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Spintronics

Spintrom'cs is a multidisciplinary field involving physics, chemistry,

Angewandte

and engineering, and is a new research area for solid-state scientists. A

variety of new materials must be found to satisfy different demands.
The search for ferromagnetic semiconductors and stable half-metallic

ferromagnets with Curie temperatures higher than room temperature

remains a priority for solid-state chemistry. A general understanding of

structure—property relationships is a necessary prerequisite for the

design of new materials. In this Review, the most important develop-

ments in the field of spintronics are described from the point of view of

materials science.

1. Introduction

This Review presents the current status of materials
research in the field of spin electronics and the related area of
magnetoelectronics. Spin electronics, or spintronics, makes
use of not only of the charge of electrons, but also their spin.
Magnetoelectronics is a subdiscipline dealing with devices
that make use of ferromagnetic materials, for example, the
read-write heads of computer hard drives. Spintronics also
includes semiconductor-based devices. The spin-valve tran-
sistor is the most promising example for future applications in
quantum computing. The borderline between magnetoelec-
tronics and spintronics is flexible. Magnetic tunneling phe-
nomena, in particular, are a link between the two disciplines.

Section 2 introduces the basic principles of magnetoelec-
tronics and spintronics. The various magnetoresistance effects
are explained, and ideas about potential applications are
given. Section 3 is devoted to magnetic materials and serves
as a basis for the materials-specific Sections. Starting with the
classical ferromagnets and the properties of their alloys, the
concept of half-metallic ferromagnets is given a broad basis
and explained. Basic ideas about materials (covalent half-
metals, Cl, and L2, compounds (Strukturbericht designa-
tions), ionic half-metals, and ferromagnetic semiconductors)
and their bonding characteristics are subsequently intro-
duced.

Specific materials are presented and discussed in Sec-
tion 4, which is dedicated to materials exhibiting colossal
magnetoresistance (see Section 2). Such materials are found
among the perovskite manganites, Ruddlesden—Popper com-
pounds, pyrochlores, and Zintl compounds, for example.
Copper- and rare-earth-containing compounds are also pre-
sented. In Section 5, ferromagnetic semiconductors for spin-
tronics are discussed. In particular, these materials are found
in the classes of transition-metal oxides, manganese-doped
GaAs and GaN, transparent ferromagnet-doped oxides, B3
and B4 compounds, and doped semiconducting Cl, alloys.
Finally, Section 6 concentrates on the materials that exhibit
half-metallic ferromagnetism, which are the most promising
candidates for applications in spintronics.
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2. Magnetoelectronics

Over the last 40 years, the semiconductor industry has
been able to continually shrink the size of electronic
components on silicon chips, packing ever more performance
into computers. The limits of the current technology are
reached, when smaller component sizes are prevented by the
fundamental physical laws. In the last decade, spintronics has
developed as a new approach that has revolutionized the
market for electronic devices. Some predicted advantages of
this new technology are the nonvolatility of data storage, the
increased speed of data processing, the high storage density,
and the low energy consumption.

To exploit the full potential of spintronics, the develop-
ment of new magnetic materials, magnetic semiconductors,
and half-metallic ferromagnets is necessary. Half-metallic
ferromagnets meet all the requirements of spintronics, as a
result of their exceptional electronic structure. These materi-
als behave like metals with respect to the electrons of one spin
direction and like semiconductors with respect to the
electrons of the other spin direction. CrO,, perovskite
manganites, and many Heusler compounds are half-metallic
ferromagnets. Ferromagnetic semiconductors with Curie
temperatures higher than room temperature are not yet
known.

The primary focus of this Review is on the materials-
science aspects, including the basic physical principles, of
spintronics and, in particular, magnetoelectronics. In the
following Section, a short explanation of the basic spintronic

[¥] Prof. Dr. C. Felser, Dr. G. H. Fecher, B. Balke
Institut fiir Anorganische Chemie und Analytische Chemie
Johannes Gutenberg-Universitit Mainz
55099 Mainz (Germany)
Fax: (+49) 6131-3926267
E-mail: felser@uni-mainz.de

WWILEY =
InterScience’

.

669



Reviews

670

and magnetoelectronic effects will be given to introduce this
interesting field and to clarify which demands the materials
must fulfill.

2.1. Spin Current

All currently available spin-based devices are magnetic
memory devices or sensors that use the electron spin to store
information. Just as conventional electronic devices require
charge currents, spin-based electronic (spintronic) devices
require spin currents.'! Unfortunately, it is very difficult to
generate, transport, and detect spin currents. Sharma gave an
easily understandable explanation of what is meant by a spin
current.”! Consider an electron current that flows through a
wire and contains electrons of only one spin direction, say
spin-up-polarized electrons. Add to this current a similar
current flowing in the opposite direction in which all electrons
are spin-down-polarized. The theoretical result is a current of
spins only, without any net particle transfer (Figure 1).
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Figure 1. a) A regular charge current, b) a spin and charge current, and
c) a pure spin current through a wire. The spin (red or green) and
direction of movement of the electrons are indicated.

A spin current (Figure 1¢) differs from a charge current
(Figure 1a) in some important ways. For a spin current, the
ohmic resistivity is suppressed, as no electrons and, thus, no
charges are transported. In addition, the spin current is
invariant under time reversal: if a clock ran backwards, the
spin current would still flow in the same direction. Further-
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more, the spin current is associated with a spin flow that is a
vector quantity (angular momentum). This circumstance
allows quantum information to be transported through semi-
conducting structures, as in quantum optics using polarized
light.

A current that uses not only the electron charge, but also
the spin as a transport property requires new types of
materials that are completely spin-polarized. In 1983,
de Groot et al. defined a fully spin-polarized compound as a
half-metallic ferromagnet (HMF).”! Half-metallic ferromag-
nets have a band gap at the Fermi energy Ey (the energy that
separates the occupied and unoccupied states in extended
solids) with respect to the electrons of one spin direction,
whereas they are metallic with respect to the electrons of the
opposite spin direction (Figure 2). This situation allows a
completely polarized current.®!

majority T

minority 4

Figure 2. Schematic DOS curve for a half-metallic ferromagnet. In this
case, the band gap occurs in the minority DOS (left).

