
in Fig. 2 [19–22]. The linear part of the slope with 45� may be easily understood by
changing the filling of the DOS with electrons. The branches deviating from the
main curves can be explained only by introducing changes in the DOS due to
random impurity potentials.

As mentioned above, the two-current model for electrical transport holds well
in TMs and their alloys. Hence, the electrical resistivity depends on spin in
ferromagnetic metals and alloys. The spin dependence of the resistivity is gov-
erned by the spin dependence of the electronic states near the Fermi level, and by
spin-dependent impurity potentials in ferromagnetic alloys. We will review the
spin-dependent resistivity in detail in the next section.

2.2. a-parameter

The simplest formula for the electrical conductivity s is given by the Drude
formula:

s ¼ e2nt

m
; ð1Þ
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E
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+
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FIGURE 1 Schematic density of states (DOS) of Cr, Fe, Co and Cu. þ and � indicate majority and

minority spin states, respectively, identical to up (") and down (#) spin, respectively, in uniformly

magnetized materials.
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where e, n, t and m are the electrical charge, carrier density, lifetime and effective
mass of carrier electrons, respectively. For ferromagnets, the spin dependence of
these quantities must be taken into account in the Drude formula, since the
electronic states of ferromagnets are spin polarized due to the number of up (")
and down (#) spin electrons not being compensated. Basically, n, m and t are all
spin dependent. Most important is the spin dependence of the lifetime, since it
affects electron scattering most strongly.

The lifetime is related to the mean free path ℓ via the relation ℓ ¼ nFt, where nF
is the Fermi velocity. For typical ferromagnetic metals, ℓ is much shorter that the
spin-diffusion length lspin, and therefore the spins of the carrier electrons are well
conserved in the time scale t. In this case, " and # spin electrons can be treated
independently in evaluating the electrical conductivity, that is, s ¼

P

sss with
s ¼ " or #. This assumption is the Mott’s two-current model.

Although Mott’s two-current model explains the experimental results of elec-
trical resistivity in ferromagnetic metals, it is rather difficult to confirm the model
directly by experiment, since s" and s# cannot be separated independently from
the s data. However, Fert and Campbell [23, 24] have approached the problem by
measuring the residual resistivity and temperature dependence for various binary
and ternary alloys and succeeded in deducing the ratio r#/r" (¼s"/s#) for diluted
alloys of Fe, Co and Ni metals.

The ratio is referred to as the a-parameter. a-parameters for TM impurities
in Fe are presented in Fig. 3. We can see that a-parameter strongly depends
on the species of the impurity atoms. In the next sections, we show how the
material dependence of the a-parameter is related to the electronic states of
ferromagnets.
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20 Jun-ichiro Inoue



2.3. Spin-dependent resistivity in TM alloys

The spin dependence of t caused by impurity scattering of electrons in ferro-
magnetic metals may be evaluated by using the formula

t�1
s ¼ 2p=łhð ÞNiV

2
sDs EFð Þ; ð2Þ

which is given by the Born approximation, where Ni, Vs and Ds (EF) are the
impurity density, scattering potential and DOS at the Fermi energy EF, respec-
tively. Here, both Vs and Ds(E) are spin (s ¼ " or #) dependent. Equation (2)
indicates that the lifetime becomes short as the scattering potential becomes large
and the number of final states of the scattering process increases.

Let us consider TM impurities in Fe. The impurities give rise to a spin-
dependent potential Vs in Fe even when the impurity is non-magnetic, since the
DOSDs(E) of Fe is spin dependent. SinceD"(EF)�D#(EF) for ferromagnetic Fe, the
spin dependence of the lifetime is caused mainly by Vs.

The magnitude of Vs may be evaluated crudely by assuming that the DOS
of TM impurities are unchanged from the bulk case and that the number of
d-electrons and magnetic moment impurities are also unchanged from those
of the bulk state. The latter assumption may be validated from the charge neutral-
ity condition and from neutron diffraction measurements of local moments in
ferromagnetic alloys. On the other hand, the former assumption is believed to be
truly crude.

Under these assumptions, Vs is given by the relative shift of the d-level of
impurities with respect to that of Fe, since the Fermi level (or the chemical
potential) for TM impurities and Fe metal should coincide. The values of
DVxs ¼ Vxs � VFe0 thus determined are shown in Fig. 4 [25]. Here x indicates the
atomic species of the impurities and VFe0 is the d-level of paramagnetic Fe.

From this figure, we can see that VFe#j ’ jVCrj
�

� and VFe"j � jVCrj
�

� , where the
spin suffix of VCr is omitted since Cr is assumed to be non-magnetic in Fe. The
results indicate that the band matching between Fe and Cr is quite good for the #
spin state, while it is rather poor for the " spin state. Schematic shapes of the DOS
for Cr, Fe, Co and Cu with a common Fermi level are shown in Fig. 1. The results
deduced abovemay be easily understood from the relative positions of the d-DOS.

Since DVxs is simply Vs in the Drude formula, we find r" � r# for Cr impu-
rities in Fe metal. This is in good agreement with the a-parameters shown in Fig. 3.
The present crude estimate of Vs may be validated by first-principles calculations,
which give the same results for the spin-dependent resistivity for Cr impurities in
Fe. A detailed study of the residual resistivity in the first-principles method has
been presented by Mertig [26]. The study reproduces the experimental trends of
the spin-dependent residual resistivity in Fe, Co and Ni.

2.4. Spin-dependent resistivity due to ferromagnetic impurities
in novel metals

The residual resistivity due to TM impurities in metals is well described by the
Anderson model [27]. The lifetime in this model is given as
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t�1
s ¼ 5 2p=łhð ÞNiV

2
sdDds EFð Þ; ð3Þ

where Vsd represents s–d mixing between the conduction state and localized
d-states of impurities, and Dds(EF) is the DOS of impurities at EF with spin s.
The factor 5 comes from the degeneracy of the d-states of TM impurities.

Equation (3) is similar to Eq. (2) withVs andDs replaced byVsd andDds. This is
to be expected since the conduction electrons (s-electrons) are scattered into
d-states via s–d mixing. It should be noted, however, that Dds(E) is not a bare
DOS of the impurity d-states, but rather is a renormalized DOS broadened due to
s–d mixing. Figure 5 shows the schematic shape of the DOS of V, Cr, Fe and Ni
impurities in a free-electron band. First-principles band calculations also show an
electronic structure of TM impurities similar to those shown in the figure [28].

Despite its simplicity, the Anderson model satisfactorily explains the tendency
of the residual resistivity caused by TM impurities, in Cu for example. Experi-
mental and theoretical results are shown in Fig. 6 [29]. The horizontal axis of this
figure is the number of 4s þ 3d electrons n per atom. n ¼ 5, 6, 8 and 10 correspond
to V, Cr, Fe and Ni, respectively. Since the DOS of Ni impurities is almost
occupied,Dds(EF) is too low to be exchange split. Therefore, the residual resistivity
is spin-independent and small for Ni impurities. Fe impurities, on the other hand,
are magnetized and the DOS is exchange split, as shown in Fig. 5. Because EF is
located near the peak of Dd#(E), the residual resistivity becomes large. For Cr
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FIGURE 4 Calculated spin-dependent impurity potentials in Fe. The potentials are measured

from the potential of paramagnetic Fe.W indicates the effective bandwidth of the 3d-bands [25].
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impurities, Dd#(E) shifts to higher energy, while Dd"(E) remains unshifted, EF is
located in a low Dd#(E) region. As a result, the resistivity due to Cr impurities is
smaller than that for Fe impurities. The resistivity becomes large again for
V impurities, since Dd#(E) also shifts to higher energy.

The interpretation of the residual resistivity for TM impurities in Cu gives
r#=r" � 1 for Fe impurities and r#=r" � 1 for V impurities. The results are also
consistent with the material dependence of the a-parameter.

2.5. Two-band model

The material dependence of the a-parameter r#/r" given by experiments
(Fig. 3) and that estimated theoretically for TM impurities in Fe and in Cu
may be understood by adopting a two-band model [30]. The model consists
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FIGURE 5 Density of states of Ni, Fe, Cr and V impurities in Cu. Theþ spin state of Cr impurities is
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of a broad s-like band and narrow d-like bands with a mixing between the
s- and d-bands.

Taking Fe as the host metal for example, the electronic state of TM–Fe alloys
may be given by a random distribution of d-levels ETM and EFe of the TM and Fe
atoms, respectively. By applying the coherent potential approximation [31–34] to
the random distribution of d-levels, one may calculate the DOS and electrical
resistivity of TM–Fe alloys.

The spin dependence of the residual resistively r#/r" thus calculated is shown
in Fig. 7 as a function of the number of 4s þ 3d electrons per atom. The results
reproduce the experimental tendency rather well. The calculated results can be
easily understood in terms of matching/mismatching of the d-electronic states
between impurities and host atoms.

For Ag impurities (n ¼ 11) in Fe, the matching of the " spin state is good,
resulting in r#=r" � 1, while for Cr impurities band matching is better for # spin
bands, and therefore r#=r" � 1, as shown in Fig. 7.

3. MICROSCOPIC THEORY OF ELECTRICAL CONDUCTIVITY:
LINEAR RESPONSE THEORY

In this section, we describe linear response theory and its application to layered
structures. In the theory, the conductivity is given as a current–current correlation
function, since the conductivity is the response of a current to an external electric
field which drives the motion of the electrons. The correlation function is
calculated for electronic states in the equilibrium state. That is, the fluctuation–
dissipation relation in the equilibrium state determines the response of the
electrical charge to the external field. In the following, we give formulations for
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FIGURE 7 Calculated a-parameters for TM and noble metal impurities in Fe (as an example host

metal) as a function of the number of 4s þ 3d electrons of the impurities [30].
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conductivity with current parallel and perpendicular to layer planes. Readers not
concerned with the details of the theoretical framework may skip this section and
jump to the sections on GMR, TMR and BMR.

In this section, we assume that Mott’s two-current model holds and omit the spin
suffixes. The basic model used is the tight-binding model with isotropic d-function-
type impurity potentials. General formalism of the Green’s function used below, and
theory of the electrical transport may be found in several textbooks [35, 36].

3.1. Kubo formula

Applying the one-electron approximation to the general expression of the linear
response theory [37], we obtain the so-called Kubo–Greenwood formula for
electrical conductivity:

s ¼ płh

O
Tr Jd EF � Hð ÞJd EF � Hð Þ½ �; ð4Þ

where H is the Hamiltonian and J is the corresponding current operator. The two
d-functions in the equation represent current conservation and the response of the
electrons on the Fermi surface to the electric field. Using the Green’s function
GR Að Þ Eð Þ, defined as

GR Að Þ Eð Þ ¼ Eþ �ð Þi� � H½ ��1; ð5Þ

GR Að Þ Eð Þ ¼ P E� H½ ��1 � þð Þipd E� Hð Þ; ð6Þ
the d-functions are expressed in terms of the imaginary part of the Green’s
function, where R and A indicates the retarded and advanced Green’s functions,
respectively. The conductivity is thus expressed as

s ¼ łh

pO
Tr J GA � GR

� �

J GA � GR
� �� �

; ð7Þ

where EF in the Green’s function is omitted.
There are two methods for practical calculations of the conductivity using the

expression given above. One is to adopt suitable approximations in the calculation
of the conductivity and the other is to simulate the conductivity numerically for
finite size systems with leads. In the following, we demonstrate the methods of
calculation of the conductivity or conductance of multilayers adopting a Hamilto-
nian with random potentials:

H ¼ H 0 þ V; ð8Þ
where V indicates the random potentials.

3.2. Current parallel to planes

When the current flows parallel to the planes of the multilayers, the electrical
conductivity can be calculated semi-analytically. This is because the system exhi-
bits translational invariance parallel to the planes and momentum conservation
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holds along this direction. In the formulation, the Green’s function should first be
evaluated, averaged statistically over the impurity distribution. We denote the
average of the quantity A as hAi. As a result of averaging, the self-energy due to
electron scattering by the impurity potential V is introduced. The averaged
Green’s functions are expressed as

~G
R Að Þ

Eð Þ ¼ h Eþ �ð Þi� � Hð Þ�1i; ð9Þ

¼ Eþ �ð Þi� � H 0 � SR Að Þ
� ��1

: ð10Þ

The self-energy S depends on both energy and momentum, in general.
The simplest method to evaluate the self-energy is the Born approxi-

mation. In this approximation, it is given as SR Að Þ ¼ hVG
R Að Þ
0 Vi, where

G
R Að Þ
0 ¼ Eþ �ð Þi� � H 0ð Þ�1, with an infinitesimally small real number �. When

the magnitude of the impurity potential is large, the coherent potential approxi-
mation (CPA) is useful.

The statistical average for the electrical conductivity should be taken such that

s ¼ łh

pO
TrhJ GA � GR

� �

J GA � GR
� �

i: ð11Þ

We note that hJGJGi ¼ JhGJGi 6¼ J ~GJ ~G. Since the current operator does not
account for the randomness caused by impurity potentials, the first equality
holds. However, the average of the product of two Green’s functions is not a
product of two averaged Green’s functions. Therefore, we must evaluate
JhGJGi � J ~GJ ~G correctly. We call this correction the “vertex correction” to the
conductivity. Current conservation is satisfied when the vertex correction is
evaluated self-consistently in the determination of the self-energy S. Since the
imaginary part of the self-energy corresponds to the lifetime, the conductivity
may diverge when Green’s functions are used without the self-energy.

In the following, we consider a simple cubic lattice with isotropic d-function-
type impurity potentials. In this case, the vertex correction vanishes since the
correct operator is odd in the momentum space. The current operator is a product
of the electrical charge e and electron velocity along the current direction, that is,
J x ¼ enx. Since the velocity vector is the momentum derivative of the energy,
we obtain

J x ¼ e
1

łh

@E kk
	 


@kx
¼ e

łh
2ta sinkxa ð12Þ

for the energy eigenvalues E kð Þ ¼ 2t coskxaþ coskyaþ coskza
	 


of a single orbital
tight-binding model on the simple cubic lattice, where a and t are the lattice
constant and transfer integral between the nearest-neighbour sites, respectively.

For multilayers with a finite number of layers, which can be considered
pseudo-two-dimensional systems, the electrical conductivity at zero temperature
may be evaluated as follows. Since there is no translational invariance along the
direction perpendicular to the layers, it is convenient to express the coordination
of the sites as ðℓ; iÞ, where ℓ is the layer index and i is the position of the site within
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a layer. After recovering the translational invariance by taking the statistical
average over the impurity distribution of a layer, the wave vector kk along a
layer plane can be defined. Therefore, a Fourier transformation can be performed
and the representation ℓ; kk

	 


can be used, where kk ¼ kx; ky
	 


for stacking along
the z-axis.

In this representation, the current operator along the x-direction is given as
Jx kk
	 


¼ enx kk
	 


and the vertex correction vanishes, as described above. There-
fore, the electrical conductivity is given as

sxx ¼
e2łh

Op

X

sℓmkk

nx kk
	 


nx kk
	 


Im~G
R
ℓms kk
	 


Im~G
R
mℓs

kk
	 


; ð13Þ

where s denotes spin and ℓ and m are the layer suffixes. The Green’s function is
expressed as a matrix with a size determined by the number of layers.

3.3. Current perpendicular to layer planes

We now consider multilayers with two leads attached to the top and bottom of the
multilayers with current flowing perpendicular to the layer planes. Because there
is no translational invariance along the direction of current flow, the multilayers
become scatterers and produce electrical resistivity even if the multilayers are
perfect with no defects, impurities, etc. Since the system size is finite, it is conve-
nient to consider the conductance defined as G ¼ (s/L)S instead of the conductiv-
ity s. Here, S and L are the cross section and length of the sample, respectively.
From Eq. (4), the conductance is given as

G ¼ płh

L2
Tr Jd EF � Hð ÞJd EF � Hð Þ½ �: ð14Þ

As the width of the multilayers is much larger than the thickness, we may regard
the width as being nearly infinite and can express the electronic states using a
mixed representation of layer number and wave vector parallel to the layer
planes, that is, ℓ; kk

	 


when no defects, impurities, etc., are included. When the
multilayers include impurities or when the shape of the sample is complex, we
must adopt a real space representation using ℓ; ið Þ. Here, we define “sample” as
being the region that exhibits electrical resistivity. For multilayers with leads, the
region of themultilayers is the sample. For complex structures, wemay choose the
sample arbitrarily, even including the leads. For point contacts, the sample region
may include only a few atoms. In tunnel junctions, the sample may be the
insulating barrier region since the resistivity is governed by the insulating
materials.

We rewrite Eq. (14) in a form applicable to numerical calculations. When
electron hopping between layers, given by t, is non-zero only between nearest-
neighbour sites, the conductance is given by

G ¼ e2t2

2h
Tr �Gℓ;ℓþ1

�Gℓþ1;ℓ þ �Gℓþ1;ℓ
�Gℓþ1;ℓ � �Gℓ;ℓ

�Gℓþ1;ℓþ1 � �Gℓþ1;ℓþ1
�Gℓ;ℓ

� �

; ð15Þ
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where �G ¼ GA � GR and the trace indicates a sum over spins and sites in the layer.
We have used the fact that the electrical current is independent of the position of
the layers. When the multilayers are clean and the wave vector kk is well defined,
the Green’s functions are functions of kk. However, when the sample has a
complex structure, we must adopt a real space representation, and the Green’s
functions are matrices with a size determined by the sample width. Expression
(15) has been given by Lee–Fisher [38].

3.4. Recursive Green’s function method

The Green’s function may be calculated once the Hamiltonian of the whole system
is given. We here present a simple example to treat the Green’s function using a
one-dimensional model, in which the hopping integral between the nearest-
neighbour sites is given by t and the atomic potentials are ni. The Green’s function
is given as

G zð Þ ¼

	 t 0 0 0
t z� nℓ�1 t 0 0
0 t z� nℓ t 0
0 0 t z� nℓþ1 t
0 0 0 t 	

2

6

6

6

6

4

3

7

7

7

7

5

�1

; ð16Þ

where z ¼ E � i�. We divide the system into left and right semi-infinite parts.
When the ℓth site is an edge atom of the left part, G

ℓℓ
is given as

G
ℓℓ

zð Þ ¼ 1

z� nℓ � t2G
ℓ�1ℓ�1 zð Þ ; ð17Þ

which connects the Green’s function of the ℓ � 1ð Þth atomwith the ℓth atom.When
the ℓth atom is far from the edge, we set G

ℓℓ
zð Þ ¼ G

ℓ�1ℓ�1 zð Þ, since these atoms are
equivalent. Solving this equality gives G

ℓℓ
zð Þ. The Green’s functions for the right

part are calculated using the same procedure. The Green’s functions of the left and
right parts are connected by the relation

G zð Þ ¼ G�1
ℓℓ

zð Þ t
t G�1

ℓþ1ℓþ1 zð Þ

� ��1

; ð18Þ

from which we obtain G
ℓℓ

zð Þ and G
ℓℓþ1 zð Þ. This procedure to determine the layer

Green’s function is called the recursive Green’s function method.
This method may be applied to systems which are much smaller than real

systems in order to evaluate the conductivity of a real system. In this case, we first
calculate the conductance and evaluate the conductivity as follows. Since the
conductivity in the linear response regime is characterized by Ohm’s law, where
the resistivity increases linearly with the sample length, and the conductivity and
conductance for finite size samples with width S and length L is given as
1=G ¼ 1=Gc þ L=sSð Þ, we calculate the conductance as a function of L and estimate
the value of s from the slope of the 1/G versus L curve. Here, 1/Gc is the contact
resistance of the contact between the sample and the leads. Furthermore, the
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conductance is calculated for many samples with different distributions of impu-
rities by taking a statistical average of the conductance. This procedure is neces-
sary since we are dealing with conductivity in the diffusive regime, in which
electrical scattering is important for the conductivity.

3.5. Conductance quantization and Landauer formula

The current of a one-dimensional chain subject to a voltage is given as

I ¼ 2e

ðEFþeV

EF

D Eð Þn Eð ÞdE; ð19Þ

using the DOS D(E) and the velocity of electrons n(E). Using the relations for free
electrons,

D Eð Þ ¼ 1

2płh

ffiffiffiffiffiffiffiffi

m

2E
;

r

ð20Þ

and n Eð Þ ¼ p=m ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2E=m
p

, we get

I ¼ 2e2

h
V: ð21Þ

Therefore, the conductance is given as

G ¼ 2e2=h ð22Þ
in terms of physical constants. The factor 2 indicates spin degeneracy. Because only
two propagating states exist in a one-dimensional chain, that is, left-going and right-
going waves, there is only one conducting path (called a channel) where electrons
flow for each spin. The channel gives a conductance of 2e2/h, which is called the
quantum conductance. This value is 3.4 
 107 cm/s and is equal to (26 kO)�1. The
conductance of multi-pass systems is given by integer multiples of 2e2/h.

Even if the conductance is ballistic, the conductance for systems which have no
translational invariance along the current direction is given as

G ¼ 2e2

h
T EFð Þ ð23Þ

using the transmission coefficient T(EF) at the Fermi energy. When there are many
channels, as in three-dimensional systems, and the wave vector parallel to planes
is well defined, the total conductance is written as

G ¼ 2e2

h

X

kk

T EF; kk
	 


: ð24Þ

For a finite voltage, the expression is generalized for the current as

I ¼ 2e

h

X

kk

ð

dE f Eð Þ � f Eþ eVð Þf gT EF; kk
	 


; ð25Þ
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which is called the Landauer formula [39]. The result is also obtained in the non-
equilibrium Green’s function method [40].

4. GIANT MAGNETORESISTANCE

Magnetic multilayers are composed of an alternating stack of thin magnetic and
non-magnetic layers. The thickness of each layer is a few nm. Trilayers, where a
non-magnetic layer is sandwiched by two magnetic layers, can also be considered
to be multilayers. Some magnetic multilayers show large magnetoresistance.
When the non-magnetic layers are metals, the MR is called giant MR (GMR) and
when the non-magnetic layer in a trilayer is an insulator, the MR is called tunnel
MR (TMR).

Magnetic multilayers have the following two important characteristics:

(1) The alignment of the magnetization of the magnetic layers is easily controlled
by an external magnetic field, since the coupling between the magnetization of
the magnetic layers is weakened by the presence of the non-magnetic layer
between them.

(2) Each layer is thin enough for carrier electrons to feel a change in the magneti-
zation direction of the magnetic layers.

GMR and TMR depend strongly on the type of magnetic and non-magnetic layers,
and their combination. In this section, we first explain how the experimental GMR
results may be understood in terms of spin-dependent resistivity described in
Section 2, and that the material dependence of GMR is strongly related to the
electronic structure of the constituent metals of the multilayers.

4.1. Magnetic multilayers

The basic structure of magnetic multilayers composed of a ferromagnetic A metal
and a non-magnetic B metal is shown in Fig. 8. The thickness of each layer is 1–10
nm and the number of layers ranges from 3 (for trilayers) to about 100. Fe, Co, Ni
and their alloys are frequently used for the ferromagnetic A layers, while

A

d

d�

B

FIGURE 8 Schematic figure of magnetic multilayers with ferromagnetic A and non-magnetic

B layers. d and d0 indicate the layer thickness.
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non-magnetic TMs such as Cr and Ru or noble metals Cu, Ag and Au are used for
the non-magnetic B layers.

To fabricate high-quality magnetic multilayers, matching of the lattice con-
stants of the constituent metals is important. Figure 9 shows the distance between
nearest-neighbour atoms and the lattice structure of 3d, 4d and 5d TMs. We find
that the matching of the atomic distance and lattice structure of Fe with Cr and Co
with Cu are sufficiently good.

4.2. Experiments on GMR

4.2.1. GMR and exchange coupling
The first observation of antiparallel coupling between magnetic layers was
reported by Grünberg et al. [41], for Fe/Cr trilayers. They also observed negative
MR, that is, a resistivity reduction under an external magnetic field. The magni-
tude of the MR of Fe/Cr trilayers was observed to be a few percent. Two years
later, Fert’s group [42] reported MR as large as 40% for Fe/Cr multilayers. This
MR was the largest so far observed for magnetic metal films and was called giant
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FIGURE 9 Atomic distance between nearest-neighbour sites and lattice structures in 3d, 4d and

5d transition metals. Circles, squares and hexagons under the figure show that the crystal

structures of metals are fcc, bcc and hcp, respectively.
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MR (GMR). After the discovery of GMR, many experimental works have been
performed [43–48].

Figure 10 shows the experimental results for Fe/Cr multilayers [42]. The
resistivity decreases with increasing magnetic field due to a change in the align-
ment of the magnetization of the Fe layers. The resistivity is high when the
alignment is antiparallel (AP) and is low when the alignment is parallel (P).

The magnitude of the MR is expressed by the so-called MR ratio, defined as

MR ¼ rAP � rP
rAP

; ð26Þ

or

MR ¼ rAP � rP
rP

; ð27Þ

where rAP and rP are the resistivity in AP and P alignment of the magnetization of
the magnetic layers. Since usually rP < rAP, the definitions (26) and (27) are called
as pessimistic and optimistic definition, respectively. In experiments, the optimis-
tic definition Eq. (27) is usually used, while we use the definition Eq. (26) for the
theoretical results in this chapter. Tables 1 and 2 show MR ratios observed for
several combinations of magnetic and non-magnetic metals. We see that the MR
ratio depends on the combination of metals. Fert’ group pointed out in their first
paper on GMR that the spin-dependent resistivity could be responsible for GMR;
however, no detailed discussion on the material dependence was presented.
(The many-body effect was ruled out since no anomalous dependence of r on
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FIGURE 10 Resistivity change due to an external magnetic field for Fe/Cr multilayers [42].
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temperature has been observed [45]. The residual resistivity, however, was found
to be very high.) Thus, an issue to be clarified is the material dependence of GMR
and the relation between the MR ratio and the electronic structures of the constit-
uent metals of the magnetic multilayers.

GMR appears when the AP alignment of the magnetization is changed to
P alignment by an external magnetic field. Therefore, AP alignment of the mag-
netization is a prerequisite for GMR. A detailed study of the alignment of magne-
tization has found that the coupling of magnetization in magnetic layers changes
as a function of the non-magnetic layer thickness [49]. The coupling between
magnetic layers is called inter-layer exchange coupling [50–54]. Figure 11 shows
an experimentally determined oscillation of coupling energy as a function of layer
thickness [51]. The period of the oscillation is rather long and the magnitude
decays as the thickness of the non-magnetic layer increases. The long period of
oscillation has been confirmed in various experiments [55–57]. The features are
very similar to those of the so-called RKKY interaction between magnetic impu-
rities in metals [58]. The period of the oscillation of the inter-layer exchange
coupling is determined by the Fermi wave vector kF, as in the RKKY interaction
[59–64]. In the present case, however, the thickness of the non-magnetic layer
changes discretely and therefore (p/a � kF) can also be the period of oscillation,

Table 1 MR ratios measured for various magnetic multilayers for current parallel to the

layer planes

Multilayer Dr/rP (%) Dr/rAP (%)

Fe/Cr 108 52
Co/Cu 115 53
NiFe/Cu/Co 50 33
FeCo/Cu 80 44
NiFeCo/Cu 35 26
Ni/Ag 26 21
Co/Au 18 15
Fe/Mn 0.8
Fe/Mo 2
Co/Ru 7
Co/Cr 2.6
Fe/Cu 12

Table 2 MR ratios measured for selected magnetic multilayers for current perpendicular

to the planes

Multilayer Dr/rP (%) Dr/rAP (%)

Ag/Fe 42 30
Fe/Cr 108 52
Co/Cu 170 63
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where a is the lattice distance. Since kF in Cu, for example, is close to p/a, the
period of oscillation of the exchange coupling becomes long. The decay of the
magnitude for multilayers is proportional to L2, where L is the non-magnetic layer
thickness, in contrast to r3 for the RKKY interaction.

4.2.2. Non-coupling type of GMR
Magnetic layers in multilayers are usually coupled magnetically (inter-layer
exchange coupling). The inter-layer exchange coupling in Fe/Cr multilayers is
rather strong to be controlled by the magnetic field. Multilayers with thicker non-
magnetic layers have nearly zero exchange coupling; however, the magnetization
direction of the magnetic layers may be controlled by using the difference in
the coercive force between magnetic layers of different metals. An example is
Co/Cu/NiFe multilayers shown in Fig. 12, in which NiFe is a soft magnet with a
magnetization easily changed by a weak external magnetic field [65, 66].

4.2.3. Spin valve
Technological applications of GMR, for example, sensors, require a sharp
response of the magnetization direction to the external magnetic field within a
few Oe. To achieve such sensitivity, a trilayer structure with an attached antifer-
romagnetic has been designed. The magnetization of the magnetic layer adjacent
to the antiferromagnetic layer is pinned by the antiferromagnetism and only the
other magnetic layer responds to the external magnetic field. This kind of trilayer
is called a spin valve [67–69]. PtMn or FeMn are typical antiferromagnets used in
spin valves. An example of GMR in a spin-valve-type trilayer is shown in Fig. 13.

4.2.4. CPP-GMR
The experiments presented so far have used a geometry with the current flowing
parallel to the layer planes. GMR with this geometry is called current-in-plane
GMR (CIP-GMR). GMR with a geometry with current flowing perpendicular to
the planes is called CPP-GMR.
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FIGURE 11 Oscillation of coupling energy as a function of non-magnetic layer thickness in NiCo/

Ru/NiCo multilayers [51].
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In CPP-GMR, the resistivity of a sample is too small to be detected, since the
layer thickness is usually less than mm and the resistivity of the leads is over-
whelming. To make a measurement of sample resistivity possible, several meth-
ods have been adopted. One is to utilize superconducting leads [70–72], the
second one is to microfabricate the samples [73, 74], and to fabricate multilayered
nanowire formed by electrodeposition into nanometre-sized pores of a template
polymer membrane [75]. In the second case, the resistivity of the sample becomes
as large as that of the leads because the resistivity of such systems is governed by
the narrow region of the system.

The temperature dependence of CPP-GMR for a microfabricated sample
of Fe/Cr multilayers is compared with that of CIP-GMR in Fig. 14. We see that
CPP-GMR is much larger than CIP-GMR, which is a general trend for GMR. To
interpret the results, the geometry of multilayers effects should be taken into
account, in addition to the spin-dependent resistivity of ferromagnetic metals.
Shinjo’s group [76, 77] fabricated a zigzag structure of multilayers in which the
current flows in angle to planes, and measured a rather high MR ratio.
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4.2.5. Granular GMR
GMR has been observed not only in magnetic multilayers, but also in granular
films in which magnetized metallic grains of Co or Fe, for example, are distributed
in non-magnetic metals, typically Cu or Ag [78–84]. The size of the grains is of
nanoscale and the magnetic moments of the grains are nearly isolated from each
other.

When an external magnetic field is applied, the random orientation of the
magnetic moments of the grains is forced to be parallel, resulting in a decrease of
the resistivity, as for magnetic multilayers. Example experimental results are
shown in Fig. 15. The dependence of the resistivity on the magnetic field is
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strongly affected by the annealing temperature of the sample. When the annealing
temperature is low, the MR does not saturate even at high magnetic field. This
may be because isolated magnetic atoms and/or clusters still remain for low
annealing temperature and they continue to respond to high magnetic fields.

4.3. Phenomenological theory of GMR

The typical length scale of a multilayer is the thickness L of each layer, which is of
the order of 1 nm. Since the length scale is shorter than the mean free path and
much shorter than the spin-diffusion length, Mott’s two-current model is applica-
ble to GMR in multilayers as a first approximation. The model is also applicable to
granular GMR because the length scale of the sample is the diameter of the
magnetic grains. Detailed experiments have shown that the spin-diffusion length
in the multilayer, especially in CPP-GMR-type multilayers, may be different from
that in metals and alloys [15, 85–89]. In the following, however, we adopt the
simplest picture to explain the effect of GMR [25, 90].

In applying the two-current model to magnetic multilayers, the direction of the
spin axis, up (") or down (#), should be defined to deal with the resistivity.
Because the magnetization of the magnetic layers is reversed by the magnetic
field and the magnetization alignment can be either parallel or antiparallel, " and
# spin states should be distinguished from the majority (þ) and minority (�) spin
states of each magnetic layer. We henceforth use the notation " and # spin states as
the global spin axes and þ and � spin states to express the electronic states of the
magnetic metals. For P alignment, " and # spin states coincide with þ and � spin
states, respectively; however, they do not coincide for AP alignment. In the
following, we adopt Eq. (26) for the MR ratio.

For simplicity, we consider a case where the current traverses a trilayer
composed of a non-magnetic layer sandwiched by two ferromagnetic layers. Let
rþ, r� and r0 be the majority and minority spin resistivities in the ferromagnetic
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layers and the resistivity in the non-magnetic layer, respectively. The total resis-
tivity for P and AP alignment may be easily obtained by referring to the equivalent
circuits shown in Fig. 16A and B, respectively. The resultant MR ratio is given as

MR ¼ rþ � r�
rþ þ r� þ 2r0

� �2

: ð28Þ

The MR ratio increases as the difference between the spin-dependent resistivities
rþ � r� increases.

When rþ þ r0 and r� þ r0 are rewritten as rþ and r�, the expression above is
written as

MR ¼ 1� a

1þ a

� �2

; ð29Þ

using the a-parameter a ¼ r�/rþ. Thus, a combination of materials which gives a
large value of the a-parameter gives rise to a large GMR. The combination of Fe
and Cr gives a large GMR. In addition, the lattice matching between Fe and Cr
layers is good.

4.4. Mechanism of GMR

4.4.1. Electronic states and spin-dependent resistivity in multilayers
The spin-dependent resistivity in ferromagnetic metals is closely related to the
electronic structure of the metal and impurities introduced into the metal. The
electronic structures of the constituent metals of the magnetic multilayers also
govern the spin-dependent resistivity (or resistance) in multilayers. In this section,
we describe possible sources of spin-dependent resistivity in multilayers from the
viewpoint of electronic states:

� Spin-dependent resistivity caused by interfacial roughness. As described, the origin
of the spin-dependent resistivity in metals and alloys is the spin dependence of

↑ spin 

ρ+ ρ0

ρ−

A

B

C

↓ spin

FIGURE 16 Equivalent circuit for the resistivity for (A) P alignment and (B) AP alignment of

magnetization. (C) Equivalent circuit for the resistivity in multilayers which include spin-flip

scattering.
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the scattering potentials caused by roughness. The roughness due to random
arrangement of atoms also exists in multilayers. In molecular beam epitaxy
(MBE) and sputtering fabrication methods, it is impossible to avoid intermixing
of atoms at interfaces. The intermixing of magnetic A atoms and non-magnetic B
atoms at an A/B interfaces gives rise to spin-dependent random potentials near
the interface. The situation is similar to that in ferromagnetic alloys.

� Band matching/mismatching at interfaces. The essence of the origin of electrical
resistivity is the absence of translational invariance along the current direction,
because the momentum of electrons need not be conserved in this case. When
the interfaces are clean, translational invariance parallel to the layer planes is
satisfied and there is no electrical resistivity. Even in this case, however, there is
electrical resistivity perpendicular to the layer planes, since there is no transla-
tional invariance along this direction for thin multilayers. In this case, the
difference between the electronic structure of the constituent metals of the
multilayers acts as a source of spin-dependent electrical resistivity and gives
rise to CPP-GMR. In Co/Cu multilayers, for example, band matching between
þ spin states is much better than between � spin states, as schematically shown
in Fig. 1. Therefore, rþ � r� is realized. In Fe/Cr multilayers, the opposite
relation, r� � rþ, is realized. The spin dependence of the resistivity is the same
as that obtained by spin-dependent random potentials.

Thus, both random potentials and matching/mismatching of the electronic struc-
ture cause the same spin dependence of the resistivity [25, 90–94]. For current
flowing perpendicular to the planes, both are crucial for the spin dependence of
the resistivity, while the spin-dependent random potential is likely to be more
greatly responsible for GMR for current flowing parallel to the planes. The
scattering at interfaces and layer-resolved GMR effect have also been studied for
CIP-GMR [95, 96].

4.4.2. Estimate of GMR using spin-dependent potentials
We now estimate the MR ratio considering spin-dependent random potentials at
interfaces. As mentioned, the material dependence of these random potentials is
similar to that of the a-parameter. However, we can evaluate these random
potentials more precisely by calculating the electronic states at interfaces for
variousmultilayers and evaluate the spin-dependent resistivity and then calculate
the MR ratio using Eq. (29). The calculated MR ratios are shown in Fig. 17 for
Fe/TM and Co/TM multilayers [91].

This figure shows that the MR ratio has a peak for Fe/Cr multilayers and Co/
Ru multilayers. In Fe/Cr multilayers, Cr atoms dissolved in the Fe layers and Fe
atoms dissolved in the Cr layers give rise to spin-dependent random potentials.
Because VFe� � VCr, while VFeþ � VCr, both the dissolved Cr and Fe atoms result
in Vþj j � jV�j, which produces spin-dependent resistivity in such a way that
rþ � r�. Therefore, the MR ratio of Fe/Cr multilayers becomes high. A similar
situation may occur also in Fe/Pd multilayers, resulting in rþ � r�. In Fe/Pd
multilayers, however, GMR has not been observed. This is because the Pd metal
produces long range spin polarization when it is in contact with ferromagnetic
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metals, and as a result, the inter-layer exchange coupling between the Fe layers
can be ferromagnetic irrespective to the thickness of the Pd layers. In Co/TM
multilayers, the atomic potential of Co is lower than that of Fe (see Fig. 4) and the
relations VCo� � VTM and VCoþ � VTM occur for TM ¼ Rh and Ru. Therefore, the
MR ratios for Co/Rh and Co/Ru become high.

The results reproduce the trend of the material dependence of GMR. However,
the calculated magnitude is much larger than the experimental results. This may
be attributed to the simplified treatment of the random potential for the resistivity
and to the fact that the spin-independent resistivity caused by phonons, lattice
imperfections due to lattice mismatch, etc., is not accounted for. The highMR ratio
of Fe/Cr multilayers may also be related to good lattice matching between the Fe
and Cr layers, in addition to the fact that they possess the same bcc structure.

For Co/Cu multilayers, Co atoms dissolved in the Cu layers may govern the
spin-dependent resistivity, since the conductivity of Cu is much higher than that
of Cometal. As shown above, the a-parameter of Co impurities in Cu is larger than
1, because the Co þ spin state is similar to that of Cu, while the Co � spin state is
quite different from that of Cu. Therefore, we expect rþ � r� for Co/Cu multi-
layers. The spin-dependent resistivity due to magnetic TM impurities in Cu may
be estimated by applying the Anderson model. The MR ratio thus calculated is
shown in Fig. 18 as a function of the number of d-electrons of the TM impurities
[90]. The results are compared with the experimental values in the figure [97–102].

We see that the MR ratio becomes high for Co/Cu multilayers, consistent with
experimental results. The calculated results indicate that Ni/Cu shows no MR, in
contradiction to the experimental results. Since the DOS of the TM impurities is
given by a Lorentzian shape in the present model and the Ni impurities carry no
magnetic moments, no MR occurs. It has been confirmed, however, that a more
realistic model does give MR for Ni/Cu multilayers [103, 104]. As for Fe/Cu
multilayers, the theory gives a rather high MR ratio, whereas the MR ratios
obtained in experiment are usually very small. The contradiction may be caused
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FIGURE 17 Theoretical estimate of MR ratio for Fe/TM and Co/TM multilayers for various TMs
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by the fact that the lattice structure is not taken into account in the theory; because
Fe is bcc and Cu is fcc, the lattice mismatch should reduce the MR ratio.

4.4.3. Microscopic theory of GMR
The discussion in the previous section does not take into account the geometry of
the multilayers. Therefore, they are not able to distinguish between CIP- and CPP-
GMR. To account for the effects of geometry, microscopic theory should be
applied to the resistivity, which may be done by adopting the Kubo formula
explained in the previous section.

Figure 19 shows the calculated MR ratios for CIP- and CPP-GMR in a simple
tight-binding model for Fe/Cr multilayers with roughness at interfaces [105].
A supercell method is adopted in the calculations. The horizontal axis indicates
the concentration of random atoms dissolved into the first layer of both the
magnetic and non-magnetic layers. We find that CPP-GMR is much larger than
CIP-GMR and that the former decreases with an increase in the degree of rough-
ness, while the latter increases. Similar results have been obtained for the recur-
sive Green’s function method [106, 107].

The reason that CPP-GMR is much larger than CIP-GMR is that the current in
CPP geometry always traverses the layer and both the spin-dependent potential
and the effect of matching/mismatching of DOS contribute to the MR. On the
other hand, in CIP geometry, the effect of matching/mismatching of the DOS is
less effective and the MR becomes smaller. Furthermore, the spin-independent
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contribution to the resistivity from the non-magnetic layers decreases the MR. The
decrease of the MR ratio in CPP-GMR with increasing roughness may be under-
stood as follows: without roughness (zero concentration), the matching and mis-
matching of # spin and " spin DOS give rise to strong spin dependence of the
resistivity, resulting in a high MR ratio. In contrast, the spin dependence of
the resistivity becomes weak with increasing roughness.

The MR ratio including a realistic electronic structure has been calculated for
Fe/Cr multilayers and is shown in Fig. 20 as a function of non-magnetic layer
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FIGURE 19 Calculated MR ratios for CIP- and CPP-GMR in a single band tight-binding model,

where the MR ratio is defined in Eq. (26) [105].
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thickness. The electronic structure was calculated using a supercell method and a
Linear Muffin-Tin Orbital (LMTO) method without roughness [109, 110]. The sym-
bols [1 0 0] and [1 1 0] in this figure indicate the stacking direction of the layer planes.
Note that the definition of the MR ratio used is MR ¼ GP � GAPð Þ=GAP 
 100 %ð Þ,
where G is the conductance calculated by the Landauer formula. We can see that
the qualitative features are the same as those obtained in the simple model.

The present method has also been applied to granular GMR. The results are
consistent with the experimental ones.

4.4.4. Simple picture of GMR
We have presented the mechanism of GMR in terms of spin-dependent resistivity
and band matching/mismatching between magnetic and non-magnetic layers.
These origins are closely related to each other and present a simple picture for the
mechanism of GMR inmagnetic multilayers, as shown in Fig. 21. In P alignment of
the magnetization, one of the two spin channels has a low resistance (or resistiv-
ity) while the other has a high resistance. In AP alignment, both spin channels
have high resistance (or resistivity), since both " and # spin electrons are scattered
at some interfaces. As a result, the resistance in AP alignment is larger than that in
P alignment.

4.5. Effects of spin-flip scattering

So far, we have not taken spin flip or spin diffusion into account. It is easy to do so
in phenomenological theory. Adopting the equivalent circuit model shown in
Fig. 16C, the resistivity in P and AP alignment may be given as

rP ¼ 2rþr�
rþ þ r�

; ð30Þ

rAP ¼ 2rþr� þ rsf rþ þ r�
	 


rþ þ r� þ 2rsf
; ð31Þ

where rsf is the contribution to the resistivity by spin-flip scattering. rP does not
include rsf, since the voltage drop at the middle of the circuit is the same for " spin

Parallel Antiparallel

FIGURE 21 Schematic figure of spin-dependent resistivity in multilayers.
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and # spin channels. In AP alignment, taking rsf ! 0 gives rAP ¼ rP and the MR
disappears because the current is shorted. For an infinite rsf, there is no spin-flip
effect and the MR ratio decreases with decreasing rsf. (Note that 2rþ � r" and
2r� � r# according to Fert et al. [24].)

Valet and Fert [111] have incorporated the effects of spin diffusion and layered
structures by extending Boltzmann theory to include the spatial dependence of
the distribution function in the non-equilibrium state. Under a finite voltage, they
took into account spin accumulation and spin diffusion near the interfaces. They
obtained general expressions for the spin-dependent resistivity, from which the
following expressions are derived for simple cases:

Js ¼
ss

e

@�ms
@x

; ð32Þ

e

ss

@�ms
@x

¼ �ms � �m�s

l2spin
; ð33Þ

with

�ms ¼ ms � eV xð Þ; ð34Þ
where Js, ss and ms are the current, conductivity and chemical potential of the spin
s-state, respectively, and lspin is the spin-diffusion length.

Equation (32) is simply Ohm’s law and Eq. (33) indicates a balance between the
spin accumulation and spin-flip rate. Using the parameters given in Fig. 22, the
MR ratio is calculated for an F/N/F trilayer as a function of LF/LN, where LF and
LN are the thicknesses of the F and N layers, respectively. We can see that the MR
ratio becomes small when the spin-diffusion length is short. Since we are
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considering a trilayer, the MR ratio defined by Eq. (26) is very small. A non-zero
value of �ms � �m�s means that the chemical potential becomes spin dependent near
the interface, due to the difference between the spin-dependent resistivity in
the F and N layers, and indicates the existence of spin accumulation near the
interface.

5. TUNNEL MAGNETORESISTANCE

TMR in ferromagnetic tunnel junctions (FTJs) was reported prior to the discovery
of GMR [112, 113]. The observed MR ratios, however, were rather small at the
time. A large TMR at room temperature was reported for Fe/Al–O/Fe in 1995
[114–116], and it has attracted considerable attention due to its wide potential
application in sensors and memory storage devices in the near future. In the same
year, tunnel-type MR was reported for metal-oxide ferromagnetic granular films
[117, 118].

Many theoretical studies have so far investigated tunnel resistance and TMR
[11, 119–123]. Since TMR is caused by tunnelling current through an insulating
barrier, it is sensitive to physical factors such as temperature, voltage and the
thickness and energy height of the barrier; it is also affected by scattering mechan-
isms. It is therefore vital to clarify the effects of each factor on TMR in order to
develop technological applications of TMR.

In this section, we first overview the experimental results of TMR together
with a phenomenological theory, and then describe the results obtained using
microscopic theories. We also touch upon some recent experiments.

5.1. Ferromagnetic tunnel junctions

FTJs are made of a thin (about 1-nm-thick) non-magnetic insulator sandwiched
between two ferromagnetic electrodes. A schematic figure of such a junction is
shown in Fig. 23. The ferromagnetic metals used are predominantly Fe, Co and
their alloys, while amorphous Al2O3 is one of the most stable materials for the
insulating barrier. Recently, a single-crystal MgO layer has been used as the
barrier to generate high TMR ratios.

FIGURE 23 A schematic figure of the ferromagnetic tunnel junction.
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The resistivity of the FTJ is reduced when the magnetization alignment of two
ferromagnets is changed from AP to P alignment. This is similar to GMR, and the
MR ratio is defined as

MR ¼ rAP � rP
rAP

: ð35Þ

An alternative definition is often used in experimental studies; in this definition,
rAP in the denominator is replaced with rP.

5.2. Experiments for TMR

Figure 24 shows the experimental results for the resistance in a Fe/Al–O/Fe tunnel
junction as a function of the external magnetic field [114]. The resistance is highwhen
the magnetization of the two ferromagnetic electrodes is antiparallel, and it is low
when the magnetization is parallel. One of the characteristics of TMR is that the
external magnetic field required to rotate the magnetization is sufficiently low. This
isbecausethere isalmostnocouplingbetweenthemagnetizationsof thetwoelectrodes
as a result of the insulating barrier inserted between them. The AP and P alignments
of the magnetization are realized by using a small difference in the coercive force
between the two ferromagnets. The current flows perpendicular to the layer planes,
which is similar to CPP-GMR. The resistance in the FTJs is much higher than that in
CPP-GMR. This makes it possible to measure the junction resistance without micro-
fabricating the samples. This could be considered to be another characteristic of TMR.

5.3. A phenomenological theory of TMR

5.3.1. MR ratio and spin polarization
The experimental results for TMR can be understood phenomenologically as
follows. Let us denote the left and right electrodes as L and R, respectively.
When the tunnelling process is independent of the wave vectors of tunnelling
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FIGURE 24 Experimental results for the resistance in an Fe/Al–O/Fe tunnel junction [114].
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electrons, the tunnel conductance G is proportional to the product of the densities
of states of the L and R electrodes, and is given by G /

P

sDLs EFð ÞDRs EFð Þ, where
s denotes the spin [112, 124]. The proportionality constant includes the transmis-
sion coefficient of electrons through the insulating barrier. Henceforth, the Fermi
energy EF is omitted for simplicity.

By using this expression, the conductance for P magnetization alignment is
given by GP / DLþDRþ þDL�DR�, and that for AP magnetization alignment
is given by GAP / DLþDR� þDLþDR�. Since the resistivity rP(AP) corresponds to
G�1
P APð Þ, the MR ratio is given by

MR ¼ G�1
AP � G�1

P

G�1
AP

¼ 2PLPR

1þ PLPR
; ð36Þ

where PL(R) is the spin polarization of L(R) electrodes and is defined by

PL Rð Þ ¼
DL Rð Þþ �DL Rð Þ�
DL Rð Þþ þDL Rð Þ�

; ð37Þ

Although the transmission coefficient governs the magnitude of the tunnel
conductance, it does not appear in the expression for the MR ratio.

An intuitive picture of the tunnelling process explained above is shown in
Fig. 25. As shown in this figure, in P alignment, majority and minority spin
electrons in the L electrode tunnel through the barrier into the majority and
minority spin states in the R electrode, respectively. In AP alignment, however,
the majority and minority spin electrons in L electrode tunnel into the minority
and majority spin states in R electrode, respectively. The difference between the
conductances of the P and AP alignments gives rise to TMR.

5.3.2. Spin polarization
Equation (36) indicates that the spin polarization of the electrodes governs the
MR ratio. The spin polarization has been experimentally determined by using
junctions of ferromagnet/Al/superconductor, or by analyzing the tunnelling
spectrum obtained using point contacts [125–131]. Measured values of the spin
polarization are shown in Table 3. Using these values, the experimentally measured
MR ratios are explained rather well. For example, the MR ratio measured for
Fe/Al–O/Fe junctions is about 0.3 and this value is close to the theoretical value

+ + + +

−−
−−

A B

FIGURE 25 A schematic figure to show the tunnelling process in ferromagnetic tunnel

junctions.
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calculated by using the experimental value of P for Fe. However, the MR ratio
observed for a single-crystal Fe/MgO/Fe junction is 0.7–0.8, which cannot be
explained in terms of the spin polarization of Fe.

It is also difficult to explain the spin polarization P by using a first-principles
calculation. The ratios of P deduced from the height of the DOS at the Fermi
energy are inconsistent with experimentally measured ones, for example, theoret-
ical values for P are negative for Co and Ni, while experimental ones are positive.
Bulk Fe has a positive value of P, while surface Fe has a negative value. To explain
TMR, one should study the spin polarization of the tunnel conductance itself.

5.4. Free-electron model

To investigate the tunnelling process of electrons through a barrier, we first
consider a one-dimensional free-electron model. Let us calculate the transmission
probability for an electron injected from the left electrode with an energy E to
tunnel through the barrier to the right electrode. Since the injection energy E is
measured from the bottom of the energy band, it is spin dependent when
the electrodes are ferromagnetic, and is expressed by Es with s ¼ þ (majority
spin) or � (minority spin).

Let F be the barrier potential determined from the Fermi energy and d be the
barrier thickness, respectively, the decay rate of the wave function within the
barrier is given by

k ¼
ffiffiffiffiffiffiffiffiffiffi

2mF
p

=h; ð38Þ
in a free-electron model, where m is the effective mass of tunnelling electrons.
The transmission coefficient may be given by

Ts ’
16EsF

Es þ Fð Þ2
e�2kd; ð39Þ

for kd � 1. The spin dependence of the transmission coefficient appears in the
prefactor of e�2kd. Values of Ts are plotted as functions of F/Eþ for a given value

Table 3 Spin polarizations observed in tunnel junctions and

point contacts for various metals [125–129]

Materials Tunnel junctions Point contacts

Fe þ0.40 0.42
Co þ0.35 0.37, 0.42
Ni þ0.23 0.32, 0.43
Ni0.8Fe0.2 0.37
Cu 0.0
NiMnSb 0.58
(LaSr)MnO4 þ0.70 0.78
CrO2 0.90
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of Eþ/E� in Fig. 26. This figure shows that the sign of the spin polarization of the
transmission coefficient depends on the value of F/Eþ.

To evaluate the difference between the transmission coefficients for P and
AP alignment of the magnetization, a generalized calculation should be
performed [132, 133]. By performing such calculations, the conductances GP and
GAP for P and AP alignments of the magnetization, respectively, can be obtained
as [133]

GP APð Þ / 1þ �ð ÞP2;

P ¼ kFþ � kF�
kFþ � kF�

k2 � kFþkF�
k2 þ kFþkF�

�

�

�

�

�

�

�

�

�

�

�

�

:
ð40Þ

where kFs is the Fermi wave number for s-spin of the electrodes. Here, we have
assumed that kd � 1. The MR ratio defined as MR ¼ GP � GAPð Þ=GP gives
2P2/(1 þ P2) for PL ¼ PR ¼ P.

It is possible to evaluate the value of P by calculating kFs in a first-principles
calculation; however, the value of P is quite small (only a few percent) compared
with experimentally measured values due to the factor k2 � kFþkF�

�

�

�

�. To make a
quantitative comparison between the experimental and theoretical values of P, a
more realistic formulation or numerical calculation of P is desired, one which
employs realistic electronic structures and that incorporates the effects of disorder
at, for example, junction interfaces.

5.5. Ingredients for TMR

In the simple theories described above, the origin of TMR is either the spin
dependence of the density of states or that of the transmission coefficient. How-
ever, as shown below, realistic electronic structures and disorder at interfaces
exert a larger effect on determining the magnitude of TMR [134–139].
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FIGURE 26 Calculated results for the spin-dependent transmission coefficient in the

free-electron model for a ferromagnetic junction.

GMR, TMR and BMR 49



5.5.1. Role of the transmission coefficient
In the free-electron model, the spin dependence of the transmission coefficient
resides in the prefactor of exp(�2kd), which is generated by the matching condi-
tions of the wave functions of tunnelling electrons at the interfaces. Although exp
(�2kd) is spin independent, it gives rise to a strong dependence on spin in the
following way.

Equation (38) is the result obtained using a one-dimensional model, and it
should be generalized to a three-dimensional case in such a way that

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m U � E kzð Þð Þ
p

=łh ð41Þ
with

EF ¼ E kk
	 


þ E kzð Þ; ð42Þ

where U is the height of the barrier potential. We see that when kd � 1, the
electronic state which maximizes E(kz) (i.e. minimizes E kk

	 


makes the largest
contribution to the tunnelling conductance. Usually, such a state has kk ¼ 0; 0ð ),
and the tunnelling conductance calculated by taking into account this state only
agrees with the result obtained using the one-dimensional model. For junctions
with thin tunnel barriers, however, the contribution from states with wave num-
bers besides kk ¼ 0; 0ð Þ becomes large. Thus, we find that the electrons injected
perpendicular to the barrier planes make the biggest contribution to tunnelling.
This is merely the filter effect for the momentum of a tunnelling electron.

Since the electronic states of ferromagnets depend on spin, the tunnelling
probability becomes spin dependent due to this momentum filter effect, and the
decay rate may be written as ks ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m U � Es kzð Þð Þ
p

=łh. The spin-dependent ks can
produce high TMR ratios.

5.5.2. Effects of Fermi surface
When a junction has no disorder and is translationally invariant along layer
planes, the component of the wave vector kk parallel to layer planes is conserved.
This kind of tunnelling process is referred to as specular tunnelling. On the other
hand, when kk is not conserved, the tunnelling process is referred to as diffusive
tunnelling. In this section, we consider specular tunnelling.

Tunnel junctions are usually composed of an insulating barrier sandwiched
between two different ferromagnetic metals. Therefore, the Fermi surfaces of the
L and R electrodes are generally different. Since kk is conserved in specular
tunnelling, only states on the Fermi surface with the same kk may contribute
to tunnelling.

In the free-electron model, the state with kk ¼ 0; 0ð Þ is always included in the
Fermi surface. However, this state may not be included in the complicated Fermi
surfaces of, for example, transition metals. In particular, ferromagnets have spin-
dependent Fermi surfaces, and thus the statewith kk ¼ 0; 0ð Þmaybe included in one
spin state, but not in the other spin state. In this case, the tunnelling conductance is
strongly spin dependent. Furthermore, the tunnel conductance in AP alignment
becomes very small because the kk ¼ 0; 0ð Þ state may not contribute to tunnelling.
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5.5.3. Symmetry of the wave function
In specular tunnelling, the difference between the symmetries of the wave func-
tions of tunnelling electrons in L an R electrodes exerts a strong influence on TMR.
The wave function of each state in metals has a specific symmetry, and electrons
with a certain symmetry are not able to transfer into a state with different
symmetry. Therefore, electrons on the L electrode can tunnel through the barrier
into the R electrode only when the states specified by kk in the L and R electrodes
have the same symmetry; but this becomes impossible when the states are differ-
ent. When the L and R electrodes are composed of different materials, the sym-
metry of the wave functions of tunnelling electrons plays an important role in
tunnel conductance. In ferromagnets, the þ and� electronic states are different in
general. Therefore, when the magnetizations of the two electrodes are AP, the
states on the Fermi surfaces of the L and R electrodes can have different symme-
tries. In this case, the electrons in these states are not able to tunnel through the
barrier. The situation makes the tunnel conductance for AP alignment much
smaller than that for P alignment, resulting in a large MR ratio.

Figure 27 shows the energy–momentum relation along the (0 0 1) direction for
Fe and MgO [139, 140]. It can be seen from this figure that the symmetry of
the þ spin band is D1 on EF for Fe; however, the symmetry does not appear in
the � spin band. This situation is realized in Fe/MgO/Fe junctions.

5.5.4. Effect of interfacial states
When a semiconductor (e.g. GaAs) is used as the barrier, interfacial states, called
Shockley states, appear within the energy band gap. Since interfacial states are
localized near the interface, they do not contribute to electron transport. For a thin
semiconductor barrier, the states at one interface extend up to a few atomic layers
inside the barrier and might overlap with those at the other interface. When the
Fermi level is located within the energy region where the interfacial states exist,
the tunnel conductance may be strongly enhanced by the interfacial states, thus
effectively reducing the thickness of the barrier [141].
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5.5.5. Effect of electron scattering
Let us now consider diffusive tunnelling, which occurs when some disorder is
present in junctions, and the wave vector kk is not conserved. Interfacial roughness
and amorphous-like insulators break translational invariance parallel to layer
planes. Therefore, the parallel component of the wave vector no longer has to be
conserved; that is, the wave vector kk of incident electrons need not coincide with
that k

0

k of the transmitted electrons. In this section, we consider a situation in
which the Fermi surfaces of the L electrode differs from that of the R electrode, as
shown in Fig. 28. In the specular tunnelling case, states with Fermi wave vectors
kkL>kk>kkR cannot contribute to tunnelling. In the diffusive tunnelling case, on the
other hand, this restriction is removed, and therefore those states having wave
vectors kk between kkL and kkR may contribute, which increases the tunnel con-
ductance. Even when the Fermi surfaces of the L and R electrodes are the same
and do not include the kk ¼ 0; 0ð Þ state, tunnelling electrons take the kk ¼ 0; 0ð Þ
state virtually in the tunnelling process. The virtual process reduces the decay rate
k and consequentially increases tunnel conductance [137–139].

Let us consider some practical cases in which disorder exists between the
electrodes and barrier layers. Here, we adopt a single-band tight-binding model
(with a hopping integral t) and calculated the tunnel conductance by varying the
magnitude of the disorder by the following procedure. The disorder is introduced
in such a way that the atomic layer at each interface includes a random distribu-
tion of two types of atoms that constitute the electrodes and barrier. The tunnel
conductance G is plotted as a function of the concentration c of the barrier atom
in Fig. 29 for two different Fermi levels. The barrier is 10 atomic layers thick when
c ¼ 0.

When the Fermi level is located at EF ¼ �4t, G increases slightly at first and
then decreases with increasing c. When EF ¼ 0, G increases considerably, forming
a peak, and then becomes much smaller than the value at c¼ 0. Note that G at c¼ 1
is one order of magnitude smaller than that at c¼ 0. The chained curve in Fig. 29A
shows the contribution from diffusive tunnelling. When EF ¼ 0, the diffusive
tunnelling is dominant and the chained curve is almost the same as the solid
curve. These results show that the conductance increases with increasing rough-
ness. This is in strong contrast with metallic transport in which electrical conduc-
tivity decreases with increasing roughness.

Once we have calculated the tunnel conductance, it is straightforward to
evaluate the MR ratio. Figure 30 shows the calculated results of the MR ratio as

ky
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ky

kx kx

FIGURE 28 Projected Fermi surface on kk ¼ (kx, ky) plane of left and right electrodes.
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functions of the number of atomic layers in the barrier for EF¼ 0 (squares) and�5t
(circles). The position of the Fermi level of the former and the latter is close to the
middle and bottom of the band, respectively. Filled symbols show the results
without roughness, and open ones show those with roughness.

We see from the figure that the MR ratio depends strongly on the position of
EF. For EF ¼ 0, the state with kk ¼ 0; 0ð Þ is occupied by only minority (�) spin
electrons. Therefore, the tunnel conductance for � spin electrons becomes large,
and the MR ratio is close to the maximum value of 1. With increasing roughness,
majority (þ) spin electrons in the state with kk ¼ 0; 0ð Þ begin to contribute to
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tunnelling, and the MR ratio decreases considerably. For EF ¼ �5t, the state with
kk ¼ 0; 0ð Þ is occupied by both þ and � spin electrons, and the effect of roughness
is smaller in this case.

5.5.6. Spin-flip tunnelling
The results presented thus far were obtained by assuming that the spin of tunnel-
ling electrons is conserved. When there exist impurity spins within the barrier or
near the interfaces, the tunnelling electrons may interact with these impurity spins
and reverse their spins in the tunnelling process. This kind of spin-flip tunnelling
may reduce the MR ratio. Interaction between conduction electrons and localized
spins in electrodes may also produce similar effects.

In the case when tunnelling electrons interact with localized spins and flip
their spins, the expression for TMR is easily obtained by using a simple model
[142, 143]. When themagnetizations of the two electrodes are canted by an angle y,
the tunnel conductance is given by

G ¼ G0 1þ ghm2i
� �

1þ PLPR cosyð Þ
þghℓ2þi 1� PLPR cosyð ÞF bDð Þ;

ð43Þ

where

F bDð Þ ¼ bD

1� e�bD
; ð44Þ

hm2i ¼ S Sþ 1ð Þ þ hmi coth bD=2ð Þ; ð45Þ
hℓ2þi ¼ coth bD=2ð Þ � 1f ghmi; ð46Þ

D ¼ 2kBTChmi=S Sþ 1ð Þ; ð47Þ
where b ¼ 1/kBT and S is the spin of the localized electrons. TC is an effective
Curie temperature of the localized spins, and hmi ¼ SBS(bD) with the Brillouin
function BS. g denotes the degree of spin-flip tunnelling. When g ¼ 0, the expres-
sion above gives the usual expression for the MR ratio.

Numerical results for the temperature dependence of the MR ratio calculated
by accounting for the spin-flip tunnelling are presented later.

5.5.7. Voltage dependence
The voltage drop in the tunnel junctions occurs at the insulating barrier since
the resistance is highest at the barrier. When a voltage V is applied, the chemical
potential shifts between the left and right electrodes in such a way that |mL� mR|¼
eV. Since electrons between mL and mR contribute to tunnelling in this case,
a higher-order effect of V on the tunnelling conductance occurs, and the spin
dependence of the electronic states of the ferromagnets is averaged. As a result,
the MR ratio is usually reduced. When the left and right electrodes are made from
different materials, the voltage dependence of the tunnel conductance becomes
asymmetric.
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When tunnelling electrons interact with elementary excitations such as pho-
nons and magnons, they tunnel through the barrier being accompanied by these
excitations. Because the tunnelling electrons lose their energy by interacting with
these excitations, a characteristic feature appears in the current–voltage relation,
which gives useful information on the excitation [144].

5.6. TMR in various systems

5.6.1. Fe/MgO/Fe
Calculations of MR ratios for disorder-free Fe/MgO/Fe FTJs have been per-
formed by using a first-principles method and a realistic tight-binding model
[135, 136]. The calculated results show that an extremely high MR ratio may be
realized in clean samples. Being inspired by the results, single-crystal Fe/MgO/
Fe samples were fabricated [145, 146] and high TMR ratios have been observed
[147–149]. Figure 31 shows one of the experimental results for the MR ratio.

The experimentally observed MR ratio is much higher than that predicted by
the phenomenological model. The large value may be elucidated using the prin-
ciples mentioned in the previous section. First, the symmetry of the conduction
bands of Fe plays an important role. The conduction band of þ spin states of Fe
has D1 symmetry, which is composed of s-, pz-, d3z2�r2-orbitals, and contains the
state with kk ¼ 0; 0ð Þ. The D1 band hybridizes with the s and pz atomic orbitals of
MgO. On the other hand, the conduction band of � spin states of Fe has D2 sym-
metry composed of dx2�y2 and does not contain the state with kk ¼ 0; 0ð Þ, nor
hybridize with the s and pz atomic orbitals of MgO. Therefore, the decay rate of
the wave function of the � spin electrons is much larger than that of þ spin
electrons, and as a result, the transmission coefficient of þ spin electrons is
much larger than that of � spin electrons. This gives rise to a large MR ratio.
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The symmetry of the bands and the existence of kk ¼ 0; 0ð Þ state in the conduction
bands exerts a strong influence on the MR ratio. When the MgO layer is thin, the
state with kk 6¼ 0; 0ð Þ also contributes to tunnelling, and the dependence of the MR
ratio on MgO thickness is not simple in general.

When there is roughness in the junction, the momentum kk need no longer be
conserved. Then tunnelling via the kk ¼ 0; 0ð Þ state becomes possible for � spin
electrons, and the tunnel conductance of � spin electrons increases resulting in a
reduction in the spin asymmetry of the tunnel conductance, which causes the MR
ratio to decrease. MR ratios calculated using the full tight-binding model that
includes the effect of roughness are shown in Fig. 32. It can be seen that the MR
ratio decreases with increasing roughness. The MR ratio �0.8 in the figure corre-
sponds to a measured MR ratio that is about 400% in the optimistic definition of
the MR ratio [139, 140]. Recently, similar high MR ratios have been reported.

Thus, we understand how a high MR ratio is realized in clean Fe/MgO/Fe
junctions. However, high MR ratios also occur in disordered ferromagnetic elec-
trodes such as FeCoB, which has an amorphous structure [150]. Possible reasons
for this may be that B atoms may reside on regular sites in the fcc structure after
annealing, and the electronic states of B atoms have energies that are distant from
the Fermi energy.

