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Preface

This book addresses two intimately related subjects—spin trans-
port and magnetism. The field of spin transport has emerged
from studying the properties of magnetic materials and formed
a relatively new research area known as spin electronics, or spin-
tronics. In the past two to three decades, the research on spin
transport and magnetism has led to remarkable scientific and
technological breakthroughs. A prominent example is the dis-
covery of giant magnetoresistance in magnetic metallic multi-
layers that was recognized by the 2007 Nobel Prize in Physics
awarded to Albert Fert and Peter Griinberg.

The roots of spin transport and spintronics lie in the quantum
description of solids, which predicts the existence of the spin,
an intrinsic quantity characterizing electrons. The importance
of the electron’s spin in controlling transport properties was
already emphasized by Sir Nevill Mott in 1936 to understand
electrical conductivities of the transition metals and their alloys.
His two-current model, in which the conductivity is expressed
as the sum of two unequal contributions from two different
spin projections, explained the high resistivity of ferromagnetic
metals relative to their nonmagnetic counterparts. This model
introduced the concept of spin transport and showed the impor-
tance of magnetism in controlling transport properties. The spin
nature of electron transport lies at the heart of modern mag-
netic data storage technologies, such as computer hard drives
and magnetic random access memories (MRAMs). Their opera-
tion employs a magnetoresistive device, a metallic spin valve or
a magnetic tunnel junction, that consists of two ferromagnetic
electrodes separated by a thin spacer layer of nonmagnetic mate-
rial. The flow of carriers through the device is determined by
the direction of their spin relative to the magnetization of the
device’s electrodes. When the magnetization of the two elec-
trodes is parallel, current flow across the device is permitted;
whereas when the magnetization is antiparallel, the current flow
is restricted. The corresponding difference in resistance between
these two configurations is known as giant magnetoresistance
(GMR) if the spacer is metallic and as tunneling magnetoresis-
tance (TMR) if the spacer is insulating.

Early experimental demonstration of Mott’s ideas, that the
electrical current in magnetic materials is spin polarized, can
be inferred from two classes of experiments pertaining to tun-
neling processes. In 1970, Paul Tedrow and Robert Meservey

demonstrated that the tunneling current, originating from a fer-
romagnetic metal electrode and passing through an insulating
alumina barrier, remains spin polarized even outside of the fer-
romagnetic region. The detection of the spin-polarized current
was performed using Zeeman-split density of states in a super-
conductor, allowing them to quantify the degree of tunneling
spin polarization for various ferromagnetic metals. Their studies
of the corresponding ferromagnetic/insulator/superconductor
junctions have directly guided the discovery of TMR in mag-
netic tunnel junctions, a key functioning element in modern
MRAMs. In 1967, Leo Esaki, Philip Stiles, and Stephan von
Molnar employed a metal/magnetic insulator/metal tunnel
junction to demonstrate what perhaps can be viewed as the first
prototype of a spintronic device. They found that after a large
applied bias, the tunneling current depended directly on the
magnetization state of the insulator. The height of the insulating
barrier layer made of Eu-based chalcogenides could be altered
by an applied magnetic field, and the device effectively acted
as a spin filter, allowing predominantly the transfer of spins
of one direction determined by the magnetization orientation
in the insulating film. Doping Eu-chalcogenides with carriers
revealed that their ferromagnetic transition temperature can be
enhanced, paving a path for versatile magnetic semiconductors
that have been intensely studied in the past two decades in which
the ferromagnetism may be electrically or optically tuned.

These pioneering contributions to what has subsequently
become known as spintronics have foreshadowed the need to
study spin transport and magnetism in a wide class of different
materials and structures. As this book reveals, some of the key
phenomena that were first discovered in one class of materials
may have been revisited decades later in other materials systems.
A prominent example is the demonstration of spin injection in
metals, which, two decades later, was explored in entirely dif-
ferent materials such as silicon, organic semiconductors, car-
bon nanotubes, and graphene, as well as carefully engineered
nanostructures, often with surprising twists and unexpected
revelations.

To provide a balanced account of the state-of-the-art standing
of the field, we employ a comprehensive approach that covers all
the most active research areas in spintronics. Consequently, the
content of the book is divided into six parts mostly focusing on

vii



viii

specific materials and structures with extensive cross-references
between chapters to reflect the fact that the discoveries in one
class of materials may be directly relevant to the breakthroughs
in seemingly unrelated systems.

Part I contains a historical and personal perspective of the
field written by the Nobel Prize laureate Albert Fert. In addition
to his pioneering work on GMR in metallic magnetic multilay-
ers, it contains his first-hand vision of several other topics and
materials systems currently actively studied in spintronics.

Part II addresses diverse physical phenomena discovered in
hybrid structures of ferromagnetic and normal metals. The part
starts from the relevant background in magnetism of magnetic
nanostructures where the concepts of magnetic anisotropy,
interlayer exchange coupling, exchange bias, and magnetostatic
interactions are introduced and discussed. The phenomenon of
GMR continues the part. It was discovered that the resistance
of a magnetic metallic multilayer drops dramatically when the
magnetization alignment of the magnetic layers changes from
antiparallel to parallel due to the application of an external
magnetic field. A sizable GMR effect persisted at room tem-
perature that opened the way to present-day spintronic applica-
tions. Advances in magnetic data storage have enabled nearly a
1000-fold increase in the capacity of computer hard drives using
metal-based GMR (and later TMR) spin valves over the last
decade. Experiments on electrical spin injection, first envisioned
three decades ago, have provided an effective way to generate a
nonequilibrium spin population and use it as a sensitive spec-
troscopic tool to probe fundamental properties such as spin-
orbit coupling, spin-Hall effect, hyperfine interactions, and
pairing symmetry of unconventional superconductors. Specific
nonlocal geometries of lateral spin valves for the spin detection
and demonstration of pure spin currents flowing without any
accompanying charge currents are now increasingly important
in a wide range of materials. The discovery of the spin-torque
effect has provided a powerful alternative to the conventional
magnetization switching using an external magnetic field, thus
offering a wealth of new opportunities for spin transport. Spin-
polarized currents interact with ferromagnets, so that a fraction
of the spin angular momentum carried by the electrons can be
transferred to the ferromagnet. This induces spin-torque-driven
magnetic excitations and may be sufficient to reverse the magne-
tization of the ferromagnet.

Part III is devoted to impressive breakthroughs in spin-
dependent tunneling. For more than two decades, after early
experiments on spin-dependent tunneling, this area of research
has been reserved for only a handful of experts. However, sev-
eral key developments have dramatically altered this situation.
The demonstration of a large and reproducible room tempera-
ture TMR in magnetic tunnel junctions in the mid-1990s has
shown the practical side of these structures. The latter became
especially apparent when a replacement of the amorphous
Al O, tunnel barrier by crystalline MgO led to a more than
10-fold increase in the room temperature TMR. The under-
lying principle of atomically controlled interfaces for desir-
able symmetry selection in spin transport, predicted from the
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first-principles quantum-mechanical calculations, has already
led to the development of advanced magnetic fields sensors
used in modern hard drives and magnetic data storage elements
employed in MRAMs. The tunneling structures are now among
the most promising platforms to provide superior spin-based
devices and reveal novel fundamental phenomena. For example,
using a ferroelectric barrier layer in a magnetic tunnel junction
offers a versatile electrical control of TMR through ferroelectric
polarization of the barrier.