2.2. Magnetoresistance

The basic effect of magnetoelectronics is magnetoresist-
ance (MR), which is generally defined as the ratio of the
resistance of a material in the absence a magnetic field to its
resistance in a magnetic field. A large change in the electrical
resistance in response to an applied magnetic field is of
technological relevance for the development of magnetic
sensors and memories. The search for new materials and
better devices is important because a larger MR effect is
necessary for applications.
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Two definitions of MR (AR/R) have been used in the
literature. In the first, the MR, which cannot exceed 100 %, is
defined according to Equation (1), where Ry, and Rqp are the

AR/R = (R;,—Ry;)/Ry, 1)

resistance for antiparallel and parallel alignments of the
magnetizations in two adjacent magnetic layers (Figure 3).
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Figure 3. Field (arbitrary units) dependence of the realistic and opti-
mistic MR of a multilayer device consisting of ferromagnetic layers
separated by a nonmagnetic layer.

For the comparison of small values, the optimistic definition
of MR is advantageous; according to Equation (2), the MR is

AR/R = (R;|=Ry;)/Ry; )

infinite for fully polarized electrodes. In this Review, the
realistic definition is used when the MR is lower than 95%.
When the MR is higher than 95 %, the optimistic definition is
used to allow better comparison.

Anisotropic magnetoresistance (AMR), the first MR
effect reported, was discovered in 1857 by W. Thomson
(Lord Kelvin). This anisotropic effect is small (ca. 3% ) and
depends on the Fermi surface of the material. From the time
of its discovery until 1988, AMR was the most technologically
important component of the MR of ferromagnets. The AMR
effect has been applied in the fabrication of magnetic sensors
and readout heads for magnetic hard disks.
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2.2.1 Giant Magnetoresistance

A breakthrough occurred in 1988 when Griinberg et al.,”!
and Fert etal.”” independently discovered giant magneto-
resistance (GMR), which is ten times larger than AMR. This
discovery led to an explosion of research in the field of GMR
comparable to that experienced in the field of high-temper-
ature superconductivity. The GMR effect is observed in
multilayer systems consisting of alternating magnetic and
nonmagnetic layers. It is used in magnetic sensors and in
nearly all hard-disk read heads.

Figure 4 shows an example of such an Fe-Cr multilayer
system.[)’ With the application of a magnetic field, the

Fe —-
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Cr Cr
Fg  e— Fe e
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Fe —_—
Fo  ———

parallel alignment antiparallel alignment

Figure 4. An Fe—Cr multilayer system with ferromagnetic (left) or anti-
ferromagnetic (right) exchange coupling between the iron layers.

resistance of the sample can be suppressed by orders of
magnitude. Depending on the thickness of the chromium
layers, the interlayer exchange coupling between the iron
layers changes from ferromagnetic (parallel) to antiferro-
magnetic (antiparallel). Measurements of the electrical
resistance show that when the exchange coupling is anti-
ferromagnetic, the resistance is high. When a magnetic field is
applied, the resistivity drops significantly, as the relative
alignment of the magnetization in neighboring iron layers
goes from antiparallel to parallel. When an electrical field is
applied, the spin-oriented electrons of the iron layers accel-
erate until they encounter a scattering center. Provided that
the interlayer thickness is smaller than the coherence length
of the electron, the electron arrives at the interface of the
neighboring ferromagnetic layer with its initial spin orienta-
tion. In the case of ferromagnetically coupled iron layers, the
arriving electron has a high probability of entering the
adjacent layer because its spin orientation matches that of
the layer. If the exchange coupling is antiferromagnetic, the
electron is scattered at the interface, because its opposite spin
orientation prevents it from penetrating the layer; a high
resistance results. The GMR of an Fe—Cr multilayer with 9-A-
thick chromium layers can reach 79 % at 4 K and small fields,
and is still 20% at room temperature.[®

Read heads and magnetic sensors consist of artificial
multilayers of alternating thin films of ferromagnetic and
nonmagnetic metals. These devices were introduced by IBM
in 1997, and the market for them is now estimated to be
approximately one billion dollars per year.”! Figure 5 shows a
typical configuration for the measurement of GMR. The
current can be either perpendicular (current perpendicular to
the plane (CPP)) or parallel (current in the plane (CIP)) to
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current perpendicular
to the plane (CPP)

top electrode

current in the plane
(CIP)

tunneling/
barrier / |

bottom electrode

Figure 5. A typical multilayer configuration for the measurement of
GMR. The red arrows indicate the direction of the current in the CIP
and CPP configurations. The white arrows indicate the exchange
coupling between the magnetic layers (blue).

the interfaces. The GMR effect was originally discovered in a
CIP configuration; however an even larger effect is found for
the CPP configuration.

A spin valve consists of two ferromagnetic layers sand-
wiching a thin nonmagnetic layer. One of the magnetic layers
consists of a hard magnetic material, and its magnetization is
insensitive to moderate magnetic fields (pinned); the second
magnetic layer consists of a soft magnetic material, and its
magnetization can be easily altered by the application of small
magnetic fields (free).

2.2.2. Colossal Magnetoresistance

In 1993, von Helmolt et al.®! and, somewhat later, Jin
et al.”) discovered an even larger MR effect in mixed-valence
manganese perovskites: colossal magnetoresistance (CMR).

In general, the resistance of a bulk ferromagnetic material
is reduced at low temperatures (deviating from the resistance
curve of a nonmagnetic metal). Near the Curie temperature
(temperature of ferromagnetic ordering), the resistance
increases, owing to the scattering of the conduction electrons
by spin disorder. Scattering by spin fluctuations is usually a
small effect and, in transition metals, resistance changes of
only a few percent occur near the Curie temperature. The
magnitude of the CMR observed for the perovskite mangan-
ites cannot be explained by the scattering of conduction
electrons; rather, it is the result of a temperature-dependent
metal-insulator transition.