5.6.2. Oscillation of TMR
When a non-magnetic layer is inserted between the barrier layer and one of the
ferromagnetic electrodes, the TMR decreases rapidly with increasing the non-
magnetic layer thickness [151–153]. The rapid decrease in the TMR ratio has
been explained by taking into account the change in the electronic states near
the interface [154]. However, an oscillation of TMR has been reported for samples
in which a non-magnetic layer is inserted between the insulator and one of the two
ferromagnets [155, 156]. The composition of the junction layers is NiFe/Al–O/
Cu/Co, in which the Al–O layer is amorphous, but the Co and Cu layers are single
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crystals. Yuasa et al. observed an oscillation in the MR ratio as a function of the
thickness of the Cu layer. The results showed that the oscillation period is given by
the Fermi wavelength of Cu, and that the MR ratio oscillates around zero.

These observations seem to be reasonable, but they contradict theoretical
predictions [157, 158]. Let us consider a Co/Al–O/Cu/Co junction for simplicity.
A schematic figure of the potential profile is shown in Fig. 33. A quantum well is
formed in the Cu # spin state when the magnetization of the right Co layer is
antiparallel to that of the left Co layer. In the figure, the left-hand-side
level indicates the þ spin potential of Co, and the right-hand-side level indicates
the� spin potential of Co. Since the Cu potential matches the potential of the Coþ
spin state, the situation shown in the figure is realized.

Now, the theoretical predictions for clean junctions in which kk is conserved in
the tunnelling process are as follows:

(1) kk states on common Fermi surfaces of the L and R electrodes contribute to
tunnelling.

(2) Since kk ¼ 0; 0ð Þ contributes to tunnelling in Co, its contribution is the largest.
(3) The filtering effect of kk ¼ 0; 0ð Þ state gives rise to an oscillation in the conduc-

tance with a period of kF of Cu.
(4) An oscillation due to the cutoff wave vector kcutoff shown in Fig. 33 appears in

addition to the oscillation due to kF.

Summing up these results, theory predicts that more than two periods appear in
TMR oscillations and that the MR ratio oscillates about a finite value.

These theoretical results do not agree with experimental observations. These
results, however, are modified when roughness is present, and become [159]:

� Since kk need not be conserved, in principle all states of the Fermi surface
projected on kk plane contribute to tunnelling, and the conductance increases.
In particular, tunnelling via quantum-well states becomes possible. Therefore,
tunnel conductance in AP alignment of the magnetization GAP increases, which
makes the MR ratio small. The important point is not just the existence of a
quantum-well state, but how the quantum-well state is formed. As shown in
Fig. 33, the quantum-well state is formed by changing the magnetization align-
ment of the Co layers, and it is formed in the Cu layer inserted between the
insulating barrier and the right Co layers.

CoCo Cu
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↑↑

↓ ↓
kcutoff

kF

FIGURE 33 Schematic figure of the potential profile for a Co/insulator/Cu/Co junction in an

antiparallel alignment of the magnetization.
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� Due to the appearance of tunnelling paths via quantum-well states, the contri-
bution to the oscillation period by kcutoff decreases. This makes the oscillation
period determined by kF dominant.

With increasing roughness, the average value of the MR ratio gradually approaches
zero, and its period tends to the value determined by kF. Figure 34 shows results
calculated using a simple model for MR ratios for the cases with and without
roughness. We see that the multi-period oscillation becomes a single long period,
and that the MR ratio oscillates about zero when disorder is introduced to the
system. The calculated results show how specular tunnelling crosses over to diffu-
sive tunnelling. In addition, the intensity of the MR ratio decays according to

MR ¼ 1

LNM
exp � lNM

LNM

� �

; ð48Þ

where LNM is the thickness of the non-magnetic layer (Cu) and lNM is the mean free
path of electrons [159]. Figure 35 shows the new tunnelling paths appears via the
quantum-well states. Spikes shown in Fig. 35B indicate the transmission coeffi-
cients appeared due to the disordered effects.
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The theoretical result mentioned above shows that the toughness reduces the
MR ratio due to additional tunnelling paths via quantum-well states in AP
alignment. It should be noted that this reduction in the MR ratio is not a general
result, since an increase in the MR ratio can be realized depending on the type of
the quantum well [139].

Let us consider the quantum well shown in the inset of Fig. 36, where the
quantum well is formed in the left ferromagnet between the insulator barrier and
the non-magnetic electrodes. In P alignment of the magnetization, the quantum
well is formed in the " spin state, while it is formed in the # spin state when the
magnetization of the right ferromagnet is reversed. Since, in P alignment, there is
poor matching of the " spin Fermi surfaces between the left FM and right NM
electrodes, roughness increases the " spin conductance due to tunnelling channels
via quantum-well states. In AP alignment, the matching of the # spin Fermi
surface of the left electrode and the right NM electrode is already good, and
thus opening new channels via quantum-well states is ineffective. As a result,
roughness increases the tunnel conductance in P alignment giving rise to an
increase in the MR ratio. Figure 36 shows the calculated results for the MR ratio
with and without roughness for the quantum-well state depicted in the inset.
It shows that the MR ratio increases when roughness is present.

5.6.3. Tunnel junctions with half-metals
The DOS of metallic ferromagnets is usually spin dependent. When the DOS of
either a " or # spin state is zero at the Fermi level, and one of two spin states is
metallic and the other is insulating, the metals are referred to as half-metals. The
spin polarization P of these half-metals is 100%, and therefore half-metals have
potential applicability as magnetoresistive devices.

Many oxides, including CrO2, Fe3O4 and perovskite LaSrMnO3, have been
shown to be half-metallic by using first-principles band calculations [161–163].
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The first theoretical prediction for half-metallicity was done for Heusler alloys
[161], which contain TM elements. Recently, it has been shown using the first-
principles method that diluted magnetic semiconductors, such as (GaMn)As, may
also be half-metallic. In experiments in which point contacts and tunnel junctions
were used to measure spin polarization, lower values than 100% were obtained
for P (e.g. 90% for CrO2, 70–85% for LaSrMnO3 and 60% for Heusler alloys) [164–
166]. Recently, relatively high MR ratios have been observed in FTJs with Heusler
alloys, suggesting that the value of P is about 86% [167, 168].

In the following, we briefly review the electronic states of half-metals, and give
some experimental results for TMR in FTJs with half-metals.

5.6.3.1. Ferromagnetic tunnel junctions with manganites Perovskite manganites
(LaSr)MnO3 and (LaCa)MnO3 show metallic ferromagnetism when La3þ ions in
LaMnO3, which is an antiferromagnet, are replacedwith Sr2þ or Ca2þ ions [169, 170].
Let us first understand the origin ofmetallic ferromagnetism in the oxides [171, 172].
Since oxygen ions are always divalent, Mn ions are Mn3þ in LaMnO3, and Mn4þ

ions appear on replacing La ions with Sr or Ca. The Mn ions in the perovskite
structure are surrounded by six oxygen ions which form a cubic octahedron,
and therefore the degenerate d-levels are split into a doubly degenerate eg-state
and a triply degenerate t2g-state (crystal field splitting) as shown in Fig. 37A.

Four electrons in a Mn3þ ion occupy the d-level, as shown in Fig. 37A to satisfy
strong Hund’s rule coupling. (The Hund’s rule coupling energy is stronger than
the energy splitting of the d-levels caused by the crystal field.) Since the orbitals
in the t2g-state are dxy-, dyz- and the dzx-orbitals overlap weakly with oxygen
p-orbitals, three electrons in the t2g-state behave as localized spins with S ¼ 3/2
(Fig. 36B). One electron in the eg-state can be itinerant only when the Coulomb
interaction is weak in LaMnO3. That is, LaMnO3 is a Mott insulator. When La ions
are replaced with Sr or Ca ions and Mn4þ ions appear, the eg-electrons on Mn3þ

ions may hop onto vacant eg-states in Mn4þ. In this case, the spin of the eg-electron
should be parallel to the t2g localized spin on Mn4þ ion, because of the strong
Hund’s rule coupling. Since hopping of eg-electrons lowers their kinetic energy, a
parallel alignment of the localized spins of neighbouring Mn ions is favourable.
This is a simple picture of the so-called double exchange interaction.

Because the ferromagnetism of perovskite manganites occurs due to strong
Hund’s rule coupling between eg-electrons and t2g localized spins, only up-spin
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FIGURE 37 Electronic states of (A) Mn3þ and (B) Mn4þ, and schematic figure of the d-density of

states of manganites.
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electrons exist in the eg-state, and down-spin states appear in the high-energy
region. As a result, a half-metallic state is realized in the eg-state as shown in
Fig. 37C. The value of P measured for (LaSr)MnO4 from the Andreev reflection is
about 70%, the MR ratio of a tunnel junction made of (LaSr)MnO4 is 1800% at low
temperatures (using the optimistic definition), indicating that (LaSr)MnO4 is
almost half-metallic [173].

The TMR ratio of manganite tunnel junctions, however, decreases rapidly with
increasing temperature and becomes almost zero near room temperature [173–178].
Some of the experimental results are shown in Fig. 38, in which the pessimistic
definition of theMR ratio is used. Here, the barriermaterials are either SrTiO3 (STO)
or LaAlO3 (LAO). A dip of the MR ratio near T/TC � 0.2 may be due to structural
change in the barrier materials. The result that the MR ratio becomes zero at
temperatures below TC is another characteristic of manganite tunnel junctions.

Figure 39 shows the theoretical results for the temperature dependence of the
MR ratio calculated using a simple model which takes into account the double
exchange interaction [179]. Hund’s rule coupling has been expressed as a ferro-
magnetic exchange interaction Ksi	Si on site i with an interaction constant K. The
spin of the tunnelling electron may flip because of the exchange interaction,
resulting in effective spin-flip tunnelling. This reduces the MR ratio with increas-
ing temperature, that is, increasing spin fluctuations of the localized spins. This
decrement, however, is not so strong as that observed at low temperatures. The
rapid decrease in the MR ratio observed at low temperature may be due to a
change in the electronic and magnetic states of manganites at the interfaces.

Hybrid tunnel junctions have been made using Co and manganite as ferro-
magnetic electrodes. In this case, the sign of the MR ratio depends on the barrier
materials. Junctions with Al2O3 exhibit a negative MR, which is usual; however,
those with SrTiO3 have positive MR [180, 181]. This may be attributed to the
difference between the symmetry of the wave functions in Al2O3 and SrTiO3,
which changes the spin-dependent decay rate.
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5.6.3.2. Tunnel junctions with Heusler alloys The half-metallic characteristic of the
electronic states in metallic ferromagnets was first predicted for NiMnSb in a first-
principles band calculation. Later, itwas shown in a first-principles band calculation
that many Heusler alloys have half-metallic DOS. There are two types of structures
in Heusler alloys, namely half-Heusler with an XYZ lattice and full-Heusler with an
X2YZ lattice, where X¼Ni, Co, Pt; Y¼ Cr, Mn, Fe and Z¼ Sb, Ge, Al, etc. The basic
lattice structure is composed of two nested bcc lattices. The half-Heusler lattice has
vacant sites, which are occupied by X atoms in full-Heusler alloys.

Let us look at the global features of the DOS of a full-Heusler alloy, for
example, Co2MnAl. The up- and down-spin states of Mn atoms are strongly
exchange split, and the majority spin state is below the Fermi level. Although
the minority spin band is located above the Fermi level, bonding bands appear in
the low-energy region due to strong pd hybridization. This strong pd hybridiza-
tion produces a hybridization gap at the Fermi energy. Since the d-electron
number of Co atoms exceeds that of Mn atoms, the majority spin state has
unoccupied states. The strong pd hybridization also makes a gap in the local
DOS of Co. A schematic figure of the half-metallic DOS is shown in Fig. 40.
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FIGURE 39 Theoretical results of the temperature dependence of the MR ratio [179].
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Thus, the origin of the half-metallicity of the Heusler alloys is the strong
exchange splitting and pd hybridization. In experiments, however, the order of
degree of ordered alloys is usually less than 1, and the value of P measured so far
is much less than 100%. Recently, a tunnel junction made of full-Heusler alloys
was produced and it exhibits a relatively high MR ratio at low temperature,
indicating a substantial improvement in the quality of the sample. Figure 41
shows one of the experimental results [167, 168, 182]. Nevertheless, the tempera-
ture dependence of the MR ratios is rather strong, similar to that in manganite
tunnel junctions.

There may be several reasons for the strong temperature dependence of the
MR ratio. First, the electronic and magnetic states of Heusler alloys at the interface
can differ from those in the bulk state [183]. Secondly, spin-flip tunnelling might
occur as in manganite tunnel junctions [143, 184]. Figure 42 shows calculated
results for the temperature dependence of the MR ratio in a phenomenological
model that takes spin-flip tunnelling into account. These results are rather similar
to those shown in Fig. 39; however, they are not sufficient to explain the strong
temperature dependence at low temperatures observed in experiments.

Recently, quite high MR ratios have been observed in tunnel junctions using
CoFeB ferromagnetic alloys andHeusler alloys [185–190]. TheseMR ratios at room
temperature (RT) and helium temperature (LT) have been summarized in Table 4.
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In addition, it should be noted that an oscillation of the TMR ratio observed in
Ref. [149] has been confirmed by Matsumoto et al. [191] and Ishikawa et al. [190].

5.6.3.3. Tunnel junctions with diluted magnetic semiconductors Semiconductors
are the essential materials for silicon-based technologies. Recently, the field of
semiconductor spintronics has been developed; it is concerned with ways to
control the spin degree of freedom of electrons in semiconductors [192]. One of
the most direct methods to introduce spin degrees of freedom in semiconductors
is to introduce magnetic ions into semiconductors. Such semiconductors are
referred to as magnetic semiconductors or as diluted magnetic semiconductors
(DMSCs) when the magnetic ions are diluted.

Basic research into DMSCs of II–VI compounds has been performed for dec-
ades [193]. However, their Curie temperatures are not sufficiently high for tech-
nological applications and they are not metallic. In the late 1990s, DMSCs of III–V-
based compounds were successfully fabricated by introducing Mn ions and by
using a low-temperature MBE technique [194–196]; using this technique, it is
possible to grow crystals in a non-equilibrium state, preventing Mn ions from
precipitation. The highest TC achieved at that time was 110 K for 5.5% Mn-doped
(GaMn)As [197]. Recent fabrication techniques have succeed in producing DMSCs
of III–V compounds that have TCs as high as approximately 200 K [198, 199].
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FIGURE 42 Calculated results for the temperature dependence of the MR ratio in a model that

takes spin-flip tunnelling into account.

Table 4 TMR ratios observed using MgO barrier with CoFeB and/or Heusler alloys

Junctions

MR ratios (%)

ReferencesLT RT

CoFeB/MgO/CoFeB 1010 500 [186, 187]
Co2Cr0.6Fe0.4/MgO/Co50Fe50 317 109 [188]
Co2FeAl0.5Si0.5/MgO/Co2FeAl0.5Si0.5 390 220 [189]
Co2MnGe/MgO/Co50Fe50 376 160 [190]
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First-principles band calculations have shown that the electronic structure of
(GaMn)As is half-metallic. Thus, a high MR ratio might be expected for tunnel
junctions having electrodes made from (GaMn)As and a barrier of AlAs. The
experimental results for the resistivity as function of the external magnetic field
strength are shown in Fig. 43 [200]. Recently, MR ratios as high as 290% have been
reported [201].

A different mechanism of the TMR, however, has recently been proposed.
Gould et al. [202] have observed a spin-valve-like TMR in (GaMn)As/Al–O/Au
junctions in which only onemagnetic layer exists. The result has been attributed to
a change in the density of states at the top of the valence band due to the magnetic
anisotropy of (GaMn)As, and the phenomenon is called tunnelling anisotropic
magnetoresistance (TAMR). TAMR has been confirmed also for (GaMn)As/
GaAs/(GaMn)As junctions [203, 204]. Therefore, the previous results observed
in DMSC junctions might be caused by a change in the relative direction between
magnetization and crystal orientation. However, Saito et al. [205] have reported
that the intrinsic TMR exists in (GaMn)As/ZnSe/(GaMn)As junctions and the
contribution by TAMR can be one tenth of the total magnetoresistance.

5.7. Coulomb blockade and TMR

5.7.1. TMR in granular magnets
A fairly large MR was observed in thin films in which magnetic grains of Co are
imbedded in oxides such as Si–O [117, 118]; this observation was made at almost
the same time as when a large TMR was discovered in Fe/Al–O/Fe tunnel
junctions. To distinguish these two tunnel MRs, we hereafter denote the TMR in
junctions as junction TMR and that observed in granular systems as granular
TMR.

5.7.1.1. Tunnel conductance in granular systems Paramagnetic granular systems
exhibit a peculiar temperature dependence of the resistivity. Abeles et al. [206,
207] have explained it in terms of a charging effect and structural characteristics.
When an electron hops from one grain to a neighbouring grain (see Fig. 44),
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the distribution of charge changes, breaking the charge neutrality in the grains.
The internal energy of these grains increases because of the Coulomb repulsion
between electrons in the grains. This increase in the energy is the charging energy,
which is written as EC hereafter. A pair of grains may correspond to a condenser,
and EC depends on the size of the grains and on the distance between them.
Therefore, EC increases with decreasing size of the grains.

When the thermal energy kBT is smaller than EC, an electron is prevented from
hopping to neighbouring grains due to an increase in the energy EC; this is the so-
called Coulomb blockade. At high temperatures, an electron is thermally activated
to overcome the charging energy and is able to hop to neighbouring grains.
Therefore, the conductance of an electron between two grains is proportional to
exp (�EC/kBT). The transmission probability for an electron to tunnel through the
barrier with a width d between two grains is proportional to exp(�2kd), where
k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m
 U � EFð Þ
p

=łh, and where m* is the effective mass of the electron, U is the
barrier height and EF is the Fermi energy. The tunnel conductance between two
grains is thus given by

G / exp �2kd� EC=kBTð Þ: ð49Þ
In granular films, the grain size (r) distributes, and therefore both d and r dis-
tribute. Nevertheless, Abeles et al. have explained the relationship between
r and d in the following manner. Let us consider a relatively large region, say
several 103 nm3. Over such a large region, the ratio of the volumes of metallic
grains and oxides will be equal to that of the entire sample with a fixed composi-
tion. In this case, large size grains should be surrounded by thicker oxide regions,
that is, r / d. Since the charging energy is produced by the Coulomb interaction,
it may be assumed that EC � e2=r / 1=d. This relation also holds when we con-
sider the grain as a condenser. In this case, EC ¼ e2=2C � e2d=2r2 / 1=d. In any
case, one may write EC ¼ C0/d, where C0 is a constant. The conductance is then
given by

G / exp �2kd� C0=kBTdð Þ: ð50Þ
We further assume that the distribution of d is sufficiently small compared with
the d dependence of G. Under this assumption, the total conductance of the
sample may be given by the conductance of a parallel circuit of these small
regions. In this case, the current flows through regions that have the smallest

2r

θ

e

d

FIGURE 44 Tunnelling of an electron between two grains, the magnetizations of which are

canted by an angle y.
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resistance. That is, the total conductance is given by the conductance that max-
imizes exp �2kd� C0=kBTdð Þ for a given temperature. The resultant conductance
is given by

G / exp �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2kC0=kBT
p

h i

: ð51Þ

This result shows that the resistance R ¼ 1/G increases as exp 1=
ffiffiffiffi

T
p	 


with
decreasing temperature, in good agreement with the experimental observations.

The temperature dependence shown above may be interpreted intuitively as
follows. The Boltzmann factor exp(�EC/kBT) indicates competition between the
charging energy and the thermal energy. At high temperatures, electrons may hop
to smaller grains even when EC is large. Therefore, electrons prefer to hop to
smaller grains, since they have smaller tunnelling rates exp(�2kd). At low tem-
peratures, on the other hand, electrons tend to hop to larger grains, which have
smaller charging energies EC. A schematic figure depicting this situation is shown
in Fig. 45.

5.7.1.2. Granular TMR The MR ratio of the granular TMR is given by [208]

MR ¼ G�1 0ð Þ � G�1 Hð Þ
G�1 0ð Þ

¼ P2

1þ P2
; ð52Þ

which is just half the MR ratio of junction TMR. This is due to the random
distribution of the magnetization direction of the grains when no external mag-
netic field is applied.

The above result is obtained as follows. Consider the two ferromagnetic grains
L and R shown in Fig. 44. The magnetizations of the R grain is canted by an angle y
with respect to that of the L grain. In this case, the transition probability for an
electron on the L grain to hop to the same spin state on the R grain is given by
cos2(y/2), and that to the opposite spin state on the R grain is sin2(y/2). Thus, the
probability of an electron tunnelling between L and R grains is given by

T"" ¼ DRþDRþ cos2 y=2ð Þ þDLþDR� sin2 y=2ð Þ; ð53Þ

High T Low T

FIGURE 45 A schematic figure showing the hopping of electrons at high and low temperatures.
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T"" ¼ DL�DR� cos2 y=2ð Þ þDL�DRþ sin2 y=2ð Þ; ð54Þ

where DLþ(�) and DRþ(�) are majority (minority) spin DOS of the L and R grains,
respectively. The total tunnelling probability is given by

T ¼ T"" þ T"" / 1þ P2 cosy; ð55Þ

where

P2 ¼ DLþ �DL�ð Þ DRþ �DR�ð Þ
DLþ þDL�ð Þ DRþ þDR�ð Þ : ð56Þ

The spin of the tunnelling electron is assumed to be conserved in the tunnelling
process.

The tunnel conductance in the absence of a magnetic field is given by

G 0ð Þ / h1þ P2 cosyiav ¼ 1; ð57Þ

when an external magnetic field H is applied it is

G Hð Þ ¼ 1þ P2: ð58Þ
We then obtain Eq. (52).

Figure 46 shows the experimental results for granular TMR [118]. They are
consistent with theoretical results at high temperatures. In the figure, the MR ratio
increases at low temperatures, which may be explained in terms of a higher-order
effect of the Coulomb blockade.

FIGURE 46 Experimental results for granular TMR [118].
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5.7.2. Coulomb-blockade TMR
Let us consider a well-controlled structure such as the one shown in Fig. 47, in
which a nanoscale grain is separated from two ferromagnetic electrodes by two
insulating barriers. The grain can be either ferromagnetic or paramagnetic. When
the grain is sufficiently small, the effect of charging energy, that is, the Coulomb
blockade becomes important [209, 210]. The terms “charging energy” and “Cou-
lomb blockade” refer to essentially the same concept; here, we adopt the latter
terminology.

We assume that the grain has a charge of Ne. In this case, the electrostatic
energy of the grain is given by

U Nð Þ ¼ Neð Þ2
2C

�Nej ¼ 1
ffiffiffiffiffiffi

2C
p Ne� C’ð Þ2 � C’2

2
; ð59Þ

where C is the effective capacitance of the grain and ’ is the electrostatic potential.
When no current flows, charge neutrality is satisfied, giving Ne¼ C’. As a current
begins to flow, and the number of electrons on the grain increases by one, the
energy increases by e2/2C. When the temperature is sufficiently low and the bias
voltage is lower than the charging energy e2/2C, no electron can hop onto the
grain. This is the Coulomb blockade. With increasing bias voltage, the number of
electron hopping onto the grain increases discretely. As a result, the current
increases stepwise and the conductance changes oscillatory with increasing bias
voltage. The oscillation of the conductance is referred to as the Coulomb oscilla-
tion. The current can be controlled by the gate voltage, and it is therefore possible
to allow one electron to tunnel through the grain; such a device is called a single-
electron transistor.

When the electrodes are ferromagnetic, TMR also appears and the MR ratio
oscillates according to the Coulomb oscillation [211, 212]. It is noteworthy that
TMR occurs even when the grain is paramagnetic. This is because the tunnelling
rates of the two insulating barriers depend on the magnetization alignment of the
electrodes. An example of the theoretical results of the oscillation of the TMR is
shown in Fig. 48, in which the grain is assumed to be paramagnetic.

Now, it may be questioned that a current never flows when the Coulomb
blockade is effective. In reality, there exists a leakage current, which is caused by
the following process. Since energy conservation need not apply over short time
periods due to the uncertainty principle, a process appears to occur in which
an electron moves from the grain to the R electrode almost simultaneously as
another electron hops onto the grain from the L electrode. This tunnelling process
is called cotunnelling, since two tunnelling process occur almost simultaneously.

FIGURE 47 A schematic figure of a double tunnel junction for which the Coulomb blockade

appears.
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The tunnel rate of cotunnelling is proportional to a product of the runnel rates for
R and L tunnel barriers. In this case, the MR ratio is twice as large as that for the
usual TMR, since the spin dependence of the tunnel rates of both barriers contrib-
ute. The increase in the TMR ratio at low temperatures shown in Fig. 46 may be
explainable in terms of cotunnelling [213].

6. BALLISTIC MAGNETORESISTANCE

When a current flows in a region that has a length scale shorter than the mean free
path, the conductance becomes quantized. The quantization of the conductance
was discovered by vanWees et al. [214] in a two-dimensional electron gas (2DEG).
They controlled the width of a channel in which electrons flowed by applying a
gate voltage to 2DEG, and observed that the conductance changed in a stepwise
manner, in steps of 2e2/h.

FIGURE 48 Theoretical results for the oscillation of TMR ratios in the Coulomb-blockade regime.

Here the grain is assumed to be paramagnetic [212].
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This phenomenon of quantized conductance may be understood as follows.
Constricted regions, in which a current flows, may be considered to be pseudo-
one-dimensional. The electronic state of such constricted regions is continuous
along the direction of current flow, but it is quantized perpendicular to the current
flow. The quantization of the electronic state is characterized by the Fermi wave-
length lF. When the width of the constricted region is close to lF, only one state is
available for electrons, and therefore two electrons (having up and down spins)
may contribute to a current, giving rise to a conductance of G0¼ 2e2/h. If the width
of the sample is increased, the conductance increases stepwise in steps of
G ¼ 2e2=h
 n. A simple derivation of quantized conductance has been given in
Section 3. The length scale of the constricted region is usually smaller than the
mean free path, and the effect of scattering may be neglected. Such transport is
referred to as ballistic transport.

Conductance quantization was first observed in semiconductors. Conductance
quantization can be easily observed in semiconductors since lF is several 10 nm.
By contrast, lF in metals is 1 nm, which makes the observation of conductance
quantization difficult in conventional metals. In this section, we will briefly
review (1) conductance quantization in paramagnetic metals, (2) conductance
quantization in ferromagnetic metals and (3) MR effects in ballistic transport,
called BMR.

6.1. Conductance quantization in metals

6.1.1. Paramagnetic metals
To realize ballistic transport in metals, the constricted region should be less than 1
nm. Potential methods for achieving this include the break-junction method in
which a narrow wire is slowly bent to produce a small link just before breakdown
of the wire, and the point-contact method in which the sharp tip of metallic wire is
contacted onto the metal’s surface. Fabrication of such a state in a controllable
manner is quite difficult usually, making it necessary to make many repeated
observations and then to take a statistical average in order to deduce meaningful
conclusions.

In pseudo-one-dimensional systems such as 2DEG with gate control, the elec-
tronic state that is responsible for electrical conduction is well defined (it is called a
channel). The quantized conductance G0 ¼ 2e2/h is specific to each channel. On the
other hand, in the break-junction or point-contactmethods inmetals, each electronic
state does not necessarily produce G0¼ 2e2/h. This is because the constricted region
in metals is too small to well define the wave vector in the current direction, that is,
conservation of momentum is broken and scattering of electrons may occur in the
constricted region. In other words, the constricted region itself is a scatterer, making
the transmission coefficient for electrons passing through the region less than 1.
Therefore, the conductance may be given by

G ¼
X

i

G0ti; ð60Þ

where ti is the transmission coefficient of the ith channel.
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When ti ¼ 0 or 1, the conductance G is an integer multiple of G0. In metallic
constrictions, since 0 < ti < 1, it is rather difficult to conclude that G is an integer
multiple of G0 from measurements. Scheer et al. [215] have performed realistic
calculations of the conductance for point contacts and many experiments with
break junctions and point contacts. They found that the characteristics of the
channel in a single-atom contact are determined by the number and type of orbitals
in the valence band. For example, s- and p-orbitals are responsible for conduction
in Al, but d-orbitals are important in Nb. In every channel 0 < ti < 1, but the total
conductance is approximately an integer multiple of G0 after summing the con-
tributions from many channels. Figure 49 shows the calculated results of the
transmission coefficient for a single-atom contact. It shows that the transmission
coefficient varies continuously with a change in the position of the Fermi energy.

6.1.2. Ferromagnetic metals
The factor of 2 that appears in the quantized conductance G0 indicates spin
degeneracy. Since spin degeneracy is lifted in ferromagnets, conductance quanti-
zation might be expected to be given by G0/2 ¼ e2/h. To confirm this expectation,
many experiments have performed with break junctions and point contacts made
of ferromagnets. Figure 50 shows the average conductance observed for many
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break junctions made from Ni wires [217]. The results show that the quantized
conductance is G0 when an external magnetic field H of less than 50 Oe is applied,
but it is G0/2 when H > 50 Oe. The results are closely related to BMR described in
the next section, and they are analyzed in detail there. Finally, it has been reported
that a conductance quantization of G0/2 was also observed in non-constricted Au
by using chemical potential control.

6.2. Experiment and theory of BMR

6.2.1. Experiments
Garcı́a et al. [218] have measured the MR effect for Ni point contacts, and reported
that the MR ratio becomes large when the conductance approaches G0. The
maximum MR ratio was 280% (for the pessimistic definition). There results are
shown in Fig. 51. The MR effect thus observed was termed BMR.

LaterChopra andHua [219, 220] have reported that theMR ratio is 3000–10,000%
for usual point contacts of Ni or those produced by electrodeposition. However, the
resistance in theirmeasurements is 10–100O, which ismuch smaller than the inverse
of the quantization conductance G�1

0 ¼ 12:9kO. Thus, the conductive properties of
their samples may differ from those observed by Garcı́a et al. Furthermore, the MR
ratio observed by electrodeposition can be either positive or negative.

6.2.2. Interpretation of BMR
So far there have been several mechanisms proposed for BMR; however, complete
understanding of this phenomenon has yet to be achieved. One of the theoretical
interpretations of BMR is to attribute the large MR to the vanishing of the domain
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walls (DWs) at the ferromagnetic constriction [221]. An AP alignment between the
magnetizations of the ferromagnetic wire and the surface of a ferromagnetic film
may produce a DW in the region of the contact. Bruno [222] has pointed out the
width of a DW can be sufficiently narrow to produce a largeMR effect. Tatara et al.
have calculated the BMR ratio for narrow DWs and showed that the MR ratio
increases with decreasing DW width. Both conductance quantization and shrink-
age of the DW region are responsible for the large BMR. On the other hand, it
should be noted that a realistic calculation of BMR gives 70% at most for a planar
DW; that is for a DW in which the magnetization changes direction within a single
atomic layer [223].

Imamura et al. [224] have studied the conductance quantization for nanocon-
tacts of two ferromagnets, and showed that the parameter region at which a
conductance quantization of G0/2 ¼ e2/h appears depends on the alignment of
the magnetization of the two ferromagnets. A difference in the conductance
quantization between the P and AP alignments of the magnetization may give
rise to a large MR ratio.

These theories, however, have neglected realistic electronic states, such as
multi-orbitals. We have already mentioned that the quantization of conduction
is strongly influenced by the number and type of orbitals. First-principles band
calculations are useful to confirm this point. Such calculations have been done by
theMertig group for an atomic contact composed of transition atoms. Their results
indicate that the electronic states responsible for conduction are s-like and that the
spin dependence of the conduction is caused by a d-like density of states. The
transmission coefficient for these states is less than 1 and changes continuously
with a change in the Fermi level. In addition, they confirmed that theMR ratio was
not large and was at most 50% [225, 226].

Other proposed mechanisms include a magnetoelastic mechanism and diazo-
tization of the nanoconstricted region. While the former mechanism is easy to
understand, it does not explain the experimental observations that theMR effect is
independent of the direction of magnetization. The role of diazotization on theMR
effect has been studied only for a uniform surface; no investigation of nanocon-
striction has been performed yet [227].

7. OTHER MR EFFECTS: NORMAL MR, AMR AND CMR

The MR so far described occurs in nanoscale magnets. There are other interesting
MRs in bulk systems; these include the well-known phenomena of normal MR,
anisotropic MR and colossal MR, which was reinvestigated recently in perovskite
manganites. In this section, we briefly describe these MR phenomena.

7.1. Normal MR

When both a magnetic field H and an electric field E are applied to electron
systems, the electrons drift in the direction of H 
 E. However, the external
magnetic field does not produce any additional current; instead, it produces
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only a Hall voltage perpendicular to the electric field, which is called the normal
Hall effect. When there are two or more types of carrier, theMR that is produced is
called normal MR [24].

In the case when two types of carrier exist say i ¼ 1, 2, the total conductivity
when both H and E are applied is given by

s ¼ s1 þ s2 � �J1 þ �J2ð Þ	E
H

E2
; ð61Þ

where si is the conductivity for the ith carrier and Ji is determined by

siE ¼ �Ji=niecþH
 �Ji ð62Þ
where ni is the carrier density, e is the charge of an electron and c is the velocity of
light. The second term in the expression for s indicates the MR effect.

7.2. Anisotropic magnetoresistance

Anisotropic MR is a phenomenon that occurs in ferromagnets in which the
resistivity depends on the angle between the current and magnetization direc-
tions. Figure 52 shows the experimental results obtained for the change in resis-
tivity of Ni when a magnetic field is applied parallel and perpendicular to the
current direction. The rapid change in the resistivity at low magnetic fields is due
to magnetization rotation, and the linear change at high magnetic fields is due to
the so-called forced effect. The magnitude of AMR is obtained by extrapolating
the resistivity change to H ¼ 0.
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A phenomenological theory of AMR follows. Let the magnetization M be
parallel to the z-direction, and the relative angle between M and J be y. The
relationship between the electric field E and the current J is given by

Ex

Ey

Ez

0

@

1

A ¼
r? �rH 0
rH r? 0
0 0 rk

0

@

1

A

Jx
Jy
Jz

0

@

1

A; ð63Þ

in general, where rH is the Hall resistivity. Substituting the relation between the
electric field and the current into the expression for the total resistivity, r ¼ E	J=E2,
we obtain

r ¼ r? þ rk � r?

� �

cos2y: ð64Þ

When the samples are polycrystalline, it should be averaged over the angle to give

r ¼ r? þ rk � r?

� �

=3 � �r: ð65Þ

When HkM; r ¼ rk and when H?M; r ¼ r?, one may define the MR ratio as

Dr

�r
¼

rk � r?
�r

: ð66Þ

Since the current direction in AMR depends on the magnetization (i.e. the spins of
electrons), the SOI is a possible origin of AMR. The role of SOI is twofold; one is
mixing the up- and down-spin states of the d-states, and the other is the genera-
tion of a scattering probability from the up- (down-) to down- (up-) spin states. In
transition metal alloys, such as Co alloys, the conductivity is dominated by free
electrons, such as up-spin electrons. When mixing between the up- and down-
spin states occurs, scattering from the up-spin state to the down-spin states
increases r". On the other hand, d-states at the Fermi level are reduced by the
mixing, and therefore r# decreases. Thus we may write the effect of SOI as

r" #ð Þ ¼ r0" #ð Þ þ �ð Þgr0" #ð Þ; ð67Þ

where g is a constant. The magnitude of g depends on the angle between the
current and magnetization, resulting in a MR called AMR. This expression can be
approximated by

rk" #ð Þ ¼ r0" #ð Þ þ �ð Þg?r0" #ð Þ þ �ð Þ gk � g?

� �

r0" #ð Þ

� r?" #ð Þ þ �ð Þgr?" #ð Þ;
ð68Þ

and by redefining gk � g? as g we obtain

Dr

�r
�

rk � r?
rk þ r?

� g a� 1ð Þ; ð69Þ

where the parameter a is given by a ¼ r?#=r?"
	 


. Thus, the AMR ratio is related
to the spin-dependent resistivity via the parameter a. The results agree well with
experimental ones.
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To estimate the value of g, the transition probability should be calculated
using, for example, the golden rule. A detailed description has been presented
in a paper by Smit [228].

7.3. Colossal magnetoresistance

Mn ions in LaMnO3 (LMO) are trivalent and each Mn ion has one electron in the
eg-state, and three electrons in the t2g-state. The electronic states of LMO are
related with the important factors given below that govern the physical properties
of manganites:

� Since eachMn ion has one electron in an eg-orbital, LMOmust bemetallic unless
there is a strong Coulomb interaction between electrons. Since LMO is an
antiferromagnetic insulator, the Coulomb interaction should play an important
role in the magnetic and transport properties.

� The eg-state consists of degenerate dx2�y2- and d3z2�r2 -orbitals. Therefore the eg-
electron can be in either the dx2�y2 - or d3z2�r2 -orbital, that is, the electron is free to
choose either of these orbitals; that is, it has an orbital degree of freedom, in
addition to charge and spin degrees of freedom.

� The orbital degeneracy also gives rise to lattice distortion, for example, Jahn–
Teller distortion lifts the orbital degeneracy. Therefore, the electron-lattice
interaction is expected to be strong in manganites, especially for those in the
insulating phase.

� Because of the octahedron configuration of the oxygen ions, t2g-orbitals hybrid-
ize less with oxygen p-orbitals than eg-orbitals, and electrons in the t2g-state
behave as if they had a localized spin with S ¼ 3/2. The spin of eg-electron
couples ferromagnetically with t2g-spins due to strong Hund’s rule coupling.

When La ions are replaced with Sr or Ca ions, Mn4þ ions are introduced, and the
eg-electrons can become mobile under strong Hund’s rule coupling, electron-
lattice interaction, and Coulomb interaction, with the addition of an orbital degree
of freedom. They produce a rich variety of phenomena, in both magnetism and
transport. As for magnetism, manganites exhibit various magnetic orderings that
depend on the dopant. LMO is a layered antiferromagnet (AF), which can be
converted to a metallic (M) ferromagnet (F) by replacing La with Sr or Ca at
approximately 30% doping. At approximately 50% doping of Sr or Ca, manganites
exhibit a complicated AF (CE-type AF). Upon further doping, they show chain-
type AF (C-type AF) and finally they show usual AF (G-type AF). The AF state is
usually insulating; however, A-type AF often shows metallicity near 50% doping.
Charge-ordered (CO) states also appears depending on the magnetic state.

The so-called colossalmagnetoresistance (CMR) is also related tomagnetism and
charge ordering [229–234]. This phenomenon may be classified into three types:

(1) The high-temperature phase is a paramagnetic insulator (PI), and the low-
temperature phase is a metallic ferromagnet (MF). In this case, the resistivity
shows a peak at the Curie temperature, which decreases dramatically
with applied magnetic field, and the peak shifts towards higher temperatures.
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The higher the resistivity in PI phase, the sharper the peak becomes, and the
larger the MR effect becomes. When the high-temperature phase is MF, the
peak structure in the resistivity diminishes.

(2) The high-temperature phase is a PI, which changes to MF phase on reducing
the temperature. Upon a further decrease in temperature, the phase makes a
first-order transition into a CO-AF phase. When an external magnetic field is
applied, the first-order transition temperature shifts to lower temperatures,
resulting in a spread of the metallic region. Therefore, applying a magnetic
field produces a huge change in the resistivity. This may be an insulator to
metal transition. In this case, however, no peak appears near the Curie tem-
perature in the high-temperature region.

(3) The high-temperature PI phase changes into a CO phase with decreasing
temperature, and its resistivity becomes high. With a further decrease in the
temperature, a CO-AF phase appears, and the resistivity becomes higher.When
the magnetic field is applied, a first-order transition from a low-temperature
CO-AF to aMFoccurs. This is also an insulator–metal transitionproduced by the
magnetic field.

Thus, CMR is related to insulator–metal transitions. Although several mechan-
isms of CMR of the first type have been proposed, few theories have been
proposed for the second and third ones. Typical models for explaining CMR
include the so-called double exchange model, the critical scattering mechanism,
double exchange with Jahn–Teller distortion, the percolation model and the
localization model. We will not describe these models in detail, rather detail
descriptions can be found in various review articles [235–238].

8. SPIN–ORBIT INTERACTION AND HALL EFFECTS

We have shown that the SOI gives rise to the magnetoresistance known as AMR.
Since SOI is a coupling of spin and orbital motion of electrons, it also gives rise to
other interesting transport properties called as anomalous Hall effect (AHE) and
spin Hall effect (SHE) as well as electric field-induced spin accumulation in 2DEG.
Although the theoretical studies are performed for bulk systems, the experimental
measurements are usually done for mesoscopic or nanosize systems. We therefore
give a brief explanation on these properties.

8.1. Spin–orbit interaction

SOI is a relativistic effect and the corresponding Hamiltonian is given by

HSO ¼ � ełh

4m2c2
s	 E
 p½ �ð Þ; ð70Þ

’ e

2m2c2
dV

rdr

� �

s	lð Þ; ð71Þ
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where c is the light velocity, E is an electric field induced by a potential gradient
dV/dr and l is the orbital angular momentum. There are several origins of the
internal electric field:

� Inversion asymmetry of the lattice such as the zincblende structure. The SOI is
called Dresselhaus-type SOI [239].

� Inversion asymmetry of the structure such as the 2DEG. The SOI is called
Rashba-type SOI [240, 241].

� ℓ � s coupling on atoms.
� Potential gradient caused by impurity potential and ℓ � s coupling of atoms.

Since the first three types of SOI are called intrinsic SOI since they reside uni-
formly in the system, the last one is called an extrinsic SOI as it is caused by
impurity potentials. The SOI in semiconductors is usually caused by the Dressel-
haus- and/or the Rashba-type SOI, while that in metal and alloys may be related
to the ℓ � s coupling.

The SOI shown above may be recasted in different ways to clarify the role on
the transport properties. Since Eq. (70) may be written as HSO / s	heff, one may
consider that the SOI subsists a momentum-dependent effective magnetic field.
It is also rewritten as HSO / s 
 E½ �	p, from which one can derive a velocity
n ¼ dHSO=dp / s 
 E½ �, for conduction electrons. The velocity is called anomalous
velocity. It is also noted that the SOI results in complex wave functions of
electrons, from which a phase called Berry phase appears. As shown below,
Berry phase may be interpreted to be an effective magnetic field in the momentum
space.

8.2. Anomalous Hall effect

The Hall effect was discovered in 1879 by Edwin Hall [242] when he was studying
the force acting on the charged particles under an external electric field Eext and
a magnetic field Hext. This is the so-called “ordinary” Hall effect in which
the electrons are deflected into the direction of Eext 
 Hext due to the Lorentz
force. In ferromagnets, the Hall effect consists of two contributions, the ordinary
Hall effect and the “anomalous” Hall effect [243, 244] being proportional not
to Hext but to the magnetization M of the ferromagnet. The Hall resistivity rH is
thus given as

rH ¼ R0H þ 4pRsM: ð72Þ
The first and second terms are the ordinary and anomalous Hall effect, respec-
tively. Coefficients R0 and Rs are called as ordinary and anomalous Hall coeffi-
cient, respectively.

In experiments, with increasing Hext, rH changes rapidly at first, and then
tends to increase in proportion toH. The initial rapid change in rH is caused by the
alignment of the domain magnetization. After the alignment of the domain
magnetization, rH changes in proportional to Hext. The constant increment gives
the value of R0, and the extrapolated value of rH to Hext ¼ 0 gives the value of
4pRsM.
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Historically, an intrinsic mechanism, which results from the Berry phase, was
first proposed for AHE [245]. The essential point in the theory is that there is a
contribution to the velocity from the Berry phase O(k) as shown by

_x ¼ 1

łh

@e kð Þ
@k

� _k
 O kð Þ; ð73Þ

łh _k ¼ �eEext � e _x
 Bext: ð74Þ
We see that the velocity _x has a component perpendicular to Eext even when
Bext ¼ 0. A term eEext 
 O kð Þ reminds us that O(k) plays a role of an effective
magnetic field. Because O(k) is a quantity in the momentum space and is depen-
dent on the wave vector, the effective field may be interpreted as a magnetic field
in the momentum space. The AHE caused by intrinsic mechanisms is called
“intrinsic” AHE.

Most of the experiments, however, have been interpreted by extrinsic mechan-
isms, skew-scattering (SS) [246] and side-jump (SJ) [247]. In SS mechanism, the up-
and down-spin electrons are scattered into opposite directions as shown in
Fig. 53A; on the other hand, in SJ mechanism, there occurs a displacement of the
electron path as shown in Fig. 53B. In ferromagnets, the intrinsic spin imbalance
makes the spin-up and spin-down charge Hall currents asymmetric and produces
a Hall voltage proportional to the spin polarization, that is, magnetization. The
AHE caused by extrinsic mechanisms is called “extrinsic” AHE.

The SS mechanism is originated from electron scattering by impurity poten-
tials and SOI. On the other hand, the SJ is caused by the anomalous velocity due to
SOI. Therefore, the Hall conductivity due to SS depends on the lifetime t, while
that due to SJ is independent of t. As for explicit expressions of SS and SJ, readers
may refer to a work by Crepieux and Bruno [248] for example. Since

Rs ¼ rxy ¼ s�1
	 


xy
¼ � sxy

s2xx þ s2xy
� � sxy

s2xx
;

and sxx / t, SS mechanism gives rxy / r, while SJ gives rxy / r2. Therefore, a
relation

rxy ¼ arþ br2 ð75Þ

where a and b are constants, is generally hold and has been used for experimental
analysis. It is noted that the intrinsic spin Hall conductivity may also be brought
about in the SJ mechanism, since the SJ mechanism is caused by the anomalous
velocity.

spin

spinspin
A B

spinSS SJ

FIGURE 53 Schematic figures for (A) skew-scattering (SS) and (B) side-jump mechanisms.

GMR, TMR and BMR 81



Most of the experiments have so far been analyzed by using the expression
above, but the intrinsic AHE has recently been revisited to give quantitative
explanations of AHE in ferromagnetic semiconductors as well as Fe [249–251].

8.3. Spin Hall effect

As mentioned, the extrinsic AHE appears due to spin-dependent scattering.
The up- and down-spin electrons are scattered into opposite directions, resulting
in spin-up and spin-down charge Hall currents along the perpendicular direction
of Eext. The intrinsic spin imbalance makes the two charge Hall currents asym-
metric and produces a Hall voltage. For non-magnets, although the two charge
Hall currents cancel and no Hall voltage develops, spin-dependent scattering
still produces the up- and down-“spin” currents (flow of spins) that flow in the
opposite directions, as long as the SOI is non-vanishing. We thus expect a Hall
effect solely with spin, which is called spin Hall effect (SHE). A schematic view of
SHE is shown in Fig. 54. When the spin Hall current is originated from scattering
of electrons by impurity potentials with SO interaction, the effect may be called
“extrinsic” SHE [252, 253].

As in the case of AHE, one can conceive of an intrinsic SHE in non-magnets on
which no external magnetic field is applied. Murakami et al. [254] have predicted
for p-type semiconductors that the effective magnetic field originated from the
Berry phase makes up- and down-spin electrons drift towards opposite directions
and leads to SHE. SOI that exists universally in any materials may also produce
the intrinsic SHE even for n-type semiconductors. Sinova et al. [255] have pre-
dicted a constant spin Hall conductivity e/8p for 2DEG with a Rashba-type SOI
produced by the asymmetry of the potential. The intrinsic SHE is a result of the
inherent property, that is, a uniform SOI, of the material, as opposed to the
extrinsic SHE caused by scattering.

Although the SHE does not accompany the Hall voltage, one may expect that a
spin polarization of opposite signs appears at the edges even in the absence of
applied magnetic fields, irrespective to extrinsic or intrinsic SHE. In the non-
equilibrium state, the flows of up- and down-spin electrons into opposite direc-
tions are compensated by spin-flip scattering caused by the SO interaction itself or
by another spin-dependent scattering, and give rise to a spin accumulation at the
edges of the sample.

Elucidating the nature of the pure SHE is now an emergent issue for experi-
mentalists. In spite of the difficulties associated with the absence of the Hall

E

FIGURE 54 Schematic view of the spin Hall effect.
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voltage in the pure SHE, two groups have succeeded in measuring the spin
accumulation in non-magnetic semiconductors by optically detecting the spin
accumulation at the sample edge. Kato et al. [256, 257] spatially resolved the
Kerr rotation of the reflected light from n-type bulk GaAs and InGaAs samples
and found accumulation of opposite sign at the two edges of the sample. Subse-
quently, Wunderlich et al. [258] measured the polarization of light emitted from a
p–n junction placed at the edge of a structure. Kato et al. suggested that the
observed effect may be the extrinsic SHE, as the spin Hall conductivity is low
and independent of the crystal orientation, whereas Wunderlich et al. concluded
that the effect is consistent with the intrinsic SHE, since the magnitude of the
polarization is consistent with the theoretical prediction. The interpretation of the
experimental results appears not straightforward, because the current theories
predict that the intrinsic SHE can strongly be suppressed by disorder effects [259],
orbital Hall current [260]. Furthermore, the effect of the disorder on SHE depends
on the type of SOI [261], for example, small Dresselhaus-type SOI, which is
intrinsic but orientation dependent, is calculated to be sufficient to explain the
observed Kerr rotation in strained InGaAs samples used by Kato et al. [256] On the
other hand, a recent theory on the extrinsic effect predicts the observed SHE
within experimental error with no adjustable parameters [262].

The SHE has a practical relevance to the field of the spintronics, where spin
polarization, manipulation and detection are essential. Theoretical studies to link
SHE with measurable quantities such as spin accumulation and optical signature
are highly desired, because even if spin Hall current itself is intrinsic, the station-
ary spin accumulation is a result of a balance between spin Hall current and
intrinsic/extrinsic effects of the spin relaxation at the edges of the sample [263].
Another interesting aspect of the SHE is the quantized SHE. Recently, quantized
SHE is suggested theoretically for undoped graphene in the absence of the
external magnetic field because of a gap produced by SOI [264, 265].

The SHE is observed not only in semiconductors but also in normal metals and
transition metals so far as the SOI exists. Valenzuela and Tinkham [266] and
Kimura et al. [267] have reported the measurement of inverse SHE in Al and Pt,
respectively. They injected spin-polarized current into a narrow non-magnetic
metal in a device shown schematically in Fig. 55. The injected current gives rise to
a spin-dependent shift of the chemical potential. Since the shift of the chemical
potential decays with increasing the distance from the point of the spin injection, a
Hall current is induced. The spatial dependence of the spin-up and spin-down
chemical potentials have opposite signs, and up-spin and down-spin Hall

Hall bar

NM

FM

Spin current

Spin injection

FIGURE 55 Experimental setup to measure the inverse SHE.
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currents flow into opposite directions. This means a spin Hall current is induced
by the spin injection into non-magnetic metals.

The spin Hall current observed for Pt by using a local Hall bar [267] is rather
large as compared with the SHE observed in semiconductors. A large value of
the spin Hall conductivity has also been predicted for Pt and transition metals
theoretically by using a realistic tight-binding model [268].

8.4. Rashba 2DEG and spin accumulation

The Rashba Hamiltonian for 2DEG is given as

H0 ¼

łh2

2m
k2 ilłhk�

�ilłhkþ
łh2

2m
k2

0
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B

B

B

@
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; ð76Þ

where k� ¼ kx � iky with k ¼ (kx, ky) the electron momentum in the 2DEG plane,
l is the spin–orbit coupling. The eigenvalues are given as

Ek� ¼ łh2k2

2m
� lłhk: ð77Þ

Thus, the free-electron states are split into two branches and the Fermi lines are
two concentric circles as shown in Fig. 56. It should be noted that the direction of
spin is dependent on momentum. The feature is a strong contrast to the Zeeman
spin splitting. The momentum-dependent spin state is responsible to the SHE and
spin accumulation shown below.

Former Russian scientists have predicted the spin accumulation in the Rashba
split 2DEG systems with diffusive transport regime [269–271]. Inoue et al. [272]
have confirmed the result in the Green’s function method. The spin accumulation
is in-plane and given as

hsyi ¼ 4peD0ltE; ð78Þ

where D0 is the density of states at the Fermi level and t is the lifetime. The
physical reason of the spin accumulation is simple. As mentioned earlier, in the
equilibrium state, the spins with kx> 0 point towardsþy direction in average, and

ky

kx

E

FIGURE 56 Energy dispersion relation for 2DEG with Rashba-type spin–orbit interaction.
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those with kx < 0 point towards �y direction, and they cancel out in the equilib-
rium state. However, in the non-equilibrium state under external electric field
along x-direction, number of spins with kx > 0 is more than those with kx < 0, and
hsyi becomes non-zero.

Several attempts to observe the in-plane spin accumulation have been done
and successful results have been reported by several groups [273–275] using
optical detection.

9. PERSPECTIVE

In this chapter, we briefly reviewed the relationship between spin-dependent
resistivity and electronic structures in metals and alloys, and described micro-
scopic methods for investigating electrical transport. We then reviewed the essen-
tial aspects of GMR, TMR and BMR, emphasizing the role of the electronic
structures of constituent metals of these junctions and the effects of roughness
on the electrical resistivity (or resistance). It was shown that the important factors
that govern GMR are the spin-dependent random potential at interfaces and band
matching/mismatching between magnetic and non-magnetic layers. For TMR,
several factors were shown to be important in determining theMR ratio, including
the shape of Fermi surface of the electrodes, the symmetry of the wave functions,
electron scattering at interfaces and spin-slip tunnelling. An interpretation of TMR
in Fe/MgO/Fe and of an oscillation of TMR were presented. TMR in granular
films and in the Coulomb-blockade regime was also described. A brief review of
normal MR, AMR and CMR was given. Anomalous and spin Hall effects origi-
nated from the SOI are also briefly explained.

The effects of GMR and TMR have now been applied to several devices, such
as sensors and memories. Despite a simple structure of the FTJs, they give rise to
large effect, and therefore are quite suitable for the technological applications. It is
interesting that huge room-temperature TMR appears in junctions with the famil-
iar ferromagnet Fe. Recently, observed oscillation of TMR in Fe/MgO/Fe junc-
tions is another interesting phenomenon [149]. Although the MR effect is a simple
phenomenon, it appears in various materials and junctions. It is expected that
novel aspects of the MR may be found in near future.

The spin Hall effect predicted first theoretically and observed recently is a
novel transport property which is related to a pure spin current. Since the spin
current is usually non-conserving, the spin angular momentum can be trans-
ferred, for example, to magnetization, resulting in a current-induced magnetiza-
tion reversal, which also attracts much interests recently.
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torques in magnetic multilayers,which show giant magnetoresistance effect in

current-perpendicular-to-the-plane (CPP-GMR) geometry, and magnetic tun-

nelling junctions (MTJs) are described. Further, mechanisms of spin-injection

magnetization switching (SIMS) and its high-speed observations are explained.

Then, phenomena related to spin injection, namely, spin-transfer oscillation

(STO) and the spin-torque diode effect, are described. Finally, applications

related to the spin-injection technology are reviewed.

1. SPIN INJECTION AND TORQUE

1.1. Spin injection

Electrons possess both charge (�e) and spin angular momentum h�=2ð Þ. Therefore,
when an electron moves in a material, it carries not only a charge but also an
angular momentum. In Fig. 1A, a schematic of electron transfer from a ferromag-
netic material (FM) to a non-magnetic material (NM) [1] through an interface is

A

B

Electron

FM NM

FM1 FM2Reflection/
Transmission Interaction/

Torque

FIGURE 1 Spin injection across an interface. (A) Spin injection from a ferromagnetic material (FM)

to a non-magnetic material (NM). Application of an electric charge current through the interface

results in injection of a spin-polarized current into NM. (B) Spin injection from a ferromagnetic

material (FM1) to another ferromagnetic material with different magnetization direction (FM2).

Spin-dependent reflection and transmission at the interface give rise to the magnetoresistance

effect. Injected spins interact with spins of the host material and exert torque on it.
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shown. In the ferromagnetic material, since electron spins are polarized, an
electric current accompanies the net flow of spins, that is, “spin current”. The
spins travelling as the spin current in the ferromagnet are then injected (“spin
injection”) into the non-magnetic material through the interface. The injected
spins are subjected to spin relaxation because of spin–orbit interaction, and they
lose their spin orientations as they move away from the interface. Spin-injection
phenomena have been observed by detecting the emission of circularly polarized
light from injected electrons in semiconductors such as GaAs [2–5], and by observ-
ing the spin-dependent electrochemical potentials in so-called non-local magneto-
resistance geometries [6–11] or using the magnetoresistive/filtering effect [12].

What happens if we pass a current through two ferromagnetic materials with
different magnetization orientations as shown in Fig. 1B? It is well known that the
magnetoresistance effect occurs because of spin-dependent scattering (reflection)
at the interface, as described in the previous chapter. In addition, the electron
spins injected from the ferromagnetic material on the left-hand side (FM1) into the
ferromagnetic material on the right-hand side (FM2) interact with the electron
spins in FM2 through exchange interaction. As a result, a precession can be excited
[13–15] and the magnetization can be switched [16–24] in FM2.

Before providing a detailed explanation of these interesting effects, let us
discuss the concepts of “spin injection” and “spin current”.

In a system in which many electrons are interacting, if the interaction between
the electron spins is only exchange interaction, the total angular momentum of the
electron system is conserved. Therefore, similar to the charge current density,
which is derived from the conserved quantity, charge, one can define a flow of the
spin angular momentum density, that is, spin current density:

ĵ
S
~x; tð Þ ¼

X

i

~ni tð Þ~si ~x; tð Þ þ exchange mediated term
� �

: ð1Þ

Here,~si ~x; tð Þ and~ni tð Þ are the electron spin density and velocity of the ith electron,
respectively, and

P

is the sum over all the electrons concerned. The first term in
Eq. (1) indicates that the flow of a spin-polarized electrons carries spin current,
that is, angular momentum. The second term indicates that the spin angular
momentum can be transferred by the exchange interaction even if the positions
of the electrons are fixed. The latter term corresponds to a spin angular momen-
tum transfer through spin waves. This term can be expressed locally and is
roughly proportional to

P

i;j~si ~x; tð Þ� ~r~sj ~x; tð Þ if spins rotate continuously in
space. Here, it should be noted that the spin current density, ĵ

S
, is a direct product

of two vectors expressing the direction of the current flow and the direction of
spin at the same time. The rule for conserving the spin angular momentum and
the charge is expressed as follows:

@~s

@t
þ div ĵ

S
¼ 0;

@r

@t
þ div~j

Q
¼ 0;

8

>

>

>

<

>

>

>

:

ð2Þ
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where r is the charge density, ~j
Q

is the electric current density and

div ~A ¼ @Ax

@x
þ @Ay

@y
þ @Az

@z

� �

expresses the divergence of flow ~A.

Now, we consider a case where an electric field is applied to a large ferromag-
netic material that is magnetized along �~espinðj~espinj ¼ 1Þ. In the ferromagnetic
materials, the spin angular momentum density,~s, is non-zero since the density of
themajority spin electrons, nþ, is larger than that of theminority spin electrons, n�:

~s ¼~sþ þ~s� ¼
h�

2
~espin nþ � n�ð Þ;

r ¼ rþ þ r� ¼ �eð Þ nþ þ n�ð Þ:

8

>

<

>

:

ð3Þ

Here,~sþ ~s�ð Þ and rþ r�ð Þ are the spin density and charge density of the majority
(minority) spin electrons. The direction of angular momentum is opposite to that
of magnetization for the electrons. Hereafter, the treatment follows a derivation
given by Valet and Fert [25], and suffixes þ and � correspond to the majority and
the minority spins, respectively.

As the system is large enough compared to the electron mean free path, the
electrons flow diffusively by repeated scattering and acceleration. The scattering
events, however, seldom change the spin orientation. Therefore, a physical picture
can be constructed in which the majority and minority spin electrons flow diffu-
sively independent of each other in each spin sub-channel (see Fig. 2). Since the

Scattering centers

Spin flip

scattering

: Spin diffusion length

5 –1000 nm

Free path

~10 nm

Electron

λ

E : Electric field

FIGURE 2 Drift flow of a free electron in a conductive material. An electron with negative charge

(�e) is subject to an electric field~E and accelerated towards the right. After a short travel, the

electron is scattered by a scattering centre and its velocity changes. The electron is accelerated

again until its next collision.Through the repetition of this process, the electron moves opposite to
~E on average. Then average distance between two scattering events is the mean free path.

For metals at room temperature, the typical values of the mean free path are about 10 nm. During

this drift motion, the electron seldom changes its spin direction. The average distance between

two spin-flip events under zero electric field corresponds to the spin diffusion length, l� .

96 Yoshishige Suzuki et al.



charge densities and drift velocities ~nþ;~n�ð Þ are different in different spin sub-
channels, the electric conductivities sþ; s�ð Þ, which are equal to (charge density)
� (mobility), are also different in different spin sub-channels. As a result, the
application of an electric field results not only in a drift charge current density,

~j
Q;Drift

, but also in a drift spin current density, ĵ
S;Drift

:

ĵ
S;Drift

¼~nþ~sþ þ~n�~s� ¼
h�

2
~espin

1

�e
sþ � s�ð Þ~E;

~j
Q;Drift

¼~nþrþ þ~n�r� ¼ sþ þ s�ð Þ~E:

8

>

<

>

:

ð4Þ

Here, the second term in Eq. (1) is neglected for simplicity.
Next, let us consider the effect of current passing through the interface

between a FM and a NM as shown in Fig. 3A. In the junction, we take two sections
P and Q in the ferromagnetic material layer and the non-magnetic material layer,
respectively. We assume that both P and Q are far enough from the interface to be
affected by it. The spin current should be finite at P in the ferromagnetic material
but zero at Q in the non-magnetic material as consequences of Eq. (4). Then, from
the conservation law of spin momentum (Eq. (2)), it is expected that the spins will
accumulate around the interface as time goes by. In reality, spin accumulation does
not grow indefinitely but the accumulated spins are lost through spin–orbit
coupling. To take this effect into account, we added spin relaxation terms to Eq. (2):

@~s

@t
þ div ĵ

S
¼ �

~sþ �~s eqþ
tsfþ

�
~s� �~s eq�

tsf�
;

@r

@t
þ div~j

Q
¼ 0;

8

>

>

>

>

<

>

>

>

>

:

ð20Þ

where tsf� and ~s
eq
� are the spin relaxation time and spin density in the thermal

equilibrium condition in each spin sub-channel. tsf� defined in this chapter is half
that defined in Ref. [25]. Since the density of states at the Fermi energy in metals,
N�, and the carrier density in semiconductors, n�, are different for different spin
sub-bands, the spin relaxation times are also different and are related as follows:

tsfþN� ¼ tsf�Nþ : Metals;

tsfþn� ¼ tsf�nþ : Non-degenerate semiconductors:
ð5Þ

The accumulated spins also flow from the interface to the bulk by diffusion
resulting in a diffusion spin current (Fig. 3B):

ĵ
S;Diffusion

¼ �Dþ
~r~sþ �D�

~r~s�;

~j
Q;Diffusion

¼ �Dþ
~rrþ �D�

~rr�;

(

ð6Þ

where D� is the diffusion constant of the electron in each spin sub-channel.
The Einstein relation holds between the diffusion constants and the
conductivities:

s� ¼ N�e
2D� : Metals;

s� ¼ n�e
2D�=kT : Non-degenerate semiconductors:

ð7Þ
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The gradient of the electron density in each spin sub-channels can be expressed by
using spin-dependent chemical potentials, m�, as follows:

~rn� ¼ N�
~rm� : Metals;

~rn� � �n�~rm�=kT : Non-degenerate semiconductors:
ð8Þ

A positive (negative) sign in the second line in Eq. (8) corresponds to electrons
(holes) in the semiconductor. The above equations are valid only for a small
change in m�. In addition, we introduce an electrochemical potential,
�m� ¼ m� � e’, to treat drift and diffusion at the same time. Here, ’ is the electric
scalar potential. By using �m�, the charge current density in each spin sub-channel
can be expressed simply as follows:

NMFM

P Q

Spin-accumulation

NMFM

P Q

Diffusion spin-currentDrift spin-current

x

m

js = 0

js = 0

js ≠ 0

js ≠ 0

lNM ≈ 0.1-1 μm
lFM ≈ 5 nm

m

ms

A

B

C

FIGURE 3 Spin accumulation, relaxation and diffusion during spin injection from a ferromagnetic

material (FM) to a non-magnetic material (NM). (A) The spin current at section P is finite whereas

that at Q is zero, that is, spins are injected into the interface region between P and Q but never

leave it. As a result, the spins accumulate in the interface region. (B) The number of accumulated

spins is decreased because of spin-flip scattering inside the interface region. Spin accumulation

produces a gradient of the spin density and causes the spin diffusion current that moves spins away

from the interface. (C) Associated electrochemical potential distribution. lFM and lNM are the

average spin diffusion length of FM and NM. Detailed explanation is provided in text.
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~j
Q

� ¼~j
Q;Drift

� þ~j
Q;Diffusion

� ¼ s�~r�m�=e: ð9Þ

The total spin and charge current densities can be expressed in terms of the
current densities appearing in Eq. (9) as

ĵ
S
¼

h�

2
~espin

~j
Q

þ �~j
Q

�

�e
;

~j
Q
¼~j

Q

þ þ~j
Q

� :

8

>

>

<

>

>

:

ð10Þ

The first equation in Eq. (10) is identical to Eq. (32) in Chapter 2.
For a given constant current, the growth of the spin accumulation continues

until it balanced by spin diffusion and relaxation, and, then the system falls into a
steady state. In the steady state, we obtain the following set of equations from Eqs
(20), (5), (9) and (10):

D �mþ � �m�
� �

¼
�mþ � �m�

l2spin
;

D sþ�mþ þ s��m�
� �

¼ 0;

8

>

<

>

:

ð11Þ

where

l�2
spin ¼

l�2
þ þ l�2

�

2
;

l� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

D�t
sf
�

q

:

Here, D ¼ @2

@x2
þ @2

@y2
þ @2

@z2
is the Laplacian. l� is the spin diffusion length in each spin

sub-channel. lspin is the average spin diffusion length. For non-degenerate semi-
conductors, it is often required to solve the Poisson equation in parallel with
Eq. (11) to take the band bending and charge redistributions into account [26].
For semiconductors, if charge recombination and creation take place, the sources
of the charges and spins must be taken into account by adding appropriate terms
to Eq. (11) or to Eq. (20) [26].