Traditionally, both spin transport and magnetism have been
primarily studied in metallic materials. Part IV reviews the
challenges and opportunities for controlling spin and magne-
tism in semiconductors. Elucidating the underlying mecha-
nisms for spin relaxation and decoherence in semiconductors
provides predictive tools to identify the materials and structures
that could provide desirably long time- and length-scales for the
transfer of spin information. Recent scientific breakthroughs
demonstrate that silicon is not only central to conventional
electronics, but also offers desirable spin-dependent proper-
ties. In silicon, spin can be injected and transferred over more
than a millimeter at room temperature. The prospect of silicon
spintronics offers an intriguing possibility to combine well-
established semiconductor technology with novel spin-related
functionalities. Two classes of magnetic semiconductors have
been the subject of the intense research effort in the past 15
years. However, the origin of their magnetic ordering remains
to be fully understood and continues to be a theoretical chal-
lenge. One class is dilute magnetic semiconductors, typically
III-V or II-VI compounds doped with Mn of low density. They
are remarkably tunable in nature: the ferromagnetic Curie tem-
perature can be controlled externally by light or applied bias.
Another class is magnetic oxides, where the ferromagnetic
ordering has been reported even in the absence of d-electrons
and magnetic impurities. Magnetic semiconductors also offer
new possibilities for spin-torque effects, including lower critical
currents for magnetization reversal. Spin-orbit coupling arising
due to bulk and structure inversion asymmetries is both friend
and foe. While often it is desirable to have the spin-orbit cou-
pling reduced, for example, in Si or organic semiconductors to
have a longer spin relaxation time, it also is the origin of the fas-
cinating phenomena ranging from the family of spin-dependent
Hall effects to generating spin polarization simply by a dc charge
current. In addition to the longer-standing tradition of optically
injecting and detecting spins in semiconductors, electrical spin
injection including related nonlocal effects by now is also well
established in semiconductors. Using a tunnel barrier between a
ferromagnetic metal and a semiconductor provides robust room
temperature spin injection into semiconductors.

Driven by the technological challenge to increase data stor-
age density and enhance the speed of data processing, there is a
continuing effort to miniaturize electronic and magnetoresistive
devices. A versatile fabrication of various nanostructures can
offer favorable scaling properties such as enhanced magnetore-
sistive effects and room temperature operation otherwise limited
to cryogenic temperatures. Part V focuses on the phenomena
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characteristic for such nanostructures made of a wide range of
materials, including metals, superconductors, molecular mag-
nets, carbon nanotubes, or graphene. Spin-dependent tunneling
in nanoscale structures can be used to implement a spin-polar-
ized tunneling microscope that can be used not only to provide
atomically resolved information about magnetism, but also to
place individual magnetic impurities with atomic-scale preci-
sion. Transport measurements, employing Andreev reflection in
junctions with a superconducting tip and a ferromagnet, have
provided a sensitive probe for the degree of transport spin polar-
ization in a wide range of materials. Spin injection in nanoscale
structures can be more pronounced than in their bulk-like
counterparts. Efficient magnetization reversal can be imple-
mented using pure spin currents in nonlocal geometries of lat-
eral spin valves while the family of spin-dependent Hall effects
can be observed even at room temperature. Semiconductor
quantum dots allow for a versatile control of the number of car-
riers, spin, and the effects of quantum confinement, which leads
to improved optical, transport, and magnetic properties as com-
pared to their bulk counterparts. Adding a single carrier in mag-
netic quantum dots can both strongly change the carrier’s spin
and the temperature of the magnetization onset.

Part VI addresses the existing and potential spin-based appli-
cations that closely rely on the fundamental properties of spin
transport and magnetism, discussed in the preceding chapters
of the book. This part illustrates methods for improving the
operation of metallic spin valves and magnetic tunnel junctions
desirable for particular applications and explores paths to novel
spin-based applications that are not limited to magnetoresis-
tive effects or conventional metallic structures. The successful
use of spin valves and magnetic tunnel junctions is discussed
in the chapters devoted to magnetic field sensing and biosens-
ing as well as to nonvolatile MRAMs. A vision for the novel
class of spintronic memories explores the possibility to utilize
the domain wall motion and implement a three-dimensional
integration. Semiconductor spin lasers, in which spin-polar-
ized carriers are injected electrically or optically, have already
been demonstrated and have shown advantages over conven-
tional lasers. While the push for ferromagnetic semiconductors
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has often been motivated by the desire to seamlessly integrate
charge-based logic and spin-based information storage, there is
also an alternative scheme relying on electrical spin injection in
semiconductor/ferromagnetic metal junctions. The envisioned
performance in terms of the speed or energy consumption
could exceed the ultimate limits possible within conventional
electronics.

Overall, this book offers a balanced and thorough treat-
ment of the core principles, theoretical models, experimental
approaches, and state-of-the-art applications of spin transport
and magnetism, making it suitable for a broad readership. We
hope that this book will be an important reference both for
graduate students and experienced researchers specializing in
the fields of condensed matter physics, materials science, device
engineering, and nanoscience.

None of this would have been possible without the dedicated
effort of the authors who abandoned, for extended periods of
time, their own research to complete their respective chapters,
while dealing with the editorial requests for reshaping their style
and content. We are thankful to the reviewers who have carefully
examined all the chapters and made many helpful suggestions
to improve this book. We are also grateful to Verona Skomski
for providing invaluable assistance in preparing the book for
submission to the publisher. Finally, we acknowledge the sup-
port of NSF-DMR, NSE-MRSEC, NSE-ECCS, NSF-EPSCoR, US
ONR, AFOSR-DCT, DOE-BES, and SRC, which has enabled our
editorial work.

Evgeny Y. Tsymbal

Department of Physics and Astronomy
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University of Nebraska
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Igor Zuti¢
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1.1 Introduction

Spintronics is now an important field of research with major
applications in several technologies. Its development has been
triggered by the discovery [1,2] of the giant magnetoresistance
(GMR) in 1988. The basic concept of spintronics is the manip-
ulation of spin-polarized currents, in contrast to mainstream
electronics in which the spin of the electron is ignored. Adding
the spin degree of freedom provides new effects, new capabili-
ties, and new functionalities. Spin-polarized currents can be
generated by exploiting the influence of the spin on the trans-
port properties of the electrons in ferromagnetic conductors.
This influence, first suggested by Mott [3], had been experimen-
tally demonstrated and theoretically described in early works
[4,5] more than 10 years before the discovery of the GMR. The
GMR was the first step on the road of the utilization of the spin
degree of freedom in magnetic nanostructures. Its application
to the read heads of hard discs greatly contributed to the fast
rise in the density of stored information and led to the exten-
sion of the hard disk technology to consumer’s electronics. Then,
the development of an intensive research revealed many other
phenomena related to the control and manipulation of spin-
polarized currents. Today, the field of spintronics is expanding
considerably, with very promising new axes like the manipula-
tion of magnetic moments and the generation of microwaves
by spin transfer, spintronics with semiconductors, molecular

spintronics, the spin Hall effect (SHE), the quantum spin Hall
effect (QSHE), and single-electron spintronics for quantum
computing. In this chapter, I will tell the story of this develop-
ment from the early experiments on spin-dependent conduction
in ferromagnets to the emerging directions of today.