The most famous system is based on LaMnO; and is
described in detail in reference [10]. Most manganites that
exhibit CMR belong to the perovskite family. When lantha-
num is partially substituted by an alkaline-earth cation, the
compound becomes metallic and a large negative MR is
observed. Unsubstituted LaMnQ;, which contains Mn*", is
antiferromagnetic and does not exhibit CMR. CaMnO;
contains only Mn*" and is also an antiferromagnetic insulator.
Upon substitution of lanthanum by calcium to a concentra-
tion of x =0.2-0.4, La,_,Ca,MnO; becomes mixed-valent and
ferromagnetic, and exhibits a sharp drop in resistance as a
result of a unique type of metal (low temperatures)—insulator
(high temperatures) transition (Figure 6). This family of
manganites exhibits an exceptionally rich variety of physical
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Figure 6. Temperature and field dependence of the resistivity of a thin
film of LageSro;MnO; (inset: temperature—field phase diagram; the
dashed line is the metal-insulator boundary).!""

properties in which electronic correlations, and spin and
orbital ordering play an essential roles.

A number of systems other than the perovskite mangan-
ites also exhibit CMR, including the perovskite-derived
Ruddlesden-Popper phases RE,, Sr,_Mn,O; (RE =triva-
lent rare earth),” perovskite cobalt oxides,™® pyrochlore
thallium or indium manganites,"¥ spinels such as
Fe, sCu,sCr,S,,[ 14-1-11 phases such as
Eu,34,Gdyo;MnSb, ;') Mn, Fe,S,'"” and the layered rare-
earth iodide GdL,.'"¥ CMR has long been known in EuO,” in
Gd,_,S,,” and in a few other rare-earth compounds. Of the
elements, gadolinium metal exhibits the largest negative
MR, which, however, is much smaller than that of the
perovskite manganese oxides and is not associated with a
metal-insulator transition. The families of compounds exhib-
iting CMR will be discussed in detail below.

Although the MR effect is large in the perovskite
manganese oxides, neither the sensitivity (MR in low fields)
nor the temperature dependence (small MR at room temper-
ature) is sufficient for applications. Nevertheless;, CMR
systems are still the subject of considerable attention, because
La,,AE,;MnO; (AE=Ca, Sr, Ba)! GdL,""'"¥ and
Eu,;4,Gdy;MnSb,;?>?! are half-metallic ferromagnets. It is,
therefore, assumed that a compound that exhibits CMR also
exhibits a high spin polarization of the conduction electrons.
The spin polarization of a material is defined as the difference
between the numbers of majority (spin-up, T) and minority
(spin-down, |) electrons at the Fermi energy. The maximum
spin polarization is 100 % (see Section 2.2.3).

2.2.3. Tunnel Magnetoresistance

The use of half-metallic electrodes in spin valves or in
magnetic tunnel junctions (MTJs) results in a pronounced
increase in MR. As illustrated in Figure 7, a tunnel junction is
a device in which a pinned magnetic layer and a free magnetic
layer are separated by a very thin insulating layer, commonly
Al,O;. The effect is based on the tunneling of electrons
through the insulating barrier and is called tunnel magneto-
resistance (TMR; described in detail in reference [24]). Early
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Figure 7. A typical TMR device consisting of a pinned magnetic

layer (green) and a free magnetic layer (green or pink) separated by an
insulating layer (blue). When the exchange coupling between the
pinned and free layers is ferromagnetic, a current flows (left). The DOS
curves of the half-metallic magnetic layers are shown above them.

investigations of spin-dependent tunneling were performed
by Tedrow and Meservey,” Julliere,*® and Maekawa and
Giifvert in the 1970s.?” Twenty years later, however, the first
large TMR at room temperature was observed by Moodera
et al.,” and Miyazaki and Tezuka.” In the Julliere model,!
the TMR of a junction is related to the spin polarizations of
the two electrodes, P; and P,, according to Equation (3). The

AR/Ryyr = 2P, P,/(1 + P, Py), 3)
spin polarization P is defined by Equation (4), where N; and

P=(N;=N,)/(N;+N)) 4)

N, are the densities of the majority and the minority electrons
at the Fermi energy.

Although the Julliere model is a simple approximation for
the tunnel effect, it is commonly used to estimate the spin
polarization of electrodes. High spin polarization is required
for large TMR. The largest TMR yet reported, 1800 %, was
measured by Fert et al. for a tunnel junction with a perovskite
manganite electrode. This value corresponds to an electrode
spin polarization of at least 95 %, but unfortunately only at
4 KB Significant progress has recently been achieved with
crystalline MgO tunnel barriers: TMR of greater than 400 %
has been reached at room temperature.*'=!

2.2.4. Powder Magnetoresistance

The powder magnetoresistance (PMR) experiment is a
variant of the TMR experiment in which point contacts are
made between the grains of a powder of a half-metallic
material. The experiment is easy to perform and is a simple
way to determine the spin polarization." In the experiment,
a powder of a supposedly half-metallic material is compressed
into a compact pellet. In the nonmagnetized state, the
magnetic orientation of the grains is random, and the
resistance is high. When an external magnetic field is applied,
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the magnetic domains of the grains orient themselves along
the direction of the field, leading to a decrease in resistance.
Upon cycling the magnetic field, a typical butterfly curve with
a maximum at the coercive field is traced for the PMR and the
resistance of a powder sample (Figure 8). The contacts
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Figure 8. Field dependence of the PMR (Ry and R, are the resistance in a

magnetic field and in zero field, respectively) and resistance of

Co,CroeFeqsAl+15% Al,O; at room temperature (for a complete field cycle).

between the powder grains are typically a mixture of tunnel
barriers and ballistic point contacts, and the resistance is
determined by the most conductive paths through the maze. It
is often helpful to dilute the conducting magnetic powder with
an insulating nonmagnetic powder of similar particle size.**
This extrinsic grain-boundary MR is observed for conducting
oxides, such as CrO,, TLMn,0,, Fe;O,, ordered double
perovskites such as Sr,FeMoOq,* and La,,,St,_Mn,0,.
In addition, a PMR of 30 % was found for powder samples of
the Heusler compound Co,Cry¢Fe;,Al in low magnetic
fields.[¥"-3¥)

2.2.5. Granular Magnetoresistance

Granular MR is observed in granular magnetic materials
and is related to GMR.P A granular-MR material consists of
a metallic matrix (copper or silver) with magnetic inclusions.
The same effect is also sometimes observed for ordered alloys
with magnetic superstructures.***! In these systems, the field
dependence of the MR is similar to that for a multilayer GMR
system; however, the curves differ at high fields, as saturation
is not reached for the granular system. The reason for this
behavior is the inhomogeneous particle size distribution of
the ferromagnetic inclusions (Figure 9). The magnetization of
large particles (with diameters greater than 5nm) can be
easily altered, unlike that of small particles.