Equation (11) can be solved easily and are widely used to evaluate spin-
dependent transport in the diffusive regime. For these calculations, the boundary
conditions at the interfaces must be considered. In the simplest model, we assume
the continuity of the electric current density, spin current density and electro-
chemical potential at the interface. If there is a particular spin relaxation at the
interface, the discontinuity of the spin current density must be considered. On the
other hand, for tunnelling junctions, the discontinuity of the electrochemical
potential caused by spin-dependent interface resistances must be taken into
account.

In Fig. 3C, the behaviour of the electrochemical potential is shown for the
simplest case in which the electrical current, spin current and electrochemical
potential are continuous at the interface. It is clear that the slopes of the electro-
chemical potentials are discontinuous at the interface to make the spin current
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density in each spin sub-channel continuous. Under this condition, spin polariza-
tion of the injected current is calculated as follows:

spin polarization of the injected current
� �

¼
jQ" þ0ð Þ� jQ# þ0ð Þ

jQ" þ0ð Þ þ jQ# þ0ð Þ
¼

rFM

rFM þ rNM
bFM;

ð12Þ

where

bFM �
sFMþ � sFM�

sFMþ þ sFM�
; rFM �

1

sFMþ
þ

1

sFM�

� �

lFMspin; rNM �
1

sNM=2
þ

1

sNM=2

� �

lNM
spin:

Here, þ0 indicates the position at the right-hand side of the interface. " and # are
the up and down spins in the NM, respectively. The up (down) spin in the NM is

parallel to the majority (minority) spin in the FM. sFMþ sFM�
� �

is the electric conduc-

tivity at the majority(minority) spin sub-channel in the FM. sNM is the total electric

conductivity of the NM. bFM is the spin asymmetry of the electric conductivity in

the FM. A large bFM results in large spin polarization of the injected current.

lFMspin lNM
spin

� �

is the spin diffusion length in the FM (NM). rFM rNM
� �

expresses the

difficulty in spin injection into the FM (NM) and is often regarded as the “spin
(interface) resistance”. As is clear from Eq. (12), spin injection from a FM to a NM

is difficult if rNM � rFM. For example, if NM is a semiconductor and FM is a
ferromagnetic metal, larger resistivity and spin diffusion length in the semicon-
ductor provides a much larger spin resistance than that in the ferromagnetic
metal. Therefore, spin injection from the FM to the NM will be difficult. This
problem is known as “the conductance mismatch problem” [27].

Spin accumulation at the interface is obtained as follows:

spin accumulationð Þ ¼
h�

2

NNM

2
m" þ0ð Þ � m# þ0ð Þ
� �

¼ �
h�

2

NNM

2

rFMrNM

rFM þ rNM
bFM

ejQ

2
:

ð13Þ

Here, NNM is the total density of states at Fermi energy in the NM. If NM is a
semiconductor, NNM should be replaced by �n=kT. Here, n is the total carrier
density and þ (�) is for electrons (holes). Spin accumulation can be large if
NNM and bFM are large, and both rFM and rNM are of the same order of magnitude.
Therefore, a large accumulation is expected if both layers are the same kind of
materials.

A way to overcome the conductance mismatch problem of spin injection into a
semiconductor is to use a ferromagnetic semiconductor as a spin source [2, 3].
Ohno el al. used ferromagnetic GaMnAs as a spin source to inject spin-polarized
holes into an InGaAs layer through a GaAs layer. In ZnS type direct gap semi-
conductors like InGaAs, light emitted by the recombination of the spin-polarized
carriers, is up to 50% circularly polarized because of the selection rule at the
G point (S1/2 to P3/2 transition). Therefore, by observing the degree of circular
polarization one can estimate the spin polarization of the injected carriers.
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Ohno et al. observed up about 10% circular polarization of the emitted light [2] at
6 K and could conclude a significant spin polarization (more than about 20%) of
the injected carriers. Since GaMaAs has a relatively large spin resistance, they
could achieve a reasonable conductance matching to a semiconductor.

Another way to inject spins into semiconductors is to insert a spin-dependent
interface resistance [28]. A tunnel barrier at the interface, for example, may work
as such a spin-dependent interface resistance. If the inserted interface resistance is
sufficiently larger than the spin resistances, the polarization of the injected current
will be determined by the spin asymmetry of the interface resistance, gI:

spin polarization of the injected current
� �

¼ �gI; ð14Þ

where gI �
rIþ�rI�
rIþþrI�

. In addition, spin accumulation is governed by the interface

resistance as follows:

spin accumulationð Þ ¼
h�

2

NNM

2
rNMgI

ejQ

2
: ð15Þ

Using a tunnel barrier, large spin accumulation in the semiconductors can be
expected. Motsnyi et al. [29] successfully injected spin-polarized current from the
CoFe to the GaAs layer through an AlOx barrier layer. In addition, they proved it
undoubtedly by showing precession of the injected spins under an applied mag-
netic field with an oblique angle by again observing the polarization of the emitted
light.

As shown above, the spins injected into III–V semiconductors have been
detected by polarization analysis of the emitted light [2–5]. On the other hand,
to detect the spins injected into non-magnetic metals, the detection of the spin-
dependent chemical potential using a second ferromagnetic electrode has been
often used. This method is called “non-local magnetoresistance (MR) measure-
ment”, and it offers an explicit proof of spin injection.

In Fig. 4A and B, submicron-scale wire junctions made by Jedema et al. [7] are
shown. Tomeasure the non-local MR effect, current was applied between Co1 and
Al electrodes and the voltage generated between the Co2 and Al electrodes was
measured. In this structure, there is no charge current between the Co1 and Co2
electrodes. By current injection, however, spin accumulation takes place at the
interface between Co1 and Al electrodes and generates a spin diffusion current
towards the Co2 electrode. In Fig. 4C, the electrochemical potentials associated
with the above spin accumulation and spin current are shown together with the
detection part (Co2). �m" and �m# split symmetrically at the interface between Co1
and Al electrodes (left-hand side in Fig. 4C) because of the spin accumulation.
Here, the up spin is parallel to the majority spin in Co1. The gradients of the
electrochemical potentials in the Al wire produce diffusion charge currents in
both spin sub-channels. While these charge currents have the same magnitude,
they are opposite in sign. Therefore, while there is no net charge current between
the Co1 and Co2 electrodes, a spin current flows.

In the Co2 electrode, where the injected pure spin current is completely
absorbed, different diffusion constants for different spins and the continuity of
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the current in each spin sub-channel require different slopes of the electrochemi-
cal potentials (right-hand side in Fig. 4C). As a consequence, a finite electromotive
force, V, appears between the Co2 wire and the Al wire. This “non-local voltage”
is expressed as follows the assuming a large contact resistance between Co2 and
Al contact:

V ¼ �
1

2
ejQb2Co

rCorAl

rCo þ rAl
exp �

L

lAl
spin

 !

: ð16Þ

Here, a positive (negative) sign corresponds to the parallel (antiparallel) align-
ment of magnetization. In Fig. 4D, the signal detected by Jedema et al. is shown.
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Antiparallel alignment is achieved in a particular range of the applied field and it
shows a negative voltage output, as predicted by Eq. (16). The observed voltage
was less than 1 mV for a 100 mA input current.

If we apply an external field perpendicular to the sample plane, a precession of
the injected spins occurs. If the precession angle for travel from Co1 to Co2 equals
90�, the non-local signal disappears. Moreover, if the angle is greater than 90 �, the
signal changes in sign. As a result, the non-local signal shows damped oscillation
as a function of the external field strength. By using this Hanle effect [30], the spin
diffusion length can be estimated correctly. The effect has been observed not only
in metals [6, 7] and semiconductors [8, 29], but also in new materials like carbon
nanotubes [9] and graphene [10, 31], thus providing clear evidence of spin injec-
tion. In Fig. 5, the MR effect and the Hanle effect observed for a multilayer
graphene are illustrated [31].

Kimura et al. developed a structure similar to that shown in Fig. 4A but they
replaced the Co2 electrode with a small permalloy (FeNi alloy) pad and injected a
pure spin current into the pad. In this way, they were able to transfer sufficient
angular momentum to the pad to reverse its magnetization [32]. This is the first
demonstration of magnetization reversal using a pure spin current.

By using spin accumulation or spin pumping [33], we can inject a pure spin
current that does not accompany a charge current, into non-magnetic materials.
If there is spin–orbit interaction in the non-magnetic material into which a pure
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spin current is injected, the flow of the spin is scattered asymmetrically by
impurities and it produces a voltage along a direction that is perpendicular to
both the current flow direction and the spin direction [34–37] (Fig. 6A and B). This
phenomenon is called the “inverse spin Hall effect”. In addition, a charge current
inside a non-magnetic material may produce a spin current and spin accumulation
along a direction perpendicular to the current direction. This “spin Hall effect”
has been observed in semiconductors [38, 39] and metals [36] (Fig. 6C and D).
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and the measurement configuration. Spin-polarized charge current (Is) is injected from the Co

electrode to the Cu electrode and it produces spin accumulation in the latter. The accumulated

spins produce diffusion spin current and are injected into the Pt wire. The voltage along to the Pt
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Moreover,Murakami et al. predicted the existence of an “intrinsic” spinHall effect,
in which an electric field produces a dissipation-less spin current [40]. Wunderlich
et al. claim that their observations agree with latter idea [39].

1.2. Spin-transfer torque

Next, we discuss what happens when spins are injected from one ferromagnetic
layer (FM1) into another ferromagnetic layer (FM2). This spin injection gives rise
to a torque on the FM layers, and as a result, one of the FM layers may switch its
direction (called as spin-injection magnetization switching, SIMS) or undergo
continuous oscillations (called as spin-torque oscillation, STO). SIMS and STO
are usually performed by employing magnetic nano-pillars made of magnetic
multilayers, as shown in Fig. 7. A typical device consists of two ferromagnetic
layers (FM1 and FM2: Co, for example) and a non-magnetic layer (NM1: Cu or
MgO, for example) inserted between them. When current is passed through this
device, the electrons are first polarized by the FM1 and then injected into the FM2
through the NM1. The spins of the injected electrons interact with the spins in the
host material by exchange interaction and exert torque. If the exerted torque is large
enough, magnetization in FM2 is reversed or continuous precession is excited.

To simplify the problem, let us imagine an electron system in which the
conduction electrons (s-electrons) and the electrons that hold local magnetic
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FIGURE 7 Schematic illustration of a magnetic nano-pillar consisting of two ferromagnetic layers

and two non-magnetic layers. The electrons are spin polarized by the thick ferromagnetic layer

(FM1: spin polarizer) and then injected into the thin ferromagnetic layer (FM2: free layer) through

the non-magnetic layer (NM1). The injected spins undergo precession in FM2 and lose their

transverse components. The lost spin components are transferred to the local spin moment in

FM2,~S2. Details are provided in the text.
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moments (d-electrons) interact with each other through exchange interactions
(Fig. 8A). The exchange interaction (s–d exchange interaction) conserves the
total spin angular momentum. Therefore, a decrease in the sub-total angular
momentum of the conduction electrons equals the increase in the sub-total angu-
lar momentum of the d-electron system. In the magnetic pillar, if the spin angular
momentum of a conduction electron changes because of the s–d interaction
during transport through the FM2 layer, this amount of angular momentum
should be transferred to the d-electrons in the FM2 layer. From Eq. (2),

d~S2

dt
¼~J

S

1 �~J
S

2 ; ð17Þ

where~S2 is the total angular momentum in the FM2. The spin currents~J
S

1 and~J
S

2

are obtained by integrating the spin current density flowing in NM1 and NM2,
respectively, over the cross-sectional area of the pillar. Since FM2 is very thin, we
neglected the spin–orbit interaction in FM2. Equation (17) indicates that a torque
can be exerted on the local angular momentum as a result of spin transfer from the
conduction electrons. This type of the torque, which appears in Eq. (17), is called
the “spin-transfer torque”.

Next, we consider how~J
S

1 and~J
S

2 are determined for metallic junctions [16]. We
assume that the FM1 layer is thicker than its spin diffusion length. Therefore, the
conduction electrons after passing through the FM1 layer becomes spin-polarized
along the angular momentum direction of the FM1,~S1. They are then injected into
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the NM1 layer. If~S1 is oriented along y;fð Þ in a polar coordinate system, the spin
function of the injected spin can be expressed as follows:

jðy;fÞi ¼ cos
y

2

	

	

	

	

"



þ eif sin
y

2

	

	

	

	

#



or

cos
y

2

eif sin
y

2

0

B

B

B

@

1

C

C

C

A

: ð18Þ

Here, j "i and j#i are the spin eigenstates along the þz and �z directions,
respectively. It is easy to understand that Eq. (18) expresses the spin state
pointing in y;fð Þ direction if one examines that the expectation values of the
Pauli matrices, sx; sy; sz

� �

, for the state are cosf siny; sinf siny; cosyð Þ. Since
FM2 is magnetized along the �z direction, the s-electron bands are split into s"
and s# bands (Fig. 8B). Therefore, the wave function of the injected s-electron is
split into s" and s# partial waves (Bloch states) that belong to different wave
vectors, that is, k" and k#. As a result, the phase acquired during the travel in the
FM2 layer with thickness d2 will be k"d2 and k#d2 for each partial wave. There-
fore, after a ballistic travel through a very thin FM2 layer the spin functions of
the electron will be as follows:

eik"d2 0

0 eik#d2

 ! cos
y

2

eif sin
y

2

0

B
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¼ eik"d2
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2

eiðfþðk#�k"Þd2Þ sin
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1

C

C

C

A

:

In the above expression, we can see that f is altered by fþ k# � k"
� �

d2. This
means that the spins of the conduction electrons were subject to a precession
around ~S2 by k# � k"

� �

d2 (rad) (Fig. 8C). For realistic cases, since most films are
polycrystalline and each conduction electron travels along different crystal orien-
tations, the phases and therefore the precession angles should be different for
different electrons. As a result, the transverse components (x- and y-components)
of the injected spins cancel each other and disappear on average. For this case,
the change in the spin current that produces the spin-transfer torque will be as
follows:

d~S2

dt
¼ g yð Þ

JQ

�e

h�

2

cosf siny
sinf siny

cosy

0

@

1

A�
h�

2

0
0

cosy

0

@

1

A

0

@

1

A ¼ g yð Þ
JQ

�e

h�

2
~e2 � ~e1 �~e2ð Þ; ð19Þ

where ~e1 ¼ cosf siny; sinf siny; cosyð Þ and ~e2 ¼ 0; 0; 1ð Þ are unit vectors along
the angular momenta in FM1 and FM2, respectively. JQ= �eð Þ is the number of
electrons flowing per unit time (JQ is a charge current). g yð Þ expresses the effi-
ciency of spin transfer and is dependent on the spin polarization, P, of the
conduction electron in the ferromagnetic layers and the relative angle between
~S1 and ~S2, that is, y. Slonczewski [16] proposed a formula for the spin-transfer
efficiency, g yð Þ, that is suitable for the CPP-GMR junctions by considering a free
electron model:
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g yð Þ ¼ �4þ P�1=2 þ P1=2
� �3

3þ cosyð Þ=4

� ��1

: ð20Þ

In the above formula, the effects of electron reflection at the NM1/FM2 interface,
which have not been discussed in this text, are also taken into account.

Next, we consider the spin-transfer torque exerted magnetic tunnel junctions
(MTJs) according to the derivation given by Slonczewski [41, 42]. In this case, NM1
is a barrier layer made up of MgO or AlO. Again, we assume that FM1 is thick
enough; therefore, at point P in FM1 (see Fig. 7), the conduction spins are relaxed
and aligned parallel to~S1. In addition, we assume that at point Q inside FM2, the
spins of the conduction electrons have already lost their transverse spin compo-
nent because of the above-mentioned decoherence mechanism and that the spins
have aligned parallel to~S2. Since the spins of the conduction electrons at P and Q
are either the majority or minority spin of the host materials, the total charge
current in the MTJ can be expressed as a sum of the following four components
(Fig. 9):

JQ ¼ JQþþ þ JQþ� þ JQ�þ þ JQ��: ð21Þ

Here, suffixes þ and � indicate the majority and minority spin channels, respec-
tively. For example, JQþ� represents a charge current flow from the FM2 minority
spin band into the FM1 majority spin band. These charge currents are expressed
using the conductance for each spin sub-channel, G��.

JQ�� ¼ VG�� cos2
y

2
;

JQ	� ¼ VG	� sin2 y

2
:

8

>

>

>

<

>

>

>

:

ð22Þ

Here, V is the applied voltage. The angle dependence of the conductions can be
derived from the fact that the spin functions in the FM1 are jmaj:i ¼ cosðy=2Þj"iþ
sinðy=2Þj#i for the majority spins and jmin:i ¼ sinðy=2Þj"i � cosðy=2Þj#i for the
minority spins, and those in the FM2 are j"i and j#i, respectively. Since the spin
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FIGURE 9 Circuit model of a magnetic tunnel junction (after Ref. [42]).

108 Yoshishige Suzuki et al.



quantization axes at P and Q are parallel to ~S1 and ~S2, respectively, the spin
currents at P and Q are obtained easily as follows:

~J
0S

1 ¼ h�

2

1

�e
JQþþ þ JQþ� � JQ�þ � JQ��

� �

~e1;

~J
0S

2 ¼
h�

2

1

�e
JQþþ � JQþ� þ JQ�þ � JQ��

� �

~e2:

8

>

>

>

<

>

>

>

:

ð23Þ

Therefore, after a straightforward calculation, the total current and spin-transfer
torque are obtained as follows:

JQ ¼
1

2
V Gþþ þ G�� þ Gþ� þ G�þð Þ þ Gþþ þ G�� � Gþ� � G�þð Þ~e2
~e1½ �

¼
1

2
V GP þ GAPð Þ þ GP � GAPð Þ cosy½ �;

d~S2

dt
¼
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2
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ð24Þ

where GP and GAP are the conductance in the parallel and antiparallel configura-
tions, respectively. In the first equation in Eq. (24), cosy dependence of the tunnel
conductance can be seen. In the second equation, siny dependence of the spin
torque appears, similar to the case in Eq. (19). The important difference, however,
is that in Eq. (19), the efficiency of spin transfer, g yð Þ, also has an angular depen-
dence, while in the MTJs, the siny dependence is exact since G�� does not have
angular dependence. From this property, Slonczewski termed the coefficient in
the second line of Eq. (24) as a “torquance”, which is an analogue of the “conduc-
tance”. This simple expression was obtained because the torque was expressed as
a function of voltage in Eq. (24). If we rewrite the second line of Eq. (24) as function
of the current, the spin-transfer efficiency is obtained as follows from comparison
with Eq. (19):

g yð Þ ¼
Gþþ � G�� þ Gþ� � G�þð Þ

Gþþ þ G�� þ Gþ� þ G�þð Þ þ Gþþ þ G�� � Gþ� � G�þð Þ~e2
~e1
: ð25Þ

As shown above, g yð Þ for the MTJs also depends on the angle between~S1 and~S2.
Another important feature in the MTJs is that the torque has a bias voltage

dependence because G�� has bias voltage dependence. In Fig. 10A, the theoreti-
cally predicted spin-transfer torque is plotted as a function of the bias voltage by
fine lines [44]. As shown in the figure, the bias dependence of the spin-transfer
torque is neither monotonic nor symmetric. The torque will be much higher at a
large negative bias even if the magnetoresistance is smaller at such a high bias.
This slightly complicated behaviour can be explained as follows from the second
line in Eq. (24). Assume that the FM1 and FM2 aremade of the samematerial. Now
if we apply voltage, due to the symmetric conditions for tunnelling, the conduc-
tancesGþþ andG�� do not depend on the sign of the voltage. Thus the contribution
to the torque from Gþþ � G��ð Þ � V term is odd with respect to the voltage.
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The conductances Gþ� and G�þ are equal at 0 bias. For positive voltage, Gþ�

decreases, where as G�þ increases, thus giving a positive contribution to the spin
torque. For negative voltage, due to the symmetry, we have opposite situation and
Gþ� � G�þð Þ changes sign. But as the voltage is also negative, the net contribution
is again positive. Therefore, Gþ� � Gþ�ð Þ � V term is an even function of the
voltage. This combination of odd and even terms gives an asymmetry in the spin
torque as a function of voltage.

Sankey et al. [45] and Kubota et al. [43] experimentally observed the bias
dependence of the torques. In Fig. 10A, the experimentally obtained bias voltage
dependence of the spin-transfer torque in a CoFeB/MgO/CoFeB magnetic tunnel
junction is plotted by large circles [43]. The torque was measured by using the
“spin-torque diode effect”, which will be explained later in this book (see
Section 3.2). The experimental observations [43, 45] essentially agree with the
model calculation.

1.3. Field-like torque

Even if it is assumed that~S2 does not change in size, it may change in direction in
two different ways. One is along the direction parallel to the spin-transfer torque,
~e2 � ~e1 �~e2ð Þð Þ. Another is the direction parallel to ~e1 �~e2ð Þ. If the torque is
parallel to ~e1 �~e2ð Þ, it has the same symmetry as a torque exerted by an external
field. Therefore, the latter torque is called “field-like torque”. It can also be called
“accumulation torque” based on its origin, or “perpendicular torque” based on its
direction in the multilayer system with in-plane magnetizations.

FIGURE 10 Bias dependence of the spin torques. (A) Bias dependence of the spin-transfer torque.

(B) Bias dependence of field-like torque. Fine curves were obtained by theoretical model

calculations (after Ref. [42]) with different spin splitting, e. Points show the experimental result

obtained for a CoFeB/MgO/CoFeB magnetic tunnel junction using the spin-torque diode effect

(after Ref. [43]).
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It has been pointed that one of the important origins of the field-like torque in
the MTJs is the change in the interlayer exchange coupling through the barrier
layer at a finite biasing voltage [44, 46]. In Fig. 10B, the theoretically obtained
strength of the field-like torque is plotted as a function of the bias voltage [44]. As
theoretically predicted for the symmetrical MTJs, the field-like torque is an even
function of the bias voltage. Its strength itself is less than 1/5 that of the spin-
transfer torque. The experimental results obtained so far [43, 45] seems to agree
with this prediction.

The field-like torque could have originated from other mechanisms that are
similar to those responsible for the “b-term” in magnetic nano-wires (see Chapters
5 and 6). Several mechanisms, such as a spin relaxation [47, 48], Gilbert damping
itself [49], momentum transfer [50] and current-induced Ampere field have been
proposed for the origin of the “b-term”.

2. SPIN-INJECTION MAGNETIZATION REVERSAL

2.1. Amplification of the precession

In this and subsequent sections, we mainly focus on the two types of magnetic
nano-pillars shown in Fig. 11: (a) pillars with magnetization perpendicular to the
film plane (perpendicularly magnetized pillars) and (b) pillars with magnetiza-
tion parallel to the film plane (in-plane magnetized pillars). These structures
provide all the essential features necessary to understand the physics of spin-
transfer effects and they are also important for practical applications. In addition,
we assume that the perpendicularly magnetized and in-plane magnetized nano-
pillars have a round and elliptical cross sections, respectively. The in-plane
magnetized pillars have their magnetization parallel to the long axis of the ellipse.

As discussed in the previous section, an electric current passing through a
magnetic nano-pillar composed of magnetic multilayers (Fig. 7) transfers spin
angular momentum to the magnetic free layer and changes the direction of the
local spins in the layer (Eqs (19) and (24)). The dynamic properties of the local
spins can be expressed by the following Landau–Lifshitz–Gilbert (LLG) equation,
which includes a spin-transfer torque term [16]:

d~S2

dt
¼ g~S2 � ~Heff � a~e2 �

d~S2

dt
þ g yð Þ

JQ

�e

h�

2
~e2 � ~e1 �~e2ð Þ: ð26Þ

The first term is the effective field torque; the second, Gilbert damping; and the
third, the spin-transfer torque. ~S2 ¼ S2~e2 is the total spin angular momentum of
the free layer and is opposite to its magnetic moment, ~M2.~e2 ~e1ð Þ is a unit vector
that expresses the direction of the spin angular momentum of the free layer (fixed
layer). For simplicity, we neglect the distribution of the local spin angular momen-
tum inside the free layer and assume that the local spins within each magnetic cell
are aligned in parallel and form a coherent “macrospin” [51, 52]. This assumption
is not strictly valid since the demagnetization field and current-induced Oersted
field inside the cells are not uniform. Such non-uniformities introduce incoherent
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precessions of the local spins and causes domain and/or vortex formation in the
cell [52–54]. Despite the predicted limitations, the macrospin model is still useful,
because of both its transparency and its validity for small excitations. The orbital
moment, which is very small for 3D transition metals, is neglected in this treat-
ment. g is the gyromagnetic ratio, where g < 0 for electrons (g ¼ �2:21� 105m=As
for free electrons). The effective field, ~Heff, is a sum of the external field, demag-
netization field and anisotropy field. It should be noted that the demagnetization
field and the anisotropy field depend on ~e2. ~Heff is derived from the magnetic
energy, Emag, and the total magnetic moment, M2, of the free layer:

~Heff ¼
1

m0M2

@Emag

@~e2
; ð27Þ

where m0 ¼ 4p� 10�7H=m is the magnetic susceptibility of vacuum.
The first term determines the precessional motion of~S2. In the second term, a is

the Gilbert damping factor (a> 0). g yð Þ is a coefficient that expresses the efficiency
of the spin-transfer process as a function of the relative angle, y, between ~S1 and
~S2. Explicit expressions for g yð Þ was introduced in the previous section for giant
magnetoresistance (GMR) junctions (Eq. (20)) and magnetic tunnel junctions
(MTJs) (Eq. (25)).
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FIGURE 11 Typical structures of magnetic nano-pillars designed for spin-injection

magnetization switching (SIMS) experiments. In the bird’s-eye-view pictures, the upper

magnetic layer acts as a magnetically free layer, whereas lower magnetic layers are thicker than

the free layer and act as a spin polarizer. The spins in the lower layers are usually pinned by an

exchange interaction at the bottom interface to an anti-ferromagnetic material. Therefore, the

spin polarizer layer is often called the “pinned layer”, “fixed layer” or “reference layer”. In GMR

nano-pillars, the layer between two ferromagnetic layers is made of a non-magnetic metal such

as Cu. In MTJ nano-pillars, this interlayer is made of insulators such as MgO. The diameter of the

pillar is around 100 nm, presently. The free layer is typically a few nanometres thick. (A) A

magnetic nano-pillar with perpendicular magnetization. Because of the crystalline uniaxial

anisotropy, the film has remnant magnetization and spin momentum perpendicular to the film

plane. The pillar has a circular cross section. (B) A magnetic nano-pillar with in-plane

magnetization. The pillar has an elliptical cross section with the long axis along parallel to the

z-axis. Because of its shape anisotropy, the film has in-plane magnetization and spin momentum

parallel to the z-axis.
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To understand the effects of the different torques, we first discuss the spin
dynamics in a perpendicularly magnetized pillar with a cylindrical symmetry
under an external magnetic field parallel to the axis of symmetry (Fig. 11A). The
magnetic energy in this system comprises uniaxial magnetic anisotropy energy
and Zeeman energy,

2.1.1. Cylindrical pillar with uniaxial anisotropy

Emag ¼ �
1

2
m0M2Hu cos

2yþ m0M2Hext cosyþ const:ð Þ; ð28Þ

where Hu and Hext are the effective uniaxial anisotropy field and external field,
respectively. The magnetic uniaxial anisotropy energy is a sum of the crystalline
anisotropy energy and the demagnetization energy:

1

2
m0M2Hu ¼ Kunþ

1

2
m0M2

NdemagM2

n
; ð29Þ

where Ku is a (crystalline) uniaxial anisotropy constant; v, the volume of the free
layer; and Ndemag, the demagnetizing factor. From Eq. (27), the effective field is
~Heff ¼ �Hu cosy~e1 þHext~e1. Substituting this in Eq. (26), we get

d~e2
dt

ffi g �Hu cosyþHextð Þ ~e2 �~e1ð Þ � aeff yð ÞgHu cosy~e2 � ~e1 �~e2ð Þ;

aeff yð Þ � aþ
1

�gð ÞHu cosy
g yð Þ

JQ

�e

h�

2S2
:

8

>

>

>

>

<

>

>

>

>

:

ð30Þ

Since a is small for 3D transition metals (aFeNi ¼ 0:007, e.g. [55]), small terms on
the order of O a2

� �

are neglected in the above equation. aeff yð Þ expresses the
effective Gilbert damping coefficient of the free layer under spin-transfer torque.
The directions of the torques are illustrated in Fig. 12. The effective field torque
promotes a precession motion of ~S2 around �~Heff, while the damping torque
tends to reduce the opening angle of the precession smaller. By the effective
field and damping torques, ~S2 exhibits a spiral trajectory and finally aligns
antiparallel to the effective field if a junction current, JQ, is absent (Fig. 12A). It
must be noted that the direction of~S2 is opposite to that of its magnetic moment.
Direction of the spin-transfer torque is also illustrated in Fig. 12B for the case
where both g yð Þ and JQ are positive. If the current, JQ, is sufficiently large, the spin-
transfer torque overcomes the damping torque, resulting in negative effective
damping. This negative damping results in an increase in the opening angle
of the precession motion, that is, an amplification of the precession takes
place. Depending on the angular dependence of the effective damping, the ampli-
fication of the precession motion leads to a limit cycle (spin-transfer oscillation,
STO) or to a total magnetization reversal (spin-injection magnetization switching,
SIMS) [56].

In Fig. 13, a trajectory for SIMS (a) is compared with trajectory for a magnetic
field-induced magnetization switching (b) in a nano-pillar with in-plane magneti-
zation. The figure also illustrates the magnetic potential shapes during switchings.
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In the absence of a current and an external magnetic field, the potential shows a
double minimum for parallel (P) and antiparallel (AP) configurations of the
local spin. For a particular case of SIMS, the spin-transfer torque does not affect
the shape of the magnetic potential but amplifies the precession thereby
providing energy to the local spin system. Once the orbital crosses the equator,
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FIGURE 12 Illustration of the direction of each torque and trajectory of the free layer spin

momentum for a nano-pillar with perpendicular remnant magnetization. (A) In the absence of an

electric current, the precession of the free layer spin is damped. (B) Under an electric current, if the

spin-transfer torque overcomes the damping torque, the precession of the free layer spin is
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it converges rapidly to opposite direction since the spin-transfer torque
extracts energy from the local spin system. In other words, the spin-transfer
torque amplifies the precession in the front hemisphere, while enhancing the
damping in the back hemisphere. In contrast to this process, the external
magnetic field deforms the magnetic potential and the minimum on the P
side disappears. Therefore, the local spin turns towards AP side. The local
spin system, however, keeps excess energy in the back hemisphere. As a result,
it cannot stop at once and shows precessional motion (ringing) in the back
hemisphere.

The critical current at which the system becomes unstable to small deviations
from equilibrium position is given by aeff yð Þ ¼ 0. This “instability current” is
obtained from Eq. (30) as follows.

2.1.2. Cylindrical pillar with uniaxial anisotropy

JQc0 ¼ ea
�g Hu cosy�Hextð Þ

g yð Þ

S2
h�=2

y ¼ 0 or pð Þ: ð31Þ

If there is no stable limit cycle in between the parallel (P) and antiparallel (AP)
states, the above equation gives the threshold current of SIMS, with y ¼ 0 for P
to AP switching and y ¼ p for AP to P switching.

2.2. Linearized LLG equation and instability current

To determine the instability current in a general system without cylindrical
symmetry, we discuss the stability of ~S2 by linearizing the LLG equation
to a small deviation from the static equilibrium point, ~S2 ¼~S

0ð Þ

2 ¼ S2~e
0ð Þ
2 . In the

equilibrium, with a static external field, ~Heff ¼ ~H
0ð Þ
eff , and a constant current,

JQ ¼ JQ0 , the total static torque must be zero:

g~S
0ð Þ

2 � ~H
0ð Þ

eff þ g y0ð Þ
JQ0
�e

h�

2
~e

0ð Þ
2 � ~e1 �~e

0ð Þ
2

� �

¼ 0: ð32Þ

Around the equilibrium point, we apply a small deviation, d~e2, and observe its
time evolution using the following linearized LLG equation [52]:

d

dt
d~e2 ffi �~e

0ð Þ
2 � �̂þ �̂ST

� �

d~e2 þ a~e
0ð Þ
2 � ~e

0ð Þ
2 � �̂þ �̂ST

� �

d~e2

� �

; ð33Þ

where

�̂ � g ~H
0ð Þ

eff 
~e
0ð Þ
2

� �

� g
@~Heff

@~e2
;

�̂STd~e2 �
1

e

h�

2S2
g yð ÞJQ0 ~e1 � d~e2ð Þ þ

@ gJQ
� �

@~e2

d~e2

0

@

1

A ~e1 �~e
0ð Þ
2

� �

0

@

1

A:

8

>

>

>

>

>

<

>

>

>

>

>

:

ð34Þ

y0 is the angle between~e1 and~e
0ð Þ
2 . Since d~e2 is orthogonal to~e

0ð Þ
2 , we can express it

as follows (see Fig. 14):
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d~e2 � ay~ey þ af~ef �
ay
af

� �

; ð35Þ

where

~ey � �
~e
ð0Þ
2 � ð~e1 �~e

ð0Þ
2 Þ

j siny0j
;

~ef �
~e1 �~e

ð0Þ
2

j siny0j
:

8

>

>

>

>

>

<

>

>

>

>

>

:

ð36Þ

Using this coordinate system, Eq. (33) is rewritten as follows:

d

dt

ay
af

� �

¼ �aþ iŝy
� �

�̂� ioSTŝy

� � ay
af

� �

; ð37Þ

where oST ¼ 1

e

h�

2S2
g yð ÞJQ0 cosy0.sy ¼

0 �i
i 0

� �

is the y-component of the Pauli’s

matrix. Here, the second term in �̂ST, which is zero for MTJs driven by constant
voltage, is neglected. The time evolution of the solution to this equation is

expressed by elt. In general, l is a complex number. The imaginary part of the l

corresponds to the precession frequency of the free layer, whereas its real part
represents the time evolution of the precession angle. If Re l½ � > 0, the precession
is amplified by the spin-transfer torque, and the equilibrium point is unstable to

the perturbations. l is an eigenvalue of the matrix �aþ isy
� �

�̂� ioSTsy

� �

, and is

obtained as follows:

l ffi �
1

2
Tr a�̂� oST

h i

� i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

det½�̂�

q

¼ �
Do

2
� io0; ð38Þ

where o0 and Do are the precession frequency and the full width at half maxi-
mum (FWHM) of the resonance, respectively. Finally, the instability current in the
general system is estimated from Re l½ � ¼ 0 as follows.
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FIGURE 14 Coordinate system for linearization of LLG equation.
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2.2.1. General case

JQc0 ¼ ea
Tr½�̂�=2

cosy0g y0ð Þ
S2
h�=2

: ð39Þ

For a cylindrical pillar with uniaxial anisotropy, Tr½�̂�=2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

det½�̂�
q

¼ o0 ¼
�g Hu �Hext cosy0ð Þ both at y0 ¼ 0 and p. Substituting these values into the
above equation, we regain Eq. (31). For an elliptical cell with in-plane magnetiza-
tion, the magnetic energy is expressed as follows.

2.2.2. Elliptical pillar with in-plane magnetization

Emag ¼ m0M2Hext cosyþ
1

2
m0M2 Hk cos

2fþH? sin2f
� �

sin2yþ const:ð Þ; ð40Þ

where Hk and H? are the in-plane and out-of-plane effective anisotropy fields,
respectively. The external field is assumed to be parallel to the z-axis in Fig. 11B.
From Eqs (27) and (34), Tr O½ � ¼ �g Hk þH? � 2Hext cosy0

� �

at y0 ¼ 0 and y0 ¼ p.
Substituting these values, we get:

2.2.3. Elliptical pillar with in-plane magnetization

JQc0 ¼ ea
�g Hk þH?

� �

=2�Hext cosy0

 �

cosy0g y0ð Þ

S2
h�=2

y0 ¼ 0 or pð Þ: ð41Þ

Here again, we should take y0 ¼ 0 for P to AP switching and y0 ¼ p for AP to P
switching. The instability current for the pillars with in-plane magnetization is
large because of the large out-of-plane anisotropy field, which mainly consists of
the demagnetization field. Explicit expressions for O are presented at the end of
this chapter.

2.3. Spin-injection magnetization switching

SIMS was first predicted theoretically [16, 17] and was then experimentally
demonstrated for a Co/Cu/Co nano-pillar with in-plane magnetization [18].
Subsequently, SIMS was also observed in the case of MTJs with AlO barriers
[21] and MgO barriers [22, 23]. All those magnetic pillars had in-plane magnetiza-
tion. And their cross sections were ellipses or rectangles. In 2006, SIMS was also
observed in magnetic nano-pillars with perpendicular magnetization [24]. They
employed Co/Ni multilayers to give a perpendicular crystalline anisotropy to
the film.

In Fig. 15, a typical fabrication process for nano-pillars from a magnetic tunnel
junction (for research purposes) is shown. First, (a) a magnetic multilayer includ-
ing a magnetic tunnel junction is sputter deposited. The multilayer consists of a
bottom electrode layer, an anti-ferromagnetic exchange bias layer (e.g. MnPt), a
synthetic anti-ferromagnetic pinned layer (e.g. CoFeB/Ru/CoFe), an MgO barrier
layer, a magnetic free layer (e.g. CoFeB) and a capping layer. The multilayer is
then covered by a resist layer using a spin coater and transferred to an electron
beam lithography machine. (b) After exposure and development, the sample with
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micro-patterned resist is transferred to an ion beam milling machine to remove
parts of the multilayers and formmagnetic pillars. (c) The outer side of the pillar is
filled by a SiO2 insulating layer. (d) The SiO2 layer on the junction is lifted off with
the resist by using a chemical solvent and ultrasonic scrubbing. Finally, (e) the top
electrodes are deposited onto the junction under the vacuum.

A hysteresis loop obtained for a magnetic nano-pillar comprising a CoFeB/
MgO/CoFeB tunnelling junction is shown in Fig. 16 [22]. The pillar has in-plane
magnetization and elliptical cross section with the dimensions 100 � 200 nm2.
A current was applied as a series of 100 ms wide pulses. In between the pulses, the
sample resistance was measured to check the magnetization configuration while
the pulse height was swept between �1.5 and þ1.5 mA. By this method, the effect
of temperature increase during the application of the current on the resistance
measurement could be eliminated. For the data shown in Fig. 16, the hysteresis
measurement started at a zero pulse height for the P state (285 O). An increase in
the pulse height caused a jump from the P state to the AP state (560 O) atþ0.6 mA.
Further increase in the pulse height followed by a reduction to zero current did
not affect to the state. Subsequently, negative pulses were applied to the sample.
At �0.35 mA, the sample switched its magnetization from the AP state to the
P state. The average switching current density was about 6 � 106 A/cm2. An
intermediate resistance states between the P and the AP states were not observed
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during either of the two switching events: the switching events were always
abrupt and complete. The slope of the hysteresis loop at the switching point is
only due to discrete measurement points that were not regularly placed because of
the large change in the resistance. P to AP and AP to P switching events occurred
at different current levels because of the dipole and the so-called orange peel
coupling field from the pinned layer. In the experiment, an external field of �4.8
kA/m was applied to cancel these coupling fields. After the cancellation of the
coupling fields, the hysteresis still exhibited a certain shift because of the follow-
ing intrinsic mechanisms. For the MTJ nano-pillars, the asymmetrical voltage
dependence of the torque, which was discussed in the previous section, causes a
horizontal shift in the hysteresis curve. For the GMR nano-pillars, in contrast, the
angle dependence of the spin-transfer efficiency results in a significant shift in the
hysteresis loop.

Many efforts have been done to reduce threshold current of the switching. The
first attempt is to reduce total spin angular momentum, S2, in the free layer. SIMS
requires effective injection of spin angular momentum that is equal to that in the
free layer. Therefore, reduction in S2 results a reduction in Jc0. Albert [57] showed
that threshold current of the SIMS is proportional to the free layer thickness.
Reduction in the free layer thickness reduces S2 and Jc0. S2 can also be reduced
by reducing the magnetization of the ferromagnetic material. Especially in the
nano-pillar with in-plane magnetization, since magnetization also affects to the
size of the anisotropy field, Jc0 is a quadratic function of themagnetization. Yagami
et al. [58] reduced Jc0 considerably by changing a material of the free layer from
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FIGURE 16 A typical spin-injection magnetization switching (SIMS) hysteresis loop obtained for a

CoFeB/MgO/CoFeB MTJ (magnetic tunnel junction) (after Ref. [22]). The junction area, free layer

thickness, resistance area product and MR ratio are 100� 200 nm2, 3 nm, 3 O mm2 and about 100%,

respectively. Measurements were performed at room temperature using electric current pulses of

100 ms duration. The resistance of the junction was measured after each pulse to avoid the effect

of the heating on the sample resistance.
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CoFe (1.9 � 106 A/m) to CoFeB (0.75 � 106 A/m) and obtained 1.7 � 107 A/cm2.
Second attempt is to use double spin filter structure. This method was originally
proposed by Berger [59]. By using this structure, Huai et al. [60] observed
substantial reduction of the threshold current to 2.2 � 106 A/cm2. Third attempt
is to use perpendicular magnetic anisotropy, which can reduce the size of the
anisotropy field. By this method, Nagase el al. [61] obtained a significant reduc-
tion of the threshold current under the required thermal stability factor for the
MTJ nano-pillars with the CoFeB/[Pd/Co]x2/Pd free layer and FePt/CoFeB
pined layer.

2.4. Switching time and thermal effects

Switching time of the SIMS has been investigated to test its applicability as an
information writing technique and to clarify the dynamics of the SIMS itself.
Observations of changes in the magnetic configuration in magnetic nano-pillars
after an application of short pulses revealed the pulse width dependence of the
threshold current and the probabilistic nature of the switching [62–64]. Very high-
speed switching down to 200 ps [63] and precessional nature of the switchings [64,
65] have also been clarified.

An example of the pulse width dependence of the switching current for a
CoFeB/MgO/CoFeB magnetic nano-pillar is shown in Fig. 17 [66]. The switching
current increases for pulses with shorter pulses. This is because the switching
requires a certain period of time for the amplification of the precession, and the
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FIGURE 17 Pulse width dependence of the spin-injection magnetization switching (SIMS) in a
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required time is shorter for a larger current. This switching time, in principle, can
be obtained by integrating the LLG equation with spin-transfer torque (Eq. (26))
[51]. For a cylindrical pillar with uniaxial magnetic anisotropy, the equation of
motion for the opening angle of precession, y, is derived from Eq. (30) as follows:

1

siny

dy

dt
ffi �a �gð Þ Hu cosy�Hextð Þ � g yð Þ

JQ

�e

h�

2S2
�
gHstochastic tð Þ

siny
; ð42Þ

where Hstochastic is a stochastic field that expresses thermal agitation. In the treat-
ment by now, we neglectHstochastic. To obtain the switching time, tsw, this equation
can be integrated analytically by neglecting the y-dependence of the efficiency:

2.4.1. Cylindrical pillar with a uniaxial anisotropy

tsw ffi
JQc0

JQ � JQc0

1

a �gð ÞHu
log

2

dy0

� �

; ð43Þ

where JQ and JQc0 are the applied charge current and the critical current (Eq. (31)),
respectively. dy0 is the angle between the direction of magnetization and the easy
axis at the beginning of amplification. For the thermal equilibrium, the average
value of dy0 is estimated as

dy0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT

m0M2Hu

s

¼

ffiffiffiffiffiffi

1

2D

r

; ð44Þ

where kB is the Boltzmann constant and T is the absolute temperature. D is the
thermal stabilization factor. For the nano-pillars with in-plane magnetization, an
approximate expression for switching time is obtained replacing Hu and JQc0 with
H? þHk

� �

=2 and JQc0 for the in-plane pillar (Eq. (41)), respectively, in Eq. (43).

2.4.2. Elliptical pillar with an in-plane magnetization

tsw ffi
JQc0

JQ � JQc0

2

a �gð Þ H? þHk

� � log
2

dy0

� �

; ð45Þ

In Fig. 17, the theoretically expected switching time is shown by a dotted curve.
The steep increase in the switching current for short switching times is well fitted
by the theoretical curve, whereas the gradual decrease in the switching current for
longer switching times is not explained by the theory. In addition, the switching
current seems to be much smaller than that expected from Eq. (45) in the long
switching time region.

Koch et al. [67] and Li and Zhang [68] explained the reduction in the switching
current for long pulse durations by considering the thermal excitation of the
macrospin fluctuation [67] induced by the stochastic field, Hstochastic tð Þ. Because
of the stochastic field, direction of the free layer spin angular momentum, ~e2, is
now also a stochastic variable. Therefore, we can only discuss its probability
distribution, p ~e2; tð Þ, taking into account the statistical nature of Hstochastic tð Þ. By
Langevin’s method [69], Hstochastic tð Þ is related with the Gilbert damping constant:
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a ffi �gð Þm0M2

kT

1

2

ð1

�1

dthHstochastic tð ÞHstochastic tþ tð Þi; ð46Þ

where hi expresses an thermodynamical ensemble average. Using this fluctu-
ation–dissipation theorem, the time evolution of p ~e2; tð Þ is expressed as
follows:

@p ~e2; tð Þ

@t
þ ~r~e2 


~J ~e2; tð Þ ¼ 0;
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ð47Þ

where ~J ~e2; tð Þ is the probability density current and ~r~e2
ð~r~e2 
Þ is gradient (diver-

gence) along tangent of the sphere derivative with respect to the spin angular
momentum direction. The first line in the expression of the probability density
current is a drift current and is proportional to a sum of the three torques, that is, the
precession torque, the damping torque and the spin-transfer torque. The second
line expresses a thermal diffusion current of the probability density and is propor-
tional to the gradient of the probability density. This is the Fokker–Planck equation
[69] adapted for the LLG equation including spin-transfer torque [70–72].

For a cylindrical pillar with perpendicular uniaxial anisotropy, Eq. (47) can be
reduced as follows:

@

@t
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where Eeff zð Þ is the effective magnetic energy and z ¼ cosy is a z-component of~e2.
Without charge current, both the equations have the Boltzmann distribution,

p ~e2ð Þ / exp �Emag ~e2ð Þ

kBT

n o

, as a solution for the thermal equilibrium. Under a current,

the system is no more in equilibrium and the probability distribution deviates
from the Boltzmann distribution in general. For cylindrical symmetry case, how-
ever, the system under a constant current may show Boltzmann-type distribution,

p zð Þ / exp �Eeff zð Þ

kBT

n o

, taking the effective magnetic energy defined in Eq. (470) as for

a steady state. If the system is in out of equilibrium because of a charge current
application, for example, the probability density currents start to flow to approach
to the steady state.

The probabilistic distribution of the switching time, psw tð Þ, and its integration,

Psw tð Þ ¼ �
t

0psw t1ð Þdt1, in the thermal activation regime can be obtained by apply-
ing the Kramers’ method [70] to Eq. (47) or (470), for a case of the high thermal
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barrier, that correspond to large thermal stability factor, small current and small
external field, as follows:

psw tð Þ ¼ t�1
sw exp �

t

tsw

8

<

:

9

=

;

;

Psw tð Þ ¼ 1� exp �
t

tsw
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<
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ð48Þ

where t is the elapsed time and tsw is the average switching time, t�1
0 ¼

a �gð ÞHu

ffiffiffi

D
p

q

attempt frequency. D is a thermal stability factor calculated for zero

current and zero external field. Reader can find that the Néel–Brown’s exponen-
tial law is valid under a current injection. An approximate expression for the

pillars with in-plane magnetization is obtained by replacing Hu and JQc0 with

H? þHk

� �

=2 and JQc0 for the in-plane pillar (Eq. (41)), respectively, into Eq. (48).

Equation (48) is accurate only when both the current and external field are
sufficiently small. Li et al. solved Fokker–Plank equation for in-plane magnetiza-
tion with small current and proposed a slightly different formula to also include a

parameter, b [68]. In their paper, the term 1� JQ

JQ
c0

� Hext

Hc

� �2

in Eq. (48) is replaced

with 1� Hext

Hc

� �b

1� JQ

JQ
c0

� �

. The theoretical curve derived on the basis of the above-

mentioned theory fits the experimental data well when reasonable parameter
values are used (Fig. 17).

In the thermal activation regime, SIMS can occur at currents smaller than
the critical current at 0 K because of thermal activations. And the switching
time is distributed widely following an exponential law for a given applied
current. In another way, if we apply current pulses with constant widths but
different in heights (current), we will see the following switching current
distribution:

psw JQ
� �

¼
2D

JQc0

tpulse

tsw JQð Þ
exp �

tpulse

tsw JQð Þ

� �

; ð49Þ

where tpulse is the width of the applied pulse current and tsw is a function of the
applied current (Eq. (48)). Experimentally, JQc0 and D can be determined either from
the pulse width dependence of the average switching current or from the switch-
ing current distribution measured using pulses with constant width.

In contrast to the thermal activation regime, switching occurs adiabatically for
short and high pulses. Even for such adiabatic switching, the switching time is
scattered because of the thermal distribution of the initial angle between the
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directions of the free layer magnetization and pinned layer magnetization. One
may avoid this problem by applying a small external field perpendicular to the
easy axis of the system to force a definite initial angle [64].

For memory applications, a small switching current, small distribution of the
switching current and switching time, and high thermal stability are required.
From Eq. (31), the critical current is related to the thermal stability factor, D, as
follows [51] for a pillar with perpendicular magnetization at room temperature:

2.4.3. Cylindrical pillar with a uniaxial anisotropy

jJQc0j ¼
	

	

	

	

ea
gHu

g y0ð Þ
S2
h�=2

	

	

	

	

ffi
aD

jg y0ð Þj

8pekBT

h
ffi

aD

jg y0ð Þj
� 24 mAð Þ; ð50Þ

where h is the Planck’s constant. To reduce the critical currentwhile keepingD large,
a material with a small damping constant and/or high spin-transfer efficiency
should be developed. It should be noted, however, that a small damping constant
will result a long switching time. Domain formation, that is, a smaller activation
volume than the magnetic cell volume, reduces thermal stability factor and may
make critical current to thermal stability factor ratio large. To avoid this problem,
the cell volume should be smaller than the single domain limit. To obtain the
expression for the elliptical pillar with in-plane magnetization, in which H? � Hk,
we should multiply H?= 2Hk

� �

to the right-hand side of Eq. (50). Therefore, the
critical current to the thermal stabilization factor ratios for the in-plane magnetized
pillars are normally larger than that of the pillar with perpendicular magnetization.

2.5. High-speed measurements

The interesting aspects of the SIMS phenomenon are the small energy consump-
tion and very high precession speed. To investigate the high-speed properties of
the SIMS, time domain high-speed electrical observations have been performed
[65, 66, 73–75]. The first observation was performed by Krivorotov et al. [73] for a
Ni80Fe20 4 nm/Cu 8 nm/Ni80Fe20 4 nm GMR nano-pillar at 40 K. A free layer was
micro-fabricated in an elliptical shape with dimensions of 130� 60 nm2. To obtain
reproducible trajectories for adiabatic switching, they maintained the initial angle
between the fixed layer spin and the free layer spin at about 30� by using an anti-
ferromagnetic under layer to pin the spins in the fixed layer. Since the GMR nano-
pillars provide a very small output voltage, the authors averaged more than
10,000 of traces using a sampling oscilloscope with a 12-GHz bandwidth. After a
background subtraction process, they obtained a transient signal that corresponds
to the adiabatic switching of the free layer spin, as shown in Fig. 18 [73]. The
precession of the free layer spin was clearly observed. The amplitude of the
precession was amplified in the early stage of the switching and was then damped
before the transition from the P state to the AP state at around 2 ns. The observed
behaviour was slightly different from that predicted by the simple macrospin
theory according to which continuous amplification of the precession should be
observed until the transition (see Fig. 19A [54]). Krivorotov et al. explained this
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deviation by a dephasings among the traces. If the precession contains phase
noise, the averaging process carried out by the sampling oscilloscope decreases
the observed precession amplitude. The authors stated that the spectrum line
width of about 10 MHz obtained from the dephasing rate agreed with that
obtained from precession noise spectrum measurement. This fact implies that in
their sample, the phase noise dominated the spectrum line width of the preces-
sion. Krivorotov et al. [65] also clearly showed that, for large applied current, the
switching time becomesmultiples of the precession period (e.g. 200 ps) as that was
already pointed by Devolder et al. [64] from their high-speed pulse measurements.
This also means that only one extreme point out of two in the orbital (see Fig. 13A)
was responsible for the switching. They explained this fact from their asymmetri-
cal configuration of the magnetization.

The real-time single-shot observation of the SIMS has been performed by
employing GMR pillars [65] and MTJs with a large electrical signal output [66,
74, 75]. In Fig. 20, (A) a circuit to observe real-time switching signal and (B) an
example of a switching signal obtained by Tomita el al. [75] are shown. For the
measurement, a CoFeB/MgO/CoFeB nano-pillar was placed at an end of an rf
wave guide. A 10-ns pulse from a pulse generator was supplied to the MTJ
through a power divider. The pulse was partially reflected by the MTJ depending
on its resistance states andwas provided to a high-speed storage oscilloscope with
a 16-GHz bandwidth after beingmade to pass through the power divider again. In
Fig. 20B, both the direct pulse signal and the reflected pulse signal are shown.
Since the pulse reflectivity is dependent on the sample resistance, a magnetization
switching event can be observed as a step in the reflected signal, as shown in the
inset of Fig. 20B. To cancel parasitic signals generated by pulse reflections from the
pulse generator and the cable connections, the obtained signal was numerically
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FIGURE 20 (A) Electric circuit and (B) an example of an obtained signal for a real-time single-shot

observation of the SIMS process. Since an MTJ terminates an rf wave guide with certain mismatch

in impedance, the supplied voltage pulse is partially reflected by the MTJ and observed by a high-

speed single-shot oscilloscope with a 16-GHz bandwidth. The amplitude reflectivity of the MTJ is

RT � Z0ð Þ= RT þ Z0ð Þ, where RT is the MTJ resistance and Z0 is the characteristic impedance of the

wave guide (50 O). Transition during a pulse causes a jump in the reflectivity and observed as a

jump in the reflected voltage wave as shown in the inset in (B) (after Ref. [75]).
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divided by the signal obtained in the absence of switching; the resulting signals
are shown in Fig. 21 for a current slightly below JQc0. The signal shows a long
waiting time followed by a short transition time (about 500 ps) as expected for a
thermally assisted SIMS. The waiting time seems to vary considerably. Tomita
et al. [75] also analysed 1000 single-shot data and obtained the distribution of the
non-switched probability, 1� Psw tð Þ, which should be a simple exponential func-
tion of the elapsed time according to Néel–Brown’s law. The obtained distribution
was not explained by simple Néel–Brown’s law, but well fitted by considering a
certain initial period in which the switching probability was negligibly small as
shown in Fig. 22. Tomita et al. [75] named this initial period as a non-reactive time
and explained that this was the time needed to complete a transition from the
initial thermal equilibrium without current to a quasi-thermal equilibrium state
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FIGURE 21 Real-time single-shot observation of the spin-injection magnetization switching

(SIMS) process in a CoFeB/MgO/CoFeB nano-pillar. All the traces are obtained for the same value

of current but show differences due to the probabilistic nature of switching. The employed current

magnitude is 2.7 mA (2.4� 107 A/cm2), which is slightly smaller than JQc0. The signals are normalized

by the signal obtained without switching (after Ref. [75]).

2.7 mA

2.4 mA

2.8 mA

0.01

0.1

1

0 5 10

1
-P

(t
)

Time (ns)

0.01

0.1

1

0 5 10

1
-P

(t
)

Time (ns)
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from Néel–Brown’s law in the initial stage and are well fitted by the function 1� Psw tð Þ ¼ e� t�t0ð Þ,
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for a finite current. This behaviour was well reproduced by a micromagnetic
simulation (inset in Fig. 22). Lee et al. also showed such a transition in his micro-
magnetic simulation [54] at 0 K. It is shown as “stage I” in Fig. 19B. This means
that even at 0 K, the system makes a transition from the quiet initial state to an
excited state, where the system shows the spatial distribution of the local spins in
the cell, mainly because of the non-uniform demagnetization field.

The micromagnetic characteristics of the SIMS have been directly observed by
Acremann et al. [76] and Strachan et al. [77] using transmission X-ray microscopy
(STXM)with high spatial (30 nm) and temporal (70 ps) resolutions. Using bunches
of X-ray from the synchrotron light source that was matched to the L3 edge of Co
atom, they could image the spin distribution of a GMR nano-pillar with in-plane
magnetized Co0.86Fe0.14 free layer. They found that the magnetization reversal
takes place via motion of a magnetic vortex. The position of the vortex core
changes from inside the sample to outside, with decreasing sample size. Images
of spin distribution during magnetization reversal of 180 � 110 nm2 sample are
shown in Fig. 23. In this case, the vortex core lies inside the sample during both AP
to P and P to AP switching. Such a non-uniform reversal was attributed to non-
uniformities initiated by the Oersted field generated by current. A dynamic
process involving vortex formation and annihilation was predicted by Lee et al.
[54]. In Fig. 19B “stage III” corresponds to a random domain state where a vortex
can be generated and annihilated if the current is sufficiently large to produce a
rotational magnetic field. The vortex formation should be avoidable in the case of
a nano-pillar with a small JQc0 and small dimensions. Inhomogeneous precession
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D E F

A B C
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0.4 nsec 1.0 nsec
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FIGURE 23 Spatial spin distribution in a GMR nano-pillar with Co0.86Fe0.14 free layer (100� 150�
2 nm3) during magnetization switching observed by scanning transmission X-ray microscope (STXM)

in a pump-probe manner. The top part shows the current pulses applied to the sample, and the

various time points at which the images were taken by X-ray bunches. The sample switches from AP

to P state during the positive pulse, and P to AP state during the negative pulse. The switching

proceeds via a vortex motion during both the reversals. The current intensity was 1 � 108 A/cm2

(after Ref. [77]).
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caused by inhomogeneous demagnetization fields is serious in the nano-pillars
with in-plane magnetization. However, it is expected to be less important in the
nano-pillars with perpendicular magnetization.

3. HIGH-FREQUENCY PHENOMENA

3.1. Spin-transfer oscillation

From the beginning of spin-injection research using magnetic multilayers, it was
thought that the electric current inside a ferromagnetic material may interact with
the collectivemodes of spins and excite spinwaves [13, 16, 17]. Actually, before the
confirmation of the SIMS [18–20], spin dynamics inmagnetic nano-pillars resulting
from spin injection were observed as anomalies in derivative conductance spectra
[14, 18, 78]. The first and complete observation of microwave emission from
magnetic nano-pillars with in-plane magnetization was performed by Kiselev
et al. in 2003 [15]. They employed Co/Cu/Co GMR nano-pillar with a 130 � 70 �
2 nm3 free layer and applied a direct current (more than JQc0) and an external
magnetic field (more thanHc) at the same time. The external field preferred parallel
(P) configuration of the spins, while the direct current preferred antiparallel (AP)
configuration. Under such a situation, the P state is unstable and the switching
from P to AP state is prevented by the external field. As a result, the free layer spin
is driven into a cyclic trajectory (limit cycle)with frequency typically inGHz range.
Because of the GMR effect, the resistance of the pillar also oscillates with the
continuous precession of the free layer spins. The oscillation of the resistance
under a direct current bias results an rf (radio frequency) voltage that can be
detected by a spectrum analyser or rf diode. In Fig. 24 the observed rf spectra
taken under an external field of �2 kOe are shown. For current up to 2.4 mA, the
spectrum intensity normalized by the square of the current is almost unchanged.
The peak frequencymatcheswith the FMR (ferromagnetic resonance) frequency of
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FIGURE 24 Rf power density spectra normalized by square of the injected current. The emission

was observed for a GMR nano-pillar with in-plane magnetization under �2 kOe of the external

field (after Ref. [15]).
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the free layer and does not shift significantly under this magnitude of the current.
A further increase in the applied current, however, results in a strong increase in
the peak height and significant lowering of the peak frequency (red shift). Such
behaviour was understood as the spontaneous excitation of the precessional
motion of the macrospin. The maximum rf power obtained was about several
tens of pW. This is the spin-transfer oscillation.

Condition to have a limit cycle can be understood using the LLG equation
involving the spin-transfer torque (Eq. (26)) andmagnetic energy of the macrospin
(Eq. (27)). Change in the magnetic energy during one cycle of iso-energy trajectory
of the free layer spin is estimated as follows [52]:

DEmagðEÞ ¼ m0M2rEmag¼E �að�gÞj~Heff �~e2j
2 þ gðyÞ

JQ

�eS2

h�

2
ð~e1 �~e2Þ
ð~Heff �~e2Þ

� �

dt;

ð51Þ

where integral should be done for one cycle of an iso-energy trajectory with
energy E by taking time as a parameter. The first term in the integral is always
negative and expresses energy consumption through the Gilbert damping. The
second term in the integral can be positive depending on the sign of the current
and expresses energy supply from the current source through the spin-transfer
torque. The condition to have a stable limit cycle at energy E is as follows:

DEmag Eð Þ ¼ 0;
dDEmag Eð Þ

dE
< 0:

8

>

<

>

:

ð52Þ

As it can be seen in above equations, the condition is sensitive to the angle y

dependence of Emag and g yð ÞJQ. Especially, in the nano-pillar with perpendicular
magnetization, a higher-order crystalline anisotropy can also play a role. These
conditions describing threshold currents of the SIMS (Eqs (31), (39), and (41)) and
the STO (Eq. (52)) separate possible dynamic phases appearing in magnetic nano-
pillars.

The phase diagram of a nano-pillar with in-plane magnetization under exter-
nal field and a current injection obtained by Kiselev et al. [15] is illustrated in
Fig. 25. For a zero external field and zero current the system is in the bistable state
(P/AP in the figure). The application of a positive (negative) current causes the
SIMS to undergo a transition from P (AP) to AP (P) state and stabilizes AP (P) state
(dotted line (i)). The system shows hysteresis along the line (i). For zero current,
if we apply a negative (positive, not shown) external field, the system switches to
P (AP) state (dotted line (ii)). The system again shows a hysteresis along the line (ii).
Now, we apply large negative external field, for example,�2 kOe. At zero applied
current, the system is in P state with small precession of the spin caused by a
thermal excitation. Under such large field, even if we supply a positive current
larger than the threshold current of the SIMS, switching does not occur. Alterna-
tively, the precession starts to be enhanced significantly and spontaneous oscillation
starts. Further increase in current changes the orbital form from small angle oscilla-
tion to large angle oscillation and then out-of-plane oscillation (dotted line (iii)).
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Corresponding to the change in the orbital form, the oscillation frequency first
shows a significant red shift (see Fig. 24 also) and then a blue shift. Along the line
(iii), the system does not show hysteresis. When an intermediate negative field
and a large positive current were applied, a new phase “W” shown in Fig. 25
appeared. The very wide spectra observed in region W were attributed to a
chaotic motion of the spins [15]. The overall phase diagram was well explained
by the micromagnetic simulation including the region “W” [54]. It was shown
that vortex generations and annihilations were the main origin of the chaotic
behaviour in “W” [54]. Deac [79] extended the phase diagram to positive field
case using a nano-pillar with pinned layer and showed that a combination of a
positive field and a negative current also produces STO. Phase diagram of a nano-
pillar with perpendicular magnetization was obtained by Mangin et al. [24] and
was quit different from the in-plane case. The obtained phase diagram was quit
different from that in in-plane case. STO from a nano-pillar consisting of a free
layer with in-plane magnetization, a perpendicularly magnetized polarizer and a
reference layer with in-plane magnetization was observed by Houssameddine
et al. [80]. The phase diagram of this system is in Ref. [80].

Apart frommagnetic nano-pillars, the STO have also been observed in the case
of magnetic nano-contacts. A schematic structure of the magnetic nano-contact is
shown in Fig. 26A. In 2004, Rippard et al. [82] demonstrated that the line width of
the rf emission spectrum emitted by a magnetic nano-contact can be as narrow as
1.89 MHz by applying a perpendicular magnetic field. The obtained line width
corresponds to a very large Q-factor of about 18,000. Here Q is defined as
Q ¼ (peak frequency)/(line width). After this report the line width of the STO
was investigated both experimentally [83–88] and theoretically [89–92]. Kim et al.
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FIGURE 25 Phase diagram observed for the GMR nano-pillar with in-plane magnetization

(after Ref. [15]).
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employed a general model of non-linear oscillator and showed that the special
point in STO compared to the other oscillators is a strong amplitude dependence
of the oscillation frequency. This non-linear coupling and thermal fluctuations
produce a significant phase noise and dominate the line width. Therefore, the line
width is proportional to the absolute temperature and depends on the size of the
non-linear coupling between amplitude and frequency. By finding a configuration
with small amplitude-frequency coupling, one may achieve in principle very
small line width.

Output power of the STO in the nano-pillar with in-plane magnetization is
expressed as follows [15, 88]:

Output power at fundamental frequency ffi � MR
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Here, y0 and Dy are the average and maximum angle between~e2 and~e1 during a
limit cycle, respectively. R yð Þ is the resistance of the nano-pillar when relative
angle between ~e2 and ~e1 is equal to y. � expresses the impedance mismatch
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FIGURE 26 (A) Schematic cross section of the magnetic point contact. (B) Cross-sectional SEM

image of the coupled point contacts that was used to observe mutual coupling of the STO. (C) SEM

top image of the coupled point contacts (after Ref. [81]).
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between wave guide and the nano-pillar. � ¼ 1 corresponds to the case where
impedance matching is established (R yð Þ ¼ Z0). In Eq. (53), Dy is assumed to be
small. If Dy is large, Dy=2 in the first line and Dyð Þ2=8 in the second line should be
replaced by J1 Dyð Þ and J2 yð Þ, respectively. Here, JnðÞ is the Bessel’s function of the
first kind. As it is seen in Eq. (53), output at the fundamental frequency and odd
number harmonics appears only when average angle between ~e2 and ~e1 is not
zero. And power of the harmonics increases very rapidly with increase of the
precession angle. Current and temperature dependence of Dy are discussed in
Refs [93, 94].