1.2 Spin-Dependent Conduction in
Ferromagnets and Early Examples
of Spin Transport Experiments

GMR and spintronics take their roots in previous researches on
the influence of the spin on the electrical conduction in ferro-
magnetic metals [3-5]. The spin dependence of the conduction
can be understood from the typical band structure of a ferro-
magnetic metal, which is shown in Figure 1.1a. Due to the split-
ting between the energies of the “majority spin” and “minority
spin” directions (spin up and spin down in the usual notation),
the electrons at the Fermi level, which carry the electrical cur-
rent, are in different states and exhibit different conduction
properties for opposite spin directions. This spin-dependent
conduction was proposed by Mott [3] in 1936 to explain some
features of the resistivity of ferromagnetic metals at the Curie
temperature. However, in 1966, when I started my PhD thesis,
the subject was still almost completely unexplored. My supervi-
sor, lan Campbell, and I investigated the transport properties of
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FIGURE 1.1 Basics of spintronics. (a) Schematic band structure of a ferromagnetic metal. (b) Schematic for spin-dependent conduction through
independent spin-up and spin-down channels in the limit of negligible spin mixing (py =0 in the formalism of Ref. [4]). (c) Resistivities of the
spin-up and spin-down conduction channels for nickel doped with 1% of several types of impurity (measurements at 4.2 K) [4]. The ratio o. between
the resistivities pyy and py; can be as large as 20 (Co impurities) or, as well, smaller than 1 (Cr or V impurities). (From Fert, A. and Campbell, LA,

J. Phys. F Met. Phys., 6, 849, 1976. With permission.)

Ni- and Fe-based alloys and, from the analysis of the tempera-
ture dependence of the resistivity and also from experiments
on ternary alloys I describe in Section 1.3, we demonstrated the
spin dependence of conduction in various metals and alloys. In
particular, we showed that the resistivities of the two channels
can be very different in metals doped with impurities present-
ing a strongly spin-dependent scattering cross-section [4]. In
Figure 1.1c, I show the example of the spin-up and spin-down
resistivities of nickel doped with 1% of different impurities. It
can be seen that the ratio o of the spin-down resistivity to the
spin-up one can be as large as 20 for Co impurities or, as well,
smaller than the 1 for Cr or V impurities. This was consistent
with the theoretical models developed at this time by Jacques
Friedel for the electronic structures of impurities in metals. The
two-current conduction was rapidly confirmed in other groups
and, for example, extended to Co-based alloys by Loegel and
Gautier [5].

The so-called two-current model [4] for the conduction
in ferromagnetic metals was worked out for the quantitative
interpretation of the experiments described in the preceding
paragraph. This model is based on a picture of spin-up and spin-
down currents coupled by spin mixing, that is, by exchange
of current between the spin-up and spin-down channels. Spin
mixing comes from spin-flip scattering, mainly from electron-
magnon scattering, which conserves the total spin of the elec-
tronic system but is a mechanism of current transfer between
the two channels. It increases with temperature and tends to
equalize partly the spin-up and spin-down currents at room
temperature in most ferromagnetic metals [4]. The two-current
model is the basis of spintronics today, but, except in very few
publications [6,7] discussing the temperature dependence of the
GMR, the interpretation of the spintronics phenomena is sur-
prisingly based on a simplified version of the model neglecting

spin mixing and assuming that the conduction is by two inde-
pendent channels in parallel, as in the sketch of Figure 1.1c. It
should be certainly useful to revisit the interpretation of many
recent experiments by taking into account the spin mixing con-
tributions (note that the spin mixing mechanism by spin-flips
should not be confused with the spin relaxation mechanism
transferring spin accumulation to the lattice and due mainly to
spin-orbit scattering).

The research on spin transport developed before the discov-
ery of GMR has not only worked out the basic physics of spin
transport in ferromagnetic conductors but also explored some
topics that came into fashion only recently in spintronics. I take
the example of the SHE. When an electrical current flows in
a nonmagnetic conductor, the electrons of opposite spins are
deflected to opposite transverse directions by spin-orbit inter-
actions. With equal spin-up and spin-down currents, there is no
charge accumulation and consequently no Hall voltage between
edge contacts, but the deflections induce opposite spin accumu-
lations on the edges of the conductor, as illustrated in Figure
1.2a. This is the SHE, already described in 1971 by D’yakonov
and Perel’ [8].

As the spin accumulation by SHE can be used to generate
spin currents, the SHE is nowadays presented as a possible way
for spintronics without magnetic materials, which explains the
intense current research on the topic. In most experiments of
the recent years, the SHE is detected by breaking the symmetry
between the opposite spin directions to obtain a transverse volt-
age, either by using a ferromagnetic metal for one of the Hall
probes or by injecting locally a spin-polarized current (or even
a pure spin current) from a ferromagnetic contact, the so-called
inverse SHE detection. This can be done only in nano-devices
fabricated by lithographic techniques [9-11]. Thirty years ago,
it was not technically possible to fabricate such nano-devices,



Historical Overview: From Electron Transport in Magnetic Materials to Spintronics

(@)

(b)

0.90

0.85

L

0.2

1

0.4 0.6 0.8

1/T (K1)

0.0

FIGURE 1.2 (a) Sketch illustrating the SHE in a nonmagnetic conductor. (b) Experimental results [12] on the SHE induced by resonant scatter-
ing on 5d levels (split by spin-orbit coupling) of nonmagnetic impurities in Cu (open triangles=Lu 0.013%, circles=Ta 0.023%, black triangle =Ir
0.19%). The inverse SHE of the Cu alloys is revealed by adding ~ 0.01% of Mn impurities and applying a field H to spin-polarize the current by
exchange scattering on the spin-polarized Mn impurities. With a paramagnetic-like spin polarization proportional to H/T, the SHE is revealed
by a contribution to the Hall constant proportional to T"! with different slopes for different impurities (the squares represent measurement on Cu
with only 0.015% of Mn and without 5d impurities, which shows the quasi-absence of 1/T contribution to the Hall effect from Mn alone). Note the
characteristic change of sign of the SHE between the beginning (Lu) and the end (Ir) of the 5d series.