2.3. Spin Injection

Another possible application of spintronics is based on the
spin injection of a spin-polarized current into a semiconductor
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Figure 9. Magnetic inclusions (red, arrows indicate magnetization
direction) in a granular sample in the absence of an external magnetic
field. If a magnetic field is applied, the magnetization of the particles
will align with the field direction, leading to granular MR.

system.*] When electrons from a ferromagnet are injected
into a nonmagnetic material, they can retain their spin
polarization over a certain distance. The prerequisites for this
retention of spin polarization are successful spin injection,
spin transport within the semiconductor with a spin diffusion
length of several microns, spin lifetimes greater than 100 ns,
and finally, successful spin detection.””! The best-suited
material would be a ferromagnetic semiconductor with a
Curie temperature far above room temperature. Semicon-
ductors doped with small amounts of ferromagnetic impur-
ities, such as manganese, exhibit room-temperature ferro-
magnetism and are called diluted magnetic semiconductors
(DSMs). These materials exhibit both semiconducting and
magnetic properties, and have a large potential for applica-
tion in spintronic devices. Major progress in this field was
achieved by Ohno et al.***! and Awshalom et al.,”! who
demonstrated that electrons can retain their spin polarization
over unexpectedly long times and distances.[****"l Important
devices based on DMSs are spin-polarized light-emitting
diodes (spin-LEDs) and spin-polarized field-effect transistors
(spin-FETs)."! A spin-FET is a FET in which the source and
the drain are ferromagnetic materials intended for the
injection and detection of spin-polarized currents. The con-
duction depends on the spin orientation and can be controlled
by the gate voltage. A spin-LED is illustrated in Figure 10;
when spin-polarized electrons are injected into the semi-
conductor, the emitted light is circularly polarized.

3. Magnetic Materials

Now that the relevant MR effects have been briefly
explained, we turn our focus to the materials themselves: half-
metallic ferromagnets, compounds that exhibit CMR, and
ferromagnetic semiconductors.

3.1. Normal Ferromagnetic Metals

Most ferromagnetic materials are metals. The ferromag-
netic transition metals are iron, cobalt, and nickel. All three
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Spin injector

Light emission

Figure 10. Cross section of a spin-LED based on an AlGaAs-GaAs
quantum well (QW) multilayer system. When spin-polarized electrons
are injected into the system, the emitted light is circularly polarized.

elements exhibit high Curie temperatures (Fe: T-=1039 K,
Co: Tc=1394 K, Ni: T =633 K); however, they are not half-
metallic. The rare-earth metals gadolinium (7.=288 K),
dysprosium, and terbium are ferromagnetic, as are a large
number of metallic alloys and compounds. In general, half-
metallic ferromagnets are rare because of their unique
electronic structure.

As can be seen in Figure 11, right, for a normal (para-
magnetic) metal, such as copper, there is no difference in the
numbers of majority and minority electrons. For the transition
elements, the bands of the valence s, p, and d electrons
overlap because of different band dispersions. As shown in
Figure 11, middle, for a ferromagnetic metal, such as nickel,
the electronic structure is spin-polarized, and the numbers of
majority and minority electrons differ. The 3d bands of nickel
are fully spin-polarized, and the majority 3d band is com-
pletely filled by five electrons. The Fermi level crosses the
majority 4s band, which is nearly unpolarized, resulting in a
finite density of states (DOS) for electrons of both spin
directions at the Fermi energy. The difference in the DOS at

Fe Ni Cu
4FT T ™ FT T ™ FT T 15
3F 4F 4+ .
2k oL 4k ]
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Figure 11. Spin-polarized DOS curves for the ferromagnetic metals
iron (bcc) and nickel (fcc) compared to that for the paramagnetic
metal copper (fcc).
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the Fermi level leads to differing electrical conductance for
the majority electrons and the minority electrons, resulting in
a spin-polarized current. However, the 4s electrons carry most
of the majority current. Such materials, with filled majority
d bands, are called strong ferromagnets (examples are cobalt,
nickel, and their alloys). !

In iron, as shown in Figure 11, left, the situation changes,
and the 3d electrons of both spin directions are responsible
for conduction. Such materials, with only partially filled
majority d bands, are called weak ferromagnets (examples are
iron, and Fe-V or Fe-Cr alloys). Note that the terms “strong”
and “weak” ferromagnetism are not simply related to the
magnitude of the magnetic moment (which is indeed higher in
iron than in nickel). For iron, there is a minimum in the
minority DOS curve at the Fermi level; however the DOS
does not vanish, because of hybridization between the 3d and
4s bands.

To have exclusively either minority or majority electrons
at the Fermi level, the 3d and 4s bands of the ferromagnetic
transition element must be reordered. As illustrated in
Figure 2, the DOS at the Fermi level must have a real gap
in one spin direction for the compound to be a half-metallic
ferromagnet. The occurrence of a band gap in the overall
band structure of an element or a compound is, therefore, a
prerequisite for a half-metallic ferromagnet.