To obtain larger output power, it is important to use pillars with large MR ratio
andwith resistance thatmatches to the impedance of the wave guide (usually 50O).
Replacing a GMR pillar by theMTJ, we can expect significant increase in the output
power [88, 95]. Deac et al. [88] showed large output power of 0.14 mW from a single
CoFeB/MgO/CoFeB nano-pillar with 70� 160 nm2 cross section. The junction was
specially designed to have the highMR ratio of about 100% (MR0 ¼ 67% at zero bias)
and the very low-resistance area product (RA¼ 4 O mm2) [96]. In Fig. 27, the output
power spectra obtained from CoFeB/MgO/CoFeB nano-pillar is shown. With
increase of the current, the steep increase in power of the first harmonic peak at
around 6 GHz can be seen. Figure 28 is a colour mapping of the output power as a
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FIGURE 27 Rf power spectrum observed for a nano-pillar made from a low-resistance CoFeB/
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first harmonics (around 6 GHz) intensity with increase of the injected current was observed (after
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function of the current and the external field. Large output was observed for two
cases inwhich the external field and the current preferred opposite configurations of
the spins. Among them, the combination of the positive field (AP) and the negative
current gave larger power. This phenomenon was understood from the asymmetri-
cal behaviour of the spin-transfer torque to the bias voltage. Because of the bias
dependence of the spin current in MTJ, the spin-transfer torque is larger for the
negative bias voltage in the CoFeB/MgO/CoFeB MTJs [43, 45] (see Fig. 10).

Another method to obtain higher output power was demonstrated by Kaka
et al. [97] and Mancoff et al. [81]. They made two magnetic point contacts in very
small distance (about 100 nm) (see Fig. 26B and C) and observed mutual coupling
between them. By changing current passing through one of the oscillators, the
oscillation frequencies of these two oscillators were approached. When the differ-
ence of two frequencies became enough small, the frequency were suddenly
unified and two oscillators started to oscillate coherently at the same frequency.
In addition, the total output power of these two oscillators was doubled by this
coupling. By this way, if we can achieve coherent coupling of n oscillators, wemay
get n2 time larger output power. Mutual coupling was mediated by spin waves in
their oscillators; therefore, it was difficult to connect many oscillators. The electri-
cal mutual coupling, however, is more realistic and also possible if the electric
output of each oscillator is large enough [98].
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3.2. Spin-torque diode effect

Recent advances have made it possible to fabricate MTJs with up to 500% magne-
toresistance at room temperature [99–103]. Thus even a small change in the spin
direction of MTJs can be easily detected by measuring the change in resistance. In
this section, we introduce a new concept that MTJs may possess a rectification
function [104], if we combine their large TMR with spin-torque effect. We will
show below that this “spin-torque diode effect” provides a direct measure of the
spin torque and contributes to an elucidation of the physics of the spin-torque
phenomena [43, 45, 104, 105].

To observe the spin-torque diode effect, we may prepare a special nano-pillar
in which both free layer and fixed layer magnetizations are lying in-plane but
perpendicular to each other as shown in Fig. 29B. We then apply a negative
current that induces a preferential parallel configuration of the spins. Thus resis-
tance of the junction becomes smaller and we observe only a small negative
voltage across the junction for a given current (Fig. 29A). Next we apply a positive
current of the same amplitude. This current induces preferential antiparallel
configuration and the resistance becomes higher. We observe a larger positive
voltage appearing across the junction for a given current (Fig. 29C). This is the
“spin-torque diode effect”. The effect can be large if the frequency of the applied
current matches with FMR frequency of the free layer. In other words, this effect
provides sensitive FMRmeasurement technique of the nano-pillarmoment excited
by the spin torque. Therefore, the effect is useful to investigate the high-frequency
dynamics of the nano-pillar and the physical mechanism of the spin torque itself.

To treat the bias voltage dependence of the response, here, we rewrite LLG
equation including spin-transfer torque, field-like torque and stochastic filed as
follows [106]:

d~S2

dt
¼ g~S2 � ~Heff þ ~Hstochastic

� �

� a~e2 �
d~S2

dt
þ TST Vð ÞV~e2 � ~e1 �~e2ð Þ þ TFT Vð ÞV ~e2 �~e1ð Þ:
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Here, V is the applied voltage, TST Vð Þ ¼ h�

2

1

�e

1

2
Gþþ � G�� þ Gþ� � G�þð Þ is the

“torquance” that was defined in the second line in Eq. (24), while TFT Vð Þ is a
unknown coefficient that expresses the size of the “field-like term”. We linearize

Eq. (260) for a small deviation, d~e2e
�iot, around ~e
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In Eqs (370) and (54), �̂ is unchanged from that defined in Eq. (34). Equation (38) is
also modified as follows to include field-like torque:
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Using above defined parameters, the solution of Eq. (370) is a forced oscillatory
motion around equilibrium, associated with the small driving rf voltage with
frequency o, and can be expressed as follows:

ay
af

� �

ffi
1

o2 � o2
0 þ ioDo

off þ oFT

� �

� oyf � oST � io
� �

� ofy þ oST þ io
� �

oyy þ oFTð Þ

� �

isy
siny0
S2

T
0

ST V0ð Þ

T
0

FT V0ð Þ

 !

dV � g
Hstochastic;y

Hstochastic;f

� �

0

@

1

A

: ð55Þ

The explicit expression of �̂ ¼ oi;j

� �

is given in Appendix.
From Eq. (55), we see that both the spin-transfer torque and the field-like

torque can excite a uniform mode (FRM mode) in the free layer. The field-like
torque excites FMR in the way the external magnetic field does, since it has the
same symmetry as an external field, whereas FMR excited by a spin-transfer
torque shows a 90� difference in the phase. This difference in the precessional
phase is a consequence of the different directions of the respective torques
(Fig. 12). In addition, the width of the resonance, Do, is affected only by the
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spin-transfer torque exerted by the direct voltage, V0. This is the (anti)damping
effect of the spin-transfer torque that was already discussed in the previous
section. The filed-like torque exerted by a direct voltage V0, changes the resonance
frequency, o0, in a similar manner to an external field.

When the rf voltage across the MTJ is dV cos ot, from Eqs (24) and (55) the
precession motion and the oscillating part of the junction resistance,
dR cos otþ ’ð Þ, which is linear in dV, are determined. Rf current through the
junction can be approximated as dV cos ot=R y0ð Þ. Thus from Ohm’s law, the
following additional voltages appear across the junction.

dR cos otþ ’ð Þ� dV

R y0ð Þ
cos ot ¼

dR

R y0ð Þ

dV

2
cos ’þ cos 2otþ ’ð Þð Þ:

Here, we see that the frequencies of the additional voltages are zero (dc) and 2o. It
means that, under spin-torque FMR excitation, the MTJs may possess a rectifica-
tion function and a mixing function. Because of these new functions, Tulapurkar
et al. [104] referred to these MTJs as spin-torque diodes and these effects as “spin-
torque diode effects”. This is a non-linear effect that results from two linear
responses, that is, the spin-torque FMR and Ohm’s law.

For the case when the MTJ is placed at the end of an emission line, the explicit
expression of the rectified dc voltage under a small bias voltage is as follows:
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where Vo is the rf voltage amplitude applied to the emission line. � is the
coefficient used to correct impedance matching between the emission line and a
characteristic impedance of Z0:

� ¼
2R y0ð Þ

R y0ð Þ þ Z0

� �2

: ð57Þ

If the emission line and the MTJ include some parasitic impedances (capacitance
for most of the cases), we should employ an appropriate value of � to correct the
effect [43, 45].

This is a type of homodyne detection and is, thus, phase-sensitive. The motion
of the spin, illustrated in Fig. 29, corresponds to that excited by the spin-transfer
torque at the resonance frequency. However, the motion of the spin excited by the
field-like torque shows a 90� difference in phase. As a consequence, only the
resonance excited by the spin-transfer torque can rectify the rf current at the
resonance frequency. In Fig. 30, the dc voltage spectra predicted for the spin-
transfer torque excitation and for the field-like torque are both shown. The
spectrum excited by the spin-transfer torque exhibits a single, bell-shaped peak
(dashed line) but that excited by the field-like torque is of a dispersion type
(dotted line). This very clear difference provides us with an elegant method to
distinguish spin-transfer torque from field-like torque [43, 45, 104, 105].
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Figure 31 shows a schematic illustration of the measurement setup for spin-
torque diode effect measurements with a cross-sectional view of the MTJ
employed in Ref. [104]. The rf voltage was applied through a bias-T from a
high-frequency oscillator and the dc voltages across the MTJ was detected using
a dc nanovoltmeter.

In Fig. 30, an example of the diode spectrum (closed dots) is shown together
with a fitting curve based on the theoretical expression (Eq. (56)) [106]. The data
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were taken at room temperature (RT) without applying dc bias voltage. The
observed spectrum has an asymmetrical shape and was well fitted by Eq. (56).
By this fitting, the spectrum was decomposed to a contribution from the spin-
transfer term and from the field-like term. The intensity and even the sign of the
field-like term contribution varied from sample to sample, while those of the spin-
transfer term were reproducible. Therefore, it is thought that the contribution
from the field-like term at zero bias voltage is very sensitive to small defects in the
magnetic cell. By taking a sample that does not show a contribution from the field-
like term, Kubota et al. [43] have investigated the dc bias voltage dependence of
the spectra. The results that were already shown in Section 1 (Fig. 10) were well
explained by band theory, inwhich bias-dependent spin sub-channel conductivities
and bias-dependent interlayer magnetic coupling were taken into account [44].
According to Eq. (56), Vdc is proportional to V2

o. It has been confirmed and shown
in the inset of Fig. 30.

An expression for the rectified dc voltage at the peak of the spectrum for
y0 ¼ p=2 is shown below together with that for p–n junction semiconductor
diodes:
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where kBT/e is the thermal voltage (25 mV at RT). For both cases, the rectified
voltage is a quadratic function of the applied rf voltage. Therefore, these detectors
are referred to as quadratic detectors. Output voltage is scaled by the critical
switching voltage, Vc, for the spin-torque diode and by kBT/e for the p–n junction
semiconductor diode. A typical critical switching voltage for MTJs was about
300 mV and was about 10 times larger than kBT/e for the experiments in Refs
[43, 104]. Therefore, the output of the spin-torque diode was smaller than that of
the semiconductor diode. Increase in the MR ratio and reduction of the critical
switching voltage will enhance the performance of the spin-torque diode.

4. FROM SPIN-TRANSFER TORQUE RAM TO MAGNETIC LOGIC

The last decades have seen a continuous race for miniaturization and cost reduc-
tion of electronic components, usually described by the “Moore’s law”. But this
race is now approaching serious hurdles such as:

– The explosion of fabrication costs (for instance, a set of lithography masks in
today’s CMOS logic circuits costs about 1M$)

– The increasing variability of device properties (such as the threshold voltage
of MOS transistor) on a single chip that threatens reliability

– Enhanced leakage currents in smaller transistors: starting from the 45 nm
CMOS node, more energy is dissipated in standby mode than needed for
actually operating (switching) the logic gates [107]
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In parallel, the development of spin transfer in high magnetoresistance MgO
tunnel junctions opens a new paradigm for fabricating very compact, non-volatile
magnetoresistive cells, written by bipolar voltage pulses and compatible with the
electrical characteristics of the smallest CMOS transistors. Moreover, the integra-
tion of such cells is done “above CMOS”, that is, on planarized SiO2 layers
well above the Si wafer, which in practice can save wafer area, and make the
integration easier.

The first application proposed was of course solid state magnetic storage in the
magnetic random access memory (MRAM). Whether the spin-transfer version of
MRAM, also called Spin-RAM or STT-MRAM, is able to compete with NAND
Flash for mass storage of data is still debated, but this is by no way the only
possible application of the Spin-RAM.

Microelectronic circuits are based on a few components: the microprocessor or
CPU (central processing unit), a primary memory storing the information imme-
diately needed by the processor, a series of input/output controllers, and periph-
eral units such as non-volatile memories to store data and codes. For optimum
operation, the different elements must be adapted to each other, and so different
levels of memory are used as “cache” between the processor and the main
memory, ranging from small capacity but high speed near the processor (typically
a SRAM), to higher capacity but lower speed for the main memory (typically a
DRAM). Beyond, several kinds of non-volatile memories are used to store code
(typically, Flash NOR) or data (Flash NAND or hard disk). In a microcontroller, all
these elements are integrated on the same chip, including eventually the non-
volatile memory. One speaks of “embeddedmemory”. By associating the speed of
SRAM with the much higher density of DRAM, Spin-RAM has the potential to
become a “universal” embedded memory, able to take on nearly all memory
functions in a microcontroller. Note that, because MRAM is non-volatile, such
circuits could be powered off and on very rapidly, without loss of information, a
key issue to get rid of standby power.

Finally, the spin-transfer magnetoresistive cell can also be used in program-
mable logic circuits, at different levels of dissemination in the circuit, to bring for
instance instant on/off capability for reduced energy cost and zero standby
power. At longer term the objective could even be to replace logic gates (up to a
few tens of transistors) by purely magnetic devices, reducing the effective number
of transistors per gate and thus contributing to extend Moore’s law.

In the text below, we will review the MRAM development and discuss the
main evolutions brought by the Spin-RAM cell for potential applications to
MRAM and logic circuits.

4.1. The magnetic random access memory

Even before the discovery of the MTJ at room temperature, MRAM had been
developed using AMR and then GMR effects [108]. The development of TMR
promised much higher speed and density, and very rapidly the MRAM was
considered as a major candidate for realizing a “universal memory technology”,
that is, a single technology that could finally replace all others in microcontrollers
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and “Systems on Chip” (SoC) [109]. One of the first working MRAMs, using
magnetic field for writing, was developed at IBM in 2000 [110].

A schematic diagram of MRAM is shown in Fig. 32A. As shown in the figure,
MRAM consists of an array of magnetic tunnel junctions [112]. Each MTJ is
situated between two perpendicular wires labelled as word line and bit line.
The magnetization direction of the free layer of each MTJ can be changed by the
magnetic fields created by passing currents through the word line and bit line. In
principle, the vector sum of the magnetic fields is sufficient to change the magne-
tization of only the selected MTJ (shown by darker grey in Fig. 32A). The switch-
ing behaviour of the MTJ can be described by an astroid curve, which shows how
the easy axis magnetic field required for switching changes with the hard axis
magnetic field. For the astroid curve shown in Fig. 32B, the easy axis of the free
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layer is assumed to be along x-axis. The magnetic field generated by the current in
the bit line is along x-axis, and by word line is along y-axis. Thus starting from
zero field, if the applied field is increased beyond the astroid boundary and then
returns to zero while remaining in the x-positive half-space, the free layer will be
oriented along the positive x-axis. Whereas, if the applied field is increased
beyond the astroid boundary, and returns to zero while remaining in the
x-negative half-space, the free layer will be oriented along the negative x-axis.
The MTJs marked by full and hatched dots are called half-selected, and their
magnetization should not change during writing the selected MTJ, as the mag-
netic field remains within the astroid.

The reading of MTJs is done by measuring their resistance. A diode or a
transistor must be inserted in series with the MTJs to select the bit to read and
suppress non-direct conduction paths. A “one-transistor one-MTJ” (1T1MTJ) cell
architecture is shown in Fig. 32C. The MTJ is connected to a FET whose drain
contact is grounded. The gate of the FET is connected to the read word line
(different from the write word line). The write bit line can be used as the top
electrode of the MTJ to pass the measuring current.

It has been demonstrated that the write/read cycles of such MRAM circuits
can be as low as 5 ns [113], while in laboratory experiments switching of single
cells was achieved down to within about 100 ps [114–116]. However, this MRAM
design suffers from several limitations. The most obvious ones are:

– Creating high enough magnetic field requires very high currents, for a large
cost in wafer area and writing power.

– Moreover, with miniaturization one must increase the anisotropy field of the
layers while reducing the field line cross section: a very sharp limit exists due to
electromigration around 65 nm node. The magnetic field generated by the word
and bit lines can be enhanced by “cladding”, which concentrates the flux [117],
but this gains only a small factor just able to slightly displace the limit.

– When including all distributions of switching fields, and the crosstalk between
adjacent writing lines, the write reliability windows reduces to nothing.

The limitation mentioned in the last point can be overcome by using the toggle
switching method [118]. In this method the free layer of the MTJ consists of two
thin magnetic layers coupled anti-ferromagnetically through the exchange cou-
pling, and the easy axis of the free layer is oriented at 45� of the word and bit lines.
The free layer magnetization can be reversed by applying a sequence of currents
to the word and bit lines as shown in Fig. 33A. The write phase diagram for toggle
switching is shown in Fig. 33B. One can see from its square shape that the
magnetic field on the half-select bits remains quite away from the switching
boundary.

This clever improvement brought reliability to MRAM [120, 121], and made
possible the first standalone MRAM product by Everspin [119], mainly targeted
for replacing battery backed SRAM. But such MRAM can hardly be miniaturized
beyond the 65 nm node of CMOS electronics, and is very limited in density
(minimum cell size 
20–40F2, where F is the usual characteristic dimension of a
CMOS node).
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The TAS (thermally assisted switching)-MRAM was introduced to overcome
all limits [122–126]: The schematic diagram of the MTJ used in the TAS-MRAM is
shown in Fig. 34A. The energy barrier for reversal of the free layer is provided by
exchange biasing it to an anti-ferromagnetic layer with moderate blocking tem-
perature TB2. A short current pulse through the tunnel junction raises the tem-
perature of the stack above TB2, thus suppressing the energy barrier, and the final
direction of the free layer magnetization is then determined by cooling in a
moderate magnetic field. The value of this writing field is determined at values
around 50–100 Oe only by reliability issues (sensitivity to stray fields from exter-
nal sources, distribution of anisotropy field in nominally isotropic cells, distri-
bution of blocking temperature or fluctuations in the maximum temperature
reached during a writing cycle), and so it is in principle only weakly dependent
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on the cell size. Besides, the heating process requires a threshold current density,
hence it is scalable. It is also possible to store 2 bits of information on one MTJ by
using the large TMR ratio ofMgO-based junctions and twowriting lines, as shown
in Ref. [126].

However, several limitations remain:

– The ultimate speed is high (approximately a few 10 ns) but limited by necessary
compromise between fast heating at low current density (obtained by high
thermal insulation of cell) and fast cooling (requires good thermal contact
between MTJ core and the rest of the circuit).

– Because a non-negligible magnetic field has to be created by a current line of
reducing cross section, the electromigration limit still exists, although it is less
sharp and is postponed down to the 30–20 nm nodes.

– The variability and cyclability of exchange bias properties at very small cell
dimensions remain a mostly unknown area [128].
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4.2. The spin-transfer torque MRAM (or STT-RAM, or Spin-RAM)

The development of spin-transfer switching represented a huge step forward for
MRAM perspective. A schematic diagram of 1T1MTJ STT-RAM is shown in
Fig. 34C. The word line is connected to the gate of a transistor which is used to
select the MTJ which is to be written or read. The writing is done through spin-
transfer switching by applying either a positive or a negative voltage pulse
between the source line and the bit line. The reading is done by applying a weaker
voltage to the bit line to sense the resistance of the MTJ. Thus, the reading
operation is the same as in field drivenMRAM, but the writing is done differently.
The cell architecture no longer requires to create magnetic fields, so the electro-
migration limit is no more critical, and much higher cell densities should be
achievable (with minimum cell size down to 6–10F2).

STT-MRAM has been fully demonstrated in Refs [129, 130], following a previ-
ous version of field assisted STT-RAM [131]. Recently, a 32 Mbit embedded Spin-
RAM demonstrator for SoCs was announced by NEC, with a read/write cycle
time of 9 ns (Nikkei Electronics, 16 February 2009). Many studies on the down-
scaling prospects of STT-RAM [111, 132–134] and on failure analysis [135] have
been carried out. In short, minimizing the spin-transfer writing threshold of the
MTJ is still required by a factor of about 4 or 5 to warrant high density, high speed
and ultimate scalability, together with reducing the resistance area product to
better match the CMOS transistor properties, but this maybe come in competition
with fast reading as reading voltages near the threshold are likely to induce
unwanted program events.

Further improvements in the STT-MRAM can be achieved by combining
thermal assistance with spin torque in a TAS-MRAM stack such as the one of
Fig. 34A and B. Indeed, a standard STT-RAM cell already undergoes non-
negligible temperature rise during a write pulse [136].

4.3. Towards magnetic logic

Logic circuits are now everywhere, from computers to cell phones or cars.
A MRAM memory bank can indeed be embedded in a programmable CMOS
logic circuit, replacing other non-volatile memory technologies (such as Flash,
Ferroelectric RAM, Phase Change RAM) to store the logic functions. We will
rather consider here more innovative ways to addmagnetism to logic. Performing
binary logic operation requires a non-linear behaviour at a threshold, represented
in CMOS electronic by the switch of the MOS transistor from conducting to
insulator, controlled by a gate voltage. Switching of the magnetization of a mag-
netic nanostructure is indeed providing such a non-linear behaviour, and through
a MTJ this switch can be transformed into an electric signal.

However, today’s practical tunnel magnetoresistance amplitude is still far
from reaching the several orders of magnitude observed in transistors, and the
standard MTJ is only a two terminal device. Moreover, CMOS logic is based on a
“static” operation mode: assuming no current leakage, energy consumption
occurs only during the switch of the transistors at the rising or falling edge of
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the clock, while the signal is kept available for the other logic gates at zero energy
cost as long as the circuit is powered (similar to a SRAM (“Static” RAM) memory
for instance). On the contrary, with a standardMTJ a non-zero current is necessary
to get a voltage, hence power dissipation through Joule effect.

Last but not least, while inmagnetic storage applications a non-negligible error
rate can be compensated by limited redundancy and error correction codes, logic
chips require undetectable error rates in their operation.

Here also, the recent breakthroughs in spin electronics, and specially spin-
transfer torque effects, should help to bring “magnetic logic” to life. Different
propositions can be distributed into three broad classes.

The most mature one is “mixed CMOS/MTJ logic”. It consists in finely dis-
tributing MTJs above a CMOS logic circuit: the logic functions are still provided
by CMOS transistors, but the MTJs provide enhanced functionalities such as
instant on/off (allows to turn down power to bring energy cost to zero in standby
mode, while recovering full functionalities), or enhanced radiation hardness. In
principle, the number of transistors and the wafer area should be only moderately
increased (MTJs are integrated above CMOS). In pioneer works, writing of the
MRAM cells was made using magnetic field pulses [137, 138], but TAS-RAM or
spin-transfer technology are rapidly becoming dominant. Typical example is the
flip-flop, one of the most present logic function in today’s logic circuits, proposed
inmagnetic non-volatilemode byZhao et al. in 2006 [139, 140] and recently realized
by NEC [141] (although with a simplified field induced writing, as shown in
Fig. 35A). More demonstrations of magnetic logic circuits include TMR-based
logic blocks [143], a full non-volatile adder [144], run-time reconfigurable circuits
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stored in the MTJ pair can also be recalled into the latch (after Ref. [141]). (B) Schematic diagram of

spin-torque-based logic device. The energy barrier for magnetization reversal of the middle

(output) MTJ can be controlled by the orientation of the free layers of the two side MTJs (inputs)

(after Ref. [142]).
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[145] for eventually a 3D stacked reconfigurable spin processor [146], and non-
volatile FPGA [127, 147, 148]. Reviews can be found in Refs [149, 150].

A more advanced approach is based on using magnetic interactions between
magnetic nanostructures, either isolated, or inserted into magnetoresistive ele-
ments, or more generally constituted by non-uniformities of magnetization such a
domain wall or a vortex. A first example is the magnetic quantum cellular auto-
mata proposed by Cowburn et al. [151], in which lines and patterns of interacting
quasi-circular dots would propagate information or perform basic logic opera-
tions (NOT, AND, etc.) through competing dipolar interactions, the energy being
provided by an oscillating global magnetic field. This first proposition suffered
from a too high error rate due to distribution in geometry of nominally identical
dots. Imre et al. [152] later proposed a way of overcoming this issue by applying a
saturating field, supposed to reliably take the dots magnetization to their stable
minimum of energy when going back to zero field. However, none of these
approaches can really lead to fast, CMOS integrable logic functions, first because
magnetic fields are required. A real breakthrough in this class of magnetic logic
circuits was recently proposed by Leem et al. [142]. As shown in Fig. 35B, inter-
acting magnetic particles are free layers of closely spaced MTJ nano-pillars. Three
adjacent pillars (two inputs and one central output) can for instance become
a NAND or a NOR gate, depending on a choice of current threshold for the
spin-transfer switching of the central pillar. At each clock steps, current pulses
are sent to write the input dots and then update the configuration of the output
dot. The authors also propose a way of chaining several such magnetic logic gates,
applying the idea to the simulation of a ring oscillator [153]. Other recently
proposed method are based on spin waves to transfer and process informations
either through inductive coupling between unpatterned ferromagnetic layers
[154, 155], or in patterned magnetic tracks with control of spin wave phase and
spin wave interferences [156, 157].

Finally, a new class of logic gates might have been opened by the recently
achieved reversible non-local switching of the magnetization by Yang et al. [158],
towards the realization of logic operation through combination of spin accumula-
tion of spin currents [159]. A logic gate based on spin accumulation effects in
ferromagnetic semiconductors was also proposed in Ref. [160], together with
means of chaining such gates.
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APPENDIX

I. Elliptical nano-pillar with an in-plane magnetization

For the in-plane magnetization case, we assume that ŝ1 is fixed parallel to the easy
axis of the free layer (̂s1 ¼ 0; 0; 1ð Þ) and that an external field is applied in-plane
(~Hext ¼ Hext � sinyext; 0;� cosyextð Þ). Here, the coordinate system in Fig. 11 is used.
Then, ŝ

0ð Þ
2 is aligned almost opposite to the external-field direction,

ŝ
0ð Þ
2 ¼ siny0; 0; cosy0ð Þ: We neglect the small deviation of ŝ

0ð Þ
2 caused by dc voltage

application. In this case, the magnetic energy and the effective field are

Emag ¼ m0M ~Hext 
 ŝ
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 ŝ
0ð Þ
2

� �2
þ
1

2
Hk;E êz 
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where Hk;H; H
0

? and Hk;E are the demagnetization field for the x-, y-, and z-
directions, respectively.

From Eq. (34), the �̂ matrix elements in ~ey;~ef
� �

coordinate system are calcu-
lated as follows:

�̂ ¼ gHext cos yext � y0ð Þ � g
Hk cos2y0 0

0 H? �Hk sin
2y0

 !

; ðA2Þ

where Hk � Hk;H �Hk;E and H? � H
0

? �Hk;E are in-plane and out-of-plane effec-
tive anisotropy fields, respectively.

II. Out-of-plane magnetization case

For the out-of-plane magnetization case, we assume that ŝ1 is fixed perpendicular
to the film plane (̂s1 ¼ 0; 0; 1ð Þ) and that an external field is applied with angle
(~Hext ¼ Hext � sinyext; 0;� cosyextð Þ). Here, the coordinate system in Fig. 1 is used.
The free layer magnetization is assumed to have a perpendicular easy axis and to
be tilted because of the in-plane external field, ŝ

0ð Þ
2 ¼ siny0; 0; cosy0ð Þ. We again

neglect the small deviation of ŝ
0ð Þ
2 caused by the dc voltage application. In this case,

the magnetic energy and the effective field are
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where H
00

k;H
00
? and H

0
u are in-plane demagnetization field, out-plane demagnetiza-

tion field and uniaxial anisotropy fields, respectively.
From Eq. (34), the �̂ matrix elements in ~ey;~ef

� �

coordinate system are calcu-
lated as follows:

�̂ ¼ gHext cos yext � y0ð Þ � g
Hu cos2y0 0

0 Hu cos
2y0

� �

; ðA4Þ

where Hu ¼ H
00

u þH
00

k �H
00

? is the effective uniaxial anisotropy field.
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Abstract Dynamical behaviour of magnetic domain wall (DW) is one of the main

issues in the field of spintronics. In this chapter, several experimental studies

in DW dynamics in nanomagnetic systems are described. For the study of DW

motion in nanoscale wires, samples with a trilayer structure, ferromagnetic/

non-magnetic/ferromagnetic, were prepared and the position of DW

was estimated from electrical resistance measurements using GMR principle.

The velocity of DW driven by an external field has been evaluated from the

resistance change. On the other hand, current-driven DW motion in a single

wire of ferromagnetic layer was studied by magnetic force microscopy (MFM).

Magnetic vortex structures are realized in nanoscale ferromagnetic dot

systems. The behaviour of vortex core magnetization was observed by MFM.
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Recent topics such as the motion of vortex core driven by a high-frequency

AC current are introduced.

Key Words: Magnetic domain wall (DW), Field-driven DW motion, GMR

method, Nucleation and propagation of DW, Ratchet effect, DW velocity,

Mobility of DW, Current-driven DW motion, Magnetic vortex, Switching of

vortex core magnetization, Current-driven resonant excitation.

1. INTRODUCTION

Weiss [1] pointed out in his famous paper on spontaneous magnetization in 1907
that ferromagnetic materials are not necessarily magnetized to saturation in the
absence of an externalmagnetic field. Instead, they havemagnetic domains,within
each of which magnetic moments align. The formation of the magnetic domains is
energetically favourable because this structure can lower themagnetostatic energy
originating from the dipole–dipole interaction. The directions of magnetization of
neighbouring domains are not parallel. As a result, between two neighbouring
domains, there is a region in which the direction of magnetic moments gradually
changes. This transition region is called a magnetic domain wall (DW).

Recent developments in nanolithography techniques make it possible to pre-
pare nanoscale magnets with simple magnetic domain structure which is suitable
for basic studies on the magnetization reversal. For example, in a magnetic wire
with submicron width, two important processes in the magnetization reversal,
nucleation and propagation of a magnetic DW, can be clearly seen. As shown in
Fig. 1A, in a very narrow ferromagnetic wire, the magnetization is restricted to be
directed parallel to the wire axis due to the magnetic shape anisotropy. When an
external magnetic field is applied against the magnetization, a magnetic DW
nucleates at the end of the wire and the magnetization reversal proceeds by the
propagation of this DW through the wire (Fig. 1B and C).

domain wall

H

A

B

C

FIGURE 1 Schematic illustration of the magnetization reversal process in a magnetic wire.
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2. FIELD-DRIVEN DW MOTIONS

2.1. Detection of domain-wall propagation by using GMR effect

As described above, a magnetic nanowire is a good candidate for the investigation
of nucleation and propagation of a magnetic DW. However, it is very difficult to
detect the propagation of the DW, because the change in magnetic moments in
this process is very small due to the small volume of the magnetic wire. Here, the
principle how to detect the DW propagation in magnetic wires by using the giant
magnetoresistance (GMR) effect is described. The GMR effect is the change in
electrical resistance caused by the change of the magnetic structure in magnetic
multilayers [2]. This means that the magnetic structure of the system can be
detected by resistance measurements. Consider the GMR system shown in
Fig. 2, which is composed of magnetic, non-magnetic and magnetic layers. The
resistance is the largest for the antiparallel magnetization configuration (Fig. 2A),
and it is the smallest for the parallel configuration (Fig. 2D). During the magneti-
zation reversal of one of the two magnetizations (Fig. 2B and C), the total resis-
tance of the system is given by the sum of the resistances of the parallel
magnetization part and the antiparallel magnetization part. Thus, the resistance
of this system, R, is given by

R ¼ x

L
R"" þ

L� x

L
R"#; ð1Þ

where x is the position of the DW, L is the length of the wire, R"" is the resistance
for parallel configuration and R"# is the resistance for antiparallel configuration.
This equation means that we can determine the position of DW by simple resis-
tance measurements.

Rmin

Rmax

timetime

A

B

C

D

FIGURE 2 Schematic explanation for the detection of DW propagation in magnetic wires by using

the magnetoresistance effect.
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The above idea has been demonstrated experimentally [3]. The sample is a 500-
nm-wide wire composed of Ni81Fe19(20 nm)/Cu(10 nm)/Ni81Fe19(5 nm) trilayer
structure. Due to the large Cu layer thickness, the interlayer exchange coupling
between the thin and thick NiFe layers is negligible. The magnetoresistance
measurements are performed at 300 K under an external magnetic field along
the wire axis. As seen in Fig. 3, the sample has four current–voltage terminals
where the voltage is probed over a distance of 20 mm. Furthermore, the sample has
an artificial neck (0.35-mm width) introduced at 1/3 distance from one voltage
probe.

Figure 4 shows the resistance of the trilayer system as a function of an external
magnetic field. Prior to the measurement, a magnetic field of 100 Oe was applied
to achieve magnetization alignment in one direction. Then, the resistance was
measured as the field was swept towards the counter direction. The result of the
magnetoresistance measurement displays essentially four very sharp leaps. First
and second leaps correspond to the magnetization reversal of the thin NiFe layer,
whereas third and fourth leaps correspond to the magnetization reversal of the
thick NiFe layer.

How the magnetization reversal takes place in the sample is the following. As
long as the counter field is smaller than a critical field, the magnetizations of both
thin and thick NiFe layers align parallel, and the resistance shows the lowest
value. As the applied magnetic field exceeds 5 Oe, the resistance abruptly jumps
and maintains constant value up to 10 Oe. Then, exceeding 10 Oe, the resistance
abruptly jumps again and maintains the largest value up to 22 Oe. The result
indicates that the antiparallel magnetization alignment is realized at an external
field between 11 and 22 Oe, where the resistance shows the largest value. The ratio

0.5 μm0.5 μm

20 μm

20 μm

0.35 μm 0.5 μm

neck

2 I1

V

I I

V V

V

I

FIGURE 3 SEM image and schematic illustration of the sample. The sample consists of

Ni81Fe19(20 nm)/Cu(10 nm)/Ni81Fe19(5 nm) [3].
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of the resistance changes at first and second leap is 1:2. This means that one third
of the total magnetization of the thin NiFe layer changes its direction at first leap
in Fig. 4, since the GMR change is directly proportional to the switching layer
magnetization. The ratio, one third, corresponds to the ratio of length between one
voltage probe and the neck to the overall length of the wire between the voltage
probes. Therefore, in this case, a magnetic DW nucleates in the shorter part of the
wire (left side of the SEM image in Fig. 3) and propagates to the neck, where it is
pinned up to 10 Oe. The second leap, upon exceeding 10 Oe, corresponds either to
depinning of the magnetic DW from the neck, or to nucleation and propagation of
another magnetic DW on the other side of the neck (right side of the SEM image in
Fig. 3). These two possibilities cannot be distinguished from the result shown in
Fig. 4. Though the nucleation position of a DW could not be determined in this
experiment, one can inject a DW from one end of a wire by breaking its symmetry
[4] or by applying a local magnetic field at the end of a wire [5]. Since the ratio of
the resistance changes at third and fourth leap is also 1:2, the magnetization
reversal of the thick NiFe layer takes place in the same manner as in the thin
NiFe layer described above.

151.5

151.0

R
es

is
ta

nc
e/

Ω
150.5

150.0

149.5
0

(1)

(1)

(2)

(3)

(4)

(5)

(2)

(3)

(4)

(5)

Hext/Oe

Hext

5 10 15 20 25 30 35 40 45 50

FIGURE 4 Resistance as a function of the external magnetic field at 300 K. The magnetic domain

structures inferred from the resistance measurement and the direction of the external field are

schematically shown [3].
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The above experiment shows that a magnetic DW can be trapped by the
artificial neck structure introduced into the wire. This is an example of the control
of magnetization reversal process by utilizing the designed structure of meso-
scopic magnets. The strength of the trap potential of the artificial neck can be
estimated by measuring the temperature dependence of the depinning field of a
DW from the neck [6]. It was shown that the trap potential increases with
a decrease of the neck width and it reaches 4.3 � 10�19 J (30,000 K) for the
250-nm-wide neck of in the 20-nm-thick and 500-nm-wide Ni81Fe19 wire. Thus, a
DW pinned by the neck is stable against the thermal agitation of room tempera-
ture, and this kind of trap potential can be used to define a DW position in the
spintronic devices.

It should be noted that the GMR method described here corresponds to a very
high-sensitive magnetization measurement. For the sample investigated above,
the sensitivity is as high as 10�13 emu (107 spins). The method, in principle, can be
applied to smaller samples as far as the resistance of the samples can be measured
and the relative sensitivity increases with decreasing sample volume. The GMR
method for the detection of the DW position is also applicable to the study of the
current-driven DW motion [7].

2.2. Ratchet effect in DW motions

A ratchet is a mechanism that can limit a motion to one direction, and it is realized
on a macroscopic scale by use of a pawl and a wheel with asymmetric-shaped
teeth, in which the pawl restricts the wheel to rotate in one direction. Feynman
discussed the thermodynamic theory about the ratchet system in his famous
lecture. Recently, it has been paid much attention as a model such as molecular
motor in living bodies, muscle and the power of micro-machines [8–12].

As described in the previous section, an artificial neck in amagnetic wire works
as a pinning potential for a DW motion. Because the energy of a DW is propor-
tional to its area, a DW at wider position in a wire has a larger energy. This energy
change of a DW along thewire axis produces the pinning potential for the DW, and
this is the reasonwhywe can trap a DW in the artificial neck. The force necessary to
move the DW against the potential is given by the derivative of the DW energy
with respect to the DW position, which is proportional to the slope of the artificial
neck. Thus, we expect different depinning fields depending on the propagation
direction of a DW, if we make the artificial structure asymmetric [13–15]. This
difference in depinning field between rightward and leftward propagations leads
to the unidirectional motion of a DW, that is, a ratchet effect. The experimental
results on the ratchet effect in DW motions are presented in the following [15].

The samples were fabricated onto thermally oxidized Si substrates bymeans of
e-beam lithography and lift-off method. Figure 5 shows a schematic illustration of
a top view of the whole sample. A magnetic wire has a trilayered structure
consisting of Ni81Fe19(5 nm)/Cu(20 nm)/Ni81Fe19(20 nm). The main body of the
magnetic wire has four notches with asymmetric shape. The sample has four
current–voltage probes made of non-magnetic material, Cu. Further, it has two
narrow Cu wires crossing the ends of the magnetic wire and a wide Cu wire
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covering the notched part of the magnetic wire. These Cu wires are electrically
insulated from the magnetic wire by SiO2 layers of 50 nm in thickness. A flow of
an electric current in each Cu wire can generate local magnetic fields, HL, HM or
HR, which acts on the left end, the main part with notches or the right end of the
magnetic wire, respectively. HL (HR) can trigger the nucleation of a DW at the left
(right) end of the magnetic wire. Thus, the propagation direction of a DW can be
controlled by HL (HR).

Figure 6A shows a typical resistance change of the trilayered magnetic wire
with asymmetric notches as a function of Hext applied along the wire axis. The
resistance increase at 10 Oe corresponds to the magnetization reversal of the NiFe
(5 nm) layer, while the decrease in resistance at 160 Oe is due to the magnetization
reversal of the NiFe(20 nm) layer. The magnetic DWwas not pinned by asymmet-
ric notches during the magnetization reversals of NiFe(20 nm) layer because of its
large nucleation field.

To nucleate a DW in the NiFe(20 nm) layer at smallerHext and to pin the DW at
the notch, we utilized the method generating a pulsed local magnetic field at the
end of the magnetic wire. Figure 6B shows the result of the DW injection into the
NiFe(20 nm) layer of the magnetic wire by HL. The measurement procedure is
the same as that shown in Fig. 6A, except applying HL when Hext ¼ 60 Oe. The
magnitude and the duration of the pulsedHLwere 200 Oe and 100 ns, respectively.
The resistance abruptly decreased after the application of HL and stayed at a value
between the largest and the smallest values. The value of the resistance indicates
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I
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+-

20 μm
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V−
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0.3 μm

I

HR
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SiO2

HL

I
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FIGURE 5 Schematic illustration of a top view of the whole sample. The black part is a

trilayered magnetic wire consisting of NiFe(5 nm)/Cu(20 nm)/NiFe(20 nm). The main body of the

magnetic wire has four asymmetric notches. A flow of electric current in the Cu wire crossing

the magnetic wire generates a local magnetic field, which is used to nucleate a magnetic DW.
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FIGURE 6 Resistance change of the trilayered magnetic wire with asymmetric notches as a

function of the external magnetic field. The magnetic domain structures inferred from the

resistance measurement are schematically shown. (A) Typical MR curve of the trilayered system.

(B) A magnetic DW was injected into the NiFe(20 nm) layer from the left end of the magnetic wire

by the pulsed HL. (C) A DW was injected into the NiFe(20 nm) layer from the right end of the

magnetic wire by pulsed HR [15].



that a DW injected from the left by HL was pinned at the first notch. By increasing
Hext after the injection of the DW, the resistance abruptly decreased to the smallest
value at 98 Oe, which indicates that the DWpropagated to the right end of the wire
through the asymmetric notches. Thus, the depinning field for the rightward
propagation of the DW can be determined to be 98 Oe. On the other hand, the
depinning field for the leftward propagation of the DW can be determined from
the result shown in Fig. 6C, which shows the MRmeasurement when the DWwas
injected from the right end of the wire by HR. In this case, the depinning field was
54 Oe. Thus, the depinning field for the rightward propagation is much larger than
that for the leftward propagation. If an AC magnetic field between the depinning
fields for both directions is applied, a unidirectional DW motion will be induced,
which should be called a “magnetic ratchet effect”. The different DW propagation
fields for rightward and leftward motions were also found in the experiment on
submicron magnetic wires with a triangular structure [16].

The magnetic ratchet effect was also demonstrated in the current-driven DW
motion; the critical current density necessary for the current-driven DW motion
depends on the propagation direction of the DW. The DW moves more easily in
the direction along which the slope of the asymmetric notch is smaller [17].

2.3. DW velocity measurements

Sixtus and Tonks [18] first measured the DW velocity in bulk magnetic wires in
1931. Figure 7 shows a schematic diagram of the circuit for the velocity measure-
ments. Under a homogeneous magnetic field, a magnetic DW is nucleated by
adding a local magnetic field, which is produced by an adding coil. The DW
travelling along the wire from left to right produces successive voltage surges
in two search coils, which are placed around the wire at a known separation.

Ball. Galv.

Time
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Thyr. Thyr.

Ampl.

I IIAdding
Coil

Search
Coil

Wire Under
Strain

Main Coil (1200t.)

10t. 5000t. 5000t.

Ampl.

Search Coil
Circuit II

Search Coil
Circuit I

FIGURE 7 Schematic diagram of the circuit for velocity measurements by Sixtus and Tonks [18].
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The velocity of the DW can be calculated from their time interval of the voltage
surges and the separation of the coils. The DW velocity, obtained experimentally,
was discussed in terms of the dissipation of the magnetic energy by eddy currents.

The GMR detection method described in Section 2.1 has an advantage in
dynamical measurements because of its simplicity. Here, velocity measurements
of a single DW propagating in a magnetic nanowire are presented [19]. Because
the GMR detection method provides the information of a DW position, as shown
in Eq. (1), the DW velocity, n ¼ dx/dt, can be determined by the time-domain
measurements, and v is given by

n ¼ dx

dt
¼ L

R"# � R""

dR

dt
: ð2Þ

Thus, the GMR method can offer the time variation of the DW velocity. This is an
advantage over conventional experimental methods, such as experiments by
Sixtus and Tonks [18] and the DW velocity measurements by using the Kerr
microscopywith a combination of a pulsedmagnetic field, where only the average
velocity of a DW can be obtained.

The samples for the DW velocity measurements have trilayer structures of
Ni81Fe19(40 nm)/Cu(20 nm)/Ni81Fe19(5 nm). The width of the wire is 0.5 mm and
the sample has four current–voltage terminals where the voltage is probed over a
distance of 2 mm. The magnetic field was applied along the wire axis. The voltage
across two voltage probes was monitored by a differential pre-amplifier and a
digital oscilloscope. The current passing through the electromagnet was also
monitored by the digital oscilloscope so as to obtain both resistance and applied
magnetic field during the magnetization reversal simultaneously.

Figure 8 shows the resistance change of the trilayer system at 77 K as a function
of an external magnetic field. Prior to the measurement, a magnetic field of 500 Oe
was applied to align the magnetization in one direction. Then, the resistance was
measured at 10-ms intervals with the sweeping field towards the counter direc-
tion at the sweeping rate of 20 Oe/s. The result indicates that the antiparallel
magnetization alignment is realized in the field range between 80 and 120 Oe,
where the resistance shows the largest value. The change in resistance at 80 and
120 Oe is attributed to the magnetization reversals of the 5-nm-thick NiFe and
40-nm-thick NiFe layers, respectively. Since there is no measured point during the
magnetization reversal of the 40-nm-thick NiFe in Fig. 8, it is concluded that
the magnetization reversal of the 40-nm-thick NiFe is completed within 10 ms.
On the other hand, the magnetization reversal of the 5-nm-thick NiFe proceeds
gradually with increasing an external magnetic field. This indicates that the
magnetization reversal of the 5-nm-thick NiFe takes place by the successive
pinning and depinning of a magnetic DW. Hereafter, we focus on the magnetiza-
tion reversal of the 40-nm-thick NiFe.

Figure 9 shows an experimental result on the time variation of the resistance
during the magnetization reversal of the 40-nm-thick NiFe layer. The data were
collected at 40-ns intervals. The linear variation of resistance with time in Fig. 9
indicates that the propagation velocity of the magnetic DW is constant during the
magnetization reversal of the 40-nm-thick NiFe layer. The propagation velocity of
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FIGURE 8 Resistance as a function of the external magnetic field at 77 K. The resistance was

measured at 10-ms intervals with sweeping the field towards the counter direction at the sweeping

rate of 20 Oe/s. The magnetic domain structures inferred from the resistance measurement are

schematically shown [19].
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FIGURE 9 Time variation of the resistance during the magnetization reversal of the 40-nm-thick

NiFe layer at 77 K, which was collected at 40-ns intervals. The applied magnetic field

simultaneously monitored by digital oscilloscope was 121 Oe. As the sweeping rate of the applied

magnetic field was 20 Oe/s, the variation of the applied magnetic field during magnetization

reversal is less than 2 � 10�5 Oe, that is, the applied magnetic field is practically constant during

the measurements [19].
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the magnetic DW at the external magnetic field of 121 Oe is estimated to be
182 m/s, which is calculated from the separation (2 mm) of the two voltage probes
and the time (11 ms) the wall travelled across it. Since the sweeping rate of the
magnetic field was 20 Oe/s, the variation of the magnetic field during the magne-
tization reversal is less than 2 � 10�5 Oe, that is, the external magnetic field is
regarded as constant during the measurements.

Since the reversal field of the 40-nm-thick NiFe varied in every measurement,
ranging from 90 to 140 Oe, the wall velocities at various magnetic fields were
obtained by repeating the measurements. The result at 100 K is shown in Fig. 10.
The wall velocity depends linearly on the applied magnetic field, and it is
described as n ¼ m(H � H0), where n is the wall velocity, H the applied magnetic
field, m so-called wall mobility, and it is obtained that m¼ 2.6 (m/s Oe) andH0¼ 38
(Oe). Here, we utilized the statistical nature of the magnetization reversal field to
obtain the external magnetic field dependence of the DW velocity. A similar but
more sophisticated experiment was performed by Himeno et al. [20]. They set two
Cu wires crossing the magnetic wire at the ends of the wire, which can produce a
pulsed local magnetic field by a flow of a pulsed electric current. This pulsed local
magnetic field can nucleate a DW at the end of the magnetic wire under a given
external magnetic field. This enables us to determine the DWvelocity as a function
of the external magnetic field in a controlled manner.

Magneto-optic Kerr effect magnetometer in micron-scale spatial resolution,
together with the pulsed magnetic field, offers another approach to measure a DW
velocity. It has been reported that the very high DW velocity over 1000 m/s with
high mobility of 30 m/s Oe was realized for a single-layer 5-nm-thick Ni80Fe20
wire with 200 nm in width [21]. Thus, the mobility in Ref. [21] is 10 times larger
than that in Ref. [9]. This mystery has been resolved recently by the measurements
of the DW velocity in the wide range of an external magnetic field [22]. Figure 11
shows the DW velocity as a function of an external magnetic field for the 20-nm-
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FIGURE 10 Dependence of DW velocity v on the amplitude H of the applied magnetic field

at 100 K. The wall velocity depends linearly on the applied magnetic field and is described as

v ¼ m(H � H0), where m ¼ 2.6 (m/s Oe) and H0 ¼ 38 (Oe) [19].
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thick Ni80Fe20 wire with 600 nm in width. One can recognize that there are three
regimes: the high DW mobility regime of 25 m/s Oe below 5 Oe, the low DW
mobility regime of 2.5 m/s Oe above 25 Oe and the transition regime with nega-
tive differential mobility between 5 and 25 Oe. These results are in accord with
theoretical predictions that, above a threshold field (so-called Walker field),
uniformwallmovement givesway to turbulentwallmotion, leading to a substantial
drop in wall mobility [23–28].

The DW mobilities for low and high fields in Fig. 11 are very close to those
reported in Ref. [21] and in Ref. [19], respectively. Thus, it can be concluded that
the measurements in Ref. [19] were performed above theWalker field and those in
Ref. [21] were carried out below theWalker field. So, the discrepancy between two
experiments was resolved. The high DW mobility in the relatively large external
magnetic field in Ref. [21] can be understood by the micromagnetic simulation
which suggests that Walker breakdown in nanowires involves the nucleation and
motion of Bloch lines (vortices) in the wall, and that finite roughness inhibits this
process, pushing the breakdown field higher [23]. In the thinner nanowire of Ref.
[21], this effect might become more prominent than in wider nanowires, pushing
the breakdown field to the higher value.

3. CURRENT-DRIVEN DW MOTIONS

3.1. Concept of current-driven DW motion

Figure 12A is an illustration of a DW between two domains in a magnetic wire.
Here, arrows show the direction of magnetic moments. The magnetic DW is a
transition region of the magnetic moments between domains, and the direction of
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FIGURE 11 Average domain-wall velocity versus field step amplitude. The inset shows the details

around the velocity peak [22].
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moments gradually changes in the DW. What will happen if an electric current
flows through a DW? Suppose a conduction electron passes though the DW from
left to right. During this travel, the spin of conduction electron follows the
direction of local magnetic moments because of the s–d interaction (Fig. 12B). As
a reaction, the local magnetic moments rotate reversely (Fig. 12C), and, in conse-
quence, the electric current can displace the DW. This current-driven DW motion
was first predicted by Berger [29, 30], and his group performed several experi-
ments on magnetic films [31, 32]. It needed huge currents to move a DW in a
magnetic film due to the large cross section. Recent developments in nanolitho-
graphy techniques make it possible to prepare nanoscale magnetic wires, result-
ing in the review of their pioneering works. The current-driven DW motion
provides a new strategy to manipulate a magnetic configuration without an
assistance of magnetic field, and will improve drastically the performance and
functions of recently proposed spintronic devices, whose operation is based on
the motion of a magnetic DW [33–36]. Reports on this subject have been increasing
in recent years from both theoretical [37–42] and experimental [43–68] points of
view because of its scientific and technological importance. However, most of the
results cannot be reviewed here due to the limitation of space. The reader may be
referred to Chapter 7 by H. Ohno for the current-driven DW experiments in
ferromagnetic semiconductor (Ga,Mn)As [50, 62].

DW

A

B

C

FIGURE 12 Schematic illustration of current-driven DW motion. (A) A DW between two domains

in a magnetic wire. The arrows show the direction of magnetic moments. The magnetic DW is a

transition region of the magnetic moments between domains, and the direction of moments

gradually changes in the DW. (B) The spin of conduction electron follows the direction of local

magnetic moments because of the s–d interaction. (C) As a reaction, the local magnetic moments

rotate reversely, and in consequence, the electric current displaces the DW.
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3.2. MFM direct observations

In this section, results of the direct observation of the current-driven DW motion
in amicro-fabricatedmagnetic wire are presented [47]. Magnetic force microscopy
(MFM) is used to show that a single DW can be displaced back and forth by
positive and negative pulsed currents.

An L-shaped magnetic wire with a round corner, as schematically illustrated
in Fig. 13, was prepared for the experiments. One end of the L-shaped magnetic
wire is connected to a diamond-shaped pad, which acts as a DW injector [4], and
the other end is sharply pointed to prevent a nucleation of a DW from this end.
L-shaped magnetic wires of 10-nm-thick Ni81Fe19 were fabricated onto thermally
oxidized Si substrates by means of an e-beam lithography and a lift-off method.
The width of the wire is 240 nm.

To introduce a DW positioned in the vicinity of the corner, the direction of the
external magnetic field was tilted from the wire axis in the substrate plane as
shown in Fig. 13. In the initial stage, a magnetic field of þ1 kOe was applied to
align the magnetization in one direction along the wire. Then, a single DW was
introduced by applying a magnetic field of �175 Oe. After that, the MFM obser-
vations were carried out in the absence of a magnetic field. The existence of the
single DW in the vicinity of the corner was confirmed as shown in Fig. 14A. The
DW is imaged as a bright contrast, which corresponds to the stray field from
positive magnetic charge. In this case, a head-to-head DW is realized as illustrated
schematically in Fig. 14D. The position and the shape of the DW were unchanged
after several MFM scans, indicating that the DW was pinned by a local structural

10 μm

10 μm

0.5 μm

R 3 μm

240 nm
+H

26�

MFM scanning area

FIGURE 13 Schematic illustration of a top view of the sample. One end of the L-shaped wire is

connected to a diamond-shaped pad which acts as a DW injector, and the other end is sharply

pointed to prevent a nucleation of a DW from this end. The wire has four electrodes made of Cu.

MFM observations were performed for the hatched area at room temperature [47].
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defect, and that a stray field from the probe was too small to change the magnetic
structure and the position of the DW.

After the observation of Fig. 14A, a pulsed current was applied through the
wire in the absence of a magnetic field. The current density and the pulse duration
were 7.0 � 1011 A/m2 and 5 ms, respectively. Figure 14B shows the MFM image
after an application of the pulsed current from left to right. The DW, which had
been in the vicinity of the corner (Fig. 14A), was displaced from right to left by the
application of the pulsed current. Thus, the direction of the DWmotion is opposite
to the current direction. Furthermore, the direction of the DW motion can be
reversed by switching the current polarity as shown in Fig. 14C. These results
are consistent with the spin-transfer mechanism.

The same experiments for a DW with different polarities, a tail-to-tail DW,
were performed to examine the effect of a magnetic field generated by the electric
current (Oersted field). The tail-to-tail DW was generated by the following pro-
cedures. A magnetic field of�1 kOe was applied to align the magnetization in the
direction opposite to that in the previous experiment. Then, a tail-to-tail DW was
introduced by applying a magnetic field of þ175 Oe. The introduced DW is
imaged as a dark contrast in Fig. 15A, which indicates that a tail-to-tail DW is
formed as schematically illustrated in Fig. 15D. Figure 15A–C shows that the
direction of the tail-to-tail DW displacement is also opposite to the current
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Current

Current

FIGURE 14 (A) MFM image after the introduction of a head-to-head DW. The DW is imaged as a

bright contrast, which corresponds to the stray field from positive magnetic charge. (B) MFM image

after an application of a pulsed current from left to right. The current density and pulse duration

are 7.0 � 1011 A/m2 and 5 ms, respectively. DW is displaced from right to left by the pulsed current.

(C) MFM image after an application of a pulsed current from right to left. The current density and

pulse duration are 7.0 � 1011 A/m2 and 5 ms, respectively. The DW is displaced from left to right by

the pulsed current. (D) Schematic illustration of a magnetic domain structure inferred from the

MFM image. The DW has a head-to-head structure [47].
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direction. The fact that both head-to-head and tail-to-tail DWs are displaced
opposite to the current direction indicates clearly that the DW motion is not
caused by the Oersted field.

Figure 16A–K are successive MFM images with one pulsed current applied
between each consecutive image. The current density and the pulse duration were
7.0� 1011 A/m2 and 0.5 ms, respectively. Each pulse displaced the DW opposite to
the current direction. The difference in the displacement for each pulse is possibly
due to the pinning by randomly located defects. The average displacement per
one pulse did not depend on the polarity of the pulsed current. The average DW
displacement per one pulse as a function of the pulse duration under the condi-
tion of constant current density of 7.0 � 1011 A/m2 is shown in Fig. 17. The
average DW displacement is proportional to the pulse duration, which indicates
that the DW has a constant velocity of 3.0 m/s. It was also confirmed that the DW
velocity increases with the current density.

3.3. Towards applications of current-driven DW motion

It was shown that a DW position in a wire can be controlled by tuning the
intensity, the duration and the polarity of the pulsed current, and thus the
current-driven DW motion has the potentiality for spintronic device applications
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FIGURE 15 (A) MFM image after the introduction of a tail-to-tail DW. The DW is imaged as a dark

contrast, which corresponds to the stray field from negative magnetic charge. (B) MFM image

after an application of a pulsed current from left to right. The current density and pulse duration

are 7.0 � 1011 A/m2 and 5 ms, respectively. DW is displaced from right to left by the pulsed current.

(C) MFM image after an application of a pulsed current from right to left. The current density

and pulse duration are 7.0� 1011 A/m2 and 5 ms, respectively. The DW is displaced from left to right

by the pulsed current. (D) Schematic illustration of a magnetic domain structure inferred from

the MFM image. The DW has a tail-to-tail structure [47].
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tail-to-tail DW is introduced, which is imaged as a dark contrast [47].



such as novel memory and storage devises [33–36]. However, there are following
issues to be overcome for the practical applications: (1) low threshold current
density, (2) high DW velocity and (3) stability of DW position. These three condi-
tions should be simultaneously satisfied in the operations of real devices.

The experimentally obtained threshold current densities in the absence of a
magnetic field are the order of 1011–1012 A/m2 [47, 52]. These values are more than
an order smaller than the theoretical value and also much smaller than that
obtained from the micromagnetic simulation [37, 41, 42]. Several possibilities to
solve this strong discrepancy have been proposed: sample heating by the current,
inclusion of new term to the model and the use of Landau–Lifshitz equation
instead of Landau–Lifshitz–Gilbert (LLG) equation. The reader may be referred
to Chapter 5 by H. Kohno and G. Tatara for an approach by an analytical model,
and also to Chapter 6 by A. Thiaville and Y. Nakatani for an approach by micro-
magnetics. In real experiments, the application of the high current density of
1011 A/m2 results in the severe increase of sample temperature up to reaching
the Curie temperature [54, 65]. Figure 18 shows the estimated sample
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temperatures as a function of current density for two samples with the same
dimension prepared on different substrates (SiO2/Si and MgO) [56]. One can
recognize at a glance that the Joule heating effect strongly depends on the sub-
strate; the lower thermal conductance of SiO2 leads to the rapid increase of the
sample temperature. Thus, the sample heating depends on the sample architec-
ture (dimension, composition, substrate, etc.). More important message from
Fig. 18 is the large difference of the threshold current densities Jc in two samples
with the same dimension. The higher sample temperature of the sample on the
thermally oxidized Si substrate results in the lower threshold current density. This
clearly suggests the importance of the thermal effect on the current-driven DW
motion.

In a simple model in which the transferred spin angular momentum from
conduction electrons is fully used to the DW motion, the DW velocity is expected
to be jPgmB=ð2eMsÞ, where j is the current density, P the spin polarization of the
current, g the g-value of an electron, mB the Bohr magneton, e the electronic charge
and Ms the saturation magnetization. This predicts about an order larger DW
velocity than typical experimental values of several m/s in the absence of a
magnetic field at the current density of 1011 A/m2 [47, 52]. Thus, the efficiency
of the current-driven DW motion is about 10%, and most of the transferred
momentum seems to dissipate by local excitations rather than being used to
drive a DW. However, recent experiments show that high velocity of about
100 m/s can be obtained with the current density of 1.5 � 1012 A/m2 for NiFe in
the case of very low DW depinning field less than 10 Oe [68]. Thus, the low
efficiency in the pioneering studies can be attributable to the pinning effect of a
DW due to the defects such as surface and/or edge roughness.

Although the high velocity has been demonstrated for NiFe nanowires as
mentioned above, it has also been shown that the threshold current density
increases with the DW pinning field. This could become a problem in the
application, because DW position should be stabilized by using such as notch
structures against the thermal agitation. Recently very attractive simulation
results has been coming out, which suggest that it is possible to reduce the
threshold current density with keeping the high thermal stability of the DW
position for nanowires with perpendicular magnetic anisotropy [69, 70]. The
promising experimental results, which support these simulations, have been
reported [71, 72]. It was shown that a single nanosecond current pulse can control
precisely the DW position from notch to notch in a Co/Ni wire with perpendicu-
lar magnetic anisotropy in spite of the large DW depinning field from the notch
of 400 Oe [72].

Can we have higher DW velocity with lower current density? The straight
forward way is to reduce the magnetization because the DW velocity is given by
jPgmB=ð2eMsÞ in a simple model. Because NiFe already has relatively high spin
polarization P ¼ 0.7, it seems more effective to make effort to reduce the
magnetization. Alternative way is to rely on so-called non-adiabatic torque
[42]. It has been shown theoretically that the DW velocity is proportional to
b/a, where b is the coefficient of non-adiabatic torque term and a is the Gilbert
damping constant.
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4. TOPICS ON NANODOT SYSTEMS

4.1. MFM studies on magnetic vortices in dot systems

As mentioned in Section 1, ferromagnetic materials generally form domain
structures to reduce their magnetostatic energy. In very small ferromagnetic
systems, however, the formation of DWs is not energetically favoured. Specifi-
cally, in a dot of ferromagnetic material of micrometre or submicrometre size, a
curling spin configuration – that is, a magnetization vortex (Fig. 19) – has been
proposed to occur in place of domains. When the dot thickness becomes much
smaller than the dot diameter, usually all spins tends to align in-plane. In the
curling configuration, the spin directions change gradually in-plane so as not to
lose too much exchange energy, but to cancel the total dipole energy. In the
vicinity of the dot centre, the angle between adjacent spins then becomes increas-
ingly larger when the spin directions remain confined in-plane. Therefore, at
the centre of the vortex structure, the magnetization within a small spot will
turn out-of-plane and parallel to the plane normal [73].

Cowburn et al. [74] reported magneto-optical measurements on nanoscale
supermalloy (Ni80Fe15Mo5) dot arrays. From the profiles of the hysteresis loops,
they concluded that a collinear-type single domain phase is stabilized in dots with
diameters smaller than a critical value of about 100 nm and a vortex phase likely
occurs in dots with larger diameters. Figure 20 shows the hysteresis loop for the
dot with a diameter of 300 nm and a thickness of 10 nm under an external
magnetic field in the sample plane [74]. The magnetic field increases the area
where the magnetization aligns parallel and decreases the area where the magne-
tization aligns antiparallel to the magnetic field. The gradual increase of magneti-
zation corresponds to the moving of the vortex core from the centre to the outside
and the jump of magnetization corresponds to the annihilation of the magnetiza-
tion vortex. The relatively sudden loss in the course of field reducing corresponds
to the nucleation of the vortex.

1 μm

FIGURE 19 MFM image of an array of permalloy dots 1 mm in diameter and 50-nm thick with the

schematic spin structure (magnetic vortex and vortex core) in a dot [72].
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Figure 19 is the first proof of such a vortex structure with a nanometre-scale
core where the magnetization rises out of the dot plane [75]. The sample is an
array of 3 � 3 dots of permalloy (Ni81Fe19) with 1 mm in diameter and 50-nm
thickness. At the centre of each dot, bright or dark contrast is observed, which
corresponds to the positive or negative stray field from the vortex core. The
direction of the magnetization at the centre turns randomly, either up or down,
as reflected by the different contrast of the centre spots. This is reasonable since up
and down magnetizations are energetically equivalent without an external
applied field and do not depend on the vortex orientation: clockwise or counter-
clockwise. MFM observations were performed also for an ensemble of permalloy
dots with varying diameters, nominally from 0.3 to 1 mm (Fig. 21). The image in
Fig. 21A was taken after applying an external field of 1.5 T along an
in-plane direction. Again, the two types of vortex core with up and down
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FIGURE 20 Hysteresis loop for the circular dot with a diameter of 300 nm and a thickness of

10 nm under an external magnetic field in the sample plane. The schematic annotation shows the

magnetization within a circular dot.

FIGURE 21 MFM images of an ensemble of 50-nm-thick permalloy dots with diameters varying

from 0.3 to 1 mm: (A) after applying an external field of 1.5 T along an in-plane direction and

(B) parallel to the plane normal, respectively [72].

176 Teruo Ohno and Teruya Shinjo



magnetization are observed. In contrast, after applying an external field of 1.5 T
normal to the substrate plane, centre spots exhibit the same contrast (Fig. 21B)
indicating that all the vortex core magnetizations have been oriented into the field
direction. The size of the core cannot be determined from the images since the
spatial resolution of MFM is much larger than the theoretical core size. The core
size was determined to be 9 nm by using spin-polarized scanning tunnelling
microscopy which has an atomic-scale resolution [76].

Since the size of the perpendicular magnetization at the vortex core is very
small, conventional magnetization measurements cannot detect switching of the
vortex core under magnetic field. For the measurement of switching field of core
magnetization, arrays of circular dots of permalloy with the diameter of 0.2, 0.4
and 1 mm and the thickness of 50 nm were prepared [77]. The sample consists of
sets of permalloy dots arrays of square lattice 5 � 5. First, a strong magnetic field
(1.5 T) normal to the sample plane was applied in order to align all the core
magnetizations in one direction. The perpendicular magnetization turning to
this direction shows dark contrast in MFM image as shown Fig. 22A. Second, a
certain magnetic field Ht was applied to the counter direction for 5 min. Finally,
one 5 � 5 array which was chosen randomly in the sample was observed by MFM
in the absence of a magnetic field. The MFM images for the cases of Ht of 3500 Oe
are shown in Fig. 22B. A bright spot corresponds to core magnetization switched
by Ht, while a dark spot represents the core magnetization with its initial direc-
tion. The number of bright spots in the MFM images after applying various values
of Ht gives the switching probability for each field. The results for the three
samples are shown in Fig. 23. The average switching field is 4100, 3900 and
3650 Oe in the sample of 0.2, 0.4 and 1 mm in diameter, respectively.

FIGURE 22 MFM images of an array composed of 5� 5 circular permalloy dots with the diameter

of 0.4 mm: (A) after applying a magnetic field of 1.5 T and (B) after applying a magnetic field

Ht ¼ �0.35 T [74].
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The experimental confirmation of the existence of the vortex core by MFM
study [75] stimulated the subsequent intensive studies on the dynamics of the
vortex core. It has been clarified that a vortex core displaced from the stable
position (dot centre) exhibits a spiral precession around it during the relaxation
process [78–80]. This motion has a characteristic frequency which is determined
by the shape of the dot. Thus, the nanodot functions as a resonator for vortex core
motion.