but, nevertheless, a precise determination of the SHE could be
performed in other ways. In Figure 1.2b, we show the results
published in 1981 [12] on the SHE induced by 5d impurities
(Lu, Ta, Ir, Au) in Cu. The SHE is detected by adding 0.01% of
Mn impurities and applying a magnetic field. It had previously
been shown that applying a field with only Mn impurities in Cu
does not give any significant contribution to the Hall effect but
induces (by exchange scattering) a spin polarization of the cur-
rent, which can be known from the associated negative magne-
toresistance (GMR-like effect). In brief, the spin polarization
induced by exchange with dilute impurities of Mn replaces the
spin injection of modern experiments. As the current polariza-
tion follows the polarization of the paramagnetic Mn impurities
and is inversely proportional to the temperature (T), one obtains
the variations of the Hall constant as 1/T seen in Figure 1.2b for
different types of nonmagnetic impurities. The amplitude of the
SHE can be characterized by the Hall angle, ®,;=p, /p,,. From
the results of Figure 1.2b, Fert et al. [12] have derived Hall angles
varying from -2.4x 1072 for CuLu to +5.2x 1072 for Culr, with
the typical change of sign between the beginning and the end
of the 5d series predicted by a model of resonant scattering on
impurity 5d states split by spin-orbit interaction (-1.2% and
+2.6% if we divide by 2 to take into account the different defini-
tion of the Hall angle today).

The mechanism of resonant skew scattering by impurity levels
explains that the SHE Hall angle in Ref. [12] is larger by one or
two orders of magnitude than that found in modern experiments
for most pure metals [9-11] or semiconductors [13]. Actually
a larger angle was recently reported for Au spin-injected from
FePt [11], but more recent experiments in the same group seem
to show this large SHE comes from Pt impurities and probably
from the same mechanism as in the alloys of Figure 1.2b.

1.3 Concept of GMR in
Experiments on Ternary
Magnetic Alloys

Twenty years before the discovery of GMR, some experiments
with ferromagnetic metals doped with two types of impuri-
ties [4] were already anticipating the GMR. This is illustrated
in Figure 1.3. Suppose, for example, that nickel is doped with
impurities A (Co, for example), which scatter strongly the elec-
trons of the spin-down channel and with impurities B (Rh, for
example), which scatter strongly the spin-up electrons. In the
ternary alloy Ni(Co+Rh), that I call of type 1, the electrons of
both channels are strongly scattered either by Co in one of the
channels or by Rh in the other, so that there is no shorting by
one of the channels and the resistivity is strongly enhanced, as
illustrated in Figure 1.3a. In contrast, there is no such enhance-
ment in alloys of type 2 doped with impurities A and B (Co and
Au, for example) scattering strongly the electrons in the same
channel and leaving the second channel open, as in Figure 1.3b.

The idea of GMR is the replacement of the impurities A and B
of the ternary alloy by the successive layers A and B of the same
magnetic metal in a multilayer. If the magnetizations of the lay-
ers A and B are antiparallel, this corresponds to the situation
of strong scattering in both channels in alloys of type 1, while
the configuration with parallel magnetizations corresponds to
the situation with a relatively free channel in alloys of type 2.
What is new with respect to the ternary alloys is the possibility
of switching between high and low resistivity states applying a
magnetic field and by simply changing the relative orientation
of the magnetizations of layers A and B from antiparallel to par-
allel. However, the transport equations tell us that the relative
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FIGURE 1.3 Experiments on ternary alloys based on the same con-
cept as that of the GMR [4]. On the sketches illustrating the conduc-
tion by two channels in a ferromagnet doped with impurities A (black)
and B (grey), the circles are at the scale of the scattering cross-sections
of impurities A and B. (a) Schematic for the spin-dependent conduc-
tion in alloys with impurities of opposite scattering spin asymme-
tries (0L, =pPal/Par>1, O =Ppi/Ppr <1, Pap>>pPa+pPp) and experimental
results for Ni(Co,_,Rh,) alloys. (b) Same for alloys with impurities of
similar scattering spin asymmetries (0, =p,/Par>1, O=pgi/Per>1,
Pap= Pa+Pp) and experimental results for Ni(Au,_,Co,) alloys. In GMR,
the impurities A and B are replaced by multilayers, the situation of (a)
corresponding to the antiparallel magnetic configurations of adjacent
magnetic layers and (b) corresponding to parallel.

orientation of layers A and B can be felt by the electrons only
if their distance is smaller than the electron mean free path,
that is, practically, if they are spaced by only a few nanome-
ters. Unfortunately, in the 1970s, it was not technically possible
to make multilayers with layers as thin as a few nanometers,
and the discovery of the GMR waited until the development of
sophisticated deposition techniques.

1.4 Discovery of the GMR

In the mid-1980s, with the development of techniques like the
molecular beam epitaxy (MBE), it became possible to fabricate
multilayers composed of very thin individual layers and one
could consider trying to extend the experiments on ternary alloys
to multilayers. In addition, in 1986, I saw the beautiful Brillouin
scattering experiments of Griinberg and coworkers [14] revealing
the existence of antiferromagnetic interlayer exchange couplings
in Fe/Cr multilayers. Fe/Cr appeared as a magnetic multilayered
system in which it was possible to switch the relative orientation
of the magnetization in adjacent magnetic layers from antiparal-
lel to parallel by applying a magnetic field. In collaboration with
the group of Alain Friederich at the Thomson-CSF company, I
started the fabrication and investigation of Fe/Cr multilayers. This
led us in 1988 to the discovery [1] of very large magnetoresistance
effects that we called GMR (Figure 1.4a). Effects of the same type
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in Fe/Cr/Fe trilayers were obtained practically at the same time
by Griinberg at Jilich [2] (Figure 1.4b). The interpretation of the
GMR is similar to that described above for the ternary alloys and is
illustrated in Figure 1.4c. The first classical model of the GMR was
published in 1989 by Camley and Barnas [15], and I collaborated
with Levy and Zhang for the first quantum model [16] in 1991.

I am often asked if I was expecting such large MR effects. My
answer is yes and no: on one hand, a very large magnetoresis-
tance could be expected from an extrapolation of the preceding
results on ternary alloys, on the other hand one could fear that
the unavoidable structural defects of the multilayers, interface
roughness, for example, might introduce spin-independent scat-
terings canceling the spin-dependent scattering inside the mag-
netic layers. The good luck was finally that the scattering by the
roughness of the interfaces is also spin dependent and adds its
contribution to the “bulk” one (the “bulk” and interface contri-
butions can be separately derived from GMR experiments with
the current perpendicular to the layers).

1.5 Golden Age of GMR

Rapidly, the papers reporting the discovery of GMR attracted
attention for their fundamental interest as well as for the many
possibilities of applications, and the research on magnetic mul-
tilayers and GMR became a very hot topic. In my team, as well
as in the small but rapidly increasing community working in the

field, we had the exalting impression of exploring a wide virgin
country with so many amazing surprises in store. On the exper-
imental side, two important results were published in 1990.
Parkin et al. [17] demonstrated the existence of GMR in mul-
tilayers made by the simpler and faster technique of sputtering
(Fe/Cr, Co/Ru, and Co/Cr) and found the oscillatory behavior of
the GMR due to the oscillations of the interlayer exchange as a
function of the thickness of the nonmagnetic layers (see Figure
1.5). Also in 1990, Shinjo and Yamamoto [18], as well as Dupas et
al. [19], demonstrated that GMR effects can be found in multilay-
ers without antiferromagnetic interlayer coupling but composed
of magnetic layers of different coercivities. Another important
result, in 1991, was the observation of large and oscillatory GMR
effects in Co/Cu, which became an archetypical GMR system.
The first observations were obtained at Orsay [20] with multilay-
ers prepared by sputtering at Michigan State University and at
about the same time at IBM [21].