There are two ways to produce such a band gap in the
electronic structure of a ferromagnetic compound. For an
ionic half-metal, the bottom of the 4s band is raised above the
Fermi energy, or the Fermi level is lowered below the bottom
of the 4s band. Alternatively, a band gap may arise through
covalent bonding. For covalent intermetallic compounds, the
hybridization of orbitals on different atoms leads to the
separation of the bonding and antibonding states by a band
gap. In either case, it is necessary to go from a pure element to
an alloy or compound. All half-metallic ferromagnets contain
more than one element; some are stoichiometric compounds,
whereas others (such as the perovskite manganites) are solid
solutions.

Note that there is no relation between a half-metal and a
semimetal. Semimetals, of which graphite and bismuth are
textbook examples, have small and equal numbers of
conduction electrons and holes (ca. 0.01 per atom) arising
from a small overlap of the valence and conduction bands in
their electronic structures. This situation leads to anisotropic
conduction. In contrast, the electronic structure of a half-
metal has a real band gap in one spin direction (like a
semiconductor), but no band gap in the other spin direction
(like a metal).

3.2. The Slater-Pauling Rule

Slater'™! and Pauling®™ independently found that the
magnetic moments per atom m of the 3d transition elements
and their binary alloys could be estimated by the mean
number of valence electrons per atom ny. As described by
Kiibler,* a plot of m versus ny is called a Slater-Pauling
curve. Figure 12 shows the Slater-Pauling curve for first-row
transition metals and some of their alloys; the Heusler
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Figure 12. Comparison of the experimental magnetic moments per
atom for 3d transition metals and some of their binary alloys to the
Slater—Pauling rule (lines). NiMnSb and Co,MnSi are included for
comparison.

compound Co,MnSi and the Cl1, compound NiMnSb are
included for comparison.

On the basis of the Slater—Pauling curve, materials are
separated into two regions. The first region of the curve
corresponds to high valence-electron concentrations (ny > 8)
and is the region of itinerant magnetism. For the most part,
materials with close-packed structures (face-centered cubic
(fcc) or hexagonal close-packed (hcp)) are found in this
region. The second region of the curve, in which mainly
materials with body-centered cubic (bcc) or bee-derived
structures are found, corresponds to low valence-electron
concentrations (ny < 8) and is the region of localized magnet-
ism. Iron is located at the border to this region.

From the definition of the magnetic moment (m = ny—ny,
in units of the Bohr magneton ug), and the concentration of
valence electrons (ny=ns+ny), it is easy to show that the
Slater—Pauling rule for the part of the curve describing
itinerant magnetism is given by Equation (5). For filled

m=2n,—ny =2(ng; + ngy)—ny (5)

majority d bands (as for nickel, Figure 11, middle), n4 =35,
giving Equation (6).

m = 10—ny + 2 ngy, (6)

Slater and Pauling found that the number of occupied s—
p states is ny, =2ny1 ~ 0.6, if the electrons are not polarized.
This result explains the itinerant part of the curve, as well as
the fact that for nickel the magnetic moment is approximately
0.6 4. Some alloys do not seem to follow the expected curve
(Co—Cr and Ni-Cr in Figure 12). Malozemoff et al. demon-
strated that the high valence-electron concentration part of
the curve can be generalized to give a similar rule that holds
for the alloys in question,!! as well as for alloys between
transition metals and metalloids (for example, aluminum,
silicon, gallium). In all of these cases, the magnetic moment is
proportional to the average magnetic valence z; and is given
by m =z +2ny,+ (described in detail in reference [48]).
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Herein, the localized part of the Slater-Pauling curve,
where iron and the bcec alloys are found, is of greater interest.
From the definitions above, an alternative equation for the
magnetic moment is easily found [Eq. (7)]. The minimum in

m=ny—2n, (7)

the minority DOS of the materials in this region (as for iron,
Figure 11, left) constrains the number of electrons in the
minority d bands to be approximately 3. By neglecting the s
and p electrons, the magnetic moment for the localized part of
the Slater—Pauling curve can be approximated by subtracting
6 from the average number of valence electrons per atom,
according to Equation (8).

m = ny—>06 (8)

Half-metallic ferromagnets are expected to exhibit a real
gap in the minority DOS at the Fermi energy. The existence of
this gap requires that the number of occupied minority states
be an integer, as is the case when myy: = ny—6.%2 However,
in general, this rule may lead to a non-integer moment if the
average number of valence electrons is a non-integer. For
well-ordered compounds, it may be more practical to use the
total number of valence electrons Ny, per formula unit.

For C1, compounds with three atoms in the formula unit,
the valence-electron rule described by Equation (9), where M

Mcy = Ny—18 (9)

is the magnetic moment per formula unit, is expected. For
Heusler compounds with four atoms per formula unit, the
corresponding rule is given by Equation (10).

M,y = Ny—24 (10)

Prominent exceptions to these rules are the conventional
semiconductors and zinc-blende-type half-metals, which
follow the eight-electron rule. A more chemical interpreta-
tion is also possible for the C1, (18-clectron rule, as for
transition-metal complexes) and Heusler (24-electron rule,
see Section 3.3.2) compounds. However, other alloys often do
not fulfill the symmetry requirements of the Slater—Pauling
rules.

Note that the complete disorder in the L2, Heusler
compounds results in an A2 (bcc) structure. Thus, the
ferromagnetic Heusler compounds could be expected to
behave like the alloys found on the localized part of the
Slater—Pauling curve. This situation distinguishes the Heusler
compounds from most of the other compounds described
herein, which may also have magnetic moments that depend
linearly on the valence electron concentration, but which
adopt crystal structures of different symmetry.

3.3. Half-Metallic Ferromagnets

The dependence of spin polarization on temperature in
half-metallic ferromagnets was recently investigated theoret-
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ically®™** and experimentally.’ The magnetization of a
normal ferromagnet (with a high Curie temperature) is
reduced at ambient temperature. Similarly, the minority
DOS of a half-metallic ferromagnets becomes nonzero at
finite temperatures due to spin-rotation. A reduction of the
spin polarization may also be caused by crystal disorder,
interfaces, and surfaces. These findings are important for
room-temperature applications of half-metallic ferromag-
nets: very high Curie temperatures and a high degree of
order are prerequisites for a high MR.