4.2. Current-driven resonant excitation of magnetic vortex

As is clear from Fig. 12, the underlying physics of the current-driven DW motion
is that spin currents can apply a torque on the magnetic moment when the spin
direction of the conduction electrons has a relative angle to the local magnetic
moment. This leads us to the hypothesis that any type of spin structure with
spatial variation can be excited by a spin-polarized current in a ferromagnet.

The ideal example of such a non-collinear spin structure is a curling magnetic
structure (“magnetic vortex”) realized in a ferromagnetic circular nanodot
described in the previous section. In this section, current-induced dynamics of a
vortex core in a ferromagnetic dot will be discussed. It is shown that a magnetic
vortex core can be resonantly excited by an AC current through the dot when the
current frequency is tuned to the resonance frequency originating from the con-
finement of the vortex core in the dot [81]. The core is efficiently excited by the AC
current due to the resonant nature and the resonance frequency is tunable by the
dot shape. It is also demonstrated that the direction of a vortex core can be
switched by utilizing the current-driven resonant dynamics of the vortex.

The current-induced dynamics of the vortex core was calculated by the micro-
magnetic simulations based on the LLG equation,
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FIGURE 23 Switching probability of core magnetization in circular dots with the diameter of

0.2, 0.4 and 1 mm as a function of magnetic field normal to the sample plane. The average

switching fields are 4100, 3900 and 3650 Oe in the samples of 0.2, 0.4 and 1 mm in diameter,

respectively [74].
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with modifications due to electric/spin current [41, 42]. Here m is a unit vector
along the local magnetization, g0 is the gyromagnetic ratio, Heff is the effective
magnetic field including the exchange and the demagnetizing fields and a is the
Gilbert damping constant. The third term on the right-hand side represents the
spin-transfer torque, which describes the effect of spin transfer from conduction
electrons to localized spins. This spin-transfer effect is a combined effect of the
spatial non-uniformity of magnetization and the current flow. The vector
u ¼ �jPgmB=ð2eMsÞ, which has the dimension of velocity, is essentially the spin
current associated with the electric current in a ferromagnet, where j is the current
density, P the spin polarization of the current, g the g-value of an electron, mB the
Bohr magneton, e the elementary charge and Ms the saturation magnetization.

First, we determined the eigenfrequency f0 of the vortex core precession in the
dot by calculating the free relaxational motion of the vortex core from the off-
centred position. The eigenfrequency depends on the aspect ratio h/r (the height
h to the radius r) of the dot [78]. Then, the simulations were performed by
applying an AC current at a given frequency f in the absence of a magnetic field.
Figure 24A shows the time evolution of the core position when an AC current
(f ¼ f0 ¼ 380 MHz and J0 ¼ 3 � 1011 A/m2) is applied to a dot with r¼ 410 nm and
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FIGURE 24 (A) Time evolution of the vortex under the AC current application.

Magnetization direction m ¼ (mx, my, mz) inside the dot on the xy-plane was obtained by

micromagnetic simulation. The 3D plots indicate mz with the mx � my vector plots superimposed.

The plot on the left represents the initial state of the vortex core situated at the centre of

the dot with r ¼ 410 nm. The 3D plots on the right show the vortex on the steady orbital at

t ¼ 80.6, 81.5 and 82.3 ns after applying the AC current (f0 ¼ 380 MHz and J0 ¼ 3 � 1011 A/m2).

These plots are close-ups of the square region around the dot centre indicated by the black

square in the plot on the left. The time evolution of the core orbital from t ¼ 0 to 100 ns is

superimposed only on the t¼ 82.3 ns plot. (B) Time evolutions of the vortex core displacement (x)

for three excitation frequencies f ¼ 250, 340 and 380 MHz (r ¼ 410 nm and J0 ¼ 3 � 1011 A/m2).

(C) Radius of the steady orbital as a function of the frequency for the dots with r ¼ 410, 530

and 700 nm [81].

Dynamics of Magnetic Domain Walls in Nanomagnetic Systems 179



h ¼ 40 nm. Once the AC current is applied, the vortex core first moves in the
direction of the electron flow or spin current. This motion originates from the
spin-transfer effect. The off-centred core is then subjected to a restoring force
towards the dot centre. However, because of the gyroscopic nature of the vortex
(i.e. a vortex moves perpendicularly to the force), the core makes a circular preces-
sionalmotion around the dot centre [78]. The precession is amplified by the current
to reach a steady orbital motion where the spin transfer from the current is
balancedwith the damping, as depicted in Fig. 24A. The direction of the precession
depends on the direction of the coremagnetization as in themotion induced by the
magnetic field [78, 82]. It should be noted that the radius of the steady orbital on
resonance is larger by more than an order of magnitude as compared to the
displacement of the vortex core induced by a DC current of the same amplitude
[83]. Thus, the core is efficiently excited by the AC current due to resonance.

Figure 24B shows the time evolutions of the x position of the vortex core for
three different excitation frequencies f ¼ 250, 340 and 380 MHz. The steady state
appears after around 30 ns on resonance (f ¼ 380 MHz). For f ¼ 340 MHz slightly
off the resonance, the amplitude beats first, and then the steady state with smaller
amplitude appears. The vortex core shows only a weak motion for f ¼ 250 MHz,
which is quite far from the resonance. Figure 24C shows the radii of the steady
orbitals as a function of the current frequency for the dots with r ¼ 410, 530 and
700 nm. Each dot exhibits the resonance at the eigenfrequency of the vortex
motion.

To experimentally detect the resonant excitation of a vortex core predicted by
the micromagnetic simulation, we measured the resistance of the dot while an AC
excitation current was passed through it at room temperature in the configuration
shown in Fig. 25. A scanning electron microscope image of the sample is shown in
Fig. 25. Two wide Au electrodes with 50-nm thickness, through which an AC
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oscillation
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500 nm

FIGURE 25 Scanning electron microscope image of the sample along with a schematic

configuration used for the measurements. The detection of the vortex excitation was performed

by resistance measurements with a lock-in technique (223 Hz and current Imes ¼ 15 mA) under the

application of an AC excitation current Iexc ¼ 3 � 1011 A/m2 [81].
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excitation current is supplied, are also seen. The amplitude of the AC excitation
current was 3 � 1011 A/m2. Figure 26A shows the resistances as a function of
the frequency of the AC excitation current for the dots with three different radii
r ¼ 410, 530 and 700 nm. A small but clear dip is observed for each dot; this
signifies the resonance. The radius dependence of the resonance frequency is well
reproduced by the simulation, as shown in Fig. 26B.

4.3. Switching a vortex core by electric current

During the study on the current-driven resonant excitation of magnetic vortex, we
found that higher excitation currents induce even the switching of the core
magnetization during the circular motion [84]. Figure 27A–F are successive snap-
shots of the calculated results for the magnetization distribution during the
process of core motion and switching, showing that the reversal of the core
magnetization takes place in the course of the circular motion without going out
of the dot. Noteworthy is the development of an out-of-plane magnetization (dip)
which is opposite to the core magnetization (Figs 27A–D). Figure 29A displays the
vortex core trajectory corresponding to Fig. 27. One sees that, after switching, the
core steps towards the disc centre and starts rotating in the opposite sense, again
evidencing the core switching.

We confirmed the predicted current-induced switching of the vortex core by
the MFM observation as described below [84]. First, the direction of a core
magnetization was determined by MFM observation. A dark spot at the centre
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FIGURE 26 (A) Experimental detection of the current-driven resonant excitation of a magnetic

vortex core. The resistances are indicated as a function of the frequency of the AC excitation

current for the dots with three different radii r ¼ 410, 530 and 700 nm. (B) Radius dependence of

the resonance frequency. The blue rectangles and the red circles indicate the simulation and the

experimental results, respectively. The experimental results for eight samples are plotted. The red

dashed line is the averaged value of the experimental data [81]. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this chapter.)
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of the disc in Fig. 28B indicates that the core magnetization directs upward
with respect to the paper plane. The core direction was checked again after the
application of an AC excitation current of frequency f ¼ 290 MHz and amplitude
J0 ¼ 3.5 � 1011 A/m2 through the disc, with the duration of about 10 s. Here, the
current densities were evaluated by dividing current by the disc diameter times
thickness. As shown in Fig. 28C, the dark spot at the centre of the disc changed
into bright after the application of the excitation current, indicating that the core
magnetization has been switched. Figure 28B–L are successive MFM images with
an excitation current applied between each consecutive image. It was observed
that the direction of the core magnetization after application of the excitation
current was changed randomly. This indicates that the switching occurred fre-
quently compared to the duration of the excitation current (about 10 s) and the
core direction was determined at the last moment when we turned off the excita-
tion current.

FIGURE 27 Perspective view of the magnetization with a moving vortex structure. The height

is proportional to the out-of-plane (z) magnetization component. Rainbow colour indicates the

in-plane component as exemplified by the white arrows in (A). (A) Initially, a vortex core

magnetized upward is at rest at the disc centre. (B) On application of the AC current, the core

starts to make a circular orbital motion around the disc centre. There appears a region with

downward magnetization (called “dip” here) on the inner side of the core. (C–E) The dip grows

slowly as the core is accelerated. When the dip reaches the minimum, the reversal of the initial

core starts. (F) After the completion of the reversal, the stored exchange energy is released to a

substantial amount of spin waves. A positive “hump” then starts to build up, which will trigger the

next reversal. Calculation with h ¼ 50 nm, R ¼ 500 nm and J0 ¼ 4 � 1011 A/m2 [81]. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this chapter.)
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Figure 29B shows the core velocity as a function of excitation time which was
obtained by the micromagnetic simulation. The sudden decreases of velocity
correspond to the repeated core-switching events. Worth noting is that the core
switches when its velocity reaches a certain value, nswitch � 250 m/s here, regard-
less of the value of the excitation current density. This is the crucial key to
understand the switching mechanism together with the existence of the dip
structure which appears just before the core switching. The rotational motion of
the core is accompanied by the magnetization dynamics in the vicinity of the core.
This magnetization dynamics in the dot plane produces so-called damping torque
perpendicular to the plane according to the second term of Eq. (3), which gen-
erates the dip structure seen in Figs 27B–E. The higher core velocity leads to the
stronger damping torque, and eventually the core switching occurs at the

FIGURE 28 MFM observation of electrical switching of vortex core. (A) AFM image of the sample.

A permalloy disc fills inside the white circle. The thickness of the disc is 50 nm and the radius is

500 nm. Two wide Au electrodes with 50-nm thickness, through which an AC excitation current is

supplied, are also seen. (B) MFM image before the application of the excitation current. A dark spot

at the centre of the disc (inside the red circle) indicates that the core magnetization directs

upward with respect to the paper plane. (C) MFM image after the application of the AC excitation

current at a frequency f ¼ 290 MHz and amplitude J0 ¼ 3.5 � 1011 A/m2 through the disc with the

duration of about 10 s. The dark spot at the centre of the disc in (B) changed into the bright spot,

indicating the switching of the core magnetization from up to down. (B–L) Successive MFM images

with excitation current applied similarly between consecutive images. The switching of the core

magnetization occurs from (B) to (C), (F) to (G), (H) to (I), (I) to (J) and (K) to (L) [81]. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this chapter.)
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threshold core velocity. If the core switching is governed by the core velocity, the
switching should occur regardless of how the core has the threshold velocity. In
fact, the core switching was also observed by the resonant excitation with AC
magnetic field [85].

It has been shown that an electric current can switch the direction of a vortex
core in a magnetic disc. The current necessary for the switching is only several
mA, while the core switching by an external magnetic field needs a large magnetic
field of several kOe as described in Section 4.1 [77]. Although the repeated vortex
core switching by a continuous AC current was presented here, it will be possible
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to control the core direction by a current with an appropriate waveform. The
quantitative agreement between experiment and micromagnetic simulation
demonstrates the validity of the micromagnetic description of the spin-transfer
torque. Given the presently observed discrepancies between measured and calcu-
lated results on the current-induced domain-wall motion, the agreement obtained
here, on a non-trivial physical effect, is very important. The current-induced
vortex core switching can be used as an efficient data writing method for a
memory device in which the data are stored in a nanometre size core.

It was shown very recently that a nanosecond single current pulse can switch
the core magnetization [86]. This method has advantages over the core switching
by using the resonance effect described above; it gives short switching time as well
as controllability of the core direction which is indispensable in the applications,
although the pulse method requires an order higher current density.
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232507.

[64] Togawa, Y., Kimura, T., Harada, K., Akashi, T., Matsuda, T., Tonomura, A., and Otani, Y. (2006).
Jpn. J. Appl. Phys. 45, L683.

[65] Togawa, Y., Kimura, T., Harada, K., Akashi, T., Matsuda, T., Tonomura, A., and Otani, Y. (2006).
Jpn. J. Appl. Phys. 45, L1322.

[66] Hayashi, M., Thomas, L., Rettner, C., Moriya, R., Bazaliy, Y. B., and Parkin, S. S. P. (2007). Phys.
Rev. Lett. 98, 037204.

[67] Thomas, L., Hayashi, M., Jiang, X., Moriya, R., Rettner, C., and Parkin, S. S. P. (2007). Science 315,
1553.

[68] Parkin, S. S. P., et al. (2008). Science 320, 190.
[69] Fukami, et al. (2008). J. Appl. Phys. 103, 07E718.
[70] Jung, S. W., et al. (2008). Appl. Phys. Lett. 92, 202508.
[71] Tanigawa, H., et al. (2008). Appl. Phys. Express 1, 011301.
[72] Koyama, T., et al. (2008). Appl. Phys. Express 1, 101303.
[73] Hubert, A., and Schafer, H. (1998). “Magnetic Domains.” Springer, Berlin.
[74] Cowburn, R. P., Koltsov, D. K., Adeyeye, A. O., andWelland, M. E. (1999). Phys. Rev. Lett. 83, 1042.
[75] Shinjo, T., Okuno, T., Hassdorf, R., Shigeto, K., and Ono, T. (2000). Science 289, 930.
[76] Wachowiak, A., Wiebe, J., Bode, M., Pietzsch, O., Morgenstern, M., and Wiesendanger, R. (2002).

Science 298, 577.
[77] Okuno, T., Shigeto, K., Ono, T., Mibu, K., Shinjo, T., and Magn, J. (2002). Magn. Mater. 240, 1.
[78] Guslienko, K. Yu., Ivanov, B. A., Novosad, V., Otani, Y., Shima, H., and Fukamichi, K. (2002).

J. Appl. Phys. 91, 8037.
[79] Park, J. P., Eames, P., Engebretson, D. M., Berezovsky, J., and Crowell, P. A. (2003). Phys. Rev. B 67,

020403.
[80] Choe, S. B., Acremann, Y., Scholl, A., Bauer, A., Doran, A., Stöhr, J., and Padmore, H. A. (2004).
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Abstract Current-driven domain-wall motion and related phenomena are reviewed

from a theoretical point of view. In the first part, the dynamics of a rigid

domain wall is described based on the collective-coordinate method. After

an elementary introduction, the equations of motion are derived for the

position and the polarization of the wall, where the effect of the current

enters as spin transfer and momentum transfer (or force). The wall motion is

studied in the presence of magnetic anisotropy and extrinsic pinning, and

several depinning mechanisms are found. The depinning current is determined

in each case. The second part is concerned with the microscopic derivation of

the spin torques for slowly varying magnetization dynamics as described by
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the Landau–Lifshitz–Gilbert equation. In addition to the well-established

spin-transfer torque, two new torques are shown to arise from the spin-

relaxation process and the non-adiabatic process (reflection) of conduction

electrons. These new torques act as the momentum transfer on a rigid wall,

and can be important in domain-wall dynamics. Some related topics are

described in the third part, which includes current-driven dynamics of mag-

netic vortices, and the current-induced spin-wave instability and domain-wall

nucleation.

Key Words: Magnetic domain wall, Field-driven motion, Current-driven

motion, Spin current, Spin-transfer effect, Momentum-transfer effect, Force,

Magnetotransport, Magnetic anisotropy, Intrinsic pinning, Extrinsic pinning,

Threshold current, Döring mass, Landau–Lifshitz–Gilbert equation, Spin

torque, Gilbert damping, Adiabatic spin torque, Non-adiabatic spin torque,

Spin relaxation, Kubo formula, Gauge field, s–d exchange interaction,

s–d model, Stoner model, Spin chirality, Magnetic vortex, Spin-wave instabil-

ity, Nucleation, Permalloy, Ferromagnetic semiconductor.

1. INTRODUCTION

Magnetization dynamics driven by electric/spin current in submicron-scale ferro-
magnets has been a subject of active study for a decade in the field of spintronics
[1, 2]. It includes magnetization reversal in multilayer systems, displacive and
resonant motions of domain walls in thin wires, and those of magnetic vortices
realized in disks. These phenomena are understood as caused by spin torques, the
effect that conduction electrons exert on magnetization through the microscopic
s–d exchange interaction.

Recent activity on this subject was triggered by the concept of “spin-transfer
effect” introduced by Slonczewski [3] and Berger [4]. On the other hand, it should
be remembered that the idea of driving domain walls by electric current was
proposed long ago by Berger. He recognized that the s–d exchange interaction
should be the main origin of the driving in thin samples [5], and proposed the
driving mechanisms that are called s–d exchange force (momentum-transfer
effect) [5] and s–d exchange torque (spin-transfer effect) [6–8]. Experimental
demonstration is also made by him and collaborators using semi-macroscopic
samples [9, 10].

The continuous progress during this decade is of course rests on the experi-
mental achievements. The development of fabrication and observation techniques
has enabled us to study submicron-scale magnets having simple domain struc-
ture, which are suitable for scientific studies under well-controlled conditions,
notwithstanding for technological applications. On a theoretical side, modern
techniques and viewpoints in solid-state or condensed-matter physics started to
be applied, which will hopefully develop further microscopic understanding.

In this chapter, we review some basic aspects of the theory of current-driven
magnetization dynamics. We are concerned with magnetization dynamics which
are smoothly varying in space and time compared with the microscopic electronic
scales. Magnetization is thus treated as a continuous function, n(r, t), of space and
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time, and the dynamics is described by the Landau–Lifshitz–Gilbert (LLG)
equation. Most prototypical phenomenon is the domain-wall motion. In spite of
tremendous amount of works on multilayer (pillar) systems [11], they are outside
the scope of this chapter simply because of our lack of ability.

In Section 2, a theoretical treatment is given for the domain-wall motion driven
by electric current. We start with an elementary introduction to a theoretical
description of domain-wall dynamics, by taking the (magnetic) field-driven case
as an example. The effect of electric current will then be introduced to study the
main subject of the current-driven domain-wall motion. In Section 3, microscopic
calculation of spin torques is described in a more general framework of the LLG
equation. Generalization of the force to arbitrary magnetization texture, as well as
its relation to transport coefficients are also studied. In Section 4, two related
topics, current-driven motion of a magnetic vortex and current-induced spin-
wave instability, are surveyed.

2. DYNAMICS OF A RIGID DOMAIN WALL

In this section, we study the dynamics of rigid domain walls by neglecting their
deformation. The validity of this approximation will be discussed at the end of
this section.

2.1. Field-driven domain-wall motion

Suppose we have two nails made of iron. We know that they are ferromagnets at
room temperature, but they do not attract each other. The reason is the existence of
the magnetic domain structure, which is formed to lower the magnetostatic
energy due to long-range dipole–dipole interaction. The typical size of domains
is �1–10 mm, and any semi-macroscopic sample inevitably has a multi-domain
structure with vanishing total moment in zero field (if, e.g. it is prepared by
cooling from above the Curie temperature). On the other hand, nanoscale magnets
have simple domain structures suitable for application and basic studies. The
transition region between two neighbouring domains, as illustrated in Fig. 1E, is
the magnetic domain wall.

A B C D E

N

S

FIGURE 1 (A) Magnetic domain structure with lowest energy in zero external magnetic field.

(B–D) The magnetization process due to domain-wall motion. Conventionally, this is induced by

applying magnetic field, but also by applying electric current, the latter being the main subject

here. (E) An example of magnetic domain wall (Bloch wall).
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If we apply an external magnetic field, magnetic domains with lowered mag-
netic energy grow at the expense of other domains (Fig. 1A–D). This magnetiza-
tion process occurs as the movement of domain walls. In this section, we shall
consider how to describe this field-driven domain-wall motion [12–15]. We
assume that the magnetization profile of the wall is rigid, and treat it by the
method of collective coordinates.

2.1.1. Phenomenological equation of motion
Consider a ferromagnetic wire containing a single domain wall (Fig. 2), and let
the position of the domain wall be X. If we apply an external magnetic field, B,
in the easy-axis direction, the energy of the whole magnet depends on X as

EB ¼ �2g0h
�SB

AX

a3
þ constant: ð1Þ

Here, we are considering magnetic moments due to localized spins of magnitude
S and gyromagnetic ratio g0 [16]. A is the cross-sectional area of the wire and a3 is
the volume per spin. If we regard the domain wall as a particle, whose position
is X, Eq. (1) represents a potential energy of this particle. This means that this
particle feels a force,

FB ¼ 2g0h
�SB

A

a3
; ð2Þ

proportional to B. One may then expect, naively, that the motion of this particle
may be described by an equation something like

Mw
€X ¼ FB � � _X: ð3Þ

Here, the dot represents time derivative and � is a friction constant. This is
indeed a very naive expectation, but it is known that Eq. (3) holds under certain
circumstances. In particular, a domain wall has inertial mass, Mw, known as the
Döring mass [17]. To see this, and to derive the correct equations of motion for
a domain wall, let us next look into the dynamics of individual spins in the
domain wall.

X
z

0

B

FIGURE 2 A ferromagnetic wire containing a single domain wall. The position of the domain

wall is denoted by X. Thick arrows represent magnetization direction rather than spin

direction [16].
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2.1.2. Equations of motion from microscopic spin dynamics
To see how the domain-wall motion occurs at the microscopic spin level, let us
first set up a microscopic model. We assume that the magnetization is carried by
localized spins, Si, located at each site i on a lattice, which are described by the
following spin Hamiltonian:

HS ¼ �~J
X

hi;ji
Si�Sj þ

1

2

X

i

ðK⊥S2i;y � KS2i;zÞ: ð4Þ

Here,~J is the exchange coupling constant, and K and K⊥ represent easy- and hard-
axis anisotropy constants, respectively. We have chosen the easy axis to be z-axis,
and the hard axis to be y-axis (K > 0;K⊥ � 0). In the ground state of a domain
wall, the spins lie in the xz-plane, called easy plane (see Fig. 4A).

Each spin obeys a simple law of angular-momentum dynamics. It continues
precessing around an effective field Heff if there is no damping (Fig. 3A). In the
presence of damping, the precession will decay and the spin (or, precisely
speaking, the associated magnetic moment) eventually points to the direction of
Heff (Fig. 3B). These are described by the equation [12, 18]

dS

dt
¼ �g0S�Heff � a

S

S
� dS

dt
: ð5Þ

The first term on the right-hand side describes precession. The second term
represents damping, called Gilbert damping, with a being a dimensionless damp-
ing constant. In this section, we consider the case of no damping (a ¼ 0) for
simplicity.

Back to the domain-wall solution of Eq. (4), suppose a magnetic field B ¼
(0, 0, �B) is applied along the easy axis. It is represented by the additional term

HB ¼ �g0h
�B
X

i

Si;z ð6Þ

in the Hamiltonian. Then, what happens for spins? Since the spins in the domain
wall are not parallel to the field B, they will precess around B, that is, around the

Heff

a = 0 a > 0

Heff

FIGURE 3 Dynamics of a single spin (or precisely, magnetic moment [16]) in an effective field

Heff. (A) Without damping. (B) With damping. As for the direction of motion, please note Ref. [16].
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easy axis (see Fig. 4B); therefore, they deviate from the easy (xz-) plane and acquire
a hard-axis component, Sy. The associated energy increase is given by

E⊥ ¼ 1

2
K⊥S

2
y ð7Þ

per spin. Then the spins feel an effective field [19]

Hy ¼
1

g0h
�
@E⊥
@Sy

¼ 1

g0h
� K⊥Sy ð8Þ

in the hard-axis direction, and will precess around this field (Fig. 4C). Namely, the
spins in the domain wall rotate in the easy plane, and this is nothing but the
translational motion of the domain wall. The direction of the translation is, as
you see, in the correct direction, so that the magnetization occurs in the correct
direction.

Let us describe these processes a little more quantitatively. First, the applied B
induces a rotation around the easy axis. If we denote the rotation angle by f0, it
obeys the equation

_f0 ¼ �g0B: ð9Þ
Now we have finite f0 (hence finite Sy ¼ S sin f0), and the associated increase in
energy, E⊥ ¼ 1

2K⊥S
2 sin2f0, due to hard-axis anisotropy. This causes a torque

z

X−x

y (hard axis)

B

X + ΔX

y

y

(easy axis)

Hy

A

B

C

− f
0

FIGURE 4 Dynamics of spins (actually, arrows shown here are magnetic moments rather than

spins [16]) in the domain wall under applied magnetic field B ¼ (0, 0, �B). Spins in the domain

wall rotate around the applied field (A), deviate from the easy plane (B) and rotate around the hard

axis (C). As a whole, the domain wall makes a translational motion.
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Tz ¼ � @E⊥
@f0

¼ �K⊥S
2 sinf0 cosf0 ð10Þ

in the easy-axis direction, and this torque induces a change of Sztot ¼
P

i S
z
i , which

is nothing but the domain-wall motion. This process is quantified as

A _X

a3
2h�S ¼ �N

1

2
K⊥S

2 sin2f0

� �

ð11Þ

or

_X

l
¼ �K⊥S

2h�
sin 2f0; ð12Þ

where l ¼ a
ffiffiffiffiffiffiffiffi

~J=K
q

is the domain-wall width [see Eq. (22)], and N ¼ 2Al/a3 is the
number of spins in the wall. In Eq. (11), the left-hand side represents the change
of angular momentum Sztot per unit time, and the right-hand side represents
a torque acting on N spins [20]. Equations (9) and (11) [or Eq. (12)] describe
the domain-wall motion under B applied in the easy-axis direction. The for-
mer equation (9) corresponds to the x-, y-components of Eq. (5), and the latter
equation (11) corresponds to the z-component, with [21]

Heff ¼ Bþ 1

g0h
�
@E⊥
@S

: ð13Þ

In Eq. (9), the magnetic field B appears on the right-hand side, which is essentially
the force in the particle picture [see Eq. (2)]. According to Newton’s equation of
motion, it should be equal to the time derivative of “momentum”. In this sense,
f0may be regarded as a momentum of the domain wall [22]. In fact, if jf0j� 1, we
may linearize the sine-term of Eq. (12) as _X ’ �ðK⊥Sl=h�Þf0, and see that f0 is
proportional to _X, the domain-wall velocity. From the coefficient, one may read
the mass of the domain wall as [23]

Mw ¼ h�2N

l2
1

K⊥
: ð14Þ

This is the inertial mass, known as the Döring mass [17, 24]. This shows
a remarkable property of a domain wall that it has inertia. Even if there is
no force (B ¼ 0) applied, there is a moving solution, f0 ¼ constant and
_X ¼ constant 6¼ 0 (if there is no damping as assumed here). For jf0j� 1, the
energy increase associated with f0 (hence _X) is written as

NE⊥ ’ 1

2
Mw

_X
2
; ð15Þ

and the equation of motion takes the form of Eq. (3).
It is noted that Mw is inversely proportional to K⊥; if K⊥ ¼ 0, the mass Mw

is divergent, and the domain wall cannot move even if it feels a force. This is
a consequence of the conservation of angular momentum Sztot [25, 26]. Thus,
K⊥ works as a source of angular momentum, and, in this sense, K⊥ assists the
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domain-wall motion. This feature is characteristic to the field-driven (or more
generally, force-driven) motion. Later, we shall see that K⊥ tends to prevent the
domain-wall motion if it is driven by the spin-transfer effect.

2.1.3. Lagrangian formulation
Now, we proceed to a little more theoretical treatment and put the analysis into
Lagrangian formalism. The Lagrangian formalism is a very convenient method to
focus on a few degrees of freedom (such as X and f0) out of many degrees of
freedom. But let us start with a single spin.

The equation of motion of a single spin is given by the LLG equation (5). Apart
from the damping term, it is derived from the Lagrangian [16],

L ¼ h�S _fð cosy� 1Þ � g0h
�S �B� Vaniðy;fÞ; ð16Þ

with Heff ¼ Bþ ð1=g0h�Þð@Vani=@SÞ in Eq. (5). We have parametrized the spin
orientation as

SðtÞ ¼ Sðsiny cosf; siny sinf; cosyÞ; ð17Þ
where y ¼ y(t) and f ¼ f(t) are dynamical variables. (We assume S is constant.)
In Eq. (16), the first term is the kinetic term; this form is known as the spin Berry
phase in quantum mechanics [27, 28]; it is important also in classical mechanics
in that it leads to the equation of motion characteristic to the angular momentum.
(In the present study, we treat the magnetization and domain wall as classical
objects.) One can check that the Euler–Lagrange equations

d

dt

@L

@ _q
� @L

@q
¼ 0 ð18Þ

for q ¼ y and q ¼ f, lead to Eq. (5) with a ¼ 0.
The Euler–Lagrange formalism does not include damping effects: it conserves

energy (if L is not explicitly time dependent). The damping can be included by the
Rayleigh’s method [29]. With a so-called dissipation function

W ¼ a

2

h�

S
_S
2 ¼ a

2
h�Sð _y2 þ sin2y _f

2Þ; ð19Þ

the Euler–Lagrange equation is now modified as

d

dt

@L

@ _q
� @L

@q
¼ � @W

@ _q
: ð20Þ

One can show that dH/dt ¼ �2W, where H ¼ _qð@L=@ _qÞ � L is the Hamiltonian;
therefore, the quantity 2W has a physical meaning as the energy dissipation rate
[30]. Equation (20), with (16) and (19), then reproduces the full equation (5).

It is straightforward to extend the above description for a single spin to many-
spin systems. Here, we restrict ourselves to spin configurations which are slowly
varying in space and time, and adopt a continuum description, Si(t)! S(r, t), and
write it as Eq. (17) with y ¼ y(r, t) and f ¼ f(r, t) now describing spin configura-
tions in a continuum space r and time t. The Lagrangian is then given by
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LS ¼

Ð

d3x

a3

�

h�S _fð cosy� 1Þ þ g0h
�BS cosy

� S2

2
fJððryÞ2 þ sin2yðrfÞ2Þ þ sin2yðK þ K⊥ sin2fÞg

�

;

ð21Þ

where J ¼ ~Ja2.
We now restrict ourselves to a fixed magnetization profile representing a

single domain wall [31–33]. The Euler–Lagrange equation derived from Eq. (21)
has a static domain-wall solution y ¼ ydw(x � X), f ¼ 0, where

cosydwðxÞ ¼ � tanhðx=lÞ; ð22Þ
or sinydwðxÞ ¼ ð coshðx=lÞÞ�1, and X is a constant. (We consider an effectively
one-dimensional magnet, and neglect transverse variations.) We then “elevate”
the domain-wall position X to a dynamical variable and allow its time depen-
dence, X ¼ X(t). Using this domain-wall solution in Eq. (21), we obtain the
Lagrangian for a “rigid” domain wall as

Ldw ¼ � h�NS

l
_Xf0 �

1

2
K⊥NS2 sin2f0 	 FBX � VpinðXÞ; ð23Þ

up to total time derivative. Here

f0ðtÞ 

ð

dx

2l
fðx; tÞ sin2ydwðx� XðtÞÞ ð24Þ

is essentially the angle f(x, t) at the domain-wall centre. We have introduced a
pinning potential Vpin(X) for the domain wall coming from spatial irregularities of
the sample. The first term of Eq. (23) means that, except for a proportionality
constant, X and f0 are canonical conjugate to each other; namely, f0 is the
canonical momentum conjugate to X. We have noted this fact before by an
intuitive argument, but now have shown it mathematically [33]. Similarly, the
dissipation function becomes

Wdw ¼ ah�S
A

a3

_X
2

l
þ l _f

2

0

 !

: ð25Þ

Taking variations with respect to X and f0, respectively, we obtain the equations
of motion for a domain wall as follows:

h�NS

l
� _f0 þ a

_X

l

 !

¼ 	FB þ Fpin; ð26Þ

h�NS

l
ð� _X � al _f0Þ ¼

NS2K⊥
2

sin2f0: ð27Þ

These equations (especially, with the lower sign [34]) are equivalent to Eqs (9) and
(11), but now include damping effects. The magnetic field acts as a force,
FB ¼ g0h

�ðNS=lÞB [Eq. (2)], and promotes f0 (i.e. spin rotation around the easy
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axis), and the hard-axis anisotropy K⊥ acts as a torque and drives X (i.e. transla-
tion of the domain wall). If the system is not spatially uniform, we have a pinning
force Fpin ¼ �ð@Vpin=@XÞ. Note that X and f0 have opposite time-reversal pro-
perties, and their mixing (a-terms) means breaking of time-reversal symmetry
and leads to damping. For jf0j� 1, Eqs (26) and (27) reduce to Eq. (3) with
� ¼ aðh�NS=l2Þ [35].

2.2. Current-driven domain-wall motion

In the previous section, we have reviewed the domain-wall motion driven by a
magnetic field. The contents presented there will be well-known results; in partic-
ular, the theoretical descriptions are equivalent to the LLG equation under the
constraint that the magnetization profile is fixed to that of a single domain wall
(hence a rigid wall). In this section, we proceed to the main topic of current-driven
domain-wall motion [36–51]. We introduce the effect of electric current (due to
conduction electrons) into the same formalism. We treat conduction electron and
magnetization degrees of freedom as mutually independent [52]. In the following,
“magnetization” means that of localized spins. Also, we refer to conduction
electrons simply as “electrons”.

2.2.1. Interaction of domain wall and electron flow: An intuitive picture
How does the electric current affect the domain-wall motion? The relevant micro-
scopic interaction is the s–d exchange interaction

Hsd ¼ �Jsd

ð

d3xSðrÞ�sðrÞ ð28Þ

between localized spins S(r) and electron spins. Here, sðrÞ ¼ c{ðrÞscðrÞ represents
(twice) the spin density of conduction electrons, with c{ ¼ ðc{"; c

{
#Þ being the elec-

tron creation operator. There are certainly other possible effects, such as hydro-
magnetic or electromagnetic, but they are ineffective in small or thin systems [6],
or can be excluded experimentally.

The s–d interaction affects the domain-wall motion in two different ways. One
is the momentum transfer, or force, and the other is the spin transfer, or torque.

Consider a metallic ferromagnet containing a single domain wall, and suppose
there is an electron flow from left to right (Fig. 5). If an electron is reflected by
the domain wall, its momentum is changed (Fig. 5A). This process acts as a force

A B

FIGURE 5 Two effects of electric current on the domain wall via the s–d exchange interaction.

(A) Reflected electron has transferred linear momentum to the domain wall. (B) Adiabatically

transmitted electron has transferred spin angular momentum to the domain wall.
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on the domain wall by transferring the linear momentum from the electron to the
domain wall. (Note that the s–d interaction (28) is translationally invariant and
conserves the total momentum of electrons and magnetization.) This force is
proportional to the charge current, j, and domain-wall resistivity, rw, as we will
show later.

On the other hand, if the electron is transmitted through the domain-wall
adiabatically, namely, by keeping its spin direction closely parallel to the local
magnetization, the spin angular momentum of the electron is changed (Fig. 5B).
This process acts as a torque on the domain wall by transferring the spin angular
momentum from the electron to the domain wall. (Note that the s–d interaction
(28) also conserves the total spin angular momentum of the electrons and magne-
tization.) In other words, this change of the electron spin should be absorbed by
the magnetization, leading to a translational motion of the domain wall. This
torque can be shown to be proportional to the spin current, js, in the adiabatic
limit. This is the spin-transfer effect; a conduction electron exerts a (spin-transfer)
torque on the domain wall. These two effects were originally found by Berger long
ago [5, 6, 8]. The spin-transfer effect is now familiar through recent studies on
multilayer or pillar systems [3, 4].

These two effects enter the equations of motion as follows [34]:

h�NS

l
_f0 þ a

_X

l

 !

¼ Fel þ FB þ Fpin; ð29Þ

h�NS

l
ð _X � al _f0Þ ¼

NS2K⊥
2

sin2f0 þ Tel;z; ð30Þ

where Fel is the force and Tel,z is the torque, both from electrons [8, 53]. One might
easily convince oneself that the force Fel from electrons appears in the equations in
exactly the same way as the other forces (FB and Fpin) already considered. As for
the torque Tel,z, we may understand it as follows.

Suppose a spin current Is (in unit of h�=2, the dimension being, e.g. [Ampere]) is
flowing in the left far region to the domain wall. In the adiabatic case, the spin
current flowing in the right far region to the domain wall is given by �Is. Since
the change of angular momentum of a single electron is h� after a passage through
the domain wall, the total angular momentum of electrons is changing at a rate
h�Is=ð�eÞ, which is transferred to the domain wall, and acts as a torque

Tel;z ¼ � h�

e
Is ð31Þ

on the domain wall. This torque is now added to the right-hand side of Eq. (11),
leading to Eq. (30).

To derive the expression of the force, consider a situation that the electrons are
accelerated by an applied electric field E, and a steady-current state is maintained
by reflections from the domain wall. We assume that only the domain wall
scatters electrons. Then, the electrons acquire momentum �eNelE per unit time
(Nel is the total number of electrons and e > 0 is the elementary charge), which is
nothing but the force, and the whole of this momentum is released to the domain
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wall under the stationarity condition assumed here. Thus the domain wall feels a
force Fel ¼ �eNelE from the electrons. The current density j is related to E as

E ¼ rwj ð32Þ
via the resistivity rw due to a single domain wall. By eliminating E from these two
relations, we obtain

Fel ¼ �eNerwj: ð33Þ
For thick walls as realized in metallic wires, the reflection probability (or domain-
wall resistivity) will be vanishingly small, and the spin-transfer effect will be the
dominant driving mechanism. (It turns out that this is not the case for AC current
[42].) The momentum-transfer effect is considered to be effective only for thin
walls, as in nanocontacts and possibly in magnetic semiconductors. However, as
described in Section 2.2.3, it should also be noted that there is another contribution
to the force from spin-relaxation processes, which can be effective even for thick
walls.

2.2.2. Mathematical derivation
Mathematically, what is new compared to the field-driven case is the s–d
exchange term Hsd. Supplementing the electron part by, for example, that of a
free-electron system

L0el ¼
X

k

c{kðih�@t � ekÞck ð34Þ

with ek ¼ h�2
k2=2m, we consider the total Lagrangian Ltot ¼ Ldw þ L0el �Hsd, and

derive the equations of motion by taking variations with respect to X and f0.
The s–d coupling introduces two new terms into the equations of motion [53].

One comes from the X derivative, which is force

Fel 
 � @Hsd

@X

� �

¼ �Jsd

ð

d3xrxSdwðx� XÞ�hsðxÞine; ð35Þ

where Sdw(x) is the domain-wall spin configuration and hs(x)ine represents spin
density of electrons under the current and/or a moving domain wall. The other
comes from the f0 derivative, which is torque (force on �f0)

Tel;z 
 þ @Hsd

@f0

� �

¼ �Jsd

ð

d3x½Sdwðx� XÞ � hsðxÞine�z: ð36Þ

As seen above, the torque Tel,z is proportional to the spin current flowing in the
bulk (far from the domain wall) in the adiabatic case.

The force comes from the gradient of magnetization; electrons are scattered by
this spatial non-uniformity, and there occurs an exchange of linear momentum
between electrons and the domain wall. The torque comes from the mismatch
in direction between the domain-wall magnetization and electron spin polariza-
tion; they precess around each other, and exchange spin angular momentumwith
each other.
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Force and torque both vanish if there is no current (and if the domain wall is at
rest). They can be finite if there is a current (or the domain wall is in motion).
In this sense, the calculation of force and torque resembles that of transport
coefficients, and we can use the techniques developed for transport coefficients,
such as those named after the great physicists, Boltzmann, Kubo, Landauer,
Keldysh and others. We will outline some calculations based on the Kubo formula
in the next section.

The equations of motion are obtained as Eqs (29) and (30). These equations are
directly obtained from the effective Lagrangian

Leff ¼ � h�NS

l
X _f0 �

1

2
K⊥NS2 sin2f0 þ ðFB þ FelÞX � Tel;zf0 � VpinðXÞ; ð37Þ

together with the dissipation function (25). Among others, there is a direct linear
coupling between f0 and spin current (or spin-transfer torque, Tel,z). As noted in
Section 2.2.3, the spin S in the first term of Eq. (37) gets renormalized to Stot¼ Sþ dS
with dS being the contribution from conduction electrons (see also Section 3.1).

2.2.3. Supplementary remarks
In deriving the expressions (31) and (33), for the torque and the force, we have
considered an idealized situation that there are no spin- and momentum-relaxa-
tion processes in the electron system. This is certainly not the case in real systems.
The effect of spin- and momentum-relaxation processes will be examined in the
next section in the more general framework of the LLG equation. According to
that, the spin-transfer torque (31) is not modified by the normal impurities
(momentum-relaxation process) and weak magnetic impurities (spin-relaxation
process) [Eq. (88)]. On the other hand, we will see that spin-relaxation process will
induce a new type of current-induced torque, called b-term [see Eq. (90)], which
acts as a force

Fb ¼ �b
h�

2e
js
Na3

l2
¼ b

h�SN

l2
ns ð38Þ

on a rigid wall. Here, js ¼ Is/A is the spin-current density, ns ¼ �(a3/2eS)js is
the corresponding drift velocity and b is a dimensionless parameter character-
izing the degree of spin relaxation. The current-induced force thus consists of
two contributions, Fel ¼ Fb þ Fna, where we have written the right-hand side of
Eq. (33) as Fna (the subscript “na” means non-adiabatic). The spin-relaxation
process also gives an additional contribution to the Gilbert damping. These issues
will be elucidated systematically in the next section (Section 3).

Actually, even in the absence of spin- and momentum-relaxation processes,
the coupling to electrons modifies Eqs (29) and (30) in one more way. Namely, it
modifies the magnitude of spin from that of the localized spin, S, to the total one,
Stot ¼ Sþ dS, where dS is the contribution from conduction electrons. This applies
to the coefficients of _f0 and _X on the left-hand side of Eqs (29) and (30). Let us see
their physical implications.

In the above argument that led to Eq. (31), we should have been a little more
careful about the fact that, when the domain wall is moving, the spin current
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flowing into the domain wall is modified. To see this, let us write the spin-current
density as �e

P

ssnsns ¼ �eðn"n" � n#n#Þ, where ns and ns are the density and
drift velocity of spin-s electrons, respectively. When the domain wall is moving,
ns should be measured relative to the domain-wall velocity, _X, hence the effective
spin-current density seen by the domain wall is given by �e

P

ssnsðns � _XÞ, and
the above torque (31) is modified to

Tel;z ¼ � h�

e
Is �

h�N

l

1

2
a3rs

� �

_X; ð39Þ

where rs ¼
P

ssns ¼ n" � n# is the electron spin density. If the second term of
Eq. (39) is transposed to the left-hand side of Eq. (30), it amounts to renormalize
the spin S in the coefficient of _X to

Stot ¼ Sþ 1

2
a3rs: ð40Þ

This effect is expressed as the renormalization S ! Stot in the first term of the
effective Lagrangian (37). Therefore, the factor S in front of _f0 of Eq. (29) should
also be modified to Stot. It is thus concluded that a similar term should appear also
in the force, Eq. (33), as

Fel ¼ �eNerwj�
h�N

l

1

2
a3rs

� �

_f0: ð41Þ

The second term can be obtained if we replace Eq. (32) by

E ¼ rwjþ
V0

L
; ð42Þ

where L is the length of the wire, and

V
0 ¼ h�

e
� rs
n

_f0 ð43Þ

with n ¼ n" þ n# being the electron density. Equation (42) indicates that the
domain-wall motion (with _f 6¼ 0) is accompanied by a voltage generation, or the
electromotive force, V0. This voltage V0 may be considered as originating from
the more fundamental “spin motive force” or “spin voltage”

Vs ¼
h�

e
_f0 ð44Þ

associated with the domain-wall motion. The two quantities are mutually related
via V0 ¼ hsiVs with hsi ¼ ðn" � n#Þ=ðn" þ n#Þ ¼ rs=n being the s-electron spin
polarization [54].

Berger predicted the existence of motive force V ¼ ðh�=eÞ _f0 from the analogy
to the Josephson effect in superconductors [7]. His motive force is, however, in
the charge channel, in contrast to the spin motive force of Eq. (44) in the spin
channel. The concept of motive force associated with time-dependent inhomoge-
neous magnetic (spin Zeeman) field was also proposed by Stern [55] through the
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study of the (time-dependent) Berry’s phase, and discussed recently by
Barnes et al. [54, 56] again in the context of domain-wall motion, which are
followed by further theoretical studies [57–61]. Detecting the spin motive force
is currently an experimental challenge [62]. Conceptually, the same phenomenon
(“spin battery”) had been proposed in ferromagnet/normal metal junction
systems [63].

2.3. Dynamics

In this section, we study the dynamics of a domain wall on the basis of Eqs (29)
and (30). We introduce a pinning potential (see the inset of Fig. 6A)

Vpin ¼ NV0

x2
ðX2 � x2ÞYðx� jXjÞ: ð45Þ

Here, Y(x) is the Heaviside step function, V0 is the pinning strength and x is the
pinning range. We rewrite Eqs (29) and (30) in the form

_f0 þ a
_X

l
¼ f � npin

X

l
Yðx� jXjÞ; ð46Þ

_X

l
� a _f0 ¼ k⊥ sin 2f0 þ ns; ð47Þ

where all parameters, except for a, have dimensions of frequency: npin ¼ 2V0=h
�S,

k⊥ ¼ SK⊥=2h
� , ns ¼ Tel;z=ðh�NSÞ ¼ �Is=ðeNSÞ and f ¼ ðl=h�NSÞðFel þ FBÞ. Explicitly,

we have

f ¼ b
0 n

l
þ g0B ð48Þ

X

f0

A B
V0

f th

X

jsK λj
s
th0fW

2ξ

NV0

αK

FIGURE 6 Time-averaged domain-wall velocity, h _Xi. (A) Force-driven case. As a function of

f ¼ ðl=h�NSÞF , where F ¼ Fel þ FB is the driving force. Inset illustrates model pinning potential.

(B) Current-driven case. As a function of spin-current density js. The dotted line represents

h _Xi ¼ vs corresponding to the case of complete spin transfer (K⊥ ¼ 0).
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with

b
0 ¼ b

P

2S
þ bna; ð49Þ

bna ¼
e2nl

2h�S
RwA; ð50Þ

where P ¼ js/j is the degree of spin polarization of the current, and we defined
n 
 �(a3/e)j. Note that the effects of (easy-axis) magnetic field, momentum
transfer (�bna), and the b-term enter the equation through f defined above.

2.3.1. Dynamics driven by force
First, we study the domain-wall dynamics driven by force by setting ns ¼ 0.

In the absence of a pinning potential (npin ¼ 0), Eqs (46) and (47) have a
stationary solution describing a moving domain wall with constant velocity
_X ¼ lf=a and constant f0 (i.e. _f0 ¼ 0). The value of f0 is determined by Eq. (27).
This stationary solution exists only if j _Xj < k⊥l, namely, jf j < ak⊥ 
 fW. For |f| >
fW, f0 also becomes time dependent, and the wall motion acquires oscillatory
components. This is known as the Walker breakdown.

In the presence of a pinning potential, the domain wall is pinned below the
threshold f th ¼ npinx/l. This corresponds to the threshold field, g0B

th ¼
2V0x=ðh�SlÞ, or the threshold (charge) current,

jth ¼ e

a3
� 2V0

h�S
� x
b

0 ; nth ¼ 2V0

h�S
� x
b

0 : ð51Þ

The domain-wall velocity as a function of force (B or j) is shown in Fig. 6A.

2.3.2. Dynamics driven by spin transfer
Next, we focus on the spin-transfer effect by setting f ¼ 0. We consider only the
case of DC current, and assume ns is time independent. (This also includes the case
of a pulsed current.)

We first consider the case without pinning potential, npin ¼ 0. In Eq. (47), the
spin-transfer torque enters as a source to the domain-wall velocity _X; it tries to
drive k⊥ directly. However, there is also a hard-axis anisotropy (k⊥) term, which
tends to absorb the transferred angular momentum. In fact, if |ns| is smaller than
k⊥, spin transfer ns is completely absorbed by the k⊥-term, that is, transferred to
the lattice, and is not used for the translational motion ( _X) of the domain wall:
domain wall is apparently pinned and not driven to a stream motion even in the
absence of any extrinsic pinning potential [53]. This is called intrinsic pinning.

The time dependence of X and f0 are shown in Fig. 7A. The domain wall
approaches a static state with finite displacements of X and f0. If |ns| exceeds k⊥,
the domain wall moves with constant average velocity h _Xi with oscillating com-
ponents superposed (Fig. 7B). This oscillation is due to the alternating exchange of
angular momentum between X and f0 degrees of freedom. (f0 also varies with
some constant average angular velocity h _f0i, which is smaller than h _Xi by a factor
of a.) Therefore, for the domain-wall motion driven by the spin-transfer effect,
there is a finite threshold spin current,
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jthð1Þs ¼ eS2

a3h�
K⊥l; nthð1Þs ¼ S

2h�
K⊥l ¼ k⊥l; ð52Þ

essentially determined by K⊥. This threshold is finite even if there is no pinning
potential. This is intrinsic pinning due to K⊥. Here, K⊥ tends to prevent the
domain-wall motion by absorbing the transferred spin angular momentum, in
contrast to the force-driven case, where, as we have seen before, K⊥ helps the
domain-wall motion by supplying angular momentum. Above the threshold, the
time-averaged domain-wall velocity is given by (Fig. 6B)

h _Xi ¼ 1

1þ a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2s � ðnthð1Þs Þ2
q

: ð53Þ
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FIGURE 7 Time dependence of X/l and f0 under spin current ns, without pinning potential

npin ¼ 0 (A, B) and with pinning potential npin > 0 (C, D), for k⊥ ¼ 0:5, x ¼ l and a ¼ 0.1. (A) Below

the threshold j
thð1Þ
s (ns < k⊥; ns ¼ 0.1). (B) Above the threshold j

thð1Þ
s (ns > k⊥ ; ns ¼ 1). (C) Below j

thð1Þ
s ,

pinned regime (ns < k⊥ ; ns ¼ 0.1, npin ¼ 0.1). (D) Above j
thð1Þ
s , and close to but slightly above j

thð2Þ
s

(ns > k⊥ ; ns ¼ 0.977, npin ¼ 10), the depinning is seen. For a more realistic value of a ¼ 0.01,

characteristic features of the domain-wall motion are modified as follows. (A, B) Time scale for

both X and f0 becomes longer in proportion to a�1. Magnitude of X is enhanced (/ a�1) according

to _X=l ¼ �a�1�f0. (C) Decay time becomes long (�a�1) whereas the oscillation period (Dt� 20) is

unchanged, therefore, X and f0 oscillate many times (�30–40) before the decay. (D) The

oscillation amplitude of X in the pinned state is much reduced.
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We next consider the case with extrinsic pinning potential, npin > 0. For jnsj < k⊥,
after the initial transient period with oscillatory behaviour, the domain wall is
eventually pulled back to the pinning centre (X¼ 0) and f0 approaches a constant
value (Fig. 7C). For jnsj > k⊥, the domain wall makes a finite displacement DX and
oscillates around the mean position (Fig. 7D). This is the (extrinsically) pinned
state. In this pinned state, transferred spin is solely used to drive f0, and f0 con-
tinues to vary rapidly. Here, AC noise or electromagnetic radiation may be
expected due to this f0 motion. If X happens to “step over” the pinning range,
the domain wall is depinned. After depinning, the f0-motion slows down, and the
transferred spin is mainly used for the translational motion of the domain wall.

Let us examine the depinning condition for the latter case (Fig. 7D). In the
pinned state ( _X � 0), the average displacement may be estimated from Eq. (46) as
DX � �l _f0=npin, whereas _f0 � �ns=a from Eq. (47). The condition for depinning,
jDXj > x, thus leads to the second threshold

jthð2Þs ¼ 4e

a3h�
aV0x; nthð2Þs ¼ 2

h�S
aV0x ¼ anpinx ð54Þ

for the spin-current density js.
The actual threshold spin-current density jths is given by the larger of j

thð1Þ
s and

j
thð2Þ
s . Since j

thð2Þ
s contains a factor of a, which is considered to be very small (�0.01),

jths will be determined by the hard-axis anisotropy if the pinning potential is not
extremely strong [53]. For this case, the time-averaged domain-wall velocity h _Xi is
plotted as a function of spin current js in Fig. 6B.

So far, experimental studies on the domain-wall motion have been focussed on
the X motion. It will be interesting to detect the motion of f0 as well.

2.3.3. Dynamics driven by both spin transfer and force
We have seen that, even in the absence of extrinsic pinning (V0 ¼ 0), there exists a
threshold current density for the domain-wall motion if it is driven solely by the
spin-transfer effect. This threshold is due to the hard-axis anisotropy, and is called
of intrinsic origin. This intrinsic pinning is expected to be removed by any small
amount of force (momentum-transfer effect, or the b-term), but then the extrinsic
pinning will play essential roles [64–66].

Threshold current for depinning as a function of pinning strength is shown in
Fig. 8A. It reveals several depinning mechanisms depending on the following
parameter regimes:

(I) Weak pinning regime ð~O < Oð1ÞÞ: ~jc grows with ~O.
(II) Intermediate regime ðOð1Þ < ~O < Oða�1=2ÞÞ: ~jc ’ constant ’ 0:7� 0:8.

(III) Strong pinning regime ð~O > Oða�1=2ÞÞ: ~jc / ~O
2 / V0.

As seen from Fig. 8A, the b0 affects ~jc only in regime I, which can be further
divided into two subregimes:

(I-a) Small b
0
=~O : ~jc / ~O /

ffiffiffiffiffiffi

V0

p
.

(I-b) Large b
0
=~O : ~jc / ~O

2
=b

0 / V0=b
0
.

In regime I, f0 does not grow because of low current, and the dynamics is
described by X. In regime I-a, b0 is negligible and the depinning is due to spin
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transfer. Namely, spin-transfer term gives a finite velocity, _X ¼ nsl ¼ ns [see
Eq. (47)], to the wall, and if the corresponding kinetic energy 1

2Mwn
2
s exceeds

NV0, the domain wall will be depinned. This determines the third threshold:

jthð3Þs ¼ 2eSl

a3h�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2K⊥V0

p

; nthð3Þs ¼ l

h�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2K⊥V0

p

: ð55Þ

In regime I-b, the depinning is governed by the force, and the corresponding
threshold current is given by Eq. (51).

Dynamics in regimes II and III are determined by f0. In regime II, the depin-
ning is due to spin transfer, but the terminal velocity is determined by b0. The
depinning mechanism here is the same as that discussed around Eq. (52), but the
lowering of jc by a factor of 0.7–0.8 is due to the b0-term eliminating the intrinsic
pinning. This is the reason why jc looks different for b

0 ¼ 0 and b0 6¼ 0 in Fig. 8A.
The regime III corresponds to the strong pinning regime already studied; the
threshold is given by Eq. (54). In both regimes II and III, the depinning is due to
the spin-transfer effect, and b0 does not affect the threshold current.

The domain-wall velocity after depinning is shown in Fig. 8B. It is noted that
the wall velocity at the extrinsic threshold is discontinuous. This is because the
wall as soon as depinned feels a tilted potential due to b0 and has finite velocity.
The velocity jump is estimated as

DnIa ¼ b
0

a

2S

P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2K⊥V0

p

h�
l; ð56Þ

DnIb ¼ 1

a

SV0

h�
l2

x
ð57Þ

for regime I-a and regime I-b, respectively.
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FIGURE 8 (A) Threshold current as a function of pinning frequency. Both quantities are given in

dimensionless forms: ~j ¼ ða3=encÞj for current density j, and ~O ¼ Ol=nc for pinning frequency O

defined by NV0 ¼ 1
2
MwO

2. (B) Time-averaged domain-wall velocity as a function of (dimensionless)

current density,~j, for ~O ¼ 0:5 and a ¼ 0.01. A jump in wall velocity is seen at the threshold~j ¼~jc
(except for b0 ¼ 0). Crossover from regime I-a (~jc � ~O=b

0
) to regime I-b (~jc � ~O) is seen near

b0 � ~O=4 � 0:1. After Ref. [66].
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The wall velocity above the threshold is given by

h _Xi ¼ b
0

a
n ðn > naÞ; ð58Þ

h _Xi ¼ b
0

a
n� n

1þ a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� na

n

	 
2
r

ðn > naÞ; ð59Þ

where n¼�(a3/e)j (as before) and na ¼ n
thð1Þ
s =jðP=2SÞ � ðb0

=aÞj. The na corresponds
to the Walker breakdown above which f0 increases with time continuously.

2.3.4. Discussion
The present description in terms only ofX and f0 out of many degrees of freedom,
called “collective-coordinate” description, will be a good approximation if the
energy scale of the domain-wall motion (� K⊥, V0) is much smaller than the
lowest energy of any other modes. The latter may be estimated as the spin-wave

gap � S
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KðK þ K⊥Þ
p

(see Section 4.2). Thus, a necessary condition is K⊥ � K.
The present analysis assumes a wall structure which is uniform in the width

direction (called transverse wall), and applies to thin wires (one-dimensional
limit). For wider wires, the wall contains a vortex as the most stable structure
(called vortex wall [65]), and actually most experiments are done with such vortex
walls [41, 45–51]. While the present analysis loses justice for such vortex walls,
proper interpretation of the vortex motion in terms of f0-motion reveals a
surprising usefulness of the present “one-dimensional model”, as pointed out in
micromagnetic simulations [67] and in experiments [47–51].

2.3.5. Further references
The analysis presented above applies to absolute zero temperature. Effects of
finite temperature (thermally assisted process) are studied in Refs [68, 69].
Creep-like motion below the threshold is suggested experimentally in magnetic
semiconductors [44], whose behaviour was recently explained in Ref. [70]. Ana-
lytical treatment of vortex walls is attempted in Ref. [71].

As for spin torques, effects of non-adiabaticity on the spin-transfer torque is
studied in Ref. [72]. Conduction electrons are numerically treated with full
account of non-adiabaticity in a mesoscopic system in Ref. [73].

3. MICROSCOPIC CALCULATION OF SPIN TORQUES

In this section, we describe the present theoretical status of the microscopic
derivation of spin torques. We focus on magnetization dynamics which is slowly
varying in space and time, as described by the LLG equation. Here “slow” means
slow compared to the electronic scales, so it is satisfied quite well in most cases
for metallic systems. Throughout this section, we consider general spin texture
(magnetic configurations).

208 H. Kohno and G. Tatara



3.1. General

The LLG equation is given by

dM

dt
¼ g0Heff �Mþ a0

M
M� dM

dt
þ Tel; ð60Þ

in terms of magnetization vector M. The first term on the right-hand side repre-
sents precessional torque around the effective field Heff, with g0 being the gyro-
magnetic ratio. The effective field includes the ferromagnetic exchange (gradient
energy) field, the magnetocrystalline anisotropy field and the demagnetizing
field. The second term represents the Gilbert damping, coming from processes
which do not involve conduction electrons, and is thus present even in the
insulating ferromagnets. The effects of conduction electrons are contained in the
third term, Tel, called spin torque in particular. This term comes from the s–d
exchange coupling Hsd to conduction electrons, and is given by

Tel ¼ �MnðrÞ � hsðrÞine: ð61Þ

For notational convenience, we introduce a unit vector, n, whose direction is in the
d-spin direction, hence is opposite to magnetization direction,

M ¼ �g0
h�S

a3
n: ð62Þ

Note that the magnetization is, by definition, the magnetic moment per unit
volume, hence jMj ¼ g0h

�S=a3. In terms of n, the LLG equation is written as

_n ¼ g0Heff � nþ a0 _n� nþ t0el; ð63Þ

where we have put TelðMÞ ¼ �ðh�S=a3Þt0elðnÞ. The dot represents time derivative.
For long-wavelength, low-frequency dynamics, it may be sufficient to consider

spin torques which are first order in space/time derivative. Let us call such
torques as adiabatic torques. In the presence of rotational symmetry in spin space,
they are expressed as

t
00

ad ¼ �ðv0s �rÞn� bsrn� ðv0s �rÞn� asrðn� _nÞ � dS

S
_n: ð64Þ

The first term on the right-hand side is the celebrated spin-transfer torque [74–78],
where

v0s ¼ � a3

2eS
js ð65Þ

is the (unrenormalized) “spin-transfer velocity”, with js being the spin-current
density. The second term, sometimes called “b-term”, comes from spin-relaxation
processes of electrons [64, 65, 79–84]. Here, bsr is a dimensionless constant. The
third term is the Gilbert damping, which also results from spin relaxation of
electrons. The fourth term contributes as a “renormalization” of spin, as seen
below.
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If the magnetization varies rapidly in space, we have in addition a non-adiabatic
torque, t0na, which is oscillatory and non-local (see Section 3.3). The total torque
may thus be given by the sum of the two:

t
0

el ¼ t
00

ad þ t
00

na: ð66Þ

The LLG equation (63) is then written as

1þ dS

S

� �

_n ¼ g0Heff � n� ðv0s �rÞn� bsrn� ðn0s �rÞn� ða0 þ asrÞn� _nþ t
00

na: ð67Þ

Here, we have transposed the “spin renormalization” term to the left-hand side.
We define the total (“renormalized”) spin as

Stot ¼ Sþ dS; ð68Þ
with dS being the contribution from conduction electrons, and divide both sides
of Eq. (67) by Stot/S. Then we arrive at

_n ¼ gHeff � n� ðvs�rÞn� bn� ðvs�rÞn� aðn� _nÞ þ t
0

na; ð69Þ

where g ¼ ðS=StotÞg0, a ¼ ðS=StotÞða0 þ asrÞ, b ¼ bsr, t
0
na ¼ ðS=StotÞt0

0
na and

vs ¼
S

Stot
v0s ¼ � a3

2eStot
js; ð70Þ

is the “renormalized” spin-transfer velocity. Thus, within the LLG equation of
Eq. (69), the current-driven dynamics is specified by the parameters, ns, a and b,
and a functional t

0
na of n [85].

In the parameter space of the LLG equation, the manifold of a ¼ b (with
t

0
na ¼ 0) provides a very special case for the dynamics, and there has been a

controversy whether the relation a ¼ b holds generally or not. If a ¼ b, the
following peculiar dynamics are expected:

(1) Any static solution, n(r), in the absence of spin current is used to construct a
solution, nðr� vstÞ, in the presence of spin current ns.

(2) Gilbert damping a does not affect the current-driven motion.
(3) Current-induced spin-wave instability does not occur (see Section 4.2) [80].

The relation a ¼ b was originally suggested in Refs [79, 84] based on the Galilean
invariance of the system. Although one may argue that the Galilean invariance
should be valid for the long-wavelength and low-frequency dynamics in which
the underlying lattice structure is irrelevant, the a and b comes from spin-relaxa-
tion processes [64], which are usually intimately related to the lattice, for example,
through the spin–orbit coupling. The problem is thus subtle, and one has to go
beyond the phenomenological argument such as the one based on the Galilean
invariance. Instead, a fully microscopic calculation, which starts from a definite
microscopic model and does not introduce any phenomenological assumptions, is
desired. The present section is devoted to outline such attempts.

At present, only a single model, where spin-relaxation processes are intro-
duced by magnetic impurities, has been examined, with a result that a 6¼ b (even
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for single-band itinerant ferromagnets) in general. This will be surveyed in
Sections 3.2 and 3.3. Studies on other models, hopefully with more realistic spin-
relaxation mechanisms, are left to future studies. Readers who are not interested
in theoretical details but the results can jump to Section 3.2.3.

Intuitive picture
Before going into serious calculations, we here present as preliminary considera-
tions an intuitive picture of the spin-transfer torque and the b-term. It also serves
to motivate us more serious calculations.

A nice picture of the spin-transfer torque was given by Xiao et al. [78]. It is in
terms of the Aharonov–Stern effect [86], stating that a magnetic moment, or a spin
s, moving in an inhomogeneous magnetization n(r) [or an external magnetic field,
gh�BðrÞ 
 MnðrÞ, see Fig. 9A], sees an effective field,

gh�BeffðtÞ ¼ MnðrðtÞÞ þ h�

2
n� ðv�rÞn; ð71Þ

where r ¼ r(t) is the trajectory of the particle, and v ¼ _rðtÞ its velocity. Then, the
spin s will tend to align this effective field, and acquires a component
/ n� ðv�rÞn. The torque, Mn � s, that s exerts on the magnetization n thus has
a component, / ðv�rÞn, which is nothing but the spin-transfer torque. They
proceeded to argue that the b-term is not induced by the presence of spin-relaxa-
tion processes, since the above argument is already based on the relaxation of s to
Beff. However, we note that the field Beff is not a simple static field but contains a
field of dynamical origin [second term of Eq. (71)], and the effect of relaxation
needs to be carefully examined.

Here, we reformulate the above picture by solving the spin dynamics explic-
itly. We consider the following two cases:

(a) A spin in a time-dependent magnetization
(b) A spin moving in a static but spatially varying magnetization (Fig. 9A)

In both cases, the spin feels a time-dependent field (or magnetization).
The essential physics of the spin torque lies in the response of the spin to such

v = r(t)

n (r )

σ
n(t)

σ

n(t−dt)
n

reactive

dissipative

A B

FIGURE 9 Illustration of the response of a spin moving in magnetization texture, n(r). (A) A

moving spin in inhomogeneous magnetization feels a time-dependent magnetization, n(t)
 n(r(t)),

where r(t) is the real-space trajectory of the spin. (B) Two kinds of response of the spin to the time-

dependent field. One is the reactive response as a precession around n(t). The other is the

dissipative response, as a tendency to orient to n(t). The former gives rise to the spin-transfer

torque, and the latter to the b-term.
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time-dependent field (or magnetization). So, let us study the motion of a single
spin in a time-dependent field Mn(t) on the basis of the equation

ds

dt
¼ 2M

h�
nðtÞ � s þ a1s � ds

dt
: ð72Þ

We have phenomenologically introduced the damping (spin-relaxation) term
with a1 being its strength. Assuming that the time variation of n(t) is very slow,
we solve Eq. (72) from the adiabatic limit, and calculate the solution as an
expansion with respect to the number of time derivative as

s ¼ nþ h�

2M
ð _n� nþ a1 _nÞ þ . . . : ð73Þ

On the right-hand side, the first term is the “static” solution in the sense that it is
static in the spin frame co-rotating with n. (Namely, the frame in which n is static.
In Section 3.3, this frame will be called “adiabatic frame”.) The next two terms
which are first order in time derivative are “adiabatic” contributions (Fig. 9B).
The . . . represents terms which are higher order in time derivative, and are thus
“non-adiabatic” contributions. The torque is obtained as tel ¼ Mn � s:

tel ¼
h�

2
ð _nþ a1n� _nÞ: ð74Þ

Note that the same solution is obtained even if we start from the Landau–Lifshitz
damping [� 2Ma1n� ðn� sÞ] instead of the Gilbert type. The second term of
Eq. (74) gives a damping torque on n for the situation (a).