Also in 1991, Dieny et al. [22] reported the first observation of
GMR in spin-valves, that is, trilayered structures in which the
magnetization of one of the two magnetic layers is pinned by
coupling with an antiferromagnetic layer while the magnetiza-
tion of the second one is free. The magnetization of the free layer
can be reversed by very small magnetic fields, so that the con-
cept is now used in many devices. The various applications of the
GMR are described in other chapters of the book. Its application
to the read heads of the hard discs is certainly the most impor-
tant [23,24]. The GMR, by providing a sensitive and scalable read
technique, has led to an increase of the areal recording density by
more than two orders of magnitude (from =1 to ~600 Gbit/in.?
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FIGURE 1.4 First observations of giant magnetoresistance. (a) Fe/Cr(001) multilayers [1] (with the current definition of the magnetoresistance
ratio, MR= 100[R,,p~R;]/R,,, MR =85% for the Fe 3nm/Cr 0.9 nm multilayer). (b) Fe/Cr/Fe trilayers [2]. (c) Schematic of the mechanism of the GMR.
In the parallel magnetic configuration (bottom), the electrons of one of the spin directions can go easily through all the magnetic layers and the
short circuit through this channel leads to a small resistance. In the antiparallel configuration (top), the electrons of each channel are slowed down
every second magnetic layer and the resistance is high. (From Chappert, C. et al., Nat. Mater., 6, 813, 2007. With permission.)
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FIGURE 1.5 Oscillatory variation of the GMR ratio of Fe/Cr mul-
tilayers as a function of the thickness of the Cr layers. (From Parkin,
S.S.P. et al., Phys. Rev. Lett., 64, 2304, 1990. With permission.)

in 2009). This increase opened the way both to unprecedented
drive capacities (up to 1 terabyte) for video recording or backup
and to smaller hard disc drive (HDD) sizes (down to .85in. disk
diameter) for mobile appliances like ultra-light laptops or por-
table multimedia players. GMR sensors are also used in many
other types of application, mainly in automotive industry and
biomedical technology [25].

1.6 TMR Relays GMR

An important stage in the development of spintronics has been
the research on the tunneling magnetoresistance (TMR) of the
magnetic tunnel junctions (MTJs). The MT]Js are tunnel junc-
tions with ferromagnetic electrodes, and their resistance is dif-
ferent for the parallel and antiparallel magnetic configurations
of their electrodes. Some early observations of small TMR effects
had been already reported by Julliére [26] in 1975 and Maekawa
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FIGURE 1.6 TMR of MTJ with MgO barrier. (a) Electron microscopy image of an Fe(001)/MgO(001)/Fe(001) MTJ [30]. (b) MR=(R,,,, — R,,;,)/
R,,;, measured by Yuasa et al. [30] for a Fe(001)/MgO(001)/Fe(001) MTJ. (c) Physics of the TMR illustrated by the decay of evanescent electronic
waves of different symmetries in an MgO(001) layer between cobalt electrodes calculated by Zhang and Butler [37]. The A; symmetry of the slowly
decay tunneling channel is well represented at the Fermi level of the spin conduction band of cobalt for the majority spin direction and not for the
minority spin one, so that a spin conserving connection through the channel A, is possible in the parallel configuration. This explains the very

high TMR of this type of junction.

and Gifvert [27] in 1982, but they were found to be hardly
reproducible and actually could not be really reproduced until
1995. It was at this time only that large (=20%) and reproducible
effects were obtained by Moodera’s and Miyasaki’s groups on
MT] with a tunnel barrier of amorphous alumina [28].

After 1995, the research on TMR became very active, and the
most important step was the transition from MT] with amor-
phous tunnel barrier (alumina) to single-crystal MT] and espe-
cially MTJ with MgO barrier. In the first results with MgO, the
TMR ratio was only slightly larger than that found with alu-
mina barriers and similar electrodes [29]. The important break-
through came in 2004 at Tsukuba [30] and IBM [31] where it was
found that very large TMR ratios, up to 200% at room tempera-
ture, could be obtained with MgO MT]J of very high structural
quality, as illustrated in Figure 1.6. Since 2004, these results have
been progressively improved [32], and TMR ratios up to 1000%
have been now reached [33].

The large TMR of MTJ with single-crystal tunnel barriers
like MgO(001) comes from symmetry selection [34-37]. This is
illustrated in Figure 1.6¢c where one sees the calculated density
of states (DOS) of evanescent wave functions of different sym-
metries, A, A, etc., and the much slower decay of the symmetry
A, in a MgO(001) barrier between Co electrodes [37]. The key
point is that, at least for interfaces of high quality, an evanescent
wave function of a given symmetry is connected to the Bloch

functions of the same symmetry and same spin direction at the
Fermi level of the electrodes. For Co electrodes, the A; symmetry
is well represented at the Fermi level in the majority spin direc-
tion sub-band and not in the minority one. Consequently, a good
connection between the majority spin direction sub-bands of the
Co electrodes by the slowly decaying channel A, can be obtained
only in their parallel magnetic configuration, which explains the
very high TMR. Other types of barriers can select symmetries
other than the symmetry A, selected by MgO(001). For example,
an SrTiO, barrier predominantly selects evanescent wave func-
tions of A; symmetry, which are well connected to minority spin
states of cobalt [38]. This explains the negative effective spin
polarization of cobalt observed in SrTiO;-based MTJ [39].

The high spin polarization obtained by symmetry selection
gives a very good illustration of what is under the word “spin
polarization” in a spintronic experiment. There is no intrinsic
spin polarization of a magnetic conductor. In an MTJ, the effec-
tive polarization is related to the symmetry selected by the bar-
rier and, depending on the barrier, can be positive or negative,
large or small. In the same way, as we have seen in Section 1.2,
the spin polarization of metallic conduction depends strongly
on the spin dependence of the scattering by impurities, as shown
in Figure 1.1b.

The MT] with MgO barrier are today the most efficient “spin
polarizers” and are used in many experiments and devices.
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FIGURE 1.7 Experimental results illustrating the thickness dependence of the CPP-GMR and its relation with the SDL. (a) CPP-GMR of Co/Cu/
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However, other directions are also explored to obtain even larger
TMR. One of these directions is the research of half-metallic
materials, in other words materials of metallic character for one
of the spin directions and insulating for the other, which means
a 100% polarization. Some oxides and Heusler alloys close to
half-metallicity have been found [40,41]. Spin filtering by a fer-
romagnetic barrier is another interesting concept [42].