3.3.1. Covalent Half-Metals

A possible way to produce a band gap in the overall band
structure is by introducing covalence. Silicon is a semi-
conductor because of the strong covalent bonding between
the silicon atoms; its electronic structure is shown in
Figure 13. Silicon crystallizes in the diamond structure, in

=1’ A
0
£ T
0 1 2 W L r X WK

DOS / eV k

Figure 13. DOS curve (top left) and band structure (top right) for
silicon. The charge density (bottom left) and electron localization (bot-
tom right) in the crystal structure are also illustrated.

which each silicon atom is surrounded by four others. Each
silicon atom is sp>-hybridized. Four fully occupied bonding
bands are separated from the unoccupied antibonding bands
by a band gap. Other semiconductors, such as GaAs,
crystallize in the zinc-blende (ZnS) structure. ZnS has the
same number of valence electrons (8 valence electrons or, if
the 10 3d electrons are included, 18 valence electrons) as
these compounds and, in a first approximation, a similar band
structure. All of these semiconductors exhibit a band gap in
their band structures, which is identical for both spin
directions and is responsible for the transport behavior of
the material. For half-metals, there is a band gap in only one
spin direction, which is equally important for their transport
properties. This band gap prevents a spin flip, as no spin-down
states are available within the gap.
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3.3.2. C1, and L2, Compounds

Half-metallic ferromagnetism was first discussed for the
C1, compound NiMnSb.”! Two alternative structural descrip-
tions of the Cl, structure (F43m, sometimes falsely called
half-Heusler) are possible. The common description is that
the C1, compounds of composition XYZ (X, Y = transition
metals, Z = main-group element) consist of three interpene-
trating fcc lattices. From the viewpoint of electronic struc-
tures, the most appropriate description of these compounds is
as a zinc-blende YZ lattice stuffed with X atoms (Figure 14).

L]

Figure 14. The zinc-blende B3 (left; YZ, Y =red, Z=green),
C1, (middle; XYZ, X=violet, Y =blue, Z=orange), and Heusler
L2, (right; X,YZ, X=green, Y =blue, Z=yellow) structures.

In 1984, Kiibler found that the Slater—Pauling rule is
useful for describing the magnetic properties of the C1, and
L2, compounds.*®** As an example for a half-metallic C1,
compound, the electronic structure of NiMnSb is shown in
Figure 15. Whangbo et al.’’l recognized that many XYZ
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Figure 15. Spin-polarized band structure (left and right) and DOS
curve (middle) for NiMnSb.

compounds can be thought of as comprising X" ions stuffed
in a zinc-blende-type [YZ]"™ sublattice, where the number of
valence electrons associated with the [YZ]"~ sublattice is 18
(d"+5s*+p°). Such closed-shell 18-electron compounds are
nonmagnetic and semiconducting. The prototype for a non-
ferromagnetic compound is CoTiSb.*

Galanakis placed the 18-electron rule for C1, compounds
(with three atoms per formula unit) on a more formal footing,
and discussed the basic electronic and magnetic properties of
the half-metallic compounds through the analysis of ab initio
band-structure calculations.”! The origin of the gap in both
the C1, and the Heusler alloys arises from d-d hybridization.
For both families of compounds, the total spin magnetic
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moment scales with the number of valence electrons and can
be described by the Slater—Pauling rule, thus opening the way
for engineering new half-metallic compounds with desired
magnetic properties. This behavior is governed by the fact
that the number of minority valence electrons per formula
unit is an integer that is given by the number of occupied
minority valence bands; for the C1, compounds, nine minority
valence bands contain 18 electrons.

The number of magnetic C1, compounds is smaller than
the number of magnetic Heusler compounds. Most of the
magnetic and half-metallic C1, compounds contain manga-
nese or a rare earth.! This is not accidental because, as
described by Kiibler et al.,[*” the properties of the manganese
ions in the Y position of the Heusler compounds must be
taken into account. These manganese ions, which have an
approximate Mn®" configuration, have a highly localized
moment that ranges from 3—4 ug. The rare-earth ions (RE) in
C1, compounds (for example, RENiSb or REAuSn) also
exhibit a charge of + 3 and a magnetic moment corresponding
to localized f states./*!

Heusler compounds have the chemical formula X,YZ (X,
Y = transition metals, Z = main-group element).[ %] Ordered
Heusler compounds crystallize in the L2, structure
(Fm3m)."* The additional X atom fills the remaining tetra-
hedral vacancy in the C1, (XYZ) structure, which changes the
symmetry of the crystal structure dramatically. In the L2,
structure, the two X atoms occupy sites with 7, symmetry, and
the Y and Z atoms occupy sites with O, symmetry.

In addition to the localized magnetic moment of the
Y atom at the cubic site, the X atoms at the tetrahedral sites
(which form a simple cubic sublattice) interact with one
another, which may lead to an additional itinerant magnetic
interaction between the X atoms. In the case of four atoms
per formula unit, as is the case in Heusler compounds, 24 (six
times the number of atoms) must be subtracted from the
number of valence electrons per formula unit (s and
d electrons for the transition metals, and s and p electrons
for the main-group element) to obtain the magnetic moment
per formula unit, according to Equation (10). This rule is
strictly followed for half-metallic ferromagnets."”-%) Whereas
C1,, compounds usually only exhibit a localized moment at the
Y site, the magnetic interactions in Heusler compounds are
more complicated, because the additional X atom results in
an additional magnetic interaction. There are more 12,
compounds than Cl, compounds, and the probability of
finding half-metallic ferromagnets among the L2, compounds
is greater, because of the presence of the second magnetic
sublattice.

Figure 16 shows the Slater—Pauling behavior of selected
Heusler compounds with 3d transition metals at the X and
Y sites.””) The magnetic moments were obtained from full-
potential gradient-corrected density functional theory (DFT)
calculations. The Co,YZ compounds strictly follow the
Slater-Pauling rule [Eq. (10)], whereas for other X,YZ
compounds with iron, nickel or copper at the Xsite,
pronounced deviations from integer moments are observed.
These latter compounds are, therefore, not expected to
exhibit half-metallic ferromagnetism, as was also indicated
by the band-structure calculations.
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Figure 16. Comparison of the experimental magnetic moments per
formula unit for selected Heusler compounds to the Slater—Pauling
rule (blue line).