For case (b), the time dependence of n(r(t)) arises from that of r(t). Hence, the
result in this case may be obtained from Eq. (74) by the replacement,

@=@t ! v�r ð?Þ ð75Þ
as

tel ¼
h�

2
½ðv�rÞnþ b1n� ðv�rÞn�; ð76Þ

with b1 ¼ a1. The first term represents the spin-transfer torque and the second
term corresponds to the b-term. As noted above, both torques may be classified as
adiabatic torques. Torques of higher order (in space/time derivative) would be
called non-adiabatic. For example, electrons scattered (reflected) by some magne-
tization texture feel a sudden change of the field, and respond in a way to produce
non-adiabatic torques.

In a similar way that we “derived” b1 ¼ a1 here, one may “derive” a relation
b ¼ a quite generally. However, we should note that an implicit assumption was
made there that the damping constant a1 is unchanged (Galilean invariance)
under the replacement (75). In reality, the spin-relaxation processes are often
related to the underlying lattice (such as spin–orbit coupling), and the Galilean
invariance cannot be expected in general. Also, for many-electron systems having
Fermi surfaces, the Galilean invariance is not an obvious property. This problem
therefore needs a careful study. In particular, to see, for example, whether the
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relation a¼ b holds or not, one needs to performmicroscopic calculations without
introducing any phenomenological assumptions. For this purpose, it is necessary
to set up a microscopic model for the spin-relaxation mechanism. Such calcula-
tions will be outlined in the following two sections [81, 87].

3.2. Small-amplitude method

3.2.1. Microscopic model
Let us first set up a microscopic model. We take a localized picture for ferromag-
netism, and consider the so-called s–d model. It consists of localized d-spins, S,
and conducting s-electrons, which are coupled via the s–d exchange interaction.
The total Lagrangian is given by Ltot ¼ LS þ Lel � Hsd, where LS is the Lagrangian
for d spins [Eq. (21)],

Lel ¼
ð

d3xc{ ih�
@

@t
þ h�2

2m
r2 þ EF � Vimp

" #

c ð77Þ

is the Lagrangian for s-electrons and

Hsd ¼ �M

ð

d3xnðrÞ�sðrÞ ð78Þ

is the s–d exchange coupling [Eq. (28)]. Here, c{ ¼ ðc{"; c
{
#Þ is the spinor of electron

creation operators, sðrÞ ¼ c{ðrÞscðrÞ represents (twice) the s-electron spin density,
with s being a vector of Pauli spin matrices. We have put S ¼ Sn with the
magnitude of spin, S, and a unit vector n [88], and M ¼ JsdS with Jsd being the
s–d exchange coupling constant.

The s-electrons are treated as a free-electron gas in three dimensions subject to
the impurity potential

Vimp ¼ u
X

i

dðr� RiÞ þ us
X

j

Sj�sdðr� R
0

jÞ: ð79Þ

The first term describes potential scattering. The second term represents
quenched magnetic impurities, which is aimed at introducing spin-relaxation
processes. The averaging over the impurity spin direction is taken as Sai ¼ 0 and

Sai S
b
j ¼ 1

3
S2impdijd

ab: ð80Þ

The damping rate of s-electrons is then given by

gs ¼
h�

2ts
¼ pniu

2ns þ
p

3
nsu

2
sS

2
impð2ns þ nsÞ: ð81Þ

Here ni (ns) is the concentration of normal (magnetic) impurities, and
ns ¼ mkFs=2p

2h�2 (with h�kFs ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

2mEFs
p

) is the density of states at energy
EFs 
 EF þ sM. (The subscript s ¼ ", # corresponds, respectively, to s ¼ þ1, �1

in the formula, and to s ¼#; " or �1, þ1.) We assume that gs � EFs and gs � M,
and calculate the torques in the lowest non-trivial order in gs=EFs and gs=M.
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3.2.2. General framework
The spin torque from Hsd is given by

telðrÞ 
 MnðrÞ � hsðrÞine: ð82Þ

This is related to Tel of Eq. (61) via tel[n] ¼ �Tel[M], and to t
0
el of Eq. (66) via

tel ¼
h�S

a3
t
0

el ð83Þ

with a3 being the volume per d-spin.
The calculation of spin torque is thus equivalent to that of s-electron spin

polarization, hs(r)ine, or precisely speaking, its orthogonal projection [89]
hs⊥ðrÞine to n. The expectation value h. . .ine is taken in the following non-equilib-
rium states depending on the type of the torque:

(a) Non-equilibrium states under the influence of uniform but time-dependent
magnetization. This leads to torques with time derivative of n, namely, Gilbert
damping and spin renormalization.

(b) Non-equilibrium states with current flow under static but spatially varying
magnetization. This leads to current-induced torques, namely, spin-transfer
torque and the b-term.

In the presence of spin rotational symmetry for electrons, adiabatic spin torques,
which are first order in space/time derivative, are expressed as

t
0
ad ¼ a0 _nþ ða�rÞnþ b0ðn� _nÞ þ n� ðb�rÞn: ð84Þ

The corresponding s-electron spin polarization is given by [89]

hs⊥ine ¼
1

M
½b0 _nþ ðb�rÞn� a0ðn� _nÞ � n� ða�rÞn�: ð85Þ

To calculate the coefficients am and bm microscopically, it is sufficient to consider
small transverse fluctuations, u ¼ ðux; uy; 0Þ; juj � 1, around a uniformly magne-
tized state, n ¼ ẑ, such that n ¼ ẑþ uþ Oðu2Þ [80, 90]. Then, up to OðuÞ, Eq. (85)
becomes

hs⊥ine ¼
1

M
½b0 _uþ ðb�rÞu� a0ðẑ� _uÞ � ẑ� ða�rÞu�: ð86Þ

This equation can be regarded as a linear response of s⊥ to u, and the coefficients,
am and bm, are obtained as linear-response coefficients. (Precisely speaking, hs⊥ine
due to current is calculated as a linear response to the applied electric field.)

3.2.3. Results
The results are given by

dS ¼ 1

2
rsa

3; ð87Þ

ns ¼ � a3

2eðSþ dSÞ js; ð88Þ
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a ¼ a3nþ
4ðSþ dSÞ �

h�

ts
þ S

Sþ dS
a0; ð89Þ

b ¼ h�

2Mts
; ð90Þ

where rs ¼ n" � n#, nþ ¼ n" þ n#, and js ¼ ssE ¼ j" � j# is the spin current, with
ss ¼ ðe2=mÞðn"t" � n#t#Þ being the “spin conductivity”. (ns is the density of spin-s
electrons.) We have defined the spin-relaxation time ts by

h�

ts
¼ 4p

3
nsu

2
sS

2
impnþ: ð91Þ

As expected, only the spin scattering (� t�1
s ) contributes to a and b, and the

potential scattering (�niu
2) does not. (For a, the second term on the right-hand

side of Eq. (89) comes from processes which do not involve s-electrons.)
The ratio b/a cannot be unity in general for the two-component s–d model,

since it contains mutually independent quantities, for example, S for d-electrons
and dS for s-electrons. For a single-band itinerant ferromagnet (as described
by, e.g. the Stoner model), the results are obtained by simply putting S ¼ 0 and
a0 ¼ 0 in Eqs (87)–(90), and by using the spin polarization of itinerant electrons for
dS [81]. We still see that a 6¼ b, but it was pointed out that the ratio

b

a
¼ rs

Mnþ
’ 1þ 1

12

M

eF

� �2

ð92Þ

is very close to unity [80]. Even so, if we generalize Eq. (80) to the anisotropic
one,

Sai S
b
j ¼ dijdab �

S2
⊥

ða; b ¼ x; yÞ

S2z ða; b ¼ zÞ
;

(

ð93Þ

we have

b

a
¼ 3S2

⊥
þ S2z

2ðS2
⊥
þ S2z Þ

; ð94Þ

which ranges from 1/2 (for S2
⊥
� S2z ) to 3/2 (for S2

⊥

 S2z ). Therefore, we conclude

that a 6¼ b in general, and that the value b/a is very sensitive to the details of the
spin-relaxation mechanism.

The results obtained based on phenomenological spin-diffusion equations by
Zhang and Li [64] can be written in the form

aZL ¼ dS

Sþ dS
� h�

2Mts
; ð95Þ

whereas bZL ¼ b is the same as Eq. (90). Thus, it predicts a ¼ b for single-band
itinerant ferromagnets, S¼ 0, which is, however, in disagreement with the present
microscopic calculation. So far, all phenomenological theories predict a ¼ b, in
contrast to the present microscopic results showing a 6¼ b in general.
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3.3. Gauge field method

In the previous section, we considered small-amplitude fluctuations of magneti-
zation, and calculated the torques in the first order with respect to these small
fluctuations. In this sense, the spin torques calculated there are limited to small-
amplitude dynamics. (Only for systems with rotational symmetry in spin space,
where the form of the torque is known as Eq. (84), this small-amplitude method is
sufficient to determine the coefficients, hence the torque.) In this section, we
describe a theoretical formalism which is not restricted to small-amplitude
dynamics, but can treat finite-amplitude (arbitrary) dynamics directly [87].

3.3.1. Adiabatic spin frame and gauge field
To treat finite-amplitude dynamics of magnetization, we work with a local/
instantaneous spin frame (called “adiabatic frame” in the following) for
s-electrons whose spin quantization axis is taken to be the local/instantaneous
d-spin direction, n [91–93]. The electron spinor a(x) in the new frame is related to
the original spinor c(x) as c(x) ¼ U(x)a(x), where U is a 2 � 2 unitary matrix
satisfying c{ðn�sÞc ¼ a{sza. It is convenient to choose U satisfying U2 ¼ 1.

Since @mc ¼ Uð@m þU{@mUÞa 
 Uð@m þ iAmÞa, the a-electrons satisfy the
Schrödinger equation

ih�
@

@t
þ iA0

� �

aðxÞ ¼ � h�2

2m
ðri þ iAiÞ2 �Msz þ ~Vimp

" #

aðxÞ: ð96Þ

The original electrons moving in time-dependent/inhomogeneous magnetization
is thus mapped to new electrons moving in a uniform and static magnetization
Msz but there arises a coupling to an SU(2) gauge field [94]:

Am ¼ �iU{ð@mUÞ ¼ Aa
ms

a 
 Am�s: ð97Þ

Here Am is a measure of temporal (m ¼ 0) or spatial (m ¼ 1, 2, 3) variation of
magnetization.

Let us introduce a 3� 3 orthogonal matrix R , representing the same rotation as
U but in a three-dimensional vector space, and satisfying det R ¼ 1. Note that
R ẑ ¼ n, R n ¼ ẑ, c{sc ¼ R ða{saÞ and that R ða� bÞ ¼ ðR aÞ � ðR bÞ for arbitrary
vectors a and b. Then the spin-torque density, Eq. (82), is written as

telðxÞ ¼ MR ðẑ� h~sðxÞineÞ; ð98Þ

where ~sðxÞ ¼ ða{saÞx.
Since the gauge field Am contains a space/time derivative of magnetization,

one may naturally formulate a gradient expansion in terms of Am to calculate, for
example, the torque (or spin polarization). In particular, the adiabatic torques are
obtained as the first-order terms in Am:

h~s⊥ine ¼
2

M
½amA⊥m þ bmðẑ� A⊥m Þ�: ð99Þ

Here, ~s⊥ ¼ ~s � ẑðẑ�~sÞ and A⊥m ¼ Am � ẑðẑ�AmÞ are the respective transverse com-
ponents [94], and the sums over m ¼ 0, 1, 2, 3 are understood. From the identities,
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R A⊥m ¼ � 1

2
n� ð@mnÞ; R ðẑ� A⊥m Þ ¼

1

2
@mn; ð100Þ

together with Eq. (98), we see that Eq. (99) leads to the adiabatic torque density t
0
ad

of Eq. (84).

3.3.2. Results
If we regard Eq. (99) as a linear response to the gauge field Am appearing in
Eq. (96), the coefficients am and bm are calculated as linear-response coefficients,
and dS, ns and b thus obtained coincide with those obtained by the small-ampli-
tude method, Eqs (87), (88) and (90). However, it predicts asr ¼ 0, namely, fails to
reproduce the Gilbert damping.

3.3.3. Gilbert damping
The above difficulty that the gauge field method apparently fails to reproduce the
Gilbert damping term has been resolved [87] by noting that the impurity spins,
which are static (quenched) in the original frame, become time dependent in the
adiabatic frame (see Fig. 10). Namely, the spin part of Vimp is expressed as

Sj�c{sc ¼ ~SjðtÞ�a{sa; ð101Þ

where

~SjðtÞ ¼ R ðtÞSj ð102Þ

is the impurity spin in the adiabatic frame, which is time dependent. (This fact has
been expressed by ~Vimp in Eq. (96).) Actually, we can obtain the gauge field from
this time dependence as

½R ðtÞ _R ðtÞ�ab ¼ 2eabgAg
0: ð103Þ

Original frame : c(x) Adiabatic frame : a(x)

Magnetization

is in motion Magnetization

is fixed

Impurity spins

are quenched

Impurity spins

are in motion

FIGURE 10 Left: magnetization vector n(t) and impurity spins Sj in the original frame.

Right: magnetization vector ẑ and impurity spins ~SjðtÞ in the adiabatic frame.
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Explicit calculation of h~s⊥ine in the second order in ~SjðtÞ (nonlinear response)
gives

h~s⊥ðtÞine ¼ � 2ph�

3M
nsu

2
sS

2
impn

2
þðẑ� A⊥0 ðtÞÞ; ð104Þ

leading to the Gilbert damping, with damping constant exactly the same as Eq. (89).
The present calculation provides us a new picture of Gilbert damping. While

the s-electron spin tends to follow the instantaneous d-spin direction n(t), it is at
the same time pinned by the quenched impurity spins. These two compet-
ing effects are expressed by the time dependence of ~SjðtÞ in the adiabatic frame,
and this effect causes Gilbert damping. Namely, the Gilbert damping arises since
spins of s-electrons are “dragged” by impurity spins.

Generally, any terms in the Hamiltonian leading to spin relaxation break spin
rotational symmetry of s-electrons, and thus acquire time dependence in the
adiabatic frame. Therefore, the same scenario as presented here is expected to
apply to other type of spin-relaxation processes quite generally.

3.3.4. Non-adiabatic torque
The non-adiabatic torques come from large-momentum processes, so let us put
Vimp¼ 0 for simplicity. If we retain the full q-dependence in the response function,
we have, among others, a contribution

h~s⊥ðqÞine ¼ wijðqÞEiðẑ� A⊥q;jÞ þ . . . ; ð105Þ

where the function wij(q) is non-zero only when jkF" � kF#j < q < kF" þ kF#. In
particular, wij(q) ¼ 0 in the vicinity of q ¼ 0, and hence the long-wavelength
approximation cannot be applied. The resulting torque

t
0
naðxÞ ¼ �MEi

ð

d3x0wijðr� r0ÞR ðxÞA⊥j ðx0Þ ð106Þ

is characterized by an oscillatory function wij(r� r0) in real space, and is essentially
non-local [53, 78, 95–97]. This is the non-adiabatic, momentum-transfer torque due
to electron reflection [53], generalized here to arbitrary magnetization texture. For
details, see [96].

3.4. Force

We have seen in Section 2.2 that electrons reflected by a domain wall exert a force
on the (rigid) domain wall as a back reaction. It was also recognized that the
adiabatic b-term also acts as a force on a domain wall [64, 65]. Here, we consider a
generalization of the concept of force to a fixed but arbitrary magnetization
texture, and derive a general expression of the force acting on the texture.

From tel ¼ Mn� hs⊥ine and Fel;i ¼ �M
Ð

d3xð@inÞ�hs⊥ine [Eq. (35)] [53, 98], one
can eliminate hs⊥ine to obtain

Fel;i ¼ �
ð

d3xðn� @inÞ�tel: ð107Þ
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This is a general formula relating the force to the torque [99].
Each term of the spin torque (84) corresponds to a different type of force. The

spin-transfer torque exerts a “transverse” force

FST;i ¼ � h�

2e
js;‘

ð

d3xð@in� @‘nÞ�n; ð108Þ

for a magnetic configuration n subtending a finite solid angle (spin chirality). An
example is given by the magnetic vortex in a ferromagnetic dot, whose dynamics
driven by electric/spin current will be studied in Section 4.2. The b-term leads to
the force

Fb;i ¼ �b
h�

2e
js;‘

ð

d3xð@inÞ�ð@‘nÞ: ð109Þ

The non-adiabatic torque, tna, gives a force,

Fna;i ¼ �2MEi

ð

d3x

ð

d3x0wijðr� r0ÞA⊥i ðrÞ�A⊥j ðr0Þ: ð110Þ

This force is due to the reaction to the electron reflection, and is closely related to
the resistivity as noted in the domain-wall case [53], and also shown below.

3.4.1. Relation to transport coefficients
Since the force is, by definition, the momentum transfer from s-electrons to
magnetization, its back reaction will affect the s-electrons’ orbital motion, hence
their transport. Therefore, it is expected that the force and the transport coeffi-
cients are closely related with each other. In fact, we have observed a relation,
Eq. (33) or Eq. (41), for a domain wall in an idealized situation that there are
no spin- and momentum-dissipation processes (other than the domain wall) for
s-electrons. Explicit calculation shows that these relations are not modified by the
presence of normal impurities (momentum-dissipation processes) [53]. Here we
extend such relations to more general magnetization texture, and to the case that
the s-electron transport is diffusive [96, 97]. The texture is assumed static here.

For simplicity, we neglect the spin-relaxation processes, and calculate the
transport coefficients by using Mori formula (memory function formalism) [100,
101]. The electrical resistivity due to (static) magnetization texture is obtained as

rij ¼
2M

enV

� �2
X

q

�

wð0ÞðqÞðA⊥�q;i�A⊥�q;jÞ þ wð1ÞðqÞðA⊥�q;i � A⊥�q;jÞ
z�; ð111Þ


 rreflij þ rHall
ij ; ð112Þ

where

wð0ÞðqÞ ¼ 2h�

V

X

k

dðxskþq=2Þdðxsk�q=2Þ ¼
m2

2ph�3
� 1
q
YstðqÞ; ð113Þ

wð1ÞðqÞ ¼ h�

V

X

s

s
X

k

f s
kþq=2 � f s

k�q=2

ðxskþq=2 � xsk�q=2Þ
2
¼ h�

2M2
rs þ Oðq2Þ; ð114Þ
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with xsk ¼ ek � eFs ¼ h�2ðk2 � k2FsÞ=2m, and Yst(q) ¼ 1 for jkF" � kF#j < q < kF" þ kF#,
and Yst(q) ¼ 0 otherwise. In deriving Eq. (111), we have used the same model as
used in Section 3.3, and neglected the difference, t" � t# ’ 0, in the s-electron

lifetimes. We define the symmetric part as rreflij , and the anti-symmetric part

as rHall
ij .

Let us first consider the anti-symmetric part, rHall
ij . Since the kernel w(1)(q)

is non-zero in the adiabatic limit, q ! 0, one may make a long-wavelength
approximation as

rHall
ij ¼ 2h�rs

e2n2V

ð

d3x½A⊥i ðrÞ � A⊥j ðrÞ�
z; ð115Þ

¼ h�rs
2e2n2V

ð

d3xn�ð@in� @jnÞ: ð116Þ

In the second line, we have used Eq. (100). By comparing with the spin-transfer
force of Eq. (108), we see the relation

FST;i ¼ � en2V

rs

X

‘

rHall
i‘ js;‘

’ �eNe

X

‘

rHall
i‘ j‘:

ð117Þ

Here, n ¼ n" þ n# is the s-electron density, Ne ¼ nV is the total number of s-
electrons, and j is the electric (charge) current. In the second line, we have used
the same approximation (t" ’ t#) as used above, and put ðn=rsÞjs ’ j.

For the symmetric part, rreflij , the kernel w(0)(q) is finite only for
jkF" � kF#j � q � kF" þ kF#, and vanishes near q ¼ 0, hence one cannot make a
long-wavelength approximation. This term is due to the electron reflection. The
force due to non-adiabatic torque is obtained as

Fna;i ¼ �
X

‘

Ri‘j‘; ð118Þ

where

Ri‘ ¼
ð2MÞ2
enV

X

q;j

qjq‘

q2
wð0ÞðqÞðA⊥q;i�A�q;jÞ: ð119Þ

There seems no exact relation between rreflij and Rij in general. However, if the
magnetization texture is one-dimensional, namely, if it depends on only one
Cartesian coordinate, say x, the gauge field Ai is non-zero only for this component,
i ¼ x, and Ri‘ is non-zero only for i ¼ ‘ ¼ x. In this case, we see that
Rxx ¼ enVrreflxx ¼ eNer

refl
xx , and hence

Fna;x ¼ �eNer
refl
xx jx: ð120Þ

Namely, the x-component of the current exerts a force in the x-direction. (The
relative minus sign is due to the fact that the direction of electron flow is opposite
to that of the electric current.)
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3.4.2. Further references
The spin-transfer torque in the form of Eq. (64) was first derived by Bazaliy et al.
[74]. The b-term was first derived by Zhang and Li [64] based on a spin-diffusion
equation with a spin-relaxation term included, and by Thiaville et al. [65] as a
continuum limit of a special type of torque known in multilayer systems [102].

Duine et al. [83] put the present microscopic (small-amplitude) calculation
into the Keldysh formalism, and developed a functional description of spin
torques, which will be used for finite-temperature and/or fluctuation dynamics.
Some attempts with the Boltzmann equation are done in Ref. [82]. Some devel-
opments in the treatment of Gilbert damping can be seen in Refs [90, 103, 104].
Phenomenological theory [105, 106] based on irreversible thermodynamics is
also developed, which, however, needs to be reconciled with the microscopic
theory.

The non-adiabatic torque is studied in Refs [53, 78, 95, 96]. The domain-wall
resistivity is studied in Refs [93, 107]. The effects of spin–orbit coupling are
studied on domain-wall resistance [108] and domain-wall mobility [109] in a
model of ferromagnetic semiconductors.

4. RELATED TOPICS

In this section, we present two topics on the current-driven magnetization
dynamics.

The first topic is the current-driven motion of a magnetic vortex. It is mainly
governed by the spin-transfer torque, and nicely exemplifies the “spin-transfer
force”, FST, of Eq. (108).

The second topic is related to another aspect of the spin-transfer torque.
Namely, the spin-transfer torque favours, and even induces, a topologically
non-trivial spin texture along the spin current [74–77], in quite a similar way
that the spin Berry phase does in the time direction, namely, precession. It causes
the Doppler shift and the softening of spin-wave frequency, and eventually leads
to an instability of the uniformly magnetized state.

4.1. Current-driven motion of magnetic vortices

Just as the magnetic domain wall is a topologically stable structure in easy-axis
magnets, such as thin wires of soft ferromagnets, a magnetic vortex is a topologi-
cally stable structure in easy-plane magnets such as films. In thin disks in particu-
lar, it is realized as the most stable structure for a certain range of parameters
[110]. The current-driven dynamics of such magnetic vortices is the subject of this
section [111–114].

A magnetic vortex realized in a disk is illustrated in Fig. 11A and B. It is
characterized by circulating in-plane magnetization in the region away from the
centre (j r j
 dv), and out-of-plane magnetization in the core (centre) region (|r|�
dv), where dv is the size of the core. Such a vortex configuration is characterized by
two integers, p and C. The first one is the polarity, p ¼ �1, which specifies the
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direction of the out-of-plane component at the vortex centre. The second one is
the chirality, C, which specifies the sense of circulation, namely, counterclockwise
(C ¼ 1) or clockwise (C ¼ �1).

More generally, magnetic configurations illustrated in Fig. 11C are also called
vortices. These new members are distinguished by introducing a third integer,
q ¼ �1, �2,. . ., called vorticity. It represents the number of circulation of the
in-plane magnetization component. A vortex constrained by the disk boundary
condition corresponds to q ¼ 1, but in other situations, vortices with q 6¼ 1 can also
appear in general. In the latter case, the value of C may not be restricted to
integers, but can take general real numbers. Magnetization pattern for a vortex
specified by (p, q, C) is expressed as

�nðrÞ ¼
x̂ cosðq’þ pC=2Þ þ ŷ sinðq’þ pC=2Þ ðj r j
 dvÞ
pẑ ðr ! 0Þ

;

(

ð121Þ

where ’ ¼ tan�1(y/x) with r ¼ (x, y, z). (The minus sign on the left-hand side
indicates that we define the numbers (p, q, C) with respect to the direction of
magnetization, not spin.)

In the following, we mainly consider a vortex realized in a disk, hence with
q ¼ 1. However, some of the equations have more generality, so we leave q to be
a general integer in the equations.

4.1.1. Equation of motion
We focus on the position of the vortex centre, X ¼ X

Y

� �

. The equation of motion
for X is known as the Thiele equation [98, 111, 115],

�G� _X� aD _Xþ F ¼ 0; ð122Þ
which is obtained as a force balance equation. The first term on the left-hand side
is known as a gyroforce. A vector

A CB

FIGURE 11 Schematic illustration of magnetic vortices. (A) A vortex with q ¼ 1, p ¼ 1 and C ¼ 1.

(B) A vortex with q ¼ 1, p ¼ 1 and C ¼ �1. (C) An example of anti-vortex (q ¼ �1). In each case,

the magnetization in the centre (core) region rises out of the plane, either upward (p ¼ 1) or

downward (p¼�1). In each figure, a vortex with p¼ 1 is shown, as indicated by a circle with a dot.

In a ferromagnetic dot with suitable size, either (A) or (B) is realized, whereas in a film, free

vortices and anti-vortices can appear.
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G ¼ ẑ
Msd

g0

ð

disk

dxdyð@xn� @ynÞ�n ð123Þ

is called as the gyrovector, which is perpendicular to the disk (xy-) plane. Here the
magnetization is assumed constant in the thickness (z-) direction, and the film
thickness d is simply multiplied. The integral in Eq. (123), which is thus over the
two-dimensional disk region, is a topological quantity equal to the solid angle
subtended by the magnetization vector n over the disk, which is estimated to be
2ppq using Eq. (121). Thus,

G ¼ 2ppq
Msd

g0
ẑ: ð124Þ

The second term of Eq. (122) represents the damping force, where a is the Gilbert
damping constant and D is given by

D ¼ Msd

g0

ð

disk

dxdyðrnÞ2: ð125Þ

The third term, F, represents any other forces acting on the vortex centre. The
force due to electric/spin current is given by

Fel ¼ G� vs þ b
0
Dvs; ð126Þ

as seen in Section 3.4. Here b0 includes contributions from the b-term due to spin
relaxation, and also from the non-adiabatic torque due to electron reflection. Note
that, in the absence of applied field, the chirality does not enter the equation ofmotion,
and only p and q (contained inG) are relevant for the current-driven dynamics.

The value of D will actually depend on the vortex position owing to the
deformation of the vortex profile. On the other hand, the value of G is quite robust
since it is a topological invariant; as far as the magnetization at the disk perimeter
is along the surface (“disk boundary condition”), and the continuum approxima-
tion is valid, it is quantized as given above.

4.1.2. Current-driven dynamics
Let us study a current-driven motion of a vortex confined in a disk. The equation
of motion is given by

G� ð _X� vsÞ þ aD _X� b
0
Dvs ¼ �kX: ð127Þ

Here the restoring force due to the confinement is approximated by �kX with a
force constant k. We assume k and D to be constant for simplicity.

We first consider the case that a steady DC current, represented by ns ¼ (ns, 0),
is applied. The solution is easily obtained in terms of a complex coordinate, Z ¼
X þ iY, as

ZðtÞ ¼ eiztZð0Þ þ i
vs
O
ð1� i~bÞð1� eiztÞ; ð128Þ

where O ¼ k=G, z ¼ O=ð1� i~aÞ ¼ k=ðG� iaDÞ, ~a ¼ aD=G and ~b ¼ b
0
D=G. In a

vector notation, it reads
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XðtÞ ¼ R ðz0
tÞ½Xð0Þ � Xð1Þ�e�z

00
t þ Xð1Þ; ð129Þ

where z0 ¼ Re z, z00 ¼ Im z > 0 and

R ðyÞ ¼ cosy � siny
siny cosy

� �

ð130Þ

is the rotation matrix. Thus the vortex centre exhibits a spiral motion in clockwise
(for z0 < 0, i.e. pq ¼ �1) or counterclockwise (for z0 > 0, i.e. pq ¼ 1) sense, and
eventually approaches the equilibrium position

Xð1Þ ¼ vs
O

~b

1

� �

¼ vs
k

b
0
D
G

� �

ð131Þ

as t ! 1. Note that the vortex configuration is defined here in terms of magneti-
zation direction, not spin direction, in contrast to Ref. [111].

For AC current, ns ¼ ðns cos ot; 0Þ, the solution is obtained as [114]

ZðtÞ ¼ eiztZð0Þ þ i

2
vsð1� i~bÞ e�iot � eizt

Oþ ð1� i~aÞoþ eiot � eizt

O� ð1� i~aÞo

� �

; ð132Þ

in the complex notation, or as

XðtÞ ¼ R ðz0 tÞ½Xð0Þ � Xo � X�o�e�z
00
t þ R ðotÞXo þ R ð�otÞX�o; ð133Þ

in the vector notation, where

X�o ¼ 1

2

ns

ðO	 oÞ2 þ ð~aoÞ2
	 ~bO� ð~a� ~bÞo
O	 ð1þ ~a~bÞo




: ð134Þ

The first term of Eq. (133) represents eigenrotation [116], which will eventually
decay, and the second and third terms represent forced rotation. Near the reso-
nance, o ’ �O, it exhibits a steady circular motion,

XðtÞ ’ R ð�otÞX�o ’ R ðOtÞXO; ð135Þ
for z

00
t 
 1. The amplitude just on resonance is given by

XO ¼ ns

2~aO

1

�~b

� �

; ð136Þ

which is enhanced by a factor of ~a�1 compared with the displacement (131) due to
DC current.

4.1.3. Lagrangian formalism
The Lagrangian formalism for vortex dynamics with the spin-transfer effect has
been developed by Shibata et al. [111]. They obtained the Lagrangian

Lv ¼ 1

2
G�ð _X� X Þ � G�ðvs � X Þ �UðX Þ; ð137Þ

which, together with the dissipation function
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Wv ¼ 1

2
aD _X 2; ð138Þ

leads to Eq. (127) with b
0 ¼ 0. The first term of Eq. (137), namely, Gð _XY� _YXÞ=2,

shows that X and Y are canonically conjugate each other. Note that these variables
for the vortex are quite symmetric each other, in contrast to X and f0 for the
domain-wall case.

4.2. Current-induced spin-wave instability

The spin-transfer torque is expressed by the term

HST ¼ h�

2e

ð

d3xðjs�rfÞð1� cos yÞ ð139Þ

in the spin Hamiltonian [77]. The spin current couples to a gradient of magnetiza-
tion. It thus favours spatial variation of magnetization. This leads to the softening,
and even to instability, of spin waves [74–77]. It also lowers the domain-wall
energy under spin current [77].

It has been known that a sufficiently large spin current leads to a spin-wave
instability of the uniformly magnetized state. This was first shown by Bazaliy et al.
[74] for a layered system with an interface between a normal metal and a ferro-
magnet, and later emphasized by Fernández-Rossier et al. [76] to be a bulk
phenomenon. Indeed, Eq. (139) can be seen as a spatial-derivative version of the
kinetic (Berry phase) term, and a kind of “precession” along the spin current may
be expected.

Let us consider the LLG equation

_n ¼ S
0ð�Jr2n� Knzẑþ K⊥nyŷÞ � nþ a _n� nþ ðvs�rÞn; ð140Þ

where S
0 ¼ S2=h�Stot. The ground state is given by n ¼ ẑ, namely, uniformly mag-

netized in z-direction, which actually satisfies Eq. (140). Next, as an excited state,
we consider a small fluctuation dn from the ground state, n ¼ ẑ, and put
nðr; tÞ ¼ ẑþ dnðr; tÞ. The spin-wave dispersion is obtained by assuming a solution
of the form, dnðr; tÞ ¼ ðdnx; dny; 0Þeiðq�r�otÞ. For a ¼ 0, it is given by

Oq ¼ KS
0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oqðoq þ kÞ
q

þ q�vs; ð141Þ

where oq ¼ q2l2 þ 1, l ¼
ffiffiffiffiffiffiffiffi

J=K
p

, and k ¼ K⊥=K. The first term represents the spin-
wave energy in the absence of spin current, and has a spectral gap S

0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KðK þ K⊥Þ
p

due to magnetic anisotropy. The second term represents the effect of spin current,
called Doppler shift [117]. It reduces the spin-wave gap and shifts the energy-
minimum point from q ¼ 0 to some finite wave vector. If the spin-current density
exceeds a certain critical value, ns > ncrs , the spin-wave energy becomes negative
for a range of q (spin-wave instability). This means that the uniformly magnetized
state is not the ground state any more, and is energetically unstable.

In the presence of a domainwall, the spin-wave spectrum is modified to be [77]

Oq ¼ KS
0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oqðoq þ kÞ þ 2k2 sin2f0 cos 2f0

q

þ qðns � _X Þ: ð142Þ
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The spin-transfer velocity appears relative to the domain-wall velocity, and
the above instability is reduced. There is a range of the spin current where
the uniformly magnetized state is unstable whereas the domain-wall state is stable
(at least locally in configuration space). It was then proposed that in such case
the domain walls are created spontaneously. Indeed, for large K⊥, the state with a
domain wall is shown to have lower energy than that of the uniform ferromag-
netic state under large current [77]. Current-induced formation of domain walls
was observed in 1D micromagnetic simulations [118]. For films or wide wires
having easy-plane magnetic anisotropy, the spin-wave instability is followed by
the formation of magnetic vortices as found by simulations [119].

5. PROSPECTS

As for the domain-wall motion, identification of driving mechanism together with
the origin of threshold current in each system/current density/temperature is the
most important issue. At present, the experimental situation seems controversial
for metallic systems. Since they are expected to be located in regime I (weak and
extrinsic pinning), systematic studies by tuning extrinsic pinning and/or the
b-term will clarify the issue. As for semiconductors, the spin-transfer mechanism
seems to well fit the experimental results above the threshold [44], as well as the
creep region below the threshold [70]. However, there remains a theoretical
puzzle why the force (due to spin relaxation) does not seem to play any role in
spite of strong spin–orbit coupling expected in this system.

Microscopic understanding of each spin torque is also an important issue.
In particular, dissipative torques (a- and b-terms), coming from spin relaxation
of electrons, should be understood as material-dependent quantities; for each real
system, we need to identify the dominant spin-relaxation mechanism, and
clarify the dependence of a and b on material parameters. Development of first-
principles calculational methods for spin torques is also desired for the purpose
of material/device design.

Inverse effects to spin torques such as electron transport coefficients and “spin
motive force” also deserve closer study. These studies will lead to a unified
picture of interplay between electric/spin current and magnetization.
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André Thiaville* and Yoshinobu Nakatani†

Contents 1. Introduction 232

1.1. Micromagnetics 232

1.2. Numerical micromagnetics 234

1.3. Domain-wall structures in soft nanostrips 235

2. Field Dynamics of Domain Walls 239

2.1. Panorama 239

2.2. Linear regime (steady state) 240

2.3. Motion above the Walker field 243

2.4. Imperfect samples 245

2.5. Comparison to experiments 247

3. Domain-Wall Motion by Spin-Polarized Current 248

3.1. CIP spin transfer in micromagnetics 248

3.2. Perfect case with adiabatic STT 254

3.3. Perfect case with non-adiabatic STT 259

3.4. Imperfect case 265

4. Dynamics Under Combined Field and Current 269

4.1. Perfect samples 269

4.2. Imperfect nanostrip case 271

4.3. Comparison to experiments 272

4.4. AC effects 272

5. Conclusions and Outlook 273

Acknowledgements 274

References 274

Abstract Spin-transfer torque (STT) manifests itself in two main geometries, either sub-

micrometer diameter pillars composed of magnetic multilayers, flooded by a

current perpendicular to plane (CPP), or nanowires with current flowing in their

plane (CIP). The first situation can be described rather well, from the magnetic
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point of view, in the framework of the macrospin model (see Chapter 3 by Y.

Suzuki). In the latter case however, the typical situation is that of a magnetic

domain wall under CIP current, with many internal degrees of freedom. In

Chapter 5 by H. Kohno and G.Tatara, a simplest model of the domain wall, called

collective coordinates or 1D model, has been introduced to study this question.

In this chapter,we will address the entire manifold of the degrees of freedom

in the domain wall by micromagnetic numerical simulations, and apply this to

the physics of CIP spin transfer in magnetic domain walls.We will consider soft

magnetic materials only, where domain-wall structures and dynamics are con-

trolled by magnetostatics. This corresponds to experiments performed up to

very recently, soft magnetic materials having generally lower coercive forces

and domain-wall propagation fields.The experimental counterpart to this chap-

ter can be found in Chapter 4 by T. Ono and T. Shinjo. After briefly introducing

micromagnetics and the typology of domain walls in samples shaped into

nanostrips, we start by reviewing the field-driven dynamics in such samples.

This situation was indeed considered first, historically, and led to the introduc-

tion of several useful concepts. Prominent among them are the separation

between linear and non-linear regimes, and the existence of a maximum velocity

for a domain wall. STT-induced domain-wall dynamics will then be addressed,

considering first the implementation of the CIP STT in micromagnetics, with

several components as introduced by theory. Comparison will be made to the

field-driven case, with similarities and differences highlighted.

In the nascent field of Nanomagnetism and Spintronics, micromagnetics

can be considered to play the role of a translator. There are on one side

experiments and on the other side theories about interaction between

magnetization and spin-polarized electrical currents. Micromagnetics is a

tool that translates the equations of the latter into quantitative predictions

that can be compared to the former. Considering the present state of the

subject of this book, with rapidly advancing experiments and theories,

keeping in touch those two aspects of research is very important for its

sound development. This is the objective of this chapter.

Key Words: Domain-wall structure, Domain-wall dynamics: by field, by

current, by field and current, Bloch wall, Landau–Lifshitz (LL) and Landau–

Lifshitz–Gilbert (LLG) equation, Spin transfer torque (STT): adiabatic and non-

adiabatic, Transverse wall, Vortex wall, Thiele equation, Döring principle.

1. INTRODUCTION

1.1. Micromagnetics

The micromagnetic theory was introduced progressively (1930–1960) as a continu-
ous theory of the magnetic structures, with William F. Brown, Jr. as the main
contributor. By structures here, we mean those that spread across many atomic
distances, so that the atomic nature of magnetism (ferromagnetism or ferrimag-
netism, localized or itinerant magnetism) is not relevant. The preceding theory was
the so-called domain theory that considers uniformly magnetized domains
separated by magnetic walls of zero thickness, with a number of rules concerning
the orientation of the magnetization in the domains and of the domain walls (DWs).
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In micromagnetics, domains and walls are all described by a continuous function –
the local magnetization – a classical vector that is the local average over a small
volume of the magnetization density. Several hypotheses underlie the present
formulation of micromagnetics:

� The small volume should contain many atoms, yet be smaller in size than any
magnetic structure to be described.

� Temperature has to be low enough so that the thermodynamic equilibrium
value of local magnetization Ms(T) is attained everywhere, with negligible
thermodynamic fluctuations, within this averaging volume.

� The time variation of magnetization should be slow enough to use the magne-
tostatic approximation for the computation of the electromagnetic interactions.
This last hypothesis is not essential. However, the requirement that the local
average of magnetization is the thermodynamic value limits dynamic phenom-
ena to timescales much larger than femtoseconds.

The above points imply that the local magnetization density can then be written
M(r,t) ¼Msm(r,t), wherem is the unit vector indicating the local orientation of the
magnetization (in this chapter, bold–italic symbols will be used for denoting
vectors). The evolution in space and time of this vector is ruled by an energy
functional and a dynamic equation.

Micromagnetic energy is defined as the integral over the sample volume of a
density E composed of several terms (we use SI units throughout). The exchange
term, written ASi,j (@mj/@ri)

2 (where i and j refer to the spatial components), is the
continuous form of the Dirac–Heisenberg exchange energy. The Zeeman term,
written as �m0MsHapp�m, expresses the action of an external field Happ. The anisot-
ropy term, accounting for preferred orientations of the magnetization, is written
generally asKG(m), whereG is an angular function andK is the anisotropy constant.
Themagnetostatic interaction results in a term reading�(1/2)m0MsHd �m, whereHd

is the demagnetizing field given by the solution of the magnetostatic problem.
The magnetization dynamics is governed by the Landau–Lifshitz–Gilbert

(LLG) equation

@m

@t
¼ g0Heff �mþ am� @m

@t
; ð1Þ

where the effective field is defined by the functional derivative r of the energy
density with respect to magnetization orientation:

Heff ¼ � 1

m0Ms

dE

dm
; ð2Þ

g0 ¼ m0 jgj is the gyromagnetic ratio and a is the Gilbert damping constant. When
solved, the LLG equation (1) becomes of the form put forward by Landau and
Lifshitz (LL):

@m

@t
¼ g0

1þ a2
Heff �mþ ag0

1þ a2
m� ðHeff �mÞ: ð3Þ

For recent reviews about micromagnetics, the reader should consult Refs [1–3].
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1.2. Numerical micromagnetics

Exact solutions of the equations of micromagnetics are very rare, as the problem is
non-linear (|m| ¼ 1) and integro-differential (magnetostatic and exchange energy
terms). For finite samples in particular, the magnetostatic problem cannot be
circumvented. With the increase of computers power and the recent availability
of micromagnetic codes [4–7], numerical micromagnetics has become a widely
spread tool for the analysis of the magnetic structures in small samples as fabri-
cated nowadays.

Most codes discretize the sample volume into equal cells, with a finite differ-
ences implementation of the equations. This works perfectly and very efficiently
for idealized samples with straight edges. For complex sample shapes, the finite
elements formulation is better suited in principle as it allows any polyhedral
sample shape [8]. For both methods, the cell size should be smaller than the
characteristic lengths of the material [1], defined as the exchange length:

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2A= m0M
2
s

� �

q

ð4Þ

or, in cases where anisotropy is large, the Bloch wall width parameter:

D ¼
ffiffiffiffiffiffiffiffiffiffi

A=K
p

: ð5Þ

A large part of the numerical calculation time is devoted to the solution of the
magnetostatic problem. The demagnetizing field obeys the same equations as
the electric field in electrostatics, with “magnetic” charges spread in the sample
volume (density �Msdiv m) and on the sample surface (density Msm � n, with n
the outward-oriented normal to the surface). Thus, the demagnetizing field can
be computed directly as a convolution product of the charges with a kernel
function. In the finite differences method where all cells are identical, this
operation is a discrete convolution product that can be evaluated through fast
Fourier transformation, much more rapidly than by direct summation (the cost
being N log N instead of N2, where N is the number of mesh cells). This is the
main advantage of the finite differences method. For the finite elements tech-
nique, the calculation is more complex as the magnetostatic problem needs to be
solved on the same sample mesh, but involves the field outside the sample (see
the recent review [8] for more details). For samples shaped as nanowires where
the dynamics of one DW is investigated, some additional points need to be
considered:

� Nanowires may be very long, thus impossible to mesh entirely. Moreover, far
from the DW and from the wire ends, the magnetization is invariant along the
wire length. In such a case, a restricted calculation region can be used, centred
on the DW and moving with it (Fig. 1). An infinitely long wire can be mimicked
by cancelling the magnetostatic charges at the ends – within the wire – of the
calculation region [this applies to a soft nanostrip as considered through all this
chapter, the charges are different for domains magnetized vertically (z) or
transversally (y)]. The length of the calculation region along the wire has of
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course to be well above the static DW width, and for dynamics one should
always check that no structure propagates to its ends.

� The total energy of an isolated DW in the wire is not that of the calculation
region alone, because the stray field of the DW extends to infinity. Indeed, the
DW in nanowires considered here bear a non-zero magnetostatic charge, con-
trarily to most DW in bulk samples (so that the prohibition of charged DW was
one of the rules of the old domain theory).

The representative calculations to be discussed below were performed with
parameters characteristic of the soft alloy Ni80Fe20 that has been used in many
experiments, namely Ms ¼ 8 � 105 A/m, A ¼ 10�11 J/m, K ¼ 0, a ¼ 0.02 and g0 ¼
2.21 � 105 m/(A s). They were performed using a 2D mesh, with mesh size 4 nm
(x) � 4 nm (y) � h (z), where h ¼ 5 nm, mostly.

1.3. Domain-wall structures in soft nanostrips

As all experiments performed up to now use samples patterned by lithography
techniques out of thin magnetic films, we shall consider flat nanowires of rectan-
gular cross section (width w and thickness h, the area of the cross section will be
called S ¼ wh) that are referred to as nanostrips. Starting from a schematic DW
configuration, the numerical calculations (no applied field, damping set to a ¼ 0.5
in order to reach equilibrium rapidly) show the existence of several stable struc-
tures [9, 10] that are displayed in Fig. 2.

1.3.1. The symmetric transverse wall (STW)
In this structure, closest to what is expected for a one-dimensional magnetic wire,
the DW average magnetic moment is oriented along the wire transverse axis. To
quantify the DW transverse moments, we define for i ¼ y, z

mi ¼
1

pS

ð

mid
3r ð6Þ

that has the dimensions of a length (for a Bloch wall profile with
mi ¼ 1/cosh(x/D) one gets mi ¼ D). As the cross section is very flat (w � h), this
moment is oriented in the plane of the magnetic film. The DW region has the
shape of a triangle. In the framework of the domain theory, the avoidance of
magnetic charges inside the strip would indeed lead to 45� inclined boundaries

∞
∞

z y
x h w

FIGURE 1 Sketch of a calculation region in an infinite nanostrip made out of a material with no

anisotropy. The magnetic charges at the wire ends are drawn (þ and � signs). The separation

between the calculation region and the rest of the sample was increased for the sake of drawing.

The coordinates system is also defined, as well as the sample dimensions.
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between the “domains” and “wall” blocks. The structure is also characterized
by two topological objects, located on the edges of the nanostrip [11], as depicted
by the schematic drawing included in Fig. 2. At the triangle apex, a half-
antivortex is present. A full antivortex (entirely contained inside the sample)
would show a magnetization perpendicular to the film plane at his core. Here,
as shown in the picture coded with the z-component, there is no trace of a
perpendicular magnetization in statics. However, the in-plane magnetization
component conforms that of a half-antivortex. Thus, the topological charge
(winding number of the in-plane magnetization) of this object is q ¼ �1/2 [11].

At the strip edge opposite to the apex, another topological structure exists. It is
a half-hedgehog vortex, again with no core, that is topologically equivalent to a
half-vortex hence with a topological charge q ¼ þ1/2. The half-hedgehog vortex
bears, contrarily to the half-vortex, a magnetostatic charge. In the block structure
discussed above, all the DW charge would be transferred to this edge, at the base
of the triangle. In the magnetostatic limit (no role of exchange energy), all the DW
charge would be concentrated on the half-hedgehog vortex. The numerical simu-
lations show that, depending on the sizes of the wire cross section, the charge is
spread all over the DW region (Fig. 2). The charge image, in a first approximation
[12], corresponds to the image of the DW structure obtained by magnetic force
microscopy.

STW

STW VWhalf hedgehog vortex

half antivortex half antivortex

vortex

half antivortex

ATW

VW

mx,y mz div m

FIGURE 2 Computed domain-wall structures in permalloy nanostrip of cross section w ¼ 300-nm

wide and h ¼ 5-nm thick. Each structure is shown by the in-plane (x, y) magnetization components

(left) with circular colour coding (map shown on top), by the perpendicular (z) component in black

and white (centre), and finally by the volume charge (div m), in black and white (right). Schematic

drawings of the two basic structures are also included. The ATW can exist in two variants with left

and right inclination, only the left one being shown here. Images are 1-mmwide, one half the width of

the calculation region. All walls are of head-to-head type, with a positive total magnetostatic charge

(coded as black on the right column of images). For tail-to-tail walls, the magnetostatic charge is

reversed, but the structures are the same (m ! �m transformation).
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1.3.2. The vortex wall (VW)
This DW structure does not show any transverse magnetic moment. However,
due to the presence of the vortex core, a perpendicular magnetization component
exists locally. As the vortex core is small (a few L [1]), the average perpendicular
moment is much smaller than the transverse moment of the STW.

Topologically, the structure consists in a vortex (q ¼ 1) with two half-antivor-
tices, one at each edge of the nanostrip, as drawn in the schematic drawing
included in Fig. 2.

In terms of magnetic charges, this structure spreads the DW charge more than
the STW and thus reduces the magnetostatic energy, at the expense of larger
exchange energy.

1.3.3. The asymmetric transverse wall (ATW)
This structure is a variant of the STW that becomes stable at larger film thickness h.
The half-hedgehog vortex is no longer aligned with the half-antivortex along the
transverse direction, but shows some offset (mainly visible on the volume charge
pictures in Fig. 2).

1.3.4. Energies and phase diagram
These three DW structures can be absolutely stable or metastable, depending on
the wire sizes w and h.

The equal energy line between VW and TW was found to lie at wh � 61.3 L2

(1500 nm2 for NiFe) [9, 10]. However, as shown experimentally and by micro-
magnetic calculations, in the case where the DW is nucleated by application of a
field transverse to the wire, the TW can be found well above this line [13]. This
metastability is due to the existence of an energy barrier. Indeed, in order to transform
a VW into a TW, the vortex has to be expelled at one of the strip edges, leaving the
centre where its energy is lowest. Similarly, in order to transform a TW into a VW, the
half-hedgehog vortex has to leave the strip edge, thus creating the vortex core with
perpendicularmagnetization thatmakesmost of the vortex energy. If it were possible
to vary continuously the film thickness h, one could say that the TW–VW transition is
first order.

In addition, above some thickness, the STW transforms to an ATW. An energy
barrier for this process has not been seen in the numerical calculations, although
the STW state can be obtained above this second transition line by symmetry.
Indeed, this transition can be realized continuously (a shift of DW centre along the
strip length that depends on position across the strip width). Thus, the STW–ATW
transition can be described as second order, and we shall use the symbol TW to
denote both structures.

Figure 3A plots these two equal energy lines, as obtained from the numerical
calculations. One should note that, as these calculations were performed with one
cell in the film thickness (2D calculations), the “phase diagram” thus obtained is
limited to low thicknesses. A deformation of the transition lines is anticipated at
larger thicknesses. This phase diagram was confirmed by experiments where the
most stable DW structure was obtained by thermal annealing [14]. This study also
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revealed the role of sample imperfections that may hinder the DW conversion and
even lead to a re-entrant VW phase at very low thickness.

The variation with film thickness of the energies of the three DW types pre-
sented here is plotted in Fig. 3B, for one value of the wire width, namely w ¼
300 nm.

These are the simplest DW structures, corresponding to the small sizes of the
nanostrips. The micromagnetic parameters that characterize these three structures
are shown in the Table 1.
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For much larger thicknesses, comparable to the nanostrip width, it has been
shown, for example, that another type of DW exists, called Bloch point wall [15,
16]. At large width and small thickness, cross-tie walls and diamond structures
appear [14]. Eventually, the benefit of the reduced dimensions disappears and we
recover the full complexity of the bulk domain structures.

2. FIELD DYNAMICS OF DOMAIN WALLS

Domain-wall dynamics under an applied field is a rather old subject [17]. The
early studies, however, concerned bulk samples, and only more recently thin
films. We will address here DW dynamics in soft nanostrips, where the DWs are
confined and their dynamics simpler. This research field is rather recent, as more
and more high-quality samples have been fabricated in the last 10 years only.

2.1. Panorama

Let a field be applied along the nanostrip axis (x-direction) so as to displace the
DW. Far away from the DW, the field exerts no torque asm andHapp are collinear,
so that the magnetization in the left and right domains does not change. This
mathematical evidence is in fact correct only for low fields: in real samples some
deviations of magnetization are always present (the ripple structure [1]) that
become exacerbated under a reverse applied field, eventually leading to the
nucleation of domains of magnetization aligned with the field before sufficient
DW motion may take place. Thus, the dynamics of one DW can be properly
calculated (and measured) only under low fields.

It is not possible here to describe what is obtained for all points in the phase
diagram of Fig. 3A. The reader is referred to Chapter 5 by H. Kohno and G. Tatara
for an approach of this physics by a simple analytical model. In addition, a chapter

Table 1 Main micromagnetic parameters for the three simplest DW structures in a 300-nm wide

and 5-nm thick NiFe nanostrip

Parameter STW ATW VW

DW energy (10�18 J) 5.014 5.001 5.071
DT (n ¼ 0) (nm) 52.2 49.5 25.4
DW y-moment my (nm) 53.06 53.62 �0.53
DW z-moment mz (nm) 0 0 0.19
atDW (ps) 6.3 400
nmax (m/s) 644.7 61.1
DT (nmax) (nm) 31.8 26.1

Symbols: DT, the Thiele domain-wall width (8); nmax, the DW maximum velocity; tDW, the characteristic time for DW
structure relaxation; mi, the DW transverse magnetization moments (6). DW energies were evaluated in a 2-mm long
calculation box. Note that the dynamic parameters (lower half) are identical for the STW and ATW as the STW is unstable
at this nanostrip size.

Micromagnetics of DW Dynamics in Soft Nanostrips 239



devoted to field dynamics of DW in soft nanowires and nanostrips was written
recently by us [15], where the 1Dmodel of DWdynamics is discussed in detail and
compared to numerical calculations. We shall here recall the main features of
these dynamics as revealed by numerical calculations, keeping the nanostrip size
constant (width w ¼ 300 nm and thickness h ¼ 5 nm). One interest of this size is
that the TW and VW have very similar energies, as just shown.

Figure 4 shows the velocity versus field curves for this sample, for an (A)TW
and a VW. The values were obtained from a collection of time-dependent calcula-
tions where a DW at rest is submitted at time t ¼ 0 to an applied field. Two very
distinct regions can be seen that correspond to different regimes of motion.

2.2. Linear regime (steady state)

For all DW structures, a first regime, beginning at zero field, shows a linear – or
slightly curved – increase of velocity with field. This behaviour is to be expected as
the field supplies energy and the damping term in LLG is akin to a viscous
friction. This regime of motion is called linear. Were the DW width in motion
the same as at rest, the n(H) curve would be perfectly linear. Indeed, Thiele [18]
has shown that for a stationary DW motion [a motion where the DW structure
does not change when seen in the moving frame, so thatm(r,t)¼m0(r�Q(t))], the
DW velocity n obeys the famous Walker relation:

n ¼ g0DT

a
H; ð7Þ
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where the Thiele DW width DT is defined as an integral over the moving DW
structure m0:

2

DT
¼ 1

S

ð

@m0

@x

� �2

d3r: ð8Þ

Thus, it is more precise to call this regime steady state.
The corresponding time-dependent evolution for a TW is plotted in Fig. 5A for

a representative field applied abruptly at time t ¼ 0. It shows that the DW reaches
a constant structure after some time, and that this structure differs from the one at
rest. The exponential relaxation of DW structure involves the characteristic time
tDW. The deformation of the DW structure expresses magnetization precession
under the applied field (amz-component appears for the TW, and amy-component
for the VW, see Fig. 5D).

Figure 5A shows the initial decrease of DT, more pronounced as H becomes
larger, that explains the downward curvature of the n(H) curve for the TW. The
change of the Thiele DW width reflects the higher energy of the moving DW
structure when compared to the structure at rest. As for small field (hence
velocity) this energy increase scales as n2, the factor in front of n2 may be called a
mass, known as the Döring mass [15, 19]. The existence of this mass explains the
transient dynamics of the DW when the field is applied abruptly.

Figure 6 shows a series of snapshots of DW structures in steady-state motion,
under increasing fields. For the TW (Fig. 6A), all structures are ATW. Magnetiza-
tion rotation (as shown by the charge image) peaks at the leading edge of the DW
as well as at the half-hedgehog vortex and half-antivortex on the sample edges,
increasing with DW velocity. The mz-component also increases in this region as
field and velocity get larger (not shown). For the VW (Fig. 6B), the main deforma-
tion under motion is the progressive shift of the vortex core in the transverse y-
direction that causes the change of the y-moment of the VW.

The comparison of the results for the TW and VW (Fig. 4) reveals that the VW
moves more slowly than the TW, at the same field. The Thiele DWwidth is indeed
smaller for the VW, due to the larger magnetization gradients that occur because
of the existence of a vortex core (Table 1). Note that this result is opposite to the
naı̈ve appreciation of the DW width from the magnetization pictures (Fig. 2).
More quantitatively, if the magnetization profile averaged over the transverse
variables y and z were fitted by the profile of a Bloch wall (mx ¼ tanh(x/Dx)), the
resulting Dx would indeed be larger for the VW. The reason for this difference is
that the Thiele DW width derives from the energy dissipation in LLG, and one
should rather think of the DW width that governs DW dynamics in the linear
regime as a measure of energy dissipation. The existence of this “dynamic” DW
width shows that a straightforward application of the Bloch wall dynamics
solution to DW in nanostrips may turn out to be very far from reality.

Starting from a VW, two steady-state regimes can be seen (see Fig. 4), the second
steady-state regime being identical to that of a TW. The reason is that the breakdown
marking the end of the first steady-state regime leads to a TW structure that can
move in steady-state conditions up to higher fields. Indeed, in the first regime,
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magnetization precession inside the VW leads to the apparition of amy-component,
linked to the displacement of the vortex core in the y-direction from the nanostrip
centre (Fig. 6B). This displacement increases with field (thus, and more appropri-
ately in fact, with DW velocity, see later) up to a point where the vortex core is
expelled from the sample. This transforms the VW into a TW (see Fig. 5D and D0).
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FIGURE 5 Computed motion of domain walls, under a field applied along the axis of a nanostrip

with a cross section w ¼ 300-nm wide and h ¼ 5-nm thick. The damping constant is a ¼ 0.02. The

starting structure is either a TW, with applied fields m0Hx ¼ 1, 2.6 and 4 mT [panels (A), (B) and (C),

respectively] or a VW [0.4 mT, panel (D)]. The figures show the DW position (left axis) and, on the

right axis, the Thiele DW width (DT) as well as the two transverse moments, along y and z – see

labels, of the DW magnetization [Eq. (6)]. For cases (B) and (D), supplementary graphs (B0, D0) plot
the time evolution of the maximum and minimum perpendicular magnetization component.When

these last values reach the vicinity of 	1, a localized structure (V, AV) is present. The fluctuations

seen belowþ1 or above�1 are due to the discreteness of the mesh. The applied field for the VW is

just above the first Walker threshold, so that the VW is seen to transform to a TW during the

calculation.
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In all cases, the end of the (last) steady-state regime is characterized by a
velocity that reaches a maximum. More precisely, due to the curvature of the
n(H) curve, the maximummay be even reached slightly before the end the steady-
state regime (the 1D model predicts that this is possible [15]).

All this phenomenology was uncovered by Walker in the case of the 1D Bloch
wall in an infinite sample with uniaxial anisotropy [20], so that the end of the
steady-state regime may be described as Walker field and Walker velocity. These
terms are kept here, even if the walls existing in the nanostrips have nothing to do
with a Bloch wall.

2.3. Motion above the Walker field

When the steady-state regime ends, the average velocity drops abruptly as shown
in Fig. 4 (this is called the Walker breakdown). The time traces for this case
(Fig. 5B) show that some regularity in time however exists, where the DW
magnetization components oscillate as well as DW width and velocity. Thus, an
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FIGURE 6 Snapshots of DW structures in steady-state motion (towards the right of the pictures)

under different fields (values of m0Hx are indicated), starting from a TW (A) and a VW (B). The

nanostrip size is w ¼ 300 nm and h ¼ 5 nm. The left images display the in-plane magnetization

orientation with the same colour code as in Fig. 2, and the right images map the magnetization in-

plane divergence (the magnetic volume charge). Images are 1-mm wide, one half of the calculation

region. The corresponding velocities are 169, 385, 532 and 612 m/s for the TW and 19, 41 and 52 m/s

for the VW.
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average velocity can be defined that has been plotted in Fig. 4. The snapshots of
the DW structures (Fig. 7), as well as the plot of the maximum and minimum of
the perpendicular component of magnetization (Fig. 5B0), reveal the now well-
known continuous transformation of the DW structures, by the injection, displace-
ment across the nanostrip width and expulsion of single antivortices (AV) and
vortices (V). Note that the breakdown mechanism with the apparition of these
very localized structures is rather different from the predictions of the 1D model,
where a precession of the DW magnetization is expected (this is also reflected in
the very different oscillation amplitudes of the y- and z-DWmoments, whereas in
the 1D model they would be equal). The topological analysis presented above is
useful for understanding what structures do appear and where [21]. Note that the
above-described mechanism is specific for soft materials.

At still larger fields, the regularity progressively disappears (Figs 5C and 7B)
because more than one AV or V is present. Consequently, the evaluation of an
average velocity is not so easy, and the numerical data show some scatter. In this
regime the velocity appears to increase again with field. Thus, the n(H) curve
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FIGURE 7 Snapshots of a TW set into motion by fields larger than the Walker value, namely

m0Hx ¼ 2.6 mT (A) and 4.0 mT (B). The nanostrip size is w ¼ 300 nm and h ¼ 5 nm, and the same

part of the nanostrip is shown in each series. The left images display the magnetization in-plane

component, the out-of-plane component is displayed in the centre images and the right images

map the magnetization divergence. For a field weakly larger than the Walker value (A), the DW

structure changes by continuous injection of an AV at one strip edge that crosses the sample width

to disappear at the other edge, followed by the injection of an AV with opposite core

magnetization at that edge and so on. For a larger field (B), the AV annihilates with a V of opposite

core magnetization that is injected before it reaches the other edge of the sample. Note the

increasing DW x extension as field gets larger, and the “anchoring” role played by the AV core.
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shows a minimum value slightly above the Walker field that we will denote by
nmin. As the processes become rather complex, calculations should be checked for
mesh independence and robustness to disorder (see next section) before attempt-
ing to compare these results to experiments. In this regime, it is obvious that the
1D model will not work. Too many degrees of freedom exit in the nanostrip
considered in this example (the stripe width is about 60 L) that can be excited.

2.4. Imperfect samples

2.4.1. Propagation field
One important characteristic of the DW dynamics in the perfect samples consid-
ered up to now is the existence of a linear regime at small applied fields, down to
zero. In real samples, however, a minimum field has to be applied in order to
displace an existing DW that is therefore called propagation field, HP. This field is
different from the coercive field of the sample, Hc, that can be measured by
magnetometry, as the latter involves in general DW nucleation, propagation and
disappearance. One advantage of the nanowires is to allow separating propaga-
tion of DWs from their nucleation, as recognized early [22]. The propagation field
may originate from many types of defects, so that its faithful micromagnetic
modelling is difficult. The defect type most considered for nanostrips is edge
roughness [23–25], but local variation of the micromagnetic parameters (A, Ms

or even h) has also been considered. The edge roughness mechanism is anticipated
to be dominant among themicrofabrication-induced defects, andmicrofabrication
plays indeed a big role as, very often, HP > Hc. This is also consistent with the
experimental observation that HP increases as the nanostrip width decreases.
Values of HP are rarely given in the literature, the published numbers ranging
from �1.5 [26] to 100 Oe [27] (m0HP ¼ 0.15–10 mT). For comparison, a good NiFe
film has Hc � 1 Oe (m0Hc ¼ 0.1 mT). We will therefore discuss now the effects of
edge roughness on DW dynamics by field.

Periodic roughness was first tried [23], but is not realistic at least for cases
where roughness is not intentional. Random roughness is therefore preferred. Its
generation is inspired by the existence of nanocrystals inside the sample.
A random grain pattern can be generated as the Voronoi cells for a random
distribution of points [25]. The rough edge is then obtained as the boundary of
the grains contained within a nominal nanostrip width with, if necessary, some
regularization to eliminate excessive roughness. The parameter of such a rough-
ness is the point density or, equivalently, the mean grain diameter hDi. To
implement the moving calculation region technique, a sufficiently long rough
nanostrip has to be generated first. As the magnetization in a rough nanostrip
deviates from strict uniformity, this should be taken into account at the x bound-
aries of the calculation region. However, as the roughness considered here is
small, of the order of the exchange length, these deviations are neglected for
simplicity.

The calculated DW dynamics with such a roughness is shown in Fig. 8, to be
compared with Fig. 4 in the perfect case. The figure depicts one of the problems of
the numerical micromagnetics of imperfect samples. For a given field, there is
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some probability that a DW stops at some place where the pinning potential
induced by roughness is too large. This is true especially as calculations are
performed without thermal fluctuations. In the absence of a better statistical
analysis, criteria have to be adopted for deciding whether the DW moves or not,
so as to compute its velocity. In the case of Fig. 8, motion was declared to take
place when the DWmoved for more than 1 mm, and in cases it eventually stopped
the velocity during the motion phase was evaluated, together with a zero value
indicating DW stopping. Thus, in a certain field range (that depends on the
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calculation total time and on the 1-mm criterion), DW motion and stop can occur.
This corresponds to the experimental behaviour.

Figure 8 shows that propagation fields HP � 10–30 Oe (m0HP ¼ 1–3 mT) can be
simulated by this technique. The grain size hDi is, however, limited by the
numerical mesh size, so that for lower HP smaller hDi, hence smaller mesh sizes,
are required. As a consequence, small velocities of DW motion are not observed
when using standard mesh sizes of micromagnetics (below, but comparable to the
exchange length L). The approach to zero velocity in the vicinity of HP is also not
computed, as it would require the introduction of thermal fluctuations and
extremely long calculation times [28].