From a technological point of view, the interest of the MT]
with respect to the metallic spin valves comes from the verti-
cal direction of the current and from the resulting possibility
of a reduction of the lateral size to a submicronic scale by litho-
graphic techniques. The MT]Js are at the basis of a new concept
of magnetic memory called magnetic random access memory
(MRAM), which is expected to combine the short access time of
the semiconductor-based RAMs and the nonvolatile character
of the magnetic memories [24]. In the first MRAMs, put onto
the market in 2006, the memory cells are MTJs with an alumina
barrier. The magnetic fields generated by “word” and “bit” lines
are used to switch their magnetic configuration. The next gen-
eration of MRAM, based on MgO tunnel junctions and switch-
ing by spin transfer, is expected to have a much stronger impact
on the technology of the computers.

1.7 Spin Accumulation and
Spin Currents

During the first years of the research on GMR, the experiments
were performed only with currents flowing along the layer
planes—in the geometry called CIP (current in plane). It is only
in 1991 that experiments of GMR with the current perpendicu-
lar to the layer planes (CPP-GMR) begun to be performed. This
was done first by sandwiching a magnetic multilayer between
superconducting electrodes [43], then by electrodepositing mul-
tilayers into the pores of a polycarbonate membrane [44], and,
more recently, in vertical nanostructures fabricated by e-beam

lithographic techniques (pillars). In the CPP geometry, the GMR
not only is definitely higher than that in CIP but also subsists in
multilayers with relatively thick layers, up to the micron range
in Figure 1.7a, for example. The Valet-Fert model [45] explains
that, owing to spin accumulation effects occurring in the dif-
fusive regime of transport, the length scale of the CPP-GMR
becomes the long spin diffusion length (SDL) in place of the
short mean free path for the CIP geometry.

Actually, the CPP-GMR revealed clearly the spin accumula-
tion effects, which govern the propagation of a spin-polarized
current through a succession of magnetic and nonmagnetic
materials and play an important role in all the current develop-
ments of spintronics. The diffusion current induced by the accu-
mulation of spins at the magnetic/nonmagnetic interface is the
mechanism driving a spin-polarized current in a nonmagnetic
conductor to a long distance from the interface, well beyond the
ballistic range (i.e., well beyond the mean free path) up to the
distance of the SDL. In carbon molecules, for example, the SDL
exceeds largely the micron range and, as we see in Section 1.11,
strongly spin-polarized currents can be transported throughout
long carbon nanotubes (CNTs) [46].

The physics of the spin accumulation occurring when an
electron flux crosses an interface between a ferromagnetic and
a nonmagnetic material is explained in Figure 1.8 for a simple
situation (single interface, no interface resistance, no band bend-
ing, and single polarity). To sum up, there is a broad zone of spin
accumulation, which extends on both sides of an F/N interface
and in which the spin polarization of the injected current sub-
sists in N to a distance of the order of the SDL (or start at this dis-
tance for the opposite current direction). The spin polarization
just at the interface depends on the proportion of the depolar-
izing (polarizing) spin-flips induced by the spin accumulation
in F and N. If the DOS and the spin relaxation times are similar
on both sides, there is a balanced proportion of spin-flips on the
N and F sides, and the current is significantly spin-polarized in



10

Ferromagnetic

! Zone
! accum

(@)

Spin
accumulation

Ap= -y

ur

(b)

Metal/metal

Current spin
polarization =
(]T_]l)/(]T+ ]L) |

Metal/semiconductor

© LA :
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accumulation at an interface between a ferromagnetic metal and a
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ling the progressive depolarization of the current. With an opposite
direction of the current, the inversion of the spin accumulation and
the opposite spin-flips polarize progressively the current. (c) Variation
of the current spin polarization when there is an approximate balance
between the spin-flips on both sides (metal/metal curve) and when
the spin-flips on the right side are predominant (metal/semiconduc-
tor curve in the situation without spin-dependent interface resistance).
(From Chappert, C. et al., Nat. Mater., 6, 813, 2007. With permission.)

N (as for the metal/metal curve in Figure 1.8¢). In contrast, if the
DOS is much smaller or the spin relaxation time much shorter in
N, the depolarization (or polarization for spin extraction) occurs
mainly in F and the current is negligibly spin-polarized in N.
This corresponds to the situation for the metal/semiconductor
curve in Figure 1.8c. This difficulty when F is a metal and N a
semiconductor has been first described by Schmidt et al. [47]
and called “conductivity mismatch.” The problem can be solved
by inserting a spin-dependent interface resistance (tunnel junc-
tion) to induce a discontinuity of the spin accumulation, which
increases the Fermi energy spitting and the proportion of spin-
flips on the side N of the interface [48,49].

The physics of spin accumulation and spin-polarized cur-
rents, which plays an important role in most fields of spintron-
ics today, can be described by new types of transport equation
[45,49,50], often called drift/diffusion equations, in which the
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electrical potential is replaced by a spin- and position-depen-
dent electrochemical potential. These equations can also be
extended to take into account band bending and high current
density effects [51]. They have been frequently applied to the
general situation of multi-contact systems with interplay of
the spin accumulation effects at different contacts [49,52,53].
A standard structure is a nonmagnetic lateral channel, metal,
semiconductor, or carbon-based conductor, between a spin-
polarized source F1 and a spin-polarized drain F2. The output
“spin signal” is the resistance or voltage difference between dif-
ferent magnetic configurations of the contacts. Very generally,
one distinguishes local geometries in which the output signal is
measured between the source and the drain (Figure 1.9a), and
nonlocal geometries in which the output signal is between two
other contacts (Figure 1.9b). In the nonlocal geometry of Figure
1.9b, where the current flows to the left with a spin accumulation
spreading to the right (Figure 1.9¢), the output voltage V reflects
the spin accumulation splitting at the magnetic contact F2 and
is inverted when one reverses the magnetization of F2. Note
that, in the right part of the channel, the opposite gradients of
spin-up and spin-down chemical potentials generate opposite
spin-up and spin-down currents, or, in other words, a pure spin
current without charge current.