Plotting the Curie temperatures of the known 3d-tran-
sition-metal-based Heusler compounds as a function of their
magnetic moments indicates a linear dependence (for exam-
ple, the half-metallic Heusler compounds with X =Co;
Figure 17!7). According to this plot, the Curie temperature
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Figure 17. Plot of the Curie temperatures of iron, nickel, cobalt, and
selected Heusler compounds as a function of the magnetic moment
per atom. The blue line is a linear fit to the data for the Co,YZ
compounds.”"72

is highest for the Heusler compounds with the largest
magnetic moment or, equivalently, the highest valence-
electron concentrations. By extrapolating the linear depend-
ence, T is estimated to be above 1100 K in compounds with
moments of 6 ug, that is, with 30 valence electrons per formula
unit.F>%7 In particular, the cobalt-based compounds gen-
erally exhibit the highest Curie temperatures and the highest
magnetic moments per formula unit.

3.3.3. lonic Half-Metals

Small band widths in the overall electronic band structure
of a solid can also lead to a band gap. Small band widths are
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observed in highly correlated oxides and other strongly ionic
compounds. Most transition-metal oxides are insulators or
semiconductors. For these compounds to become metallic, the
substitution of an element must be possible. The band widths
of sulfides are generally larger; therefore, half-metallic
sulfides are rare.

One example of an ionic sulfide is Co,_,Fe,S,. CoS,
crystallizes in the pyrite structure and is a nearly half-metallic
ferromagnet.>’" Half-metallic ferromagnetism is robust
across the solid solution Co, ,Fe S, which has led to
renewed interest in this material (Figure 18).7°l However, the
low Curie temperature of Co,_,Fe.S, makes its use as a spin
injector in spintronics unlikely.”®
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Figure 18. Half-metallic behavior in Co,_,Fe,S,. A plot of the S—S bond
length versus x (top) demonstrates that the minority states, which
have S—S antibonding character, remain unoccupied. A plot of the
experimental and calculated magnetic moment per atom versus

x (bottom) is compared to the Slater—Pauling rule (line).

The perovskite manganese oxides are prominent exam-
ples of ionic half-metals."”” The crystal structure of LaMnO; is
shown in Figure 19. Stoichiometric perovskite manganites are
semiconductors and often antiferromagnets. They become
half-metallic by substitution. Metallic perovskite manganites
such as Lag;Sr)3MnO, s exhibit CMR near the ferromag-
netic transition temperature, as shown in Figure 20.

3.3.4. Ferromagnetic Semiconductors

The next step is the design of a ferromagnetic semi-
conductor with a Curie temperature higher than room
temperature. Many attempts were made, because no such
material was known until a few years ago. The advantage of
ferromagnetic semiconductors as potential sources for spin-
polarized electrons is their easy integration into semiconduc-
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Figure 20. Temperature dependence of the magnetic moment per
manganese atom (top, left axis), the resistivity (top, right axis), and
the MR (middle) of a single crystal of Lags;Srs13Mn0,.5.7% A magnetic
force microscopy (MFM) image (bottom) of the magnetic microstruc-
ture of the (211) surface of the crystal.
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tor devices. For this reasons, physicists have produced thin
films of artificial ferromagnetic semiconductors by doping
semiconductors with a small percentage of magnetic “impur-
ities”.

Herein, a distinction is made between the doped semi-
conductors described above, which are DMSs, and concen-
trated magnetic semiconductors (CMSs), for example,
CrAs." The introduction of local ferromagnetic moments
into a diamagnetic semiconductor matrix, for example GaAs,
through doping with manganese leads to a DMS. This process
results in the combination of semiconducting and ferromag-
netic properties. Because there is no Schottky barrier, the
injection of spin-polarized electrons from a ferromagnetic
semiconductor into a nonmagnetic semiconductor is easier
than it is from a ferromagnetic metal or half-metal. The
synthesis of DMS of the (IT[,Mn)-V type,*™* namely
In,_Mn,As alloys, and In,_Mn,As/Ga;_,Al,Sb heterostruc-
tures,®! was fundamental to the technological breakthrough
in the preparation of ferromagnetic semiconductors with high
Curie temperatures. A MR of 290 % was detected at 0.39 K
and at nearly zero voltage for a DMS device.®?

From the point of view of materials science, important and
interesting results were obtained in experiments on multi-
phase and non-equilibrium transition-metal pnictide systems.
For example, a material prepared by deposition of 3-nm
MnSb islands on a GaAs matrix is characterized by an easy
magnetization reversal and exhibits GMR in weak fields at
room temperature (up to 880% at 1T, and 320000% at
2T).5

4. Colossal-Magnetoresistance Materials

In the Sections that follow, additional materials with
properties that may be suitable for spintronics applications,
namely materials exhibiting CMR, will be presented.

4.1. Perovskite Manganites

As described in Section 2.2.2, perovskite manganese
oxides are the most prominent representatives of CMR
materials. Perovskite manganites have been known since the
pioneering work of Jonker and van Santen in 1950,% which
established the close correlation between magnetism and
electrical transport in these materials. At x=0.3 in the phase
diagram of La,_,CaMnO;, the compound orders ferromag-
netically, and the slope of its resistance-temperature curve
simultaneously changes sign, indicating a transition from a
semiconductor (negative slope; 7> T.) to a metal (positive
slope; T< T,). This influence of magnetic order on transport
properties was first explained by Zener through the double-
exchange (DEX) mechanism.™ In this mechanism, electrons
hop from an e, state of a Mn*" ion, via a 2p orbital of an
oxygen atom, to an empty e, state of a neighboring Mn** ion.
Throughout, the electron spin is conserved spin because of
Hund’s rule. The alignment of neighboring spins in the
ferromagnetic state can facilitate conduction by such e,
hopping. Thus, a paramagnetic—ferromagnetic transition is
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accompanied by an insulator-metal transition for
La,_.Ca,MnOj; with x =0.3.