In the case chosen for Fig. 8, it appears that a VW is more pinned than a TW.
This is, however, not a general conclusion, as for other sizes the opposite was seen.
The DW pinning is also quite sensitive to the type of defects. For example, film
thickness reduction (up to zero) for randomly chosen cells is very effective on a
VW, as this DW structure bears a large energy localized at the vortex core [1].

2.4.2. Walker breakdown
Apart from the apparition of a propagation field, disorder as introduced here has
a striking consequence: the Walker breakdown is pushed to much higher fields
(not even visible in the field range of this plot). Therefore, already little above the
propagation field the DW travels at an average velocity clipped to the maximum
velocity of the perfect case [25]. This was shown to result from energy dissipation
at the nanostrip edge, in the form of spin waves emission, preventing the appari-
tion of localized structures (V and AV) seen in the perfect case. This is demon-
strated in Fig. 8B plotting the evolution of the maximum and minimum of the
perpendicular magnetization for one case: comparison with Fig. 5B0 and D0 shows
variations of these extremum values that are much larger than the fluctuations
seen when a V or AV is present, due to mesh discreteness.

It should be noted finally that the best samples fabricated nowadays are better
than those of this calculation (Section 2.5), so that predictions for perfect samples
may not be so unrealistic.

2.5. Comparison to experiments

The experimental investigation of DW dynamics by field in nanostrips has started
only recently, once samples have become available (the reader should consult
Chapter 4 by T. Ono and T. Shinjo).

The main observable was, initially, the DW velocity and its dependence on
field. In the first experiments [22, 29] only one regime was seen, and the propaga-
tion fields were rather high.

More recently however, Walker breakdown could be experimentally seen in a
few cases [26, 30] where the propagation field was very low, 1.5 and 5 Oe, the
Walker breakdown occurring at 6 and 10 Oe, respectively. The other signature of
Walker breakdown is the oscillation with time of the DW structure, velocity, etc.,
as shown in Fig. 5. In one experiment [26], oscillations of DW velocity were indeed
detected, however as a function of DW position rather than of time, so that these

Micromagnetics of DW Dynamics in Soft Nanostrips 247



data are still non-understood. Still more recently, oscillations of the DW width
have been inferred from time-resolved measurements of the anisotropic magne-
toresistance (AMR) of a nanostrip sample [31] for large enough applied fields. The
variation of the resistance R of the sample due to AMR reads

DR ¼ �Dr

S2

ð

ðm2
y þm2

zÞd3r; ð9Þ

where Dr is the change of resistivity by AMR. Thus, AMR is sensitive to a
geometric DW width and not to the dynamic DW width of Thiele. Nevertheless,
an oscillation of AMR due to DW dynamics above the Walker threshold is also
anticipated, similar to that of DT (see Fig. 5). The non-observation of this phenom-
enon in earlier experiments may be due to insufficient sample quality masking the
regularity of the DW dynamics slightly over the Walker field. Indeed, as shown in
the previous section, the Walker breakdown may even be suppressed at large
roughness [25].

Thus, we may say that the micromagnetic predictions fit with experiments,
qualitatively at least. It is anticipated that a detailed comparison between experi-
ments and micromagnetic calculations will eventually boil down to a value of
damping a and a suitable imperfection model.

We finally note that, for applications requiring fast DW motion, the control of
the breakdown will become a very important topic.

3. DOMAIN-WALL MOTION BY SPIN-POLARIZED CURRENT

This section is intended to describe the status of research about spin-polarized
current-induced DW motion, and, more generally, current in-plane (CIP) spin
transfer, from a micromagnetic point of view. We stress that the final understand-
ing of this question is yet to be reached. Nevertheless, the subject being very active
presently, an attempt towards a synthesis may be worthwhile. As most of the
controversy concerns the introduction of CIP spin transfer in micromagnetics (see
a recent chapter [32] and related papers [33, 34]), we start by considering this point
before showing numerical results and comparing them to experiments. Analytic
results, using schematic DWmodels, are presented in Chapter 5 by H. Kohno and
G. Tatara.

3.1. CIP spin transfer in micromagnetics

In the early theoretical work by Luc Berger [35, 36], spin-transfer torque (STT) on a
DW was considered in a space-integrated form, from the change of conduction
electrons angular momentum after crossing the DW. Bazaliy et al. [37] were the
first to propose an expression for the local torque due to spin transfer inside a DW.
This expression applies to the situation of wide walls, when the DW width d (for
the Bloch wall profile one has d¼ pD, so that D is called the wall width parameter)
is large compared to the so-called Larmor length:
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d � ¯nF

Esd
: ð10Þ

In this expression pertaining to free “s”-electrons exchange-coupled to localized
“d”-electrons responsible for the material’s magnetization, nF is the Fermi velocity
and Esd is the energy splitting of the s-electrons’ up and down bands. For wide
walls, and in similarity to neutrons travelling inside a polarization rotation device
[38], the conduction electrons’ spin is expected to closely follow the local
d-electrons spin direction. This is called the adiabatic limit. STT is then obtained
as the differential change of the angular momentum of all conduction electrons.
For a sample slice of thickness dx (along the electron flow), the time evolution of
the angular momentum associated to the local magnetization can be evaluated by
both the evolution of the local magnetization and the amount of angular momen-
tum deposited by the conduction electrons:

d

�

dL

dt

�

¼ � m0Ms

g0

@m

@t
dx

¼ J

e
P
¯

2
½mðxþ dxÞ �m
:

ð11Þ

As the time derivative of an angular momentum is a torque, this effect is called
spin transfer torque. Therefore, the spin-polarized current leads to a time evolu-
tion of the magnetization that can be expressed as

@m

@t

�

�

�

�

STT

¼ � Jg j mB j P
2eMs

@m

@x
� �ðu�rÞm: ð12Þ

In this equation, e is the absolute value of the electron charge and the sign of the
current density J corresponds to the direction of motion of the electrons. We
denote this form of STT as CIP STT, since the current flows along the magnetic
layer with non-uniform magnetization. Adiabatic CIP spin transfer can thus be
represented by an equivalent velocity u. This velocity is proportional to the
current density J and its polarization ratio P and, importantly, inversely propor-
tional to the magnetization Ms. The velocity u may be compared to the classical
drift velocity nd associated to the current by J ¼ neend, where ne is the conduction
electrons density. One obtains

u ¼ ndP
ne
ns

; ð13Þ

where ns is the density of Bohr magnetons. For NiFe, the prefactor gjmBj/(2eMs) is
numerically equal to 7 � 10�11 m3/C. Thus, a typical current density J ¼ 1012

A/m2 with a polarization P ¼ 0.7 corresponds to u ¼ 50 m/s. This form of the
adiabatic CIP STT is well accepted, with u also denoted by bJ [39, 40] (but the
double vector product form m�(@xm�m) is unnecessarily complicated as it is
always equal to @xm because |m| ¼ 1).

A first issue of controversy appears when this torque has to be incorporated
into the dynamics equation of micromagnetics. One may add this term to the
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right-hand side of the LLG equation (1) [39, 41, 42] or of its LL form (3) [32, 33, 43].
The first procedure, namely

_m ¼ g0Heff �mþ am� _m� ðu�rÞm ð14Þ
(where from now on an overdot is used to denote a time derivative), has a solved
form that reads

_m ¼ g0
1þ a2

Heff �mþ ag0
1þ a2

m� ðHeff �mÞ

� 1

1þ a2
ðu�rÞm� a

1þ a2
m� ½ðu�rÞm
:

ð15Þ

In this last equation, two terms derived from the spin-polarized current appear,
whereas if the STT is added directly to the solved (or LL) form (3) one gets

_m ¼ g0
1þ a2

Heff �mþ ag0
1þ a2

m� ðHeff �mÞ

� ðu�rÞm:

ð16Þ

One presentation of the difference of conceptions leading to these two equations is
that Eq. (14) considers damping as a viscositywith respect to the lattice that creates a
friction field proportional to the magnetization velocity, whatever its origin. On the
other hand, a motivation behind Eq. (16) is that damping always decreases the
energy of the sample and, as the adiabatic STT cannot be derived from an energy
term, only the magnetic energy of the sample is considered for damping [33].

It should also be noted that Eq. (16) has a straightforward solution for a sample
with translation invariance, like a wire without any defect. Indeed, if m0(r) is a
solution of this equation with u ¼ 0, for example, a DW, then the solution for an
arbitrary u(t) is

mðr; tÞ ¼ m0

�

r�
ðt

�1
uðtÞdt

	

: ð17Þ

Such is not the case with Eq. (14), as explained hereafter.
The second point of controversy concerns the presence or not of a CIP STT

term beyond that of the adiabatic approximation. Domain walls, even if they are
wide in nanowires made of soft materials (because the DW width is determined
by the wire size and not by anisotropy), are never infinitely wide so that a
deviation to adiabaticity has to occur. From a mathematical point of view, the
only possible other torque term linear in the spatial gradient of m is of the form
m�[(u�▽m)], as m˙ has to be orthogonal to m because |m| ¼ 1. From the micro-
magnetic results to be shown below, such a term has a great impact on DW
dynamics. Therefore, the equation often considered in LLG form is [44, 45]

_m ¼ g0Heff �mþ am� _m

� ðu�rÞmþ bm� ½ðu�rÞm
; ð18Þ

where b� 1 expresses a small deviation to adiabaticity (the denomination cJ � bu
is also used). The solved form of Eq. (18) is
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_m ¼ g0
1þ a2

Heff �mþ ag0
1þ a2

m� ðHeff �mÞ

� 1þ ab

1þ a2
ðu�rÞmþ b� a

1þ a2
m� ½ðu�rÞm
:

ð19Þ

This expression shows that, when the CIP STT terms are added to the LLG
equation, the equation is equivalent to a LL form to which a slightly renormalized
adiabatic term u(1þab)/(1þa2) and a non-adiabatic term u(b�a)/(1þa2) have been
added. In this sense, the various points of view presented above end up into
different expectations for the value of b.

In this chapter, we will describe results in the framework of the LLG formula-
tion (18). Results can be transformed back to the LL formulation by replacing b in
LLG by b � a in LL. To be specific and allow for direct comparison with the field-
driven case, the nanostrip of 300 � 5 nm2 cross section will be kept. Starting from
the simplest situation, complexity will be added step by step in the models.

3.1.1. Other terms
Apart from the spin-transfer effect, the large current flowing inside the nanostrip
gives rise to two other effects that affect magnetization dynamics: the Œrsted field
created by the current and the rise of sample temperature.

3.1.1.1. The Œrsted field The existence of this field is the reason for which sample
width and thickness have to be small. For a nanostrip with flat rectangular cross
section h� w, the field has only a perpendicular z-component that is maximum at
the strip edges, and reads (for an infinitely long straight strip, J being the current
density)

Hz;max ¼
J

4p
h ln 1þ 2w

h

� �2
 !

þ 4wAtan
h

2w

" #

: ð20Þ

This value is roughly proportional to the nanostrip thickness h. The y-field com-
ponent [obtained from Eq. (20) by exchanging h and w] is slightly smaller, and
changes sign across the strip thickness so that for thin nanostrips (a few exchange
lengths thick) this field should have virtually no effect. Note that a non-zero
average for the y-field exists if the sample consists of several metallic layers, as
in spin-valve structures [46]. For a straight wire the axial (x) field component is
zero, so that there is no direct effect on the DW position.

The maximum values of the Œrsted field are not large for usual current
densities. For example, in a 300 � 5 nm2 nanostrip with a typical current density
J ¼ 1012 A/m2, one gets m0Hz,max ¼ 5.8 mT. This field has to be compared to the
demagnetizing field opposing an out-of-plane component, so that neglecting
exchange effects one expects a local mz � Hz/Ms, here less than 1%. A profile of
this field is plotted in Fig. 9, together with the mz-component that results from a
micromagnetic calculation under this non-homogeneous field.

The presence of this perpendicular field component may affect the processes
that occur at the sample edges. As seen in the field-driven case, V and AV are
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injected and disappear at the edges, and their core has a perpendicular magneti-
zation. Thus, a dissymmetry of dynamic processes is to be expected, in principle.
However, the smallness of this field component in comparison to the typical
demagnetizing field within the core, of the order of Ms, lets anticipate weak
effects. One report, however, has evidenced calculated oscillations in the transient
response of a DW to a current step due to the influence of the Œrsted field [47].

The influence of this field for unperfect samples, for example, with an edge
roughness or even a notch that reduces locally the nanostrip width, should be
investigated in each precise case. For this purpose, the current density cannot be
assumed as uniform, and requires a separate evaluation.

3.1.1.2. Sample temperature Due to the sample resistivity r(T), to a current den-
sity J is associated a volumic heating power rJ2. For r ¼ 10 mO cm and J ¼ 1012

A/m2 this power is 1017 W/m3. Without sample cooling, such a power would
rapidly destroy the sample: the volumic heat capacity of Iron is, for example, C ¼
3.5� 106 J/(m3K) so that sample heating would proceed at the tremendous rate of
30 K/ns. An analysis of heat flow in an infinitely long nanostrip on top of an
infinitely thick substrate was performed analytically and by finite elements solu-
tion of the heat diffusion equation [48]. The result is that, if lS denotes the thermal
conductivity of the substrate, CS its volumic heat capacity and hence DS ¼ lS/CS
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FIGURE 9 Œrsted field in a nanostrip 300� 5 nm2 under a uniform current density J¼ 1012 A/m2.

The field component perpendicular to the film plane is evaluated at the centre of the thickness,

and has the expression

HzðyÞ ¼
J

4p
h ln

ðw� yÞ2 þ ðh=2Þ2

y2 þ ðh=2Þ2

 !

þ 4ðw� yÞAtan
h=2

w� y
� 4yAtan

h=2

y

" #

:

The perpendicular magnetization componentmz induced by this field in the uniformly magnetized

nanostrip is also shown. The scales of both curves are such that the approximate expression

mz � Hz/Ms can be visually tested: a larger out-of-plane magnetization component is seen close

to the edges, due to the reduced local perpendicular demagnetizing field.
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the heat diffusion constant in the substrate, the heating power applies at long
times t (i.e.

ffiffiffiffiffiffiffiffi

DSt
p

� w) to a cross section of the substrate that increases by
diffusion as �DSt, so that temperature rises much more slowly than linearly, as

TðtÞ ¼ rJ2

lS

wh

p
ln

4
ffiffiffiffiffiffiffiffi

DSt
p

wG

� �

ð21Þ

(the symbol wG is the width of the Gaussian profile matched to the nanostrip
width for simplicity of the formula, it is of order wG � 0.5w). Taking Silicon as
substrate [CS ¼ 1.66� 106 J/(m3 K) and lS ¼ 148W/(m K) so thatDS¼ 8.92� 10�5

m2/s, at room temperature], the calculated temperature increase in the same
conditions as before is 2.7, 5.6 and 8.6 K for times 1 ns, 100 ns and 10 ms, respec-
tively. But with SiO2 the values become roughly 100 times larger. The first values
are very conservative estimates: the resistivity of NiFe is 2–3 times larger than
the value used here, there is an insulating layer below the sample, the substrate
may be thin, and the resistivity of metals increases with temperature. The second
values correspond to some experimental situations [49, 50] (as described in
Chapter 4 by T. Ono and T. Shinjo, temperature can be monitored experimen-
tally through the sample resistance). The heat diffusion analysis was extended
recently to the case where an insulating layer separates the nanostrip from the
substrate [51].

Thus, to describe all possible experiments, simulations should incorporate
thermal effects. In micromagnetics, temperature has two influences:

� All micromagnetic parameters, as they derive from the magnetic free energy of
the material, are temperature dependent. One has thus to consider Ms(T), A(T),
a(T) and, for the current polarization, P(T). The temperature dependence of
magnetization is well known experimentally. The calculation of the exchange
constant from the Dirac–Heisenberg Hamiltonian provides AðTÞ / M2

sðTÞ. Mea-
surements of damping versus temperature show virtually no effect [52, 53].
Finally, it seems reasonable to assume P1Ms(T). Thus, from the definition (12),
we expect that the equivalent velocity u does not change upon heating (this
holds true provided the current is maintained constant despite the rise of the
sample resistance), as well as the exchange length (4). The overall effect of
temperature can be better appreciated by transforming the equations to non-
dimensioned quantities, defined by

t ¼ g0Mst;
h ¼ H=Ms;
r � ðx; �; zÞ ¼ r=L;

ð22Þ

so that, for example, heff ¼ @2m/@r2þhd. With these definitions, the LLG
equation with adiabatic term becomes

@m

@t
¼ heff �mþ am� @m

@t
� u

g0MsL

@m

@x
: ð23Þ

This form shows clearly that the effect of temperature rise is to increase the
current efficiency, as u/(g0Msl) varies like 1/Ms and Ms decreases with
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temperature. Note that also the real-time dynamics slows down as T increases, a
phenomenon well known close to the Curie point.

No systematic analysis of the effect, on current-induced DW dynamics, of a
temperature elevation-induced change of the micromagnetic parameters has
been performed up to now, with the exception of one paper [54] that used the
finite size scaling technique for changing the micromagnetic parameters [55]
and found that indeed DW could be displaced with lower currents when T rose
close to Tc.

� Superparamagnetic fluctuations increase when temperature rises. These can,
following Brown [56], be introduced into standardmicromagnetics by adding to
the effective field a random field Hth with zero mean and whose variance obeys
(beware that delta functions have dimensions)

hHi
thðr; tÞH

j
thðr0; t0Þi ¼

2akBT

g0m0Ms
dijdðr� r0Þdðt� t0Þ: ð24Þ

Calculations incorporating these fluctuations have shown a very weak effect of
temperature, at least for metallic samples. In fact, the energy barriers between
different structures of a DW are most of the time very high compared to the
thermal energy [42, 57] (see, e.g. Fig. 3B). Note finally that when combining both
aspects of temperature rise, the scaled typical thermal field is reinforced as it
varies with temperature as

ffiffiffiffi

T
p

=MsðTÞ.

3.2. Perfect case with adiabatic STT

An ideal situation will be discussed first: the nanostrip is assumed to be perfectly
straight, with no defect, and contains a DW at rest, the current is switched on
instantaneously at time t ¼ 0, and only the adiabatic term exists in LLG (14). The
Œrsted field is not included either.

3.2.1. Transverse wall
Starting from a STW solution at rest, the time evolution of several quantities that
allow monitoring the DW dynamics is plotted in Fig. 10, for various values of the
velocity u representing the spin-polarized current torque.

For currents below a threshold (uc,TW � 645 m/s here), the DW displaces a
little along the wire and finally comes to rest under current (Fig. 10A). The DW
initial velocity is equal to u, as remarked early [39]. The structure at rest under
current differs from the initial one: the DW transverse moments my and mz have
changed (Fig. 10B), similarly in fact to the steady-state solution under field, as the
y-moment decreases and the z-moment increases. In addition, the maximum z-
component of the magnetization reaches higher and higher values as current
becomes larger (Fig. 10C). The characteristic time for the equilibration of the
DW structure is short (�0.5 ns), with some clear oscillations. These are due to
the conversion during motion of the STW into the ATW structure (i.e. the stable
form of TW at this nanostrip size, see Table 1 and Fig. 3), as proved in Fig. 10C.
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FIGURE 10 Time-resolved dynamics of a STW in a 300 � 5 nm2 perfect nanostrip submitted at

t ¼ 0 to a constant spin-polarized current, in the adiabatic model. The low-current regime u < uc,

TW is shown on the left figures (A–C) and the high-current regime on the right (D–F), with different

scales at left and right. The DW position is shown in the top (A, D) panels, then (B, E) the y- and

z-moments of DW magnetization [Eq. (6)], and finally the values of the maximum and minimum

perpendicular component mz of magnetization (C, F). The electric current is along the positive

x-direction, so that electrons move in the negative x-direction. Panel (C) contains in addition the

data obtained when starting from the stable ATW structure, where the oscillations seen for the

STW are absent.
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The fact that the DW eventually stops implies that the CIP STT has to be
compensated by another torque. Such a torque is provided by the deformation
of the DW structure. To understand this deformation, we reduce the TW structure
to the central moment in the DW (i.e. the moment oriented along the transverse
y-direction, at equilibrium). The CIP STT on this moment, starting from equilib-
rium, is the same as that resulting from a field applied along the perpendicular
z-direction. Therefore, at equilibrium under current, this moment will have pre-
cessed towards the z-direction, leading to an effective field (of demagnetizing
origin, mostly) also along the z-direction that compensates the spin transfer.
Although their full spatial form and dependence on magnetization orientation
are different, the fact that initially spin transfer is equivalent to a perpendicular
field helps understanding why no continuous DW motion under current should
be expected. Note finally that DW transient displacement and DW structural
transformation are intimately related, as shown recently [58] using the concept
of DW angle (or momentum [59–61]).

For u > uc,TW, the DW is set into continuous motion (Fig. 10D), and the DW
velocity reaches, in a small current interval, values of the order of several times
100 m/s. This motion is not a mere DW translation, but occurs under rotation of
the DWmoment (Fig. 10E), realized through the injection, displacement across the
nanostrip width, and expulsion of AVs, as shown by the plots of the maximum
and minimum of the perpendicular magnetization component (Fig. 10F), as well
as by looking at the movie of the magnetization evolution. This is fully similar to
the field-driven case. The comparison of Fig. 10D and F reveals that DW motion
occurs only when the AV is present; another illustration of the relation between
DW displacement and DW structure transformation.

These phenomena have been recognized early [39, 40, 42]. Composite models
of DW dynamics based on AV and V energetics and dynamics are being con-
structed presently [21, 62] that provide simple and efficient explanations of this
behaviour. The basic ingredient of these models is the Thiele equation that is
introduced in Chapter 5 by H. Kohno and G. Tatara and discussed later.

3.2.2. Vortex wall
The case of the VW structure is similarly illustrated in Fig. 11. At very low
currents, the VW structure is conserved. Similar to the TW case, the DW first
moves but finally stops (Fig. 11A), adopting a deformed structure (Fig. 11B) under
current. The quantitative difference with the TW case is that the VW is displaced
much more (for the same current) than the TW. This is in fact related to the much
larger structural characteristic time of this structure, equal to �20 ns in this case
(see Table 1). The deformation of the VW structure is mainly apparent by the
change of the y-DW moment that corresponds to an offset of the vortex core
(Fig. 11C). The other quantitative difference with the TW is the magnitude of the
currents involved: the VW structure is maintained only for u < uc,VW � 60 m/s.

For intermediate currents, the VW transforms to a TW by expulsion of the V
core, as shown by Fig. 11E and F. This transformation is accompanied by a
sizeable displacement of the DW position that is in fact “quantized” [58]. The
intermediate regime, defined by uc,VW < u < uc,TW, is such that even after
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conversion to a TW the wall eventually stops. The total DW displacement
incurred by the current application is then the algebraic sum of the “quantized”
displacement due to the structure conversion and the displacement of the TW
when submitted to the current.

At large currents u> uc,TW we recover the DW continuous motion seen before.
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FIGURE 11 Time-resolved dynamics of a VW in a 300� 5 nm2 perfect nanostrip submitted at t¼ 0

to a constant spin-polarized current, in the adiabatic model.The low-current regime u< uc,VW is shown

on the left figures (A–C, u ¼ 10, 30, 50 m/s) and the intermediate current regime on the right (D–F,

u ¼ 100, 200, 400, 600 m/s). The electric current is along the positive x-direction, so that electrons

move in the negative x-direction. The DW transverse moments (B, E) are the scaled integrals of the

transverse (y and z) magnetization components [Eq. (6)].The vortex core y-position is shown (C) for long

times and low currents, including in addition those close to the transition to the TW (u¼ 60, 70 m/s).

The straight line in (D) shows that for u ¼ 100 m/s, the DW initial velocity is indeed n ¼ u.
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3.2.3. Comparison to experiments
From the study of these two cases, we conclude that in the perfect and adiabatic
situation there is no continuous DW displacement under constant current, except
for very large values of the current where DW motion occurs at the price of a
continuous transformation of the DW structure, with a large velocity. Thus, an
intrinsic current threshold for DW motion is predicted in this framework [41, 42].
For other nanostrip sizes, results are similar with only a change in numerical
values. Some plots of the important quantities in the (w, h) plane are provided in
Ref. [58].

These conclusions are in strong disagreement with experiments. Indeed, with
a polarization P ¼ 0.7 for NiFe, a current equivalent velocity uc ¼ 650 m/s corre-
sponds to Jc ¼ 13 � 1012 A/m2, a value 20 times larger than the experimental
results for close sizes [63–65]. Moreover, the current threshold for DWmotion has
been shown to be proportional to the DW propagation field, and is therefore
extrinsic [66]. Several ways to lift this paradox, whereby the current appears to
be much more efficient in reality than in models, have been proposed: the inclu-
sion of a non-adiabatic term, the use of the LL equation with adiabatic term only,
and the increase of sample temperature:

(i) In Section 3.1, we have shown that sample heating depends enormously
on sample architecture, and varies very rapidly with current density J (faster
than J2). From the micromagnetic analysis of the temperature dependence of
the material parameters, it has also been shown that the CIP spin transfer
is expected to be amplified by an increase of temperature. Therefore, the rise of
T up to the vicinity of Tc may give rise to DW motion in the perfect case, at
values of current compatible with those of the experiments. However, first,
the currentwindow for suchDWmotion should be very narrow, aswith just a
little more current the sample reaches Tc. There are indeed many reports
[49, 50, 67, 68] that Tc could be reached in experiments, as the nucleation of
structures such aspairs of domainwalls,wasobserved. Evenwithout reaching
the Curie temperature, the transformation of the DW structure is also often
observed: change of chirality of the DW [69], or change between TW and VW
[70, 71] (butDWstructure transformations can also be ascribed to STT) Second,
there exist also experimentswithdifferent sample structures and experimental
conditions where heating was measured to be relatively small, and neverthe-
lessDWmotionobserved, so that alternatives toheatinghave tobe considered.

(ii) The introduction of adiabatic CIP spin transfer into the LL equation [see
Eq. (16)] changes the situation completely. Indeed, as explained in Section
3.1, the solution for a DW under current is then trivial: a translation as a
whole without any deformation, with instantaneous velocity n(t) ¼ u(t).
There would therefore be no current threshold for DW motion.

From the field-driven case however, we know that DW propagation is
hindered by many sorts of defects. The existence of these defects breaks the
translation invariance of the nanostrip, so that the analytic solution just
discussed no longer applies and micromagnetic models with disorder have
to be employed. These show the apparition of a threshold current,
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depending on the disorder model andmagnitude, so that the very existence
of a threshold current is not a sensitive test of the models.

Another prediction of the model is the velocity relation n ¼ u. Velocities
measured were initially much smaller, of the order of a few m/s [63, 72],
but recently much higher values were measured with shorter current
pulses [65, 68] that do not always obey n ¼ u.

The other strong prediction of the adiabatic LL formulation is the displace-
ment without change of structure. Several experiments with a VW have
shown a lateral y shift of the vortex core following current pulses [68, 70, 71]
(due to defects that prevent the core from returning to the nanostrip centre)
that contradicts the rigid translation model. This may well be the most sensi-
tive experimental test of the CIP spin-transfer micromagnetic models. How-
ever, all conclusions of this model should be tested for robustness to disorder.

(iii) The third alternative is to stick to LLG and add a non-adiabatic term (18),
with coefficient b. This encompasses the previous idea as a special case,
namely b ¼ a (up to a very small renormalization of u by a factor 1 þ a2).
Therefore, we will in the following discuss the micromagnetic numerical
results obtained in this framework. An analytic description can be found in
Chapter 5 by H. Kohno and G. Tatara.

3.3. Perfect case with non-adiabatic STT

The equation governing magnetization dynamics considered now is (18) and (19).
We will discuss first the results for the transverse wall before analyzing those for
the vortex wall and comparing them.

3.3.1. Transverse wall
The dependence of the TW velocity on current u as a function of the non-adiaba-
ticity parameter b is shown in Fig. 12 that also incorporates the results of Section
3.2. The velocity here is the velocity measured at long times, the current being
applied in a step-like way at time t ¼ 0 on the TW structure at rest. In the case
where DW motion is not stationary, as it is still periodical once the transients are
over, the velocity is the average value over one period.

The first striking result is that, as soon as b > 0, DW motion is obtained under
infinitely small currents. Thus, there is no longer an intrinsic threshold current for
DW motion, and small DW velocities can be easily reached. The reason for DW
motion as soon as b 6¼ 0 can be “read” from (19): to avoid the full cancellation of
the CIP STT, the ratio of both spin-transfer terms [(a � b)/(1 þ ab) here] has to
differ from the corresponding ratio for the effective field (a).

3.3.1.1. Linear regime The linear regime found at low currents does not show any
curvature, at variance with the field-driven case. The 1D model of DW (see
Chapter 5 by H. Kohno and G. Tatara) predicts indeed that

n ¼ b

a
u ð25Þ
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(note that for b ¼ a we recover n ¼ u as seen above). In fact, this relation has a
much greater range of validity, as it has been shown to hold as soon as there is a
steady-state DWmotion, whatever the DW structure [45]. In stationary conditions
indeed, time derivatives are space derivatives and by integration general relations
can be obtained, known as the Thiele equation [18, 61] and its generalization to the
current-driven case [45]. The slopes in Fig. 12 are perfectly reproduced by Eq. (25).

However, this does not mean that the DW structure is unchanged. The evolu-
tion with time of the parameters of the TW is shown in Fig. 13A–C for some values
of the parameters b and for a realistic current u ¼ 100 m/s. From that figure
(panels B and C) the evolution of the DW transverse magnetization moment is
apparent. It should be noted that the evolutions for b ¼ 0 and 0.04 are opposite to
each other, that for b¼ 0.01 being one half of that for b¼ 0 and that for b¼ 0.02� a

being nil (except for the STW to ATW transition shown in Fig. 13B by the Thiele
DW width, due to the unstability of the STW).

More quantitatively, DW structures in steady-state motion under current are
virtually undiscernable from those obtained under field (shown in Fig. 6),
provided they are compared at the same relative velocity nR defined as nR ¼ n � u.
This comes directly from the Lagrangian formulation of the LLG equation (see
Chapter 5 by H. Kohno and G. Tatara), and its extension to include CIP spin
transfer.

3.3.1.2. Lagrangian formulation of micromagnetics under CIP STT In micromag-
netics, the concept of Lagrangian was introduced by Döring [19], who used it to
show that any DW structure has a maximum velocity, and to compute the moving
DW structure to first order in damping (see the discussion in [15]; values of these
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velocities for TW and VW are given as a function of w and h in [58]). In the
presence of CIP spin transfer the Lagrangian incorporates a term due to adiabatic
spin transfer, whereas the non-adiabatic term plays no role as it belongs to the
terms that do work, like damping and applied field along the strip axis. For
steady-state motion, the Lagrangian is found to depend on the relative velocity
nR only. Thus, steady-state motion at velocity n under STT described by the
equivalent velocity u obeys

jn� uj<nmax: ð26Þ
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As a consequence, the regime where the DW does not move (n ¼ 0) can exist
only for |u| < nmax, as seen above. In the case b ¼ 0 where this solution exists, we
have the following important relation between the field- and current-driven
regimes:

uc;TW ¼ nmax;TW: ð27Þ

This equation shows that two quantities apparently unrelated are in fact equal
(this is one of the motivations for describing DW dynamics by field and by current
together in this chapter).

When b 6¼ 0, the steady-state relation (25) implies that the steady state ends at
u ¼ u* (with a DW velocity n*) given by

u
 ¼ a

j b� a j nmax;

n
 ¼ b

j b� a j nmax:
ð28Þ

For the values of b considered in the figures, we obtain the following analytical
predictions for a ¼ 0.02: u* ¼ 2nmax,TW and n* ¼ nmax,TW for b ¼ 0.01; u* ¼ nmax,TW

and n* ¼ 2nmax,TW for b ¼ 0.04 and u* ¼1 for b ¼ 0.02 (the meaningful parameter
being b/a). With the value of nmax,TW given in Table 1, we see that the analytical
predictions for the end of the linear regime are well obeyed. The agreement is not
perfect as the “Döring principle” is in fact a low damping approximation [15].

The dependence on nR only of the Lagrangian in the stationary regime,
together with the expression of DW velocity (25) in that regime, show that the
modification of the DW structure in the stationary regime depends on (b � a)u/a.
This explains the magnitudes and signs of the DW structural deformations seen in
Fig. 13.

3.3.1.3. Beyond the Walker regime For currents above u*, DW motion is no longer
stationary, as shown in Fig. 13D–F in the particular case u ¼ 700 m/s. The
dynamics is very similar to that seen under field (Fig. 5) with precession of the
DWmagnetization through the injection and displacement of isolated antivortices
(moderately above u*), followed by vortices and multiple localized structures at
larger and larger currents.

A notable difference with the field case is that, depending on the value of b, the
velocity can increase (if b < a) or decrease (if b > a) compared to the linear regime
(Fig. 12). To explain this, we may remark from Fig. 13D that DW velocity is lower
when there are no localized structures for b < a, and higher when b > a, general-
izing the observation made in the case b ¼ 0 (Fig. 10). In all cases velocities
converge to n ¼ u at very large currents (Fig. 12), as predicted by the 1D model.

In addition, although this is not a general feature as it depends on nanostrip
size, we see two regions in the aboveWalker regime with a velocity jump between
them. Examination of the associated movies shows that this is due to the time
required to inject the AV. The peaks at u ¼ 760 m/s for b ¼ 0 and u ¼ 720 m/s at
b ¼ 0.04 are characterized by the injection and motion of an isolated V (instead of
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an AV). In fact, there appears to be a competition between injection of an AV at
one edge of the nanostrip and the injection of a V at the opposite edge. This
competition depends on the aspect ratio of the nanostrip [21].

3.3.2. Vortex wall
The DW velocities evaluated at long times (stationary regime, or periodic aver-
age above) for a VW are identical to those found for the TW and displayed in
Fig. 12. In the stationary regime, this result is proved directly by the Thiele
approach recalled earlier that gives Eq. (25) independently of the DW structure.
Above this regime, as the DW structural transformation starts by the expulsion
of the vortex core and transformation to a TW, the similarity of TW and VW is
also understood.

3.3.2.1. Linear regime The time evolution of the VWunder two values of current is
illustrated in Fig. 14. The first value u¼ 50 m/s (panels A–C) was chosen such that
for all values of b the current is in the linear region for the VW, whereas for u ¼
100 m/s only b ¼ 0.01 and 0.02 belong to it. Similar to the TW, the linear regime
features a progressive VW structural transformation despite the perfect linearity
of the n(u) relation. The transformation is displayed, for example, by the DW
y-moment (Fig. 14B and E), or by the vortex core y-position (Fig. 14C). As already
seen for the TW, there is no change when b ¼ a, the change for b ¼ 0.01 is one half
of that for b ¼ 0 and that for b ¼ 0.04 is opposite to that for b ¼ 0.

This was well understood with the Lagrangian formulation of micromagnetics
under CIP STT. Equivalently, the study of the VW dynamics by simple analytical
models rests on the application of the Thiele equation to the AV and V. As
explained in Chapter 5 by H. Kohno and G. Tatara, this equation shows that AV
and V are submitted to a “gyrotropic” force that is orthogonal to nR and changes
sign with the core z-polarization direction and between AV and V.

The big difference between TW and VW that appears in the time-dependent
results comes from the very different characteristic times of these two DW struc-
tures (see Table 1). The calculations show that the structural deformations under
current have not yet reached their steady-state values after 50 ns (Fig. 14B).
Consequently, the DW velocities are still off from the steady-state values, as
shown in Fig. 14A where the lines corresponding to Eq. (25) were added. As the
DW initial velocity is u, the transient DW velocities deduced from Fig. 14A and D
lie between n ¼ u and n ¼ (b/a)u.

This figure also shows that the DW displacements converge to this analytic
relation with an offset, itself varying like b � a. This offset is of the same nature as
the transient displacement seen in the b ¼ 0 case previously (Fig. 11), and is
directly related to the change of DW angle of the VW structure (the DW angle
for a VW is defined precisely from the general definition in Ref. [58]).

The values of current at which the linear regime for the VW ends are given by
the analytical prediction (28), with the micromagnetic value of nmax,VW given in
Table 1, hence u* ¼ 122 m/s for b ¼ 0.01 and 61 m/s for b ¼ 0.04 and 0. This is in
agreement with the results shown in Fig. 14 for u ¼ 50 and 100 m/s.
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3.3.2.2. Above the VW linear regime The end of the linear regime for the VW is
marked by the vortex expulsion (Fig. 14F). As shown in Fig. 14D, the DW velocity
subsequently rapidly adopts the analytical value (25), as the characteristic time of
the TW is short (see Table 1) and u< u* for the TW. This explains why Fig. 12, that
plots the long time velocity, is identical for TW and VW.

3.3.3. Comparison to experiments
Remembering that the experimental values of u are at most 100 m/s, we see that
the steady-state regime should apply, the DWvelocity being thus directly linked to
the b-parameter, independent of the DW structure, and with no current threshold.
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The steady-state DW velocity is, however, not the only data that should be
compared to experiments. Indeed, as explained in Section 3.1, the sample heating
can be very important, and the high-current densities can lead to sample destruc-
tion by electromigration, so that sample damage is reduced by applying the
current in pulses. Many experiments are thus now performed with short pulses,
with sub-nanosecond [73], nanosecond [65, 68] up to microsecond [63, 70] dura-
tion. In such a situation, the characteristic time of the DW structure plays a role,
especially for the VWwhere it can be very large (a map of this time as a function of
nanostrip width and thickness is given in Ref. [58]). Figure 11A has shown that,
even with b ¼ 0, a VW transient displacement as large as 1 mm can be obtained
under a reasonable current u ¼ 50 m/s. This displacement is roughly linear with
time up to 50 ns, and also with current. However, if the current is switched off the
VW will come back to its original position.

This phenomenon has been discussed a long time ago, when studying the
“gyrotropic” propagation of vertical Bloch lines (VBLs) inside the Bloch walls of
bubble garnet films with perpendicular anisotropy, so as to realise a solid state
memory known at the time as Bloch line memory [74]. The correspondence is
between VW and VBL x-position, and V core and Bloch wall y-position. To retain a
non-zero VBL displacement after a z-field pulse, the strategy was to apply a field
pulse with long fall time, and to stabilize VBL position by an artificial potential
well or pinning.

In the case of the VW discussed here, a long current fall time together with
pinning of the V would lead to a non-zero VW displacement after a current pulse.
We note that direct imaging experiments have indeed shown off-centred vortex
cores after current pulses [68, 70] that support this mechanism. The additional
observation that, once a VW was converted to TW, no motion could be seen [70]
supports also this view. However, experimental pulse durations may be much
longer (20 ms [72]) than the VW typical characteristic times, so that this explana-
tion does not apply to all cases.

More generally, we have already mentioned that imperfections exist in real
samples, so that the conclusions reached on perfect samples have to be checked in
their presence. This is the object of the next section.

3.4. Imperfect case

As discussed for field-driven dynamics, imperfections can be introduced in
micromagnetic calculations by some roughness of the nanostrip edge. Edge
roughness has the additional consequence that the current density becomes
non-uniform, and has to be calculated at every point. This involves solving the
Poisson equation in the rough nanostrip, a calculation to perform only once,
before the micromagnetic calculations. We consider here the case where the
average grain diameter is hDi ¼ 10 nm only (propagation field m0HP � 1.5 mT).

3.4.1. Transverse wall
Results obtained for a TW are shown in Fig. 15, for several values of the parameter
b. This figure should be compared to Fig. 12.
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In the adiabatic case b ¼ 0, there is little change compared to the perfect case:
DW motion occurs with transformation of the DW structure, starting at u � uc.

When b 6¼ 0, no DW propagation is seen unless the velocity u is large enough,
similar to field case. It can therefore be said that roughness leads to the apparition
of a current threshold for DW motion. This threshold is not an intrinsic quantity,
but linked to disorder (and indeed calculations with a larger roughness lead to a
larger current threshold). Similar to the field case also (Fig. 8), DW motion in a
certain range of currents above this threshold is stochastic, as the DW may move
and stop at some places. The plot shows therefore two values of velocity in such
range, namely 0 and the velocity derived from the period of DW motion.

The data with b ¼ 0.01 are very similar to those at b ¼ 0, so that this amount of
adiabatic torque has no visible influence on DW motion, for the magnitude of
imperfection considered in this calculation.

In the case b ¼ 0.02 ¼ a, two regimes are seen. At the lower currents, the TW
moves without notable change of structure (apart from the fluctuations of width,
asymmetry, etc., due to roughness). This corresponds to what is expected in the
perfect wire case. However, a relation u� u� 200 m/s is measured, instead of the
expected n ¼ u rule. In this regime, the wall moves and may stop. At u > 600 m/s
(the value of uc in the perfect case), the continuous transformation of DW
structure sets in, with the successive motion of AV across the nanostrip width
(at least moderately above the threshold). The DW velocity increases and becomes
similar to the velocity obtained under DW structure transformation at lower
values of b. The n(u) relation has still the slope 1, but the offset has diminished
slightly.

Finally, in the case b ¼ 0.04 > a, the low u regime with DW motion without
structure transformation is also found. The perfect case relation (25) is obeyed,
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but again with an offset. In the higher current regime, the breakdown expected at
u ¼ uc (see Fig. 12) does not occur, and the DW structure does not process at least
for the currents shown. Only a gradual reduction of the n(u) slope occurs, towards
unity (as found for a perfect nanostrip, but again with an offset).

This example shows that the influence of imperfections is (i) to mask the effect
on DW motion of too small b-parameters, (ii) to introduce offsets in the linear
regime and (iii) to suppress velocity breakdown (as already seen in the field-
driven case). Note that, for this sample, the analytic slopes of the linear regime are
preserved, whereas for a less wide nanostrip with the same roughness parameter
hDi they were even reduced [45].

3.4.2. Vortex wall
As we have seen in the perfect nanostrip case, the VW dynamics under current is
dominated by the presence of the vortex, with the long relaxation time of its
y-position. This y-position will be controlled by the relative DW velocity nR.

Figure 16 depicts the dynamics of the VW, for two values of the current and
various non-adiabaticity parameters. The data show, similar to the results obtained
for perfect nanostrips, a transient VW motion at lower currents than for the TW
that lasts as long as the V is present. As the initial V core z-magnetization is always
the same, the V transverse motion direction is determined by nR only.

The first value u ¼ 100 m/s (panels A–C) should be compared to the perfect
nanostrip situation, shown in Fig. 14A–C. We see that in the rough case, since n <
u is calculated, the DW y-moment always decreases and the vortex core y-position
becomes negative. In the case b¼ 0.04 where n is close to u, the gyrotropic force on
the vortex core is weak and the vortex core remains close to the nanostrip centre.
Thus, this calculation provides an example where microscopically b ¼ 0.04 ¼
2a whereas the apparently steady-state DW motion corresponds to n ¼ 85.4 m/s
thus b ¼ 0.85a. This behaviour exists in a certain range of currents, and the DW
velocities measured in that range are plotted in Fig. 17. Each of the measured DW
velocities could be translated into a value of an effective b/a that would vary
between 0.55 and 1.13. The figure, however, shows that a slope of n(u) can be
defined in this regime (equal to 1.4 here) that lies between the values 1 and b/a¼ 2.
An offset in the n(u) relation appears in addition. More generally, Fig. 16A shows
that the DW velocities in the transient regime, that in the perfect situation ranged
between u and (b/a)u, are reduced when roughness is present. The results for
b ¼ a are remarkable, as the DW velocity is significantly smaller than u so that
the vortex is expelled and the DW stops.

For the higher value of current u¼ 300 m/s (Fig. 16D–F), the DW velocity with
b ¼ 0.04 is now sufficiently larger than u so that the V moves upwards in y and is
finally expelled, bringing the DW into a TW that stops later, as the value of u is in
the region of stochastic DW motion for the TW at b ¼ 0.04. The other cases, with
lower b values, show DW velocities lower than u and thus a downwards expul-
sion of the V. The transient DW velocities are, as seen already for u¼ 100 m/s, also
smaller than in the perfect case. From the figures, it can be expected that for an
intermediate value b � 0.03, the vortex is kept and the DW continuously moves at
hni � u, that is, an apparent b � a.
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Summarizing, it appears that the VW canmovemore easily under current than
a TW, in the presence of imperfections of the sample edge [75]. This feature is
clearly consistent with experiments [66, 71]. The possible reason for this behaviour
is that the vortex core, the region with the largest magnetization gradient hence
the largest CIP STT, is far from the rough edges (note that defects in the form of
holes give the opposite result that the TWmoves more easily than the VW [76]). In
addition, a non-trivial effect of imperfections was seen, namely a general reduc-
tion of DW velocity, leading to apparent b/a ratios close to unity, and that depend
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on the current magnitude. This is also in qualitative agreement with experiments:
many show that apparently b � a [30, 68, 77], but for similar samples other
experiments require apparent b/a � 1–10 [65, 71, 78]. Although the form and
amount of disorder considered in these calculations result in clearly larger imper-
fections than what should exist in the best samples, these results show that the
identification of the b-parameter by DW velocity measurements in real samples
may not be straightforward.

4. DYNAMICS UNDER COMBINED FIELD AND CURRENT

As many experiments have considered how the CIP STT affects the field-induced
DW dynamics, we will discuss this topic too.

4.1. Perfect samples

The results for a perfect wire are summarized in Fig. 18 where several values of u
and b are compared. The calculations were performed for a TW. The results for a
VW differ only close to the origin, precisely speaking when jn�uj<nmax,VW.

4.1.1. Linear regime
The linear regime has been theoretically studied in several papers [39, 40, 42, 44,
45]. The DW velocity in steady state reads

n ¼ g0DT

a
Hx þ

b

a
u; ð29Þ

with as usual DT the Thiele DW width of the moving domain structure (8). This
relation, initially derived with the 1D model for a TW, holds in fact for any DW
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structure and results only from the hypothesis of steady state. Similar to the field
case, this relation has an intrinsic non-linearity due to the variation of the Thiele
DWwidth (the accurate Döring approximation being that DT depends only on the
DW velocity n).

The end of the linear regime can be obtained, in the low dissipation approxi-
mation of the Döring principle, from the point where with Eq. (29) the maximum
velocity nmax is reached, with a corresponding Thiele DW width DT(nmax). Thus,
we get a dependence of Walker field on current as

	HWðuÞ ¼ 	anmax � ðb� aÞu
g0DTðnmaxÞ

: ð30Þ

This gives a relative variation DHW/HW of the Walker field at small u where the
Thiele DW width has disappeared, reading

DHW

HW
¼ b� a

a

u

nmax
: ð31Þ

The numerical micromagnetic results displayed in Fig. 18 are in good agreement
with Eq. (31), using the micromagnetic value of the maximum velocity given in
Table 1. Therefore, at first sight, this analytic relation provides a very direct
experimental measurement of b.

4.1.1.1. Above the Walker breakdown regime For fields larger than HW(u), velocity
decreases abruptly, similar to the dynamics driven by field only. Figure 18 shows
that the velocity slightly above the Walker field, in the region where n(H) is flat,
becomes also independent of the value of b. Moreover, the data are well described
in this region by the very simple relation

n ¼ nmin þ u; ð32Þ
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FIGURE 18 Velocity at long times of a TW in a perfect 300 � 5 nm2 nanostrip under an applied

field, superposed to a DC current with adiabatic and non-adiabatic spin-transfer torque. For each

value of b, two opposite values of current u ¼ 	50 m/s are injected.
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where the minimum velocity nmin was defined in Section 2.3. This result that
depends only on the relative velocity nR is very probably related to the Lagrangian
description of the effect of CIP STT. Note that, if the steady-state relation were
(erroneously) applied to such a result, a value b/a ¼ 1 would be deduced.

For higher fields where velocity increases again, however, a dependence on
b reappears.

4.2. Imperfect nanostrip case

From the previous sections of this chapter, we know that imperfections may
modify the conclusions reached on perfect samples. Nanostrip imperfection was
mimicked here by an edge roughness as previously explained, with the same
value (average diameter of the grains equal to 10 nm) used for the study of field-
induced DW propagation (Section 2.4).

The results for TW motion under combined field and current obtained in such
a nanostrip are shown in Fig. 19. Similar to the pure field case (Fig. 8), the
disappearance of the Walker breakdown in the range of fields investigated is
found.

For fields much larger than the propagation field, it is found that, remarkably,
DW velocity is independent of the non-adiabaticity parameter b and obeys the
simple relation

n ¼ nmax þ u: ð33Þ
This relation that mimics Eq. (32) corresponds to an effective ratio b/a ¼ 1. In
terms of the Döring principle, relation (33) means simply that nR is clipped to nmax.
In the absence of a statistical treatment of imperfections, however, this statement
should be considered just as an analogy, as there is nomathematically steady-state
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u ¼ 	50 m/s are injected.
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DWmotion in a rough nanostrip. As expected, the behaviour in that field range is
exactly the same for a VW.

We will not comment in detail the vicinity of the propagation field, as the
approach used with no thermal fluctuations and relatively short calculation times
is not very pertinent.

4.3. Comparison to experiments

4.3.1. Measurements of DW velocity
The DW mobility under field and current in samples where the Walker break-
down could be seen has been measured in only two cases up to now [30, 77], with
nanostrip cross sections equal to 300 � 10 and 600 � 20 nm2, respectively. Both
experiments have seen mainly a vertical translation of the n(H) curve under
current, and conclude that b � a in their samples, based on the expressions
established in the perfect nanostrip case.

The micromagnetic calculations performed with a large roughness (Section
4.2) have, however, shown that a vertical translation was obtained, irrespective of
b. But this roughness was so large that it wiped out the Walker breakdown.
Therefore, a milder imperfection model, that gives rise to propagation fields as
low as those of samples where the Walker breakdown has been observed, is very
much needed.

4.3.2. Depinning of a DW
In addition to the measurement of DW velocity under field and current, the
variation of the propagation field under current has attracted a lot of attention
experimentally [69, 78–81]. Samples with artificial defects (notch) pinning the DW,
or just with natural defects, have been used.

For weak (natural) DW pinning, a rather linear variation ofHP with u has been
measured once thermal (or thermal-like) effects were subtracted [79, 82]. Keeping
in mind that this field is not confidently evaluated by current micromagnetic
simulations, the trend seen in Fig. 19 proves qualitatively in agreement with
these results.

4.4. AC effects

Spectacular results have been obtained by setting the DW into oscillation inside a
pinning potential well [78, 81]. The 1DDWmodel was very efficient to understand
the results obtained that were partly counter-intuitive.

A related experiment devised a nanostrip with small curvature under a field
applied in the transverse direction so as to create a potential well for the DW [83],
and resonant effects where the oscillation frequency was controlled by field were
indeed observed.

Briefly stated, the interest of measurements at resonance is to avoid pinning
effects and to detect weaker effects (see also Chapter 3 by Y. Suzuki). The micro-
magnetic analysis of data obtained in the situation of a vortex displaced inside a
disc [84, 85] has shown that, importantly, the adiabatic CIP STT model was
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quantitatively correct. However, no conclusion could be drawn about the non-
adiabatic contribution up to now, as it did not influence the results in a measur-
able way.

The study of AC effects in CIP STT is developing very rapidly now, not only in
the situation with a DW, but also with an isolated vortex, or even just field-
dependent magnetization ripple (see Chapters 4 and 5 by T. Ono and T. Shinjo
as well as by H. Kohno and G. Tatara).

5. CONCLUSIONS AND OUTLOOK

In this chapter, we have tried to present a unified view of DW dynamics in soft
magnetic nanostrips, under the effect of field and/or spin-polarized current
flowing along the nanostrip and across the domain wall. This view was based
on micromagnetic simulations and their comparison to experiments.

A number of concepts have been shown to apply to both cases: the steady-state
motion of the domain wall, the Walker breakdown, the maximum velocity of a
DW structure, the Thiele DW width, for example. This justifies our choice to
describe both driving mechanisms, even if one may appear as “old” and the
other as “new”. In fact, both mechanisms are only now becoming experimentally
checked as better samples and experimental techniques are devised.

A few lessons can be taken from the synthesis presented here:

(1) Analytic results can be obtained that apply not just to the 1D model of the
domainwall, but to the full micromagnetic situation. They hold true only in the
limit of small damping and spin-transfer torque, similarly in fact to results
derived recently for pillars owing to the macrospin model [86, 87]. It may even
prove possible to extend these results to the above breakdown case, and to
imperfect nanostrips.

(2) Effects of sample imperfections can be very important, up to destroying the
rules obtained in the perfect case. As many models of imperfections can be
thought of, it seems important now to find out which one fits best and most
simply the experiments. The extension of analytic results to the imperfect
situation would be a great step.

(3) It seems that the value of the apparent b/a ratio is reduced towards 1 by
imperfections. A number of cases where the analytical prediction for a perfect
sample turned to b/a � 1 in a rough sample were shown. Thus, to answer the
controversies about the proper incorporation of the STT in a continuous
configuration crossed by current, experimental situations where the results
are not affected by imperfections should be invented.

Finally, this chapter has not covered all possible applications of micromagnetics to
the effect of STT within continuous magnetic structures, partly for lack of space.
We have thus deliberately left aside:

(1) Nanostrips made out of hard materials with perpendicular anisotropy. Simu-
lations [88, 89] and experiments [90] have appeared very recently. Briefly said,
the interest of such materials is twofold: they allow controlling the DW width
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by the anisotropy, and the Walker field and maximum velocity by the anisot-
ropy and nanostrip geometry. In well-chosen cases, the intrinsic threshold for
current-induced DW motion can be drastically reduced.

(2) Spin-valve nanostrips with two magnetic layers, where the magnetic struc-
tures are coupled and the spin-polarized current flows more complex to
describe, despite many interesting results [46, 73, 80, 91].

(3) Nanostrips made out of magnetic semiconductors, prominently GaAs:Mn
where large effects have been observed (see Chapter 7 by H. Ohno). There
are indeed major issues like the effect of temperature and carrier-mediated
ferromagnetism that cast warnings on the application of standard micromag-
netics to this situation.

(4) The cases with no DW, but more generally just a non-uniform structure like a
vortex or magnetization fluctuations (remember that the torque is propor-
tional to the magnetization gradient). This field is more recent and extremely
promising.

We hope nevertheless that the material presented in this chapter will be helpful to
tackle these other subjects.
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[70] Kläui, M., Jubert, P. O., Allenspach, R., Bischof, A., Bland, J. A. C., Faini, G., Rüdiger, U., Vaz, C.A. F.,
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the ferromagnetic semiconductors are compatible with epitaxial III–V hetero-

structures, a number of device structures have been examined and shown

to reveal a wide variety of phenomena that either cannot be realized or are

very difficult to observe in ferromagnetic metal structures. The unique prop-

erties revealed by ferromagnetic semiconductor structures, ranging from

reversible electric field control of ferromagnetic phase transition to gen-

erating velocity versus current-density curves of current-induced domain

wall motion, are then reviewed. The prospect of realizing high-transition

temperature is discussed in the last section.

Key Words: Ferromagnetic semiconductor, (Ga,Mn)As, (In,Mn)As, Molecular

beam epitaxy, p–d Zener model, Strain and temperature dependence of

magnetocrystalline anisotropy, Low-temperature annealing, Current-induced

magnetization switching, Electric field control of ferromagnetism, Current-

induced domain wall motion.

1. INTRODUCTION

In magnetic semiconductors, one can make use of a variety of spin-related
phenomena, not readily available in other materials. The spin-related properties
are brought about by the exchange interaction among band carriers and magnetic
moments. The study of magnetic semiconductors was initiated by a series of
experimental and theoretical studies on compound materials like rare-earth chal-
cogenides and chromite spinels (e.g. CdCr2Se4). A number of exotic properties
were observed in these magnetic semiconductors, such as colossal magnetoresis-
tance and magneto-optical properties, originating from the interplay between
ferromagnetism and semiconducting properties [1–3]. Although these ferromag-
netic semiconductors inspired new concepts using semiconductors with utilizing
the spin degree of freedom, difficulties associated with material preparation
hindered further progress in experimental studies.

Today, majority of the studies on magnetic semiconductor involve alloy semi-
conductors, in which magnetic elements substitute a part of lattice sites in
non-magnetic semiconductor materials. Here, the host semiconductors include
II–VI, III–VI, IV–VI, IV and II–VI–V2. These magnetic alloy semiconductors are
known as diluted magnetic semiconductors (DMSs) or semimagnetic semicon-
ductors. Since DMSs and their heterostructures can readily be grown by modern
epitaxial techniques such as molecular beam epitaxy (MBE), many of the studies
conducted today on magnetic semiconductors are focusing on thin films and
multilayered heterostructures prepared by epitaxy. The most extensively studied
DMSs are II–VIs and III–Vs alloyed with Mn, such as (Cd,Mn)Te and (Ga,Mn)As.

Since the early stage, paramagnetic II–VI DMSs have been studied extensively
[4–7]. BecauseMn substitutes II-group cation in divalent state, II–VI DMS is isoelec-
tronic and if carriers are needed they have to be provided by extrinsic means as
doping or controlling defects. The d-electrons of transition metals provide localized
magnetic moments. Owing to the antiferromagnetic superexchange coupling
among Mn, most of II–VI DMSs show spin-glass phase or antiferromagnetic phase
at low temperatures, depending on the concentration of the transitionmetal ions. In
addition to the superexchange coupling, strong spin-dependent coupling (sp–d
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exchange interaction) between the band of host semiconductors (sp-state) and mag-
netic moments (d-state) exists in DMSs. Because of the sp–d exchange, aligning the
direction of magnetic moments by external magnetic fields induces giant Zeeman
splitting in the band structure, resulting in large magneto-optical effects [8]. By
injecting the carriers into II–VI DMSs by optical means, bound magnetic polarons
(BMPs) can be formed [9]. In BMP, electrons trapped in a shallow impurity states
align locally the surrounding magnetic moments by the sp–d exchange interaction.
This implies that electronic states of carriers are delocalized and extended, andwhen
the concentration exceeds a certain value, ferromagnetism may be expected. This
type of carrier-induced ferromagnetism was reported in IV–VI [10] and III–Vs [11,
12] and later in II–VI compounds; the ferromagnetism in III–Vs is the subject of this
chapter and is discussed in detail in the following sections.

In II–VI compounds, doping of delocalized holes in II–VI DMSs was predicted
to result in the ferromagnetic order by the Ruderman–Kittel–Kasuya–Yosida
(RKKY) type interaction [13] due to greater magnitude of the p–d exchange than
that of the s–d exchange. This approach was taken in the experimental works and
led to the observation of the ferromagnetic order in p-(Cd,Mn)Te quantum wells
[14] and in p-(Zn,Mn)Te [15]. Another approach to obtain ferromagnetic II–VI
DMSs is to select Cr as magnetic elements, among which the ferromagnetic super-
exchange interaction is predicted by the theoretical calculation [16].

In III–V DMSs, Mn acts simultaneously as the source of localized magnetic
moments and as an acceptor. Thus, without additional doping, these materials
show strong p-type conduction, which provides a strong exchange interaction
mediated by p–d exchange among Mn ions. Synthesis [17] and subsequent dis-
covery of ferromagnetism in III–V-based DMSs, (In,Mn)As and (Ga,Mn)As in
1990s [11, 12], added a new dimension to the magnetic semiconductor research,
because it allowed seamless integration of ferromagnetism with established III–V
heterostructures and devices. (Ga,Mn)As and (In,Mn)As are now the most well-
investigated and well-understood ferromagnetic semiconductors among all and
the material and their heterostructures provide an ideal test bench for demon-
strating new concepts in physics as well as for spintronic device operations
[18–20]. The p–d Zener model [21, 22], in which hole repopulation among p–d
exchange split bands stabilizes ferromagnetism, has been shown to describe
qualitatively and in many cases even quantitatively a number of experimental
results on these materials.

Owing to the additional spin degree of freedom, ferromagnetic semiconductors
can combine semiconductor heterostructure physics and ferromagnetism, which
may lead us to new spintronic functionalities [23–26]. In this chapter, we summarize
the present state of the research on ferromagnetic semiconductors focusing primar-
ily on the prototypical (Ga,Mn)As and (In,Mn)As and their device structures.

2. MOLECULAR BEAM EPITAXY

For the observation of a ferromagnetic phase in DMS systems, one needs to
introduce a sizable amount of magnetic elements (a few percent or more), which
is usually beyond the solubility limit; of the order of 1018–1019 cm�3 in III–V
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semiconductors [27, 28]. For III–V DMSs which require growth far from equilib-
rium, MBE is so far the only established method for preparation. Under ordinary
MBE growth conditions for high quality of III–Vs, such a high concentration of
magnetic impurities (transition metals in most cases) results in segregation of
impurity atoms and subsequent formation of unwanted compounds at the growth
front, which prevents synthesis of alloy semiconductors with high concentration
of transition metals. However, MBE growth can proceed under conditions far
from equilibrium, especially at low growth temperatures, at which segregation
and formation of unwanted compounds can be minimized or suppressed. Using
low-temperature MBE (LT-MBE), preparation of uniform paramagnetic III–V
DMS, (In,Mn)As, with Mn composition x < 0.18 was shown to be possible [17].
Here, the growth temperature TSwas reduced slightly below 300 �C (typical TS for
non-magnetic InAs is �500 �C). This TS was high enough to provide metastable
single-crystal epitaxial growth, yet low enough to suppress segregation of Mn and
formation of thermodynamically more stable second phases such as MnAs. This
initial success of (In,Mn)As was followed by the growth of uniform (Ga,Mn)As
[12, 29]. When growth conditions are right, majority of Mn substitutes III-group
cation site [30, 31], which is the reason these alloys are expressed as (III,Mn)V.
Mn in cation site is an acceptor providing a hole. It also provides localized spins.

Growth of III–V DMSs is summarized in the following using (Ga,Mn)As as an
example. (In,Mn)As can be prepared in a similar way. LT-MBE of (Ga,Mn)As is
carried out in an ultra-high vacuum MBE chamber with Ga, Mn and As atoms
impinging on GaAs(001) substrates having As stabilized surface conditions. After
removal of surface oxide and growth of buffer layer for preparation of atomically
flat starting surface, growth of (Ga,Mn)As is initiated by commencing the Mn flux
during the LT-GaAs growth while keeping TS constant at �250 �C. Reflection
high-energy electron diffraction (RHEED) pattern is a common tool to monitor
the growth front. The RHEED pattern of (Ga,Mn)As is streaky (1 � 2) confirming
growth of (Ga,Mn)As with zincblende structure. The details of this surface recon-
struction are not understood. The Mn composition x that can be introduced in
GaAs depends on TS; the maximum x at TS ¼ 250 �C is roughly 0.07 and the
highest nominal x so far reported is 0.21 obtained at TS of 150

�C and only with
very thin thickness less than 10 nm [32, 33]. Even in such a thin (Ga,Mn)As layer
with high x, uniform ferromagnetic phase is observed, confirmed by magnetiza-
tion, magnetotransport and magneto-optical signals. When TS and/or Mn flux is
too high, formation of hexagonal MnAs phase is detected by a spotty RHEED
pattern [34].

We note that accurate determination of TS is critical in growth of (Ga,Mn)As.
TS of MBE is monitored by a thermocouple placed behind the substrate holder:
TS monitored this way can be different from the actual substrate temperature
by 50 �C or even more, which has been shown by comparison of TS monitored by
thermocouple and by the band edge spectroscopy during (Ga,Mn)As growth. In
addition, due to the high concentration of Mn acceptors in (Ga,Mn)As, the free
carrier absorption in the near-infrared becomes significant and contributes to the
increase of TS after starting growth, that is, under radiation from Ga and Mn
effusion cells. The effect depends on the thermal contact between the substrate
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and its holder as well as the distance between the substrate and the effusion cells
[35]; thus, it is critical to carefully establish the often machine-dependent growth
temperature for (Ga,Mn)As growth.

When growth conditions are appropriate, a clear RHEED intensity oscillation
is observed at the initial stage of growth [34], where surfactant effect of Mn and
excess As is thought to be responsible for the two-dimensional growth at low
TS [36–38]. Magnetic and electrical properties of (Ga,Mn)As are strongly affected
by the growth condition, such as V/III beam flux ratio and TS as well as x [39–42],
which is related to the degree of compensation due to the existence of As antisites
and Mn interstitials, both known as donors in GaAs.

Mn composition in the epitaxial films can be calculated from beam equivalent
pressure (BEP) measured by an ion gauge inserted in the path of the beam flux
and later calibrated to relate BEP to the composition of the grown films and/or
from the periods of the RHEED intensity oscillation observed at the initial stage of
growth [12, 43]. Conventional analyses are also employed to establish the compo-
sition, such as Auger electron spectroscopy (AES), electron probe micro-analysis
(EPMA) and secondary ion mass spectroscopy (SIMS) [12, 44]. The most widely
used method is the use of lattice constant a determined by X-ray diffraction (XRD)
as the measure of x due to its experimental simplicity, although it is affected
by the presence of species other than Mn such as As antisites [41, 42, 45–48]. MBE
growth of (Ga,Mn)As on high-index substrates (411) and (311) has also been
explored [49–51].

Most of the synthesis techniques for semiconducting materials are applicable
to prepare single crystals of II–VI DMSs with high quality, largely owing to the
isoelectronic nature of transitionmetals in II–VI semiconductors [4]. Among them,
MBE growth has been adopted for many heterostructures and low-dimensional
structures based on II–VI materials.

3. STRUCTURAL AND MAGNETIC PROPERTIES

3.1. Structural characterization of (Ga,Mn)As

Zincblende structure of (Ga,Mn)As is confirmed by RHEED patterns during
growth as well as post-growth XRD measurements, which show that the lattice
constant a of (Ga,Mn)As is greater than that of GaAs and depends linearly on x.
Asymmetric XRD showed that pseudomorphic growth of (Ga,Mn)As on GaAs
substrate takes place without strain relaxation at least up to 2-mm thickness [52].
Pseudomorphic growth is also confirmed from the reciprocal space mapping
on (115) and (224) planes as shown in Fig. 1. The freestanding lattice constant a
of (Ga,Mn)As is calculated under the assumption that (Ga,Mn)As has the same
elastic constants as those of GaAs (Poisson ratio ¼ 0.311) [12]. Thus obtained x
dependence of a follows the Vegard’s law, a ¼ aLT�GaAsð1� xÞ þ aZB�MnAsx, where
aLT-GaAs and aZB-MnAs are the lattice constants of low-temperature-grown GaAs
(LT-GaAs) � 0.566 nm and hypothetical zincblende MnAs � 0.598 nm [12];
this value is close to the theoretically predicted value of 0.59 nm [53]. Note that
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this way of determining a is known to suffer from uncertainties due to the degree
of incorporation of defects like As antisites, AsGa, and Mn interstitials, Mnint, and
gives inaccuracy of x � 0.01 and sometimes even more [41, 42, 45–48]. Theoretical
calculation also shows that As antisites and/or Mn interstitials increase a of
(Ga,Mn)As [54].