In Figure 1.9¢, we show an example of the application of the
drift-diffusion equations to the problem of spin transport in a
nonmagnetic lateral channel between spin-polarized source and
drains connected to the channel by a spin-dependent interface
resistance (MTJ, for example). The calculation is performed for
the local and nonlocal detections of Figure 1.9a and b and also
for the local detection of Figure 1.9d in which the channel does
not extend outside the length L between the contacts (confined
spin relaxation). The output signal, AR=(V,, — V;)/I, is plotted
as a function of the ratio of the mean interface resistance Ry
(defined in the caption and supposed to be the same for the con-
tacts F1 and F2) to the spin resistance of the channel (R = prod-
uct of the resistivity by the SDL A, divided by the section; the
spin relaxation per unit length of N is inversely proportional
to Ry) for the three geometries of Figure 1.9a-d (other details
on the parameters are in the caption of the figure). The calcula-
tion is performed in a situation of “conductivity mismatch,” that
is, R;<< Ry, so that, for the three curves, the spin signal turns
out when Ry exceeds Ry. Then, the difference between the three
curves illustrates an important rule: the scale of AR is the “resis-
tance” controlling the spin relaxation. For a and b with RY >Ry,
the relaxation in N between — and +Ay is larger (<1/Ry) than
the spin escape through Ry («<1R}) and AR flattens out at a level
of the order of Ry < R} (=272Ry exp(-L/Ay) for local detec-
tion and =y*Ry exp(-L/Ay) for nonlocal). In contrast for d with
Ry < RT < RyAy/L, the relaxation is controlled by the spin
escape through Rf (rather than by the relaxation inside L) and
AR goes on increasing in proportion of Rt well above the satura-
tion value =Ry, of the open structures a and b. This regime, also
described by a dwell time T, shorter than the spin lifetime T, is
illustrated by the large MR observed in CNTs (60%-70%, AR in
the MQ range well above the spin resistance of the nanotube)
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FIGURE 1.9 (a) and (b) Geometries for lateral spin transport between spin-polarized sources and drains with, respectively, local and nonlocal
detection of the “spin signal.” (c) Spin-up and spin-down electrochemical potential profiles for the nonlocal geometry of (b). The nonlocal signal
Vis related to the splitting (spin accumulation) under the nonlocal contact. (d) Geometry similar to (a) but with a lateral channel not extending

outside the contacts. (¢) Output spin signal, AR=[V,, — V,]/I, for geometries of (a), (b), (d) calculated from drift/diffusion equations as a function
of R} /Ry with the following definitions: L=length between F1 and F2, Ryqy=2 [1 = (+)V] R} =tunnel resistances between the channel and F1 or
F2, Ry = pyAy/Sy = channel spin resistance (py = resistivity, Ay=SDL, Sy =section), R, = Pf A/S; < Ry (y=0.8, Ay=5L in the calculation). AR flat-
tens out at a value of the order of Ry for R}>> Ry in the open structures of (a) and (b) (dotted and dashed lines). For the geometry of (d), AR does
not flatten out for Ry > Ry and goes on increasing proportionally to Rt before reaching saturation at the level 472R/sh(L/\y), well above Ry, for

R} > RyAn/L (solid line).

[46]. Then, for R} > RyAy/L, the relaxation inside L becomes
predominant and AR flattens out at the level 4y*R\/sh(Ay/L) =
4P R M /L (well above the saturation for curves aand b in Figure
1.9¢). For confined relaxation with nonlocal detection 4R,/
sh(L/Ay) becomes 3y2R\/sh(L/Ay), as shown by Jaffrés et al.
[49]. The different rules described above can explain the main
features of the results found in various structures with metals,
semiconductor, or carbon-based materials.

In Figure 1.10, we show examples of lateral spin transport
in the simple situation of a metallic channel and ohmic con-
tacts with metallic electrodes [50,52,54,55]. The output signal
AR, at the typical scale of the channel spin resistance, is typi-
cally of the order of a few m€Q, which corresponds to local or
nonlocal output voltages in the UV range for current densities
in the 107 A/cm? range (the ratio to the bias voltage can reach
10%). With a metallic channel but with tunnel contacts, most
experiments have been performed in the geometry of Figure
1.9a and b, so that the output signals are larger but do not
exceed significantly the spin resistance of a metallic channel
(AR = 103 - 107* Ry;,,). For the experiments with a semiconduct-
ing channel, generally performed with tunnel or Schottky con-
tacts to solve the “conductivity mismatch,” the review article of
Jonker and Flatté [56] concludes that the contrast between the
conductance of the parallel and antiparallel configuration never
exceeds the range 0.1%-1%. With CNTs and tunnel contacts in
the range of 100MQ with La,,Sr,;MnO, (LSMO) electrodes
[46], some experiments in the geometry of Figure 1.9d have led

to output signals AR = 90 M€ (60% of the total resistance of the
two contacts), which appears to correspond to the situation of
the corresponding curve in Figure 1.9¢e with AR = R;>> Ry
This shows the possibility of obtaining large spin signals at the
level of tunnel resistances by preventing the spin relaxation in
branches of small spin resistance. This also reflects the potential
of carbon-based materials like CNT [46,57] or graphene [58],
which can combine a long spin lifetime, due to the small spin—
orbit of carbon, with the advantage of their very high electron
velocity for short dwell times.

1.8 Spin Transfer

Spin transfer gives means to manipulate the magnetic moment
of a ferromagnetic body without applying any magnetic field but
only by transfer of spin angular momentum from a spin-polarized
current. The concept that has been introduced by Slonczewski
[59] and appears also in papers of Berger [60] is illustrated in
Figure 1.11. As described in the caption of the figure, the transfer
of the transverse component of a spin current to the “free” mag-
netic layer F2 can be described by a torque acting on the magnetic
moment of F2. This torque can induce a switching or reorien-
tation of this magnetic moment, which can be described as a
transport of nonvolatile magnetization by an electrical wire. In
a second regime, generally in the presence of an applied field, the
spin transfer torque generates periodic motions of the magnetic
moment and voltage oscillations in the microwave frequency
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FIGURE 1.10 Experimental examples of lateral spin transport in permalloy/silver nanodevices [55]. (a) Local spin-valve measurements at 77 K.
A sketch of the nanodevice is shown above the experimental curves. (b) Nonlocal spin-valve measurements at 77 K. An image of the nanodevice is
shown on the top. (c) Nonlocal spin-valve measurements at 77 K (bottom) and room temperature (middle) on a nanodevices similar to that of (b)
but with an additional permalloy contact (Py3 on the image) between the injection and detection contacts. The signal reduction with respect to
devices without additional contact is due to the spin current escaping through this contact and relaxing in the additional channel. The reduction is
inversely proportional to the spin resistance of the additional channel and, for example, becomes larger and larger as one goes from Cu to Au and
Py. (From Kimura, T. et al., Phys. Rev. B, 72, 014461-1-6, 2005. With permission.)
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FIGURE 1.11 Tllustration of the spin transfer concept introduced by

Slonczewski [59]. A spin-polarized current is prepared by a first mag-
netic layer F with an obliquely oriented spin polarization with respect to
the magnetization axis of a second layer F2. When it goes through F2,
the exchange interaction aligns its spin polarization along the magneti-
zation axis. The exchange interaction being spin conserving, the trans-
verse spin polarization lost by the current is transferred to the total spin
of F2, which can also be described by a spin-transfer torque acting on F2.
(From Chappert, C. et al., Nat. Mater., 6, 813, 2007. With permission.)

range. Actually the concept of spin transfer has opened a new
face of spintronics: GMR or TMR allowed us to detect electrically
a magnetic configuration, while spin transfer now enables us to
create a magnetic configuration with an electrical current.

The first evidence that spin transfer can work was indicated
by experiments of spin injection through point contacts by Tsoi
et al. [61], but a clear understanding came later from measure-
ments [63,64] performed on pillar-shaped metallic trilayers
and tunnel junctions (Figure 1.12a), or by injecting a cur-
rent into a magnetic trilayer through the type of nanocontact
represented in Figure 1.12b [64]. In Figure 1.12¢, we show an
example of magnetic switching detected by GMR in a metallic
pillar. Figure 1.12d represents the microwave power spectrum
of the voltage oscillations generated by current-induced mag-
netic precessions in a structure of nanocontact type. Actually
the spin transfer torque can be used not only to induce switch-
ings and precessions of magnetic moments but also more
sophisticated magnetic excitations. Figure 1.12e shows the
microwave power spectrum generated by the gyration of the
core of a magnetic vortex in one of the electrodes of an MT]
[65]. Alternatively, the spin transfer torque can also be used to
move domain walls in nanowires. These many very different
spin transfer experiments raise a great variety of interesting
physical problems mixing spin transport, spin dynamics, and
micromagnetism.
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resistance vs. current for a Co/Cu/Co “pillar” with current-induced switchings between parallel and antiparallel magnetic configurations [62].
(d) Microwave spectra obtained by current injection into a CoFe/Cu/NiFe trilayer through a nanocontact at different values of current [64].
(e) Microwave power spectra obtained at different values of current from vortex gyrations in the permalloy layer of a CoFeB/MgO/Permalloy
MTTJ [65]. (f) Progressive synchronization of the gyration of four vortices appearing at increasing current in the microwave spectrum of a device
for current injection into a Co/Cu/permalloy trilayer through four nanocontacts. (From Ruotolo, A. et al., Nat. Nanotechnol., 4, 528, 2009. With

permission.)

The spin transfer phenomena will have certainly important
applications. Switching by spin transfer will be used in the next
generation of MRAMs (called STT-RAMs) for a more precise
addressing and a smaller energy consumption. The generation
of oscillations in the microwave frequency range will lead to
the design of spin transfer oscillators (STOs). One of the main
interests of the STOs is their tunability, that is the possibility of
changing rapidly their frequency by tuning a DC current. Their
disadvantage is the very small microwave power of an individ-
ual STO. The microwave power obtained with MT]Js is not too
far from what is needed for applied devices but the linewidth of
their emission is still much too broad. Today it seems that the
excitation of magnetic vortices in MTJs heads the race on the
way to application as they combine power and narrow linewidth

see Figure 1.12e [65]. An interesting challenge, to increase the
emitted power and reduce the linewidth, is the synchronization
of a set of STOs. Figure 1.12f shows an example of synchroniza-
tion of the gyration of a square of four vortices [66].

1.9 Spintronics Today and Tomorrow

Nowadays spintronics is expanding in so many directions that
we will only list and summarize the main axes.

The very active research [67] on the axis “spintronics with
semiconductors” aims at combining the potential of semicon-
ductors (control of current by gate, coupling with optics, etc.)
with the potential of the magnetic materials (control of current
by spin manipulation, non-volatility, etc.). It should be possible,
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FIGURE 1.13  Spin transport through carbon nanotubes (CNTs) [46]. (a) Electron microscope image of a CNT between LSMO electrodes. (b)
Schematic side view of the device. (c), (d) Examples of MR experimental results. The resistance R of the device is predominantly due to the tunnel
resistance at the LSMO/CNT interfaces, and its change between the parallel and antiparallel magnetic configuration is about 72% (c) or 60% (d).

for example, to gather storage, detection, logic, and communica-
tion capabilities on a single chip that could replace several com-
ponents. One of the ways is with ferromagnetic semiconductors
(FSs) based on the well-known semiconductors of today. Excellent
results have been obtained with GaAs doped wit Mn [68], but
it has not been possible to increase its Curie temperature above
170 K and this rules out most possibilities of applied devices. Some
announcements of FS at room temperature have been made, but
the situation is still rather confused on this point today. The sec-
ond way is the fabrication of hybrid structures associating ferro-
magnetic metals and conventional semiconductors. In a spin LED
[69-72], for example, the injection of spin-polarized current into
an LED leads to the emission of a circularly polarized light. In
other experiments, it has been now possible to detect electrically
the spin accumulation injected into a semiconductor [72-75]. An
intense research has been devoted to the implementation of the
concept of spin transistor proposed by Datta and Das [76], but
only very modest advances [77] have been made on this topic up to
now. Finally, a hot topic of today is the SHE and the QSHE [78,79].

Spintronics with multiferroics is also a promising axis.
Multiferroic materials combine ferromagnetic and ferroelectric
properties, and the possible coupling between the ferromagnetic
and ferroelectric orders could give means to control a magnetic
configuration with an electric field [80-82]. The recent results
[82] with BiFeO, are promising, and the research on several
other types of multiferroic oxides is now very active. Note that
an alternative way for an electric field control of the magnetiza-
tion direction turns out to be through direct effects on the band
structure by spin-orbit interactions in FSs [83] or even in ultra-
thin layers of ferromagnetic metals [84].

Other interesting new properties of oxides have been revealed
recently. For example, the existence of 2DEGs of high mobility

at the interface between two insulating oxides [85-87] opens the
way to spintronic devices exploiting these 2DEGs in “all oxide”
nanostructures. Also the extension of the technologies devel-
oped for MTJ to tunnel junctions with ferroelectric barriers has
led to the observation of huge electroresistance effects [88] and
to interesting prospects for the design of ferroelectric memories.

Another important field of research today is spintronics with
carbon-based materials. Their general advantage comes from
the long spin lifetime related to the small spin-orbit coupling
of carbon. For metallic CNT and graphene, another advantage
comes from their linear dispersion curves and very large veloci-
ties even for small carrier concentrations. In lateral spin-valve
structures of CNT between LSMO electrodes (Figure 1.13), the
MR can reach 60%-70% (V,p — V, = 60mV for V, = 100mV for
the sample of Figure 1.13d), well above the output electrical sig-
nals that can be obtained with semiconductor lateral channels.
These results can be explained not only by the long spin lifetime
in CNT but also by the short dwell time resulting from the high
velocity of the electrons inside CNTs [46]. Promising experi-
mental results with graphene and various molecules have been
also recently published [58,89,90].

Finally, with gbits based on the spin state of a quantum box,
nanospintronics is one of the ways to quantum computing. This
is certainly one of the most exiting perspectives, out of the scope
of this chapter, and, on this point, we refer to a recent review by
Trauzettel et al. [91].

1.10 Conclusion

In about 20 years, we have seen spintronics increasing consid-
erably the capacity of our hard discs, extending the hard disc
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technology to mobile appliances like cameras or portable mul-
timedia players, entering the automotive industry and the bio-
medical technology and, with TMR and spin transfer, getting
ready to enter the RAM of our computers or the microwave
emitters of our cell phones. The researches of today on the spin
transfer phenomena, on multiferroic materials, on spintronics
with semiconductors and molecular spintronics, open fasci-
nating new fields and are also very promising in the “beyond
CMOS” perspective. Spintronics is still a young baby in the sci-
ence family, but this baby is growing remarkably well.
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