For Mn-doped GaAs with the doping level less than 1019 cm�3, Mn substitutes
Ga, which was confirmed by electron paramagnetic resonance (EPR) and cross-
sectional scanning tunnelling microscopy (XSTM) [55–57]. For (Ga,Mn)As with a
few percent of Mn, extended X-ray absorption fine structure (EXAFS) study
revealed that the majority of Mn was at the substitutional site, that is, on the Ga
sublattice of the zincblende lattice. The Mn–As bond length was determined to be
0.249 and 0.250 nm consistent with the XRD results, longer than 0.244 nm of the
host Ga–As bond length [31]. Similarly, EXAFS showed that in (In,Mn)As, major-
ity of Mn sits on the In sublattice [30]. The ion channelling measurements,
Rutherford backscattering (RBS) and particle-induced X-ray emission (PIXE),
later revealed that a part of Mn atoms (a few tens of percent of the introduced
Mn atoms) were incorporated at interstitial sites [58]. Post-growth, low-tempera-
ture annealing (LT annealing) at or below the growth temperature [45] was found
to decrease the number of Mnint and simultaneously increases hole concentration
p [59–61], indicating that Mnint is unstable and mobile donor. The double-donor
nature of Mnint was also shown from ab initio calculations [62]. Further annealing
above 350 �C results in the formation of MnAs nanoclusters having NiAs struc-
ture, which has Curie temperature TC of �310 K [29]. Disappearance of (Ga,Mn)
As phase after annealing was indicated by the absence of corresponding XRD
peaks [34]. Double-donor Mnint was calculated not to participate in the ferromag-
netic order and may form pairs with substitutional Mn, MnGa. This results in
superexchange antiferromagnetic coupling between Mnint and MnGa, which com-
pensates the Mn moments of the two participating Mn atoms and reduces the net
Mn moment [63].
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FIGURE 1 (115) asymmetric reciprocal space map for Ga0.93Mn0.07As (150 nm)/LT-GaAs

(50 nm)/GaAs(001) substrate measured at room temperature.
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Electron spin resonance (ESR) measurements [56] showed that neutral MnGa in
GaAs doped with Mn (�1017 cm�3) is in the A0(d5 þ h) state, that is, the neutral
acceptor Mn state (A0) has an electronic structure of five d-electrons (Mn2þ) and a
loosely bound hole. The charge state of a single Mn in GaAs was visualized by
STM images, where switching between A0(d5 þ h) state and negatively ionized
A�(d5) state was observed by changing the bias polarity of the STM tip [64]. The
hole binding energy of Mn acceptor is 0.11 eV [65, 66], and this moderate ioniza-
tion energy results in the metal–insulator transition (MIT) in (Ga,Mn)As, which
affects magnetic and transport properties. By measuring the STM spectra, the
magnetic interaction between two Mn ions was shown to depend on the separa-
tion of the two; the positions of Mn ions were controlled by an atom by atom
substitution using an STM chip [67]. The shape of the acceptor wave function was
also shown to be distorted by local lattice strain, when the GaAs host lattice
symmetry was broken by embedded InAs quantum dots [68]. These STM mea-
surements showed that the nature of a single Mn ion is closely related to the
magnetic and electrical properties of (Ga,Mn)As. Also, they showed the possibility
of manipulating single magnetic spins in semiconductors.

3.2. Magnetic properties of (Ga,Mn)As

MagnetizationM of (Ga,Mn)As is measured using a standard magnetometer such
as superconducting quantum interference device (SQUID) magnetometer. The
diamagnetic response of thick GaAs substrate determined by a separate measure-
ment must be subtracted from the measured magnetization curve to obtain the
response from thin epitaxial layers. This subtraction process together with the
removal of the residual magnetic fields of the superconducting magnet becomes
critical when the magnetic layer is very thin and/or the Mn concentration is low,
because substrates themselves occasionally show paramagnetic response. When
H is applied in the direction of magnetic easy axis,M of (Ga,Mn)As shows a sharp
and clear hysteresis in its H dependence at low temperatures, which is one of the
evidences of the presence of extended ferromagnetic order in the film [12]. TC can
be determined by measuring the temperature dependence of the remanent mag-
netization, from the Arrott plots and/or from the Curie–Weiss plot. The value
of TC has a strong correlation with the electrical conductivity, that is, for a given
x higher TC is observed for more metallic samples as shown in Fig. 2 [61]. This
relationship can be traced using a single sample, because the conductivity of
(Ga,Mn)As can be altered by annealing after sample preparation. Insulating
samples, the resistance of which increases as temperature is reduced, often
show a pronounced paramagnetic response in the M–H curve at high magnetic
fields after closure of hysteresis loop. This also indicates correlation between
magnetic and electrical properties [69]. The highest TC reported so far is 185 K
for a (Ga,Mn)As film with x ¼ 0.09 after annealing [70]. The p–d Zener model
discussed in Section 6 is capable of explaining the observed magnetic properties,
including the magnitude of TC and the temperature as well as the strain depen-
dence of the magnetic easy axis [21, 22].
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3.2.1. Magnetic domain
Extended magnetic domain structure, which is an evidence of long-range
magnetic interaction, was observed in (Ga,Mn)As samples with magnetic easy
axis in-plane as well as those with easy axis perpendicular-to-plane by scanning
Hall microscope, scanning SQUID microscope, magneto-optical microscope and
Lorenz microscope as shown in Fig. 3, where the size of the domain is shown to
range from a few microns to a millimetre [71–75]. The computed value of the
domain width in (Ga,Mn)As by the p–d Zener model combined with micromag-
netic theory [76] is in reasonable agreement with the experimental ones [71].
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3.2.2. Magnetic anisotropy
The direction as well as the magnitude of the magnetocrystalline anisotropy of
(Ga,Mn)As can be tuned by the combination of direction and magnitude of lattice
strain, and the hole concentration p. A number of methods have been employed to
determine the magnetic anisotropy of (Ga,Mn)As, for example, direct magnetiza-
tion measurement, ac-susceptibility, ferromagnetic resonance (FMR), anomalous
Hall effect, planar Hall effect, anisotropic magnetoresistance (AMR), tunnelling
magnetoresistance (TMR) and magneto-optical microscope [34, 73, 77–85]. Two
measurements, FMR and transport, on the same sample, were shown to give
nearly the same magnetic anisotropy constants as shown in Fig. 4 [86]. (Ga,Mn)
As layers under compressive strain, for example, those grown directly on GaAs
substrates, show in-plane magnetic easy axis as long as its carrier concentration is
high, while the layers under tensile strain, like (Ga,Mn)As on (In,Ga)As, show
magnetic easy axis perpendicular to the plane [34]. The single ion anisotropy of
Mn in GaAs is confirmed to be too small to account for this sizable magnetic
anisotropy [87]. The origin of this strain-dependent magnetic anisotropy can be
explained in terms of the warped anisotropic valence band due to combined effect
of spin–orbit interaction and the lattice stain in the framework of the p–d Zener
model, which also predicts that the magnetic anisotropy is p dependent [21, 22,
88]. The p-dependent part has later been experimentally established in (Al,Ga,Mn)
As, where Al reduces hole concentration; (Al,Ga,Mn)As shows perpendicular-to-
plane magnetic easy axis under compressive strain as opposed to in-plane easy
axis of usual (Ga,Mn)As with compressive strain [89]. In addition, the direction of
magnetic easy axis was found to be temperature dependent; it was perpendicular
at low temperatures and became in-plane as temperature increased as shown
in Fig. 5 [77, 89, 90]. This peculiar temperature dependence is also in accordance
with what has been predicted by the p–d Zener model for the low p case; this is due
to the carrier redistribution among different spin-split states as spin splitting is
M dependent which in turn is temperature dependent.
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Compressive (Ga,Mn)As shows fourfold in-plane easy axis along h1 0 0i and
two uniaxial easy axes along [1 1 0] or [�1 1 0] [78, 91] and [1 0 0] or [0 1 0] [92]. The
relative strength of these three anisotropic energies determined from planar Hall
measurements is 100:10:1 [92]. The in-plane uniaxial anisotropy cannot be
explained by the p–d Zener model without assuming the presence of shear strain,
which has not yet been confirmed experimentally. Although a number of sugges-
tions have been made, the origin of this in-plane uniaxial anisotropy remains
unclear: suggestions include that it may be related to the anisotropic (1 � 2)
surface reconstruction during MBE growth, the lack of top-bottom symmetry in
epilayers, the existence of a trigonal distortion or the anisotropy of the strength of
p–d hybridization [73, 77, 78, 93]. The magnetostriction measurements by resonant
nanoelectromechanical system revealed the coupling between the magnetoelastic
constants and in-plane magnetic anisotropic constants in compressive (Ga,Mn)As
[94]. This makes it possible to control magnetization direction by application of
external stress, which was demonstrated by the combination of (Ga,Mn)As with
piezoelectric material; the direction of magnetization was manipulated through
the change of stress by applying voltage to piezoelectric material [95].

The magnetic overlayers on (Ga,Mn)As can induce an additional anisotropy to
(Ga,Mn)As. The pinning of the M direction or exchange bias of (Ga,Mn)As is
shown to be possible with overlayers of spin-glass (Zn,Mn)Se, antiferromagnetic
MnO and IrMn [96–98] as well as embedded nanosize-MnAs precipitates [99].
Another method to control the uniaxial anisotropy is lithographical nanopattern-
ing of the (Ga,Mn)As layers. From the temperature dependence of the magnetic
anisotropy, this lithography-induced anisotropy may be related to the strain
relaxation and not to the classical shape magnetic anisotropy [100].
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4. ELECTRICAL AND OPTICAL PROPERTIES

4.1. Electrical properties of (Ga,Mn)As

4.1.1. Hall effect and hole concentration
Since it has been shown that the presence of holes stabilize ferromagnetism in
(Ga,Mn)As, it is important to measure the hole concentration p of the material. In
conventional semiconductors, p can readily be determined by the Hall measure-
ment. For ferromagnetic semiconductors, however, it is not straightforward due
to the presence of the anomalous Hall effect, which may often be a significant
portion of the Hall voltage even at room temperature. Hall resistance RHall in
ferromagnetic materials is empirically expressed as the sum of the ordinary Hall
resistance and anomalous Hall resistance, as RHall ¼ ðR0=dÞm0H þ ðRS=dÞM, where
R0 and RS are the ordinary and the anomalous Hall coefficients, respectively, and
d is the thickness of the ferromagnetic layer. Here, M is the component of the
magnetization perpendicular to the sample surface. RS is usually proportional to
Rg
sheet (Rsheet is the sheet resistance) with g ¼ 1 or 2 depending of the origin of the

anomalous Hall effect; the skew scattering results in g ¼ 1, whereas the side jump
in g ¼ 2 [101]. g ¼ 2 can also originate from scattering-independent topological
contribution [102]. Although further compilation of the experimental data is
necessary, g ¼ 1 for insulating and g ¼ 2 for metallic (Ga,Mn)As and (In,Mn)As
have been reported [103, 104]. The dominance of the anomalous Hall term hinders
straightforward determination of the carrier type and concentration from the
ordinary Hall term; the carrier concentration is given as 1/(eR0) (e is the elemen-
tary charge) and its positive (negative) sign corresponds to p-type (n-type) con-
duction. Only at low temperatures and under high H, the anomalous Hall term
gradually saturates, so that R0 can be determined with a reasonable accuracy from
the remaining linear change of RHall in the H dependence [60, 105, 106]. Note that
although M saturates at relatively low H, negative magnetoresistance (MR) per-
sists to highH, and affects theH dependence of the anomalous Hall effect through
the change of the anomalous Hall coefficient. Thus, this method is not applicable
to insulating (Ga,Mn)As, because of the very largeMR and resistance in insulating
(Ga,Mn)As [69].

Another method for determining p is the electrochemical capacitance–voltage
(ECV) profiling. The reliability of this method was confirmed by comparison of
p obtained from the ECV and the Hall measurements for Be-doped LT-GaAs [107–
109]. A gradient of p along the growth direction (higher p near surface) was also
found [108]. Determination of p by other methods, such as thermoelectric power
measurements [110] or the Raman scattering analysis of the coupled plasmon-LO-
phonon modes, are also possible [111, 112].

These measurements revealed that p is often less than 1021 cm�3 (smaller than
the nominal Mn composition x) for as-grown samples, and increases significantly
to p ¼ x, consistent with the acceptor nature of Mn, after appropriate annealing as
long as x is below 0.07 and the film is thin enough [113].

III–V-Based Ferromagnetic Semiconductors 287



4.1.2. Low-temperature annealing
Low-temperature (LT) annealing [45] is now a standard way to remove Mn
interstitials in (Ga,Mn)As. An appropriate LT-annealing process increases the
electrical conductivity (increase of p) and at the same time increases TC. LT
annealing allows us to measure the correlation between the electrical conductivity
and TC using a set of samples cleaved from the same wafer, where a monotonic
positive dependence of TC on the conductivity was observed (Fig. 2). This is one of
the evidences of the hole-induced ferromagnetism [61]. The effect was initially
attributed to the reduction of As antisites, which act as a double donor in GaAs.
A series of subsequent studies established that the annealing effect is coming from
the reduction of Mnint. As shown by the EXAFS and the channelling measure-
ments [31, 58], Mn occupies two distinct positions, Ga and interstitial sites, in
zincblende host GaAs lattice. MnGa acts as a single acceptor, while Mnint as a
double donor. Under the assumption that Mn is the only relevant dopant in the
system, p can be expressed by the concentrations of MnGa andMnint, as p¼ [MnGa]
� 2[Mnint]. This relationship was confirmed experimentally by a combination of
channelling and ECV measurements [114]. In addition, MnGa and Mnint can form
antiferromagnetic pairs, in which the Mn moments are cancelled [63]. Thus, when
all Mnint form a pair with MnGa, the effective Mn composition contributing to
ferromagnetic order is the difference of compositions of MnGa and Mnint,
xeff ¼ ð½MnGa� � ½Mnint�Þ=N0, where N0 is the density of the cation sites. Assuming
this relationship, magnetization data was shown to yield �5mB per Mn atom in a
wide range of x from 0.02 to 0.09 [113], consistent with the expected value for
Mn2þ. Analysis of both as-grown and annealed samples also showed that the
increase of TC after LT annealing is a combined result of increased p and xeff due to
the reduction of [Mnint]. Self-compensation of Mn is enhanced at higher x, and
results in almost the same p for as-grown (Ga,Mn)As with x greater than 0.02.
However, overcompensation has never been observed. Thus, the self-compensa-
tion is believed to be related to the Fermi level pinning [115]. This suggests that
once the Fermi level reaches a certain position in the valence band, it becomes
energetically favourable to form Mnint as a counter dopant [116], which was
explained theoretically by calculating the formation energy of MnGa and Mnint
as a function of x and the concentration of various donors [117]. The calculated x
dependence of [MnGa] and [Mnint] based on the argument of the formation
energies is in good agreement with the experimental result as shown in Fig. 6 [118].

The effect of LT annealing is strongly structure dependent. The increase of
TC by LT annealing is greater for thinner (Ga,Mn)As and is observed only for the
(Ga,Mn)As layers near the surface, that is, LT-annealing effect is suppressed with
a cap GaAs layer with thickness beyond 10 monolayers [119, 120]. The surface
Mn Auger signal increases after annealing, indicating that Mn out-diffuses and
accumulates on the surface during the process [121]. This is shown to be modelled
by a one-dimensional out-diffusion model as shown in Fig. 7 [121]. It has also been
suggested that the diffusion of Mn to the substrate side may be limited electro-
statically by a p–n junction formed by fast diffusing Mnint (donor) and slowly,
if any, diffusingMnGa (acceptor). Mnint at surface may become electrically inactive
as a result of oxidation and p–n junction is perhaps not formed on the surface side.
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Thus, the LT annealing is expected to depend on the atmosphere and the layer
on top of the magnetic layer. Efficient LT annealing is observed for (Ga,Mn)As
annealed in O2 and (Ga,Mn)As with an amorphous As cap layer, where the
formation of Mn–O and Mn–As at the surface may have worked to reduce the
number of Mnint [122, 123]. The LT annealing was shown to produce a homoge-
neous magnetization depth profile than that of an as-grown sample, revealed by
polarized neutron reflectometry measurements [124]. Post-growth hydrogenation
of (Ga,Mn)As results in reduction of p from 1021 to 1017 cm�3 without changing
Mn composition and is shown to lead to suppression of ferromagnetism [125].
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The reduction of p by hydrogenation changes the direction of magnetic easy axis
from in-plane to out-plane at low temperatures [126], consistent again with the
prediction by the p–d Zener model [21, 22, 88].

4.1.3. Spin polarization
Spin polarization of holes P in (Ga,Mn)As at low temperatures has been measured
directly by the Andreev reflection on Ga/Ga0.95Mn0.05As junctions [127] and
Sn/Ga0.92Mn0.08As point contact [128] to be as high as �80%. Similar effective
P value of 77% was obtained from the magnitude of TMR (290%) at low tempera-
tures [129]. These results are consistent with the theoretical calculations of (Ga,
Mn)As [22, 130]. The point contact Andreev reflection was measured in (Ga,Mn)
Sb [131–133] and (In,Mn)Sb [134, 135], where P � 50–60% was obtained [136, 137].

4.1.4. Magnetotransport properties
The spin–orbit interaction together with the p–d exchange interaction manifests
itself in magnetotransport phenomena including the anomalous Hall effect, aniso-
tropic MR (AMR), and the planar Hall effect, which provide valuable information
on the magnetism of (Ga,Mn)As. Because of the high sensitivity, the determina-
tion of magnetization behaviour from transport is an important technique for thin
films of DMSs, where the total magnetic moments can be too small to be easily
detected by other means. In addition, the sensitivity of transport measurements
does not depend on the lateral size of the device with the fixed lateral aspect ratio.

Because RHall is dominated by the anomalous Hall effect, the temperature and
magnetic field dependence of RHall reflects those of magnetization [138, 139]. From
the same procedure as that for magnetization measurements, TC can be deter-
mined by the Arrott plots and the Curie–Weiss plots [140]. Since (Ga,Mn)As layers
grown directly on GaAs usually have in-plane magnetic easy axis, RHall measured
in perpendicular H probes the magnetization process along the hard axis of the
magnetization. One can also measure the planar Hall resistance, which is the
transverse resistance measured by the same probes as RHall in an in-plane
H [141], to obtain information about magnetization. For (Ga,Mn)As, the signal of
the planar Hall resistance is greater than that of magnetic metals by several orders
and can be used to detect the in-plane M reversal as well as the domain wall
dynamics [82, 142, 143].

The temperature and magnetic field dependence of magnetization probed by
the anomalous Hall effect, however, does not show exactly the same behaviour as
those measured by direct magnetization measurements. The anomalous Hall
effect scales with spin polarization of carriers, which is nearly proportional to
the magnetization only when the spin splitting of the bands is smaller than the
Fermi energy and the contribution of the hole magnetization to the total magneti-
zation is negligible. Furthermore, transport measurements do not probe the mag-
netization of the entire sample but only the region visited by carriers, where
carrier-mediated magnetic interaction is strong. Thus, near MIT in particular
due to the non-uniform distribution of holes in (Ga,Mn)As [21, 22], transport
and direct magnetization measurements may provide different information on
magnetization.
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4.1.5. Anisotropic magnetoresistance
It has been found that (Ga,Mn)As exhibits AMR, in which MR depends on the
relative orientation of the current direction with respect to the magnetic field
direction, and their direction with respect to crystal axes [91]. For metallic
(Ga,Mn)As, the lowest resistance is observed when H is parallel to the current
as shown in Fig. 8 [139, 144]. The direction of H for the highest resistance was
predicted theoretically to be different for compressive and tensile lattice strain
[145]. This is corroborated by experiments; for the sample with compressive
strain, the highest resistance is measured when H is perpendicular to the surface,
and for the sample with tensile strain it is observed when H is in in-plane
perpendicular to the current [139].

4.1.6. Critical scattering
Resistance maximum observed at around TC together with the negative MR
associated with the maximum has been attributed to the critical scattering. The
resistance maximum can be interpreted in terms of a spin-dependent scattering by
magnetization fluctuation via exchange interaction [146]. The negative MR occurs
because the H-induced spin alignment reduces the spin disorder scattering [138].
From the numerical fit to the data of the temperature dependence and H depen-
dence of the resistance reproduces the data well and gives the magnitude of the
p–d exchange interaction as |N0b| ¼ 1.5 � 0.2 eV [105], which compares favour-
ably with that determined by photoemission experiments, N0b ¼ �1.2 eV [147].
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4.1.7. Weak localization and metal–insulator transition
At low temperatures, the negative MR extends to highmagnetic fields, beyond the
field at which magnetic spins are fully ordered ferromagnetically according to the
anomalous Hall effect response. This cannot be accounted for by the suppression
of spin disorder scattering. Here, the giant splitting of the valence bands makes
both spin disorder and spin–orbit scattering ineffective. Under such conditions,
weak localization which manifests itself in negative MR is expected to show up at
low temperatures, where phase breaking scattering ceases to operate [148]. The
weak localization MR formula [148] was shown to explain the observed negative
MR data at 2 K quite well for samples under compressive as well as those under
tensile strain [139]. This three-dimensional (3D) weak localization model predicts
the temperature T dependence of the conductivity s, as s / T1/2. In addition to
the weak localization scenario, the possibility of the Kondo effect like temperature
dependence, s / ln T, was suggested [149]. The s / T1/3 dependence observed
in a metallic (Ga,Mn)As layer down to 30 mK was explained by the Aronov–
Altshuler 3D scaling theory with spin scattering [150].

The universal conductance fluctuation in metallic (Ga,Mn)As submicron wires
and rings was observed at low temperatures (<200 mK), indicating that the phase
coherence length of electrons in (Ga,Mn)As is about 100 nm at 10 mK [151].
The MIT-associated anisotropic features can also be observed for insulating
(Ga,Mn)As, which shows two orders of magnitude difference in resistance
between the two directions along [1 1 0] and along [�1 1 0] below 1 K [152].
From the anisotropic tunnel conductance in (Ga,Mn)As/GaAs/(Ga,Mn)As tunnel
junctions, theMIT behaviour is shown to beM direction dependent, which may be
related to the formation of an Efros–Shklovskii gap induced by the change of
density of states byM direction and the reduced screening effect of depletion layer
at the interfaces [153]. As can be seen for the continued developments, III–V-based
ferromagnetic semiconductors are providing new insights to the MIT, which is
one of the most important topics in solid state physics.

4.1.8. Domain wall resistance
The Barkhausen noise caused by the scattering due to the presence of magnetic
domain structure has been observed in the resistance measurement on (Ga,Mn)As
[91]. The existence of magnetic domain wall (DW) is known to contribute to the
electrical resistance, which is usually much smaller than the sample resistance and
thus careful measurement is necessary. The DW resistance (DWR) of a single DW
has been measured for (Ga,Mn)As; a negative sign of DWR was reported for (Ga,
Mn)As with in-plane easy axis [142] and a positive one was reported for a sample
with perpendicular easy axis [154]. The negative DWR may be explained by the
destruction of quantum coherence of electrons at the DW [155] and/or by the
AMR contribution [156]. In the latter experiment, the DW position was defined by
using the coercivity HC difference induced by the surface etching [157]. Using a
series of samples having different sizes, the measured positive DWR was decom-
posed into extrinsic and intrinsic DWR components. Numerical evaluation of the
zigzag current due to the alternating polarity of the anomalous Hall effect at DW
[158] explained well the dominant extrinsic DWR. The remaining intrinsic DWR

292 Fumihiro Matsukura and Hideo Ohno



was shown to be consistent with the mistracking of the carrier spins inside DW
[159]. Here, the AMR contribution was shown to be 20 times smaller than the
mistracking resistance.

4.1.9. Thermal transport
The Seebeck effect (the longitudinal thermopower) and the in-plane Nernst effect
(the transverse thermopower) under in-plane H were measured on compressive
(Ga,Mn)As. Both effects showed strong dependence on the direction of H, reflect-
ing in-plane magnetization reversal process. These dependences indicate that the
origin of the effect can be related to the anisotropic magnetoresistance and the
planar Hall effect, which may provide useful information for further understand-
ing of the origin of anisotropic scattering in (Ga,Mn)As [160]. For (Ga,Mn)As
grown on (In,Ga)As buffer layer with perpendicular magnetic easy axis, the
anomalous Hall effect and its thermoelectric counterpart, the anomalous Nernst
effect, can be observed simultaneously [161]. The relationship between the two
effects can be expressed through theMott relation [162] with g¼ 2, suggesting that
the both effects share a common origin related to the spin–orbit interaction.

4.2. Magneto-optical properties

Magneto-optical properties have been studied to elucidate the origin of ferromag-
netism of (Ga,Mn)As, because they can probe the spin-split band structures
induced by the sp–d exchange interaction [163]. The absorption edge of (Ga,Mn)
As is not sharp due to the disorder effect [164], and the absorption coefficient is
5� 10�3 cm�1 at 1.2 eV which is a few orders greater than GaAs owingmost likely
to its free carrier absorption [165]. It was shown by spectroscopic ellipsometry [93]
that the critical points of (Ga,Mn)As are essentially the same as those of GaAs in
the photon energy range from 0.62 to 6 eV. When the ferromagnetism is intrinsic,
one expects an enhanced magneto-optical response reflecting ferromagnetism
at the critical points of the host zincblende semiconductors. This is the case for
(Ga,Mn)As, in which a large Faraday rotation and magnetic circular dichroism
(MCD) signals were observed at critical points E0 and E1, whose H dependence
traces well the magnetization curves. Figure 9 shows the H dependence of the
Faraday rotation of 2-mm thick Ga0.957Mn0.043As at 10 and 300 K in the vicinity of
the band gap, where the GaAs substrate was etched away to remove absorption of
the GaAs substrate [166]. The magnitude of the Faraday rotation is proportional to
the magnetization probed by AHE. The observed value of the Faraday rotation is
6� 104 deg/cm under 0.1 T at 10 K (ferromagnetic phase) and the Verdet constant
is 9 � 10�2 deg/G cm at room temperature (paramagnetic phase). An enhance-
ment of MCD signals in (Ga,Mn)As at GaAs critical points was observed [167,
168]. The positive sign of the Faraday rotation and MCD at the band edge is
opposite to most of the II–VI DMSs with negative p–d exchange, whereas theories
predict negative p–d exchange for (Ga,Mn)As. This can be explained by a spin-
dependent Burnstein–Moss shift caused by hole redistribution [22, 169]. In addition
to the positive MCD, a negative contribution that increases with decreasing tem-
perature was observed in the infrared spectrum [168]. This peculiar temperature

III–V-Based Ferromagnetic Semiconductors 293



dependence was explained as a result of a non-linear dependence of MCD on
magnetization at Moss–Burnstein edge again caused by the hole redistribution
on the spin-split bands [22]. To understand the experimental data, the effect of
disorder on the transition probability was noted [164]. The shift of peak positions
in MCD spectra was observed with (Ga,Mn)As/AlAs superlattices depending on
the layer thickness, and was interpreted as due to the quantum confinement in the
(Ga,Mn)As quantum well layers [170]. The magnetic linear dichroism is also
observed, reflecting the in-plane magnetization rotation in (Ga,Mn)As, whose
spectrum is considered to be related to the electronic state in the vicinity of EF

responsible for the ferromagnetism [171].
When excited by 400-nm pump pulses, (Ga,Mn)As emits THz radiation. The

radiation occurred only in the ferromagnetic phase and its strength and H depen-
dence showed strong correlation with the magnetization. The radiation was
explained by the influence of the magnetization on the photo-generated carrier
acceleration path [172].

The summary of magneto-optical properties in (III,Mn)V and related phenom-
ena can be found elsewhere [173].

5. THE sp–d EXCHANGE INTERACTION

The most prominent feature of magnetic semiconductors is the correlation among
magnetic, electrical and optical properties, which is based on the presence of the
sp–d exchange interaction in these materials [6, 174]. The sp–d exchange interaction
gives a sizable spin splitting of bands in the conduction (s-state) as well as in the
valence (p-state) bands, when the d-states of incorporated transition metals carry
magnetization. This amplifies the spin properties of semiconductors in a number
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of different ways; spin-dependent optical selection rules give rise to the giant
magneto-optical effects and spin-polarized carriers modify the transport proper-
ties, as have seen in the previous sections. The magnitude of the sp–d interaction
(expressed as N0a for s–d and N0b for p–d exchange interaction, where N0 is cation
density) in II–VI magnetic semiconductors has been systematically investigated
on various materials by photoemission and/or magneto-optical measurements.
The s–d interaction is primarily due to potential interaction, which follows from
the spin-dependent Coulomb interaction due to the Pauli exclusion principle
between the band electrons and the localized d-electrons of transition metals.
This potential interaction gives rise to ferromagnetic coupling between the delo-
calized s-state and the localized d-state. Because of the long-range nature of the
Coulomb interaction, the magnitude of N0a is nearly independent of the lattice
constant a and is about 0.2 eV. The main part of the p–d exchange interaction, on
the other hand, results from hybridization of the p- and the d-states. The sign of
N0b is known to depend on the configuration of d-shell in the particular transition
metal incorporated in semiconductor; for half-filled Mn 5d-state it is always
negative. The magnitude of N0b is several times greater than N0a due to hybridi-
zation. The chemical trend of N0b is summarized with respect to a for various
II–VI magnetic semiconductors, and is found to be nearly inversely proportional
to the unit cell volume as N0b / a�3, as shown in Fig. 10 [22].

For (Ga,Mn)As with percent order of Mn, the value of N0b is determined to be
�1.2� 0.2 eV from the photoemission measurement [147]. By adopting this value,
various experimental observations, including the magnitude of TC, magnetic
anisotropy, hole polarization and MCD spectra, can be reproduced by the p–d
Zener model described in the following section. N0b of (In,Mn)As determined
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from the photoemission is �0.7 eV [175], which is consistent with the chemical
trend complied for II–VI materials [22]. The paramagnetic Mn-doped GaAs with
x< 0.0005 shows positive value ofN0b about 2 eV frommagneto-optical [176] and
spin-flip Raman measurements [169]. The origin of the positive sign has not been
understood.

The value of N0a has been determined experimentally for paramagnetic
Mn-doped GaAs. The spin-flip Raman experiments gives N0a ¼ 23 meV for
metal-organic vapour phase epitaxy grown Mn-doped GaAs [177]. This small
value of N0a has been attributed to the Coulomb repulsion between conduction
band electrons and negatively charged magnetic ions [178]. For MBE-grown
Mn-doped GaAs/(Al,Ga)As quantum wells (QWs) with QW width less than
10 nm and x < 0.0003, a negative N0a down to �0.09 eV was observed by optical
measurements [179]. This may be related to the confinement-induced p-symmetry
in the conduction band of Mn-doped GaAs QWs [178, 180].

6. THE p–d ZENER MODEL OF FERROMAGNETISM

Because TC goes to zero when holes are compensated and because TC of (Ga,Mn)
As is higher for higher hole concentrations, it is natural to consider that the
ferromagnetism of (Ga,Mn)As is hole induced. Band carrier-induced ferromagne-
tism was noted first by Zener in 1950s, where the magnetic ordering is stabilized
by the lowering carrier energy [181]. Because of the large p–d exchange interaction
and high density of states (DOS) of the valence bands compared to the s–d
exchange in the conduction band, the energy gain due to the hole redistribution
among spin-split subbands is greater for p-type ferromagnetic semiconductors
than n-type [21, 22, 88]. The model is now called the p–d Zener model, in which
one uses realistic band structure with the p–d exchange interaction calculated by,
for example, k�p description of the valence band to obtain magnetic properties of
a ferromagnetic semiconductor. The model explains surprisingly well the experi-
mentally obtained properties qualitatively and often even semiquantitatively.
For example, TC based on the p–d Zener model shows quantitative agreement
with the experimental TC for (Ga,Mn)As and (In,Mn)As as well as p-type II–VI
(Zn,Mn)Te and (Cd,Mn)Te [15, 21, 22]. If one considers the biaxial strain in the
calculation, the strain and hole concentration-dependent magnetic anisotropy can
be obtained, which compares well with the experimental observations [21, 22, 88].
One can also explain many other experimental results on (Ga,Mn)As, for example,
MCD spectra, conductance curves of the resonant tunnel diodes with a (Ga,Mn)As
emitter, AMR effect and the magnetic domain width [19, 21, 22, 89].

It should also be noted that the p–d Zener model has limits, for example, it
may not be applicable to the regime with extremely high hole concentration,
where oscillatory carrier-mediated interaction (RKKY interaction) starts to work
[182–184]. This situation may lead, thorough non-collinear spin arrangement, to
spin-glass phase with the increase of hole concentration. The effect of disorder
was shown to enhance TC in the model whose starting point is the impurity band
of holes localized by the Mn acceptors [185].
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Standard calculation methods have also been employed to explain and to
predict the magnetic phases and properties of (Ga,Mn)As as well as other mag-
netic semiconductors. Among them, the first-principle calculations have provided
a number of insights to the electronic structure of the material. First-principle
calculations with local-spin-density approximation (LSDA) predicted that EF was
at the Mn d-states [186, 187], which led to the suggestion that the origin of
ferromagnetism was more of double exchange in nature, as opposed to the
band-like picture of the p–d Zener model. Although care has to be taken to
compare ground state electronic structure with excited state experiments, the
calculated results do not appear to agree with the experimentally obtained DOS
by photoemission, which shows very little mixture of Mn d-state at EF. LDA þ U
[188] and self-interaction corrected (SIC) LSDA [189] are known to better describe
the correlation, and have been used to calculate the band structure of (Ga,Mn)As.
The results suggest the presence of a sizable portion of delocalized p-state at EF, in
accordance with the experimental results.

We note that the use of band picture for the description of ferromagnetism in
magnetic III–V semiconductors (the p–d Zener model) is based on the past studies
of doped non-magnetic semiconductors. A large number of studies in the past,
dedicated to the understanding of the nature of theMIT in doped semiconductors,
have shown that doped semiconductors near the MIT boundary exhibit duality,
that is, these materials show metallic band-like nature on one type of measure-
ment, whereas at the same time they can exhibit impurity band-like nature on
another. These observations led to the proposal of the two-fluid model [190].
While whether conduction takes place in valence band or in impurity band is an
unresolved issue in semiconductor physics at large [191–194], there are indica-
tions that thermodynamic properties such as specific heat can be described to a
good approximation by band mass across the MIT [195]. Having these studies in
mind, as pointed out in the earlier papers [21, 22], the band picture was employed
to describe the magnetism in magnetic III–V semiconductors.

7. PROPERTIES REVEALED BY DEVICE STRUCTURES

To explore novel spin-dependent phenomena and their possibility for future
applications, a number of ferromagnetic semiconductor-based heterostructures
have been made and investigated both experimentally and theoretically. In this
section, we review the results of heterostructures and device structures that
exhibit properties not readily accessible in devices made only from non-magnetic
semiconductors.

7.1. Electrical spin injection into non-magnetic semiconductors

Spontaneous magnetization in the ferromagnetic phase manifests itself in spin
polarization of carriers below TC. Ferromagnetic semiconductors that can be
epitaxially grown on non-magnetic semiconductor heterostructures thus are a
candidate for a source of spin-polarized carriers for electrical spin injection into
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non-magnetic structures in the absence of magnetic field. Injection of spin-
polarized carriers (spin injection), their transport and their detection are the
building blocks of semiconductor spintronic devices. The first demonstration of
electrical spin injection from a ferromagnet into non-magnetic semiconductor was
done using a ferromagnetic (Ga,Mn)As semiconductor electrode as an emitter and
a light-emitting diode (LED) as a spin detector (spin-LED) [196]. The employed
structure was p-(Ga,Mn)As/i-GaAs/(In,Ga)As quantum well (QW)/n-GaAs.
Spin polarization of injected holes from (Ga,Mn)As was detected by the circular
polarization of electroluminescence (EL): the change in EL polarization was �1%.
Hysteresis loop of DPwith respect toH and its temperature dependence traced the
H dependence and temperature dependence of magnetization of (Ga,Mn)As.

For injection of spin-polarized electrons, an Esaki tunnel diode (ED) was
employed as a spin emitter, where spin-polarized holes in the valence band of
(Ga,Mn)As are injected into the conduction band of an adjacent n-GaAs by inter-
band tunnelling [197, 198]. High spin polarization of the injected electrons (80%)
has been reported [199]. A three-terminal device that can bias ED and LED
independently was fabricated and used to examine the bias dependence and
hence energy dependence of the injected electron spin polarization as shown in
Fig. 11A [199]. EL polarization PEL showed strong dependence on the biases:
the highest PEL of 32% (Fig. 11B) was obtained when the valence electrons near
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the Fermi level of (Ga,Mn)As dominated the tunnel current. The 32% polarization
corresponds to injected electron spin polarization of 85%, when spin relaxation in
the QW measured by the Hanlé effect is taken into account [199, 200]. The
magnitude of the spin polarization as well as its bias dependence can be explained
by the calculation based on Landauer–Büttiker formalism with tight-binding
approximation for the ballistic transport regime [201].

7.2. Tunnel magnetoresistance (TMR) and current-induced
magnetization switching (CIMS)

Magnetic tunnel junctions (MTJs) based on fully epitaxial (Ga,Mn)As ((Ga,Mn)
As/(Al,Ga)As/(Ga,Mn)As) exhibit TMR [202, 203], where parallel and antiparal-
lel configurations of the magnetization of the two (Ga,Mn)As layers result in low
and high resistance (RP and RAP) states. Note here that GaAs acts as a barrier layer
for holes in (Ga,Mn)As [204]. The highest TMR ratio [¼(RAP � RP)/RP] so far
reported are 75% and 290% (Fig. 12) for AlAs and GaAs intermediary barrier
layers, respectively [129, 205]. The latter corresponds to effective carrier spin
polarization P of 77% according to the Julliere’s formula, where TMR ratio ¼
2P2/(1 � P2) [206]. The TMR ratio quickly decreases as the bias voltage increases,
in a much faster way than seen in metallic MTJs [129]. This is understood as
a result of small magnitude of band offset and the Fermi energy (�100 meV) in
(Ga,Mn)As/GaAs [129, 201]. The anisotropic TMR behaviour has been observed
in (Ga,Mn)As-based MTJs with in-plane magnetic easy axis, where TMR ratio
depended on the direction of in-plane H [85, 129, 205], which reflects the in-plane
magnetocrystalline anisotropy of (Ga,Mn)As (see Section 3.2).

Spontaneous spin splitting in the valence bands was observed in current–
voltage (I–V) characteristics of AlAs/GaAs/AlAs p-type double-barrier
resonant-tunnelling diodes (RTDs) having a (Ga,Mn)As emitter [207]. Here, the
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resonant levels in theGaAsQWact as an energy filter for hole transport, separating
exchange split hole bands. In the experiment, the resonant peaks labelledHH2 and
LH1 showed spontaneous splitting in the absence of magnetic field below TC,
when holes are injected from (Ga,Mn)As. This shows that RTD structure can be
used to do spectroscopy of the spin splitting of the valence bands.

The interplay with the TMR effect and the quantum confinement in QWs was
addressed utilizing integration of ferromagnetic semiconductor with semiconduc-
tor quantum structures. An RTD with (Ga,Mn)As emitter and collector showed
the TMR effect as large as that of an MTJ with a single barrier, which was used to
show the presence of spin accumulation in the QW [208]. A non-standard TMR
behaviour was observed in an AlAs/(In,Ga)As/AlAs RTD with (Ga,Mn)As emit-
ter and collector, in which an oscillatory TMR ratio was observed as a function of
AlAs thickness [209]. Resonant tunnelling and TMR effect through the quantized
levels in a QWmade of (Ga,Mn)As was reported in AlAs/(Ga,Mn)As/AlAs RTD,
where oscillation of TMR ratio was observed in its bias dependence when
holes are injected from the non-magnetic p-GaAs:Be electrode as shown in
Fig. 13 [210, 211].

Spin-dependent transport in a three-terminal device with a (Ga,Mn)As/AlAs/
(Ga,Mn)As MTJ was also investigated. The device had three electrodes, emitter,
base and collector, formed at the top (Ga,Mn)As, the bottom (Ga,Mn)As and p-type
substrate, respectively [212]. The transistor was shown to exhibit current gain.

In submicron (Ga,Mn)As MTJs, CIMS has been observed [213, 214]. Starting
from the parallel magnetization state (the RP state), current pulse from the thick
layer to the thin layer of (Ga,Mn)As induces magnetization reversal of the thin
(Ga,Mn)As layer, resulting in the antiparallel state (the RAP state). When the
current polarity is reversed, reversal of the thinner (Ga,Mn)As layer takes place
putting the MTJ into the RP state. The critical current density JC for switching is of
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the order of 104–105 A/cm2 [213–215], two to three orders smaller than those
observed in metal-based MTJs. Clear dependence of the switching on the current
pulse direction shows that CIMS is neither due to the Oersted field nor the Joule
heating. It can qualitatively be explained by the Slonczewski’s spin-transfer
torque model [216]. The orders of magnitude reduction of JC compared to metal
MTJs may be understood by the small magnetization of (Ga,Mn)As, although the
model still predicts an order of magnitude greater JC than the observed one.
Possible effect of the large bias dependence of the TMR ratio in the CIMS process
is not understood at the moment; that is, CIMS takes place at bias voltage, where
the TMR ratio is almost zero. This may be related to the conservation of the total
carrier spins despite reduction of the TMR ratio [214] and/or different trend in
bias dependence between spin-transfer torque vector and the TMR ratio [217]. The
role of possible incoherent switching processes, such as the formation of domain
structures may also play a role in reversal [213–215, 218, 219].

A very large tunnel anisotropic magnetoresistance (TAMR) up to 150,000% has
been reported in (Ga,Mn)As-based MTJs with vertical and lateral device struc-
tures [220–222]. The origin of TAMR [223] has been attributed to anisotropic
valence band structure induced by the spin–orbit interaction and lattice strain in
combination with the MIT [153].

7.3. Current-induced domain wall motion

The position of a magnetic domain wall (DW) before and after the motion induced
by current can be detected bymagneto-optical microscope. The motion can also be
observed by transport measurements using AHE and PHE. The DW velocity
induced by external H was measured for (Ga,Mn)As with in-plane magnetic
easy axis utilizing PHE. The velocity was controlled over three decades from
10�5 to 10�2 m/s by varying H. The field-driven velocity increases with the
increase of temperature [143].

By the application of a current pulse across the DW, it was found that the
position of DW can electrically be manipulated in the absence of magnetic fields
[157]. The channel made of (Ga,Mn)As used in the experiment has magnetic easy
axis perpendicular to the surface by inserting an (In,Ga)As or (In,Al)As buffer
layer. This easy axis direction is not only useful to monitor the DW position
through the anomalous Hall effect and by the magneto-optical Kerr effect micro-
scope (MOKE), but appears to play a role in observing the motion, as discussed
later. The DW switching was observed in devices having a channel with three
regions with different thicknesses, where the thinnest region was set to the centre
of the channel. This double-step structure allowed patterning of HC due to non-
uniformity along the growth direction in the film. In addition, each step acted as a
confinement potential for DW. The device was initialized by appropriately sweep-
ing external magnetic field in such a way that a DW was placed at one of the
stepped boundaries of the thinnest region. After setting H ¼ 0, a current pulse
of 105 A/cm2 for 100 ms at 80 K (TC of this film was 90 K) was applied. Both the
anomalous Hall signals and MOKE images indicated that the DW moved to
the other step boundary, in the direction opposite to the current direction. The
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application of a subsequent current pulse in the opposite direction switched back
the DW to its initial position as shown in Fig. 14.

Current density j as well as the temperature dependence of the DW velocity
was systematically investigated using a 5-mm wide (Ga,Mn)As channel having a
single step structure [224]. DW was formed at the step by a magnetic field sweep
and then was moved by current pulses. The area swept by the DWwas monitored
by MOKE to obtain the DW speed, n. The DW displacement was calculated by
dividing the area swept by the DW by the device width. The displacement was
linearly dependent on the pulse width. The change of the device temperature by
the Joule heating was monitored by measuring the device resistance during the
pulse application and found to be constant during the pulse. Thus obtained
j dependence of n under constant temperature showed that there were at least
two regimes separated by a critical current density jC, which is a few 105A/cm2 as
shown in Fig. 15. Beyond jC, n increased linearly with j, while a slow motion
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indicative of creep was observed below jC. The quasi-linear dependence of
n above jC and its slope together with the direction of motion were found to be
quantitatively consistent with the spin-transfer mechanism [225, 226]. The value
of jC can be reproduced by the spin-transfer mechanism assuming an intrinsic DW
pinning due to hard-axis anisotropy [225]. DW motion by currents has so far not
been observed in (Ga,Mn)As with in-plane axis. The intrinsic pinning model may
offer an explanation for this observation: jC is expected to be at least one order of
magnitude higher in this case as the relevant anisotropy, magnetocrystalline
anisotropy, is an order of magnitude higher than the hard-axis anisotropy (stray
field) responsible for determining jC in samples with perpendicular easy axis. An
order of magnitude higher jC is not easily accessible experimentally because of the
associated Joule heating. Another important finding is the current-induced DW
motion in the subthreshold regime, where the DW moves slowly (the inset of
Fig. 15). The j dependence of n below jC obeys an empirical scaling law, showing
the existence of current-induced DW creep [227]. Comparison between current-
induced and field-induced creep revealed that they could be scaled using the
same functional form but with different scaling exponents, indicating that the
current-induced creep is fundamentally different from the field-driven one.
A model based on spin-transfer torque has been put forward to explain the
current-induced creep, which describes the observed scaling exponents [228].

On the theory side, spin–orbit interaction in (Ga,Mn)As was pointed out to
result in a spin accumulation and non-adiabaticity leading to a high mobility
of DW above jC when transport is ballistic [229]. Spin-transfer torque-assisted
thermal activation process below jC under rigid wall approximation [230, 231]
indicated that the DW motion should follow a specific functional form with
respect to j; the predicted temperature and/or j dependence of v appears to be
different from the experimental findings. Further quantitative comparison
between theory and experiment will reveal the rich physics involved in the DW
motion of (Ga,Mn)As.

7.4. Control of magnetism and magnetization reversal by
external means

Since the ferromagnetism in (Ga,Mn)As and (In,Mn)As is stabilized by holes, one
can switch the magnetic phase without changing temperature by electrically
controlling the value of p. This was shown possible using a metal–insulator–
semiconductor field effect transistor structure (MISFET) with a thin (In,Mn)As
layer (	5 nm) as the semiconductor channel [232]. The (In,Mn)As layer was
grown on a GaAs substrate with a thick (Al,Ga)Sb buffer layer to relax the 7%
lattice mismatch between (In,Mn)As and GaAs. To probe the magnetization
through the anomalous Hall effect, Hall bar-shaped devices were prepared.
Since the channel is p-type, application of positive (negative) gate electric-filed
EG decreases (increases) p; for the structure under discussion |EG| ¼ 1.5 MV/cm
changes several percents of total p. In the vicinity of TC, the magnetization curves
show more square shape under negative EG indicating enhanced ferromagnetic
order, while paramagnetic-like response under positive EG. This reversible
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change of TC by EG ¼ �1.5 MV/cm determined using Arrott plots can be as large
as 4 K for 4-nm thick (In,Mn)As [233]. Control of TC by electrical means is also a
proof that the ferromagnetism in this material is indeed carrier induced.

Another important effect of EG is the change of the coercive forceHC below TC;
greater (smaller) HC for negative (positive) EG as shown in Fig. 16. It was shown
that the temperature dependence of HC under several E can be collapsed into a
single curve, when HC is plotted against the reduced T=T


C, where T

C is the

temperature at which HC becomes zero. The MOKE images during magnetization
reversal of similar (In,Mn)As showed that the magnitude of HC was determined
by the nucleation field of domains [218]. These results suggest that the change of
HC by E is a result of the change of the nucleation field, whose temperature
dependence is determined by the magnitude of T


C. By using this phenomenon,
a new scheme of electrical magnetization reversal, electric field-assisted magneti-
zation reversal, was demonstrated [233] in the following way. After saturation
of magnetization at positive H under EG ¼ �1.5 MV/cm, H was reduced through
zero to a small negative H but still less than the coercive force, HC. Then, EG was
switched to zero, which reduced |HC| below |H| and switching took place.

For (Ga,Mn)As, control of ferromagnetism by an electrical means was initially
hindered by its insulating nature at thickness t below 5 nm [234]. To probe
magnetic properties by AHE, metallic samples with t> 5 nm had to be employed.
On the other hand, thick metallic samples made it difficult to observe the change
in TC because of the limited ratio of the modulated sheet hole concentration to the
total sheet hole concentration. The first observation of TC by electric fields in a
GaAs-based system was done in Mn d-doped GaAs, where holes were provided
by modulation doping [235]. Later, the control of TC by 5 K as well as HC was
shown to be possible in a 7-nm thick (Ga,Mn)As by the application of |EG| ¼
5 MV/cm [236], where the high-quality Al2O3 gate insulator deposited by atomic
layer deposition (ALD) [237] was used to increase the number of modulated holes
by EG. Later, a back-gate FET structure with an n-GaAs buffer layer as the back-
gate was also used to modulate TC in a (Ga,Mn)As FET, where no additional gate
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insulator is necessary [238]. The non-volatile TCmodulation by EGwas also demon-
strated for (Ga,Mn)As MISFETs by using ferroelectric as a gate insulator [239].

Because the magnitude of magnetic anisotropies of (Ga,Mn)As is p dependent
[78], by applying EG to (Ga,Mn)As in an MIS-FET structure, the magnetic anisot-
ropy is expected to be manipulated, allowing electrical control of theM direction.
This was demonstrated experimentally in a 4-nm thick (Ga,Mn)As layer with
ALD-deposited ZrO2 gate insulator, where the in-plane direction ofMwas probed
by the planar Hall effect [240]. The application of EG ranging from�4 to 4 MV/cm
resulted in �10� of in-plane M rotation; it was shown that the change of the sign
and magnitude of in-plane uniaxial anisotropy is responsible for the observed M
rotation. By using AMR as a probe to monitor out-of-plane M, the modulation of
perpendicular magnetic anisotropy by EG has also been observed.

Photo-generated carriers can also induce similar effects on magnetic proper-
ties. Illumination turned the magnetic state of (In,Mn)As with no HC to a state
with a clear hysteresis at 5 K, which was probed by both magnetization and
magnetotransport measurements [241]. The photon energy needed to see the
effect was greater than 0.8 eV, which indicated that the photo-generated carriers
in the GaSb buffer layer below (In,Mn)As were responsible for the observed
phenomena. The state after illumination with enhanced conductivity persisted
after switching the illumination was turned off, suggesting that the interface
electric filed at (In,Mn)As/GaSb spatially separated the photo-generated holes
and electrons leading to hole accumulation on the (In,Mn)As side of the interface.
Similar photo-induced effect was observed in (InMn)(AsSb)/InSb, where the
effect showed up starting at low photon energy �0.6 eV because of the small
band gap of the buffer semiconductor [242]. The photo-induced change of HC

was also observed in (In,Mn)As [243]. These results may partly be explained
by the change of the magnetic anisotropy induced by the change of the hole
concentration [244].

The magnetization enhancement of (Ga,Mn)As by circularly polarized light
illumination was observed in (Ga,Mn)As thin films [245, 246] and in Mn d-doped
GaAs [247]. Time-resolved optical measurement showed the possibility of ultra-
fast control of magnetization in ferromagnetic semiconductors by photo-carrier
injection. In addition, there have been reports on softening of hysteresis loops of
(In,Mn)As during a short lifetime (�2 ps) of the photo-generated carries [248],
demagnetization of (In,Mn)As within 100 ps [249], and the enhancement of the
ferromagnetism of (Ga,Mn)As again within 100 ps [250].

It was shown that the application of hydrostatic pressure enhanced ferromag-
netism of (In,Mn)Sb, which was explained by the increase of exchange coupling
among Mn caused by the change of lattice constant [251].

The controllability of ferromagnetism by external means is not limited to III–V-
based ferromagnetic semiconductors. The isothermal control of ferromagnetism
was reported in II–VI (Cd,Mn)Te QW by electrical and optical means [252] and in
IV GeMn by electric field [253].

Following these results obtained in ferromagnetic semiconductors, electric
field control of HC was demonstrated to be possible in metal ferromagnets, FePt
and FePd immersed in an electrolyte [254].

III–V-Based Ferromagnetic Semiconductors 305



8. PROSPECTS

Ferromagnetic semiconductors are providing an excellent test bench for exploring
a variety of spin-dependent phenomena and to demonstrate new schemes of
spintronic device operation. Although room-temperature application of well-
established ferromagnetic semiconductors, such as (Ga,Mn)As and (In,Mn)As,
and their devices are not yet possible due to their below room temperature TC,
the knowledge accumulated to date are of great importance for future develop-
ment of spintronics in general, and in particular for semiconductor spintronics
once material breakthrough in TC is made. Initiated by theoretical predictions [21,
22, 255], a worldwide effort to synthesize ferromagnetic semiconductors with high
TC is currently underway.

According to the p–d Zener model, increase of effective Mn participating in
ferromagnetic order and/or increase of hole concentration is the key to increase
TC of (Ga,Mn)As and (In,Mn)As [21, 22]. Although there exists no conclusive
guide to overcome the solubility limit and the self-compensation effect, some
strategies are proposed, ranging from codoping of donors to suppress the self-
compensation [116], optimization of post-anneal condition, and use of high-index
substrates other than (0 0 1) to increase Mn incorporation efficiency [50]. Intro-
duction of heterostructures to increase local Mn composition and hole concentra-
tion simultaneously was shown to be promising; TC of 250 K was observed in a
Mn d-doped GaAs-based structure with modulation doping to enhance the hole
concentration [235].

Another direction is to synthesize ferromagnetic semiconductors based on a
host semiconductor other than GaAs and InAs. Ferromagnetic semiconductors
based on wide-gap semiconductors such as GaN and ZnO have extensively been
investigated [256] as the chemical trend pointed out by the theoretical studies
shows increase in exchange interaction. However, it has also been pointed out that
high x is necessary to achieve high TC in wide-gap materials due to the reduced
range of exchange interaction among magnetic spins in these wide band-gap
semiconductors [257, 258]. There are many reports on observation of room-tem-
perature ferromagnetism in wide-gap materials doped with transition metals or
rare earths. Some of them show correlation between magnetization and MCD
signals at semiconductor critical points and/or the anomalous Hall effect [259–
261]. To firmly establish the origin of the observed ferromagnetic order, it is now
becoming increasingly clear that one needs to do a series of measurements to fully
characterize the properties of the synthesized materials. Correlation among mag-
netization, magneto-optical and magnetotransport properties is one of the neces-
sary conditions of intrinsic ferromagnetism, although large magneto-optical
responses from materials with a small spin–orbit interaction cannot be expected.
The presence of carrier spin polarization is another signature of having ferromag-
netism in semiconductors, which results from spin-split states induced by the sp–d
exchange interaction. Control of magnetism by changing carriers by external
means is an important way to confirm that the ferromagnetism is carrier related.

Non-uniform distribution of magnetic ions in host semiconductor may result
from nanoscale spinodal decomposition [262, 263], which is experimentally
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confirmed in a number of “ferromagnetic” semiconductors [264–266]. Here, mag-
netically condensed nanometre regions have the same crystal structure as the host
semiconductor. Each region behaves as a superparamagnetic cluster (even with
antiferromagnetic interaction as there remain uncompensated spins) and can
show ferromagnetic-like properties below blocking temperature [187, 267]. Since
the presence of magnetic nanoparticles fully integrated in the host lattice can
enhance the magnetotransport and magneto-optical properties of semiconductors
[265, 268, 269], it is not an easy task to separate non-uniform magnetic semicon-
ductors from uniform ones. It should also be noted that depending on what one is
looking for, this non-uniform magnetic semiconductor may provide a solution as
good as the uniform ferromagnetic semiconductors. Once percolated by increas-
ing the concentration of magnetic ions, high TC is predicted for these materials
[262]. It has been suggested that the charge state of magnetic ions during crystal
growth can change the way the nanoscale phase separation takes place [267, 270].
This has been experimentally verified by controllable aggregation of Cr in (Zn,Cr)
Te by doping [266].

In an effort to intentionally integrate room-temperature ferromagnetic materi-
als with non-magnetic semiconductor, ferromagnetic materials having the same
crystal structure with the host semiconductor have also been investigated. Single-
crystal zincblende CrAs and CrSb were grown by MBE and were confirmed to
show ferromagnetism over 400 K [271, 272]. Theoretical calculation predicts that
these materials are half-metallic [273].

Finally, it is important to consider how to apply the new schemes found using
ferromagnetic semiconductors not only to new devices but to conventional
ones using ferromagnetic metals [254], which will further enrich the field of
spintronics.
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Furdyna, J. K., Yu, Z. G., and Flatté, M. E. (2003). Phys. Rev. Lett. 91, 216602.
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[238] Olejnı́k, E., Owen, M. H. S., Novák, V., Mašek, J., Irvine, C., Wunderlich, J., and Jungwirth, T.

(2008). Phys. Rev. B 78, 054403.
[239] Stolichnov, I., Riester, S. W. E., Trodahl, H. J., Setter, N., Rushforth, A. W., Edomonds, K. W.,

Campion, R. P., Foxon, C. T., Gallagher, B. L., and Jungwirth, T. (2008). Nat. Mater. 7, 464.
[240] Chiba, D., Sawicki, M., Nishitani, Y., Nakatani, Y., Matsukura, F., and Ohno, H. (2008). Nature

455, 515.
[241] Koshihara, S., Oiwa, A., Hirasawa, M., Katsumoto, S., Iye, Y., Urano, C., Takagi, H., and

Munekata, H. (1997). Phys. Rev. Lett. 78, 4617.
[242] Kanamura, M., Zhou, Y. K., Okunuma, S., Asami, K., Nakajima, M., Harima, H., and Asahi, H.

(2002). Jpn. J. Appl. Phys. 41, 1019.
[243] Oiwa, A., Słupinski, T., and Munekata, H. (2001). Appl. Phys. Lett. 78, 518.
[244] Liu, X., Lim, W. L., Titova, L. V., Wojtowicz, T. J., Kutrowski, M., Yee, K. J., Dobrowolska, M.,

Furdyna, J. K., Potashnik, S. J., Stone, M. B., Schiffer, P., Vurgaftman, I., and Meyer, J. R. (2004).
Physica E 20, 370.

[245] Oiwa, A., Mitsumori, Y., Moriya, R., Słupinski, T., and Munekata, H. (2002). Phys. Rev. Lett. 88,
137202.

[246] Kondo, T., Nomura, K., Koizumi, G., and Munekata, H. (2006). Phys. Status Solidi C 3, 4263.
[247] Nazmul, A. M., Amemiya, T., Shuto, Y., Sugawara, S., and Tanaka, M. (2005). Phys. Rev. Lett. 95,

017201.

314 Fumihiro Matsukura and Hideo Ohno



[248] Wang, J., Khodaparast, G. A., Kono, J., Oiwa, A., and Munekata, H. (2004). J. Mod. Opt. 51, 2771.
[249] Wang, J., Sun, C., Kono, J., Oiwa, A., Munekata, H., Cywiński, Ł., and Sham, L. J. (2005). Phys. Rev.
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Duò, L., 61, 61f
Dupas, C., 3
Durlam, M., 141, 142, 143f
Duvail, J. L., 37
D’yakonov, M. I., 82

E

Eames, P., 178
Ebels, U., 131, 133, 143
Economou, E. N., 25
Edelstein, V. M. E., 84
Edmonds, K. W., 65, 281, 282, 283, 284f,

285, 286, 287, 288, 289f, 297, 301,
305, 306

Edwards, D. M., 33, 111
Ehrenreich, H., 24
Eiselt, R., 258, 259, 265, 269
Elliott, R. J., 221
Elsen, M., 300, 301
Emley, N. C., 95, 120, 124, 125f, 126, 129, 129f,

131, 132
Endo, A., 279, 280, 281, 282, 283, 285, 286, 287,

291, 292
Endo, K., 142
Endoh, T., 146
Endoh, Y., 7
Engebretson, D. M., 178
Engel, B. N., 132f, 142, 143f
Engel, H. A., 83
Enkovaara, J., 63
Entel, P., 12
Enz, U., 192
Eric Yang, S. R., 297
Eriksson, O., 306
Erskine, J. L., 166, 167f, 168, 245, 247, 269, 272
Erwin, S. C. T., 305
Esaki, L., 64, 279, 280
Eschring, H., 39
Etienne, P., 4, 32, 32f, 157
Evans, C. A., Jr., 280

F

Faan de Stegge, J., 33, 35
Fabian, J., 97, 99, 279
Fähler, S., 305, 307
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Kläui, M., 168, 173, 174, 198, 208, 237, 258, 259,

265, 268, 269, 272
Klavsyuk, A. L., 75
Kleverman, M., 283
Kling, R., 287
Klostermann, U. K., 143, 144
Knutson, C., 166, 167f, 168, 245, 247, 269, 272
Kobayashi, K., 178, 179f, 180f, 181, 181f, 182f, 183f,

184f, 221, 225, 272
Kobayashi, S., 304, 306
Koch, R. H., 121, 254
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Köhl, F., 282, 283
Kohlhepp, J. T., 56
Kohno, H., 11, 111, 168, 173, 178, 179f, 180, 180f,

181, 181f, 182f, 183f, 184f, 189, 199, 204, 206,
209, 213, 216, 217, 218, 219, 221, 222, 224, 225,
226, 232, 248, 250, 256, 258, 259, 260, 263, 272,
273, 303

Koinuma, H., 284, 306
Koizumi, G., 305

324 Author Index
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Schütz, G., 184, 185
Schwarz, K., 59
Seck, M., 95, 129
Segawa, Y., 293, 294f, 306
Segmuller, A., 64, 279, 280
Seiden, J., 3
Seki, T., 104
Sekikawa, M., 147
Sell, D. D., 293
Seneor, P., 61
Seo, S. M., 252, 254
Seong, M. J., 287
Serga, A. A., 147
Serpico, C., 273
Seto, K., 294
Setter, N., 305
Shah, P., 142
Sham, L. J., 147, 305
Shchelushkin, R. V., 83, 221
Shen, A., 64, 279, 280, 281, 282, 283, 285, 287, 290,

291, 292, 293, 294f, 299
Sheng, D. N., 78
Sheng, L., 78
Sheu, B. L., 281, 288, 289f, 297
Shi, J., 141, 293
Shibata, A., 49, 52, 53f
Shibata, J., 180, 206, 209, 213, 216, 217, 218, 219,

221, 222, 224, 225, 226
Shigeto, K., 158, 158f, 159, 159f, 164, 165f, 166f, 167,

169, 176, 177, 178, 184, 221, 245, 247, 292
Shih, T. C., 286
Shima, H., 178, 179, 180, 224
Shimada, H., 69, 299
Shimakawa, Y., 61
Shimizu, H., 281, 282
Shimizu, M., 299
Shinde, S. R., 307
Shinjo, T., 1, 3, 5, 6, 7, 11, 18, 34, 35, 35f, 95, 103f,

124, 126, 126f, 127f, 155, 158, 158f, 159, 159f,
160, 162f, 164, 165f, 166f, 167, 168, 169, 169f,
170f, 171f, 172f, 173, 173f, 174, 176, 177, 178,

184, 198, 208, 221, 232, 245, 247, 253, 258, 259,
265, 273, 292

Shioda, R., 280, 282, 288
Shirai, M., 281, 290, 307
Shiraishi, M., 95, 103, 103f, 124, 126, 126f, 127f
Shoji, M., 144f, 145
Shono, T., 284, 284f
Shraiman, B. I., 78
Shrekenhamer, D. B., 297
Shuto, Y., 64, 305
Siegmann, H. C., 128f
Silov, A. Yu., 283
Silsbee, R. H., 103
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Výborný, K., 283

Author Index 333



W

Waag, A., 95, 100, 101, 287, 289
Wachowiak, A., 177
Waeyenberge, B. V., 184
Wagenhuber, K., 281
Wagner, K., 292
Waintal, X., 168, 218, 221, 249
Waknis, A., 36
Waldron, J. T., 121, 122
Walker, L. R., 167, 243
Walukiewick, T., 288, 306
Walukiewicz, W., 282, 287, 288, 290
Walz, U., 3
Wang, J. N., 85, 292, 305
Wang, J. P., 147
Wang, J. Q., 36
Wang, K. L., 147
Wang, K. W., 282, 283, 284f, 288
Wang, K. Y., 65, 281, 282, 285, 286, 287, 288, 289f,

301, 305, 306
Wang, M., 290
Wang, P., 131
Wang, S., 147
Wang, S. H., 286
Wang, X., 49, 145
Wang, Y. Q., 33, 292
Wang, Y. Y., 61
Wasiela, A., 279, 296, 305
Wassner, T. A., 289
Watanabe, D., 120, 120f, 124, 126
Watanabe, N., 56, 95, 110, 110f, 111, 117, 118,

119f, 131, 132, 133, 133f, 134, 134f, 135, 137,
138, 139

Watson, M. L., 36
Wecht, K. W., 293
Wecker, J., 146
Wegscheider, W., 85, 281
Wei, J. Y. T., 60
Weinmann, D., 208
Weisheit, M., 305, 307
Weiss, D., 184, 281, 292
Weiss, P., 156
Welland, M. E., 175, 177f, 178f, 245
Welp, U., 284, 284f, 285, 286
Wemsdorfer, W., 168
Wenisch, J., 286
Wernsdorfer, W., 168, 173, 174, 198,

208, 258
Wescheider, W., 292
Westgate, C. R., 287
Wiebe, J., 177
Wieldraaijer, H., 56

Wiesendanger, R., 177
Wilamowski, Z., 285
Wilhoit, D. R., 34, 36f, 37
Wilkening, W., 282, 283
Williams, D., 65, 301
Williams, R., 142
Willmott, D. R., 141f, 145
Wise, L., 142
Wiser, N., 36
Woitowicz, T., 290
Wojotowicz, T., 287
Wojtowica, T., 305
Wojtowicz, T. J., 282, 284, 284f, 285, 286, 288, 289,

290, 301, 305, 306
Wolf, P. A., 279
Wolf, S. A., 64
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