In the 1950s, the details of the DEX mechanism were
investigated by Anderson and Hasegawa,® and by
de Gennes.®™ Goodenough examined the influence of the
hybridization of the Mn 3d and O 2p orbitals on the nature of
the magnetic exchange and produced a phase diagram for
La,_,AEMnO; (AE =alkaline earth).® The neutron dif-
fraction investigations of Wollan and Koehler were pioneer-
ing both in their determination of the different magnetic
structures in the La,_,AE MnO; system, and in their use of
neutrons as probes for magnetism in condensed matter.® As
early as 1970, Searle and Wang discovered that magnetic
fields significantly alter the resistivity—temperature curves of
these perovskites by simultaneously shifting the insulator—
metal transition to higher temperatures and lowering the
magnitude of the resistivity, resulting in relatively large
negative MR’ Thanks to the discovery of very large MR
(now termed “colossal”) in bulk samples® and thin films® of
La,_,Ca,MnO; with x=0.3, these perovskite manganese
oxides have been the focus of considerable attention,
particularly because of the manner in which the charge,
spin, and lattice degrees of freedom are interrelated. Most
perovskite manganites have Curie temperatures below room
temperature, whereas some heavily doped perovskite man-
ganites have Curie temperatures of T > 350 K. The optimally
doped ferromagnetic perovskite manganite La,;Sr;;MnO;
has a Curie temperature of 390 K and a rhombohedrally
distorted perovskite structure. Calculations of the electronic
structures of La,,Sr,;MnO;®" and La,,Ca,3;MnO,? place
the Fermi levels slightly above the bottoms of the t,, bands.
The calculated ferromagnetic moments are consistently
reported as being slightly less than the value of 3.7u3
expected for a half-metal. Coey therefore proposed that
La,;S1ry;MnOs; is a type-IIIA half-metal, for which states of
both spin directions are present at the Fermi level, but are
occupied by electrons with very different mobilities.*!

However, it has now been established that perovskite
manganites have half-metallic electronic structures at low
temperatures.”*!! Several methods can be used to determine
the spin polarization. A MR of 1800 % at 4 K measured in the
tunnel junction Lagg;Sr33;MnOs/SrTiOs/Lag¢;Sry33MnO; cor-
responds to a spin polarization of 95 % .""! Andreev-reflection
measurements on a single crystal of Lag;Sr,3;;MnO; gave a
spin polarization of 80 % .

In addition to having low Curie temperatures, perovskite
manganites are difficult to integrate into semiconductor
microelectronic devices, owing to differences between the
crystallographic parameters of the perovskites and the semi-
conductors. CMR in the perovskite manganese oxides has
been the subject of a number of reviews.!'*"%!

4.2. Ruddlesden—Popper Compounds

The layered compound LaSr,Mn,0O; is an x =2 member of
the well-known Ruddlesden—Popper series described by the
general formula AX(ABXj;), (with A=Sr, La; B=Mn, X=

O) and consists of single rock-salt layers interleaved by
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double perovskite layers (Figure 21).’”! This compound,
which crystallizes in the space group [4/mmm, is closely
related to the high-T¢ superconductors YBa,Cu;0,_,."® Like
the related perovskite system La,_,Sr,MnO,,®" the layered

Figure 21. Structures of the A, B, X;,,, or AX(ABX;), Ruddlesden—
Popper series (with A=Sr, La, B=Mn, X=0) for x=1 (left) and
x=2 (middle). The perovskite structure is reached for x= oo (right).

system La, Sr,_ Mn,O, has long been known to exhibit
Zener DEX,”™'1 whereby electrons hop with spin
memory.®™ As a result of the DEX mechanism, the para-
magnetic—ferromagnetic transition (7-~30K for x=0.2) is
accompanied by a transition from a semiconductor to a poor
metal, and the system exhibits CMR in the low-temperature,
metallic regime.['"1" The salient features of the system are
the following: ferromagnetism for 0.1 <x<0.5'% the
absence of a ferromagnetic transition (and hence of a metallic
phase) when lanthanum is replaced by a smaller lantha-
nide,'* 11 and unusual structural changes (studied for x =
0.2) when the metal-insulator transition is traversed or when
a smaller lanthanide is used.'%!®! In the ferromagnetic
La, ,Sr,_ Mn,O; compounds, the saturation value of the
magnetic moment per manganese atom is usually on the order
of 3ug, smaller than the expected spin-only value of (3.5+
x/2) ug. Also of note is the complex transport behavior of the
x=0 compound, LaSr,Mn,0,, which shows evidence of a
real-space ordering of holes that is accompanied by a
transition to an antiferromagnetic state as the temperature
is lowered.[""" Furthermore, nonstoichiometric samples in this
class of materials exhibit novel microstructural fea-
tures'[lOS,lOé,llI]

Comparison of the electronic structure of the layered
manganite LaSr,Mn,O, to that of the oxygen-deficient
cuprate La,CaCu,O¢ reveals that similar nesting motifs
(Van Hove singularities) occur in the conduction bands near
the Fermi levels.'"?! Despite the similarities of their spin-
polarized electronic structures, the Van Hove singularities
occur at different electron counts, resulting in the manganite
having a magnetic ground state and the cuprate a super-
conducting ground state. The main differences in the elec-
tronic structures arise from differences in the filling of the
frontier 3d levels (t,,’e,' for Mn** versus t,,°e,’ for Cu®"). For
both compounds, strong in-plane bonding between the metal
3d,._,. orbitals and the oxygen 2p, and 2p, orbitals leads to
dispersive 3d,._,. bands, whose widths hide the Jahn-Teller

Angew. Chem. Int. Ed. 2007, 46, 668 —699


http://www.angewandte.org

Spintronics

distortion. The metal t,, bands are flat and are responsible for
the local magnetic moment. In the frame of a two-band
model, these bands and the Van Hove singularities contribute
to the unusual properties of the compounds. As for the high-
temperature superconductors, a Van Hove singularity occurs
near the Fermi level in the electronic structure of
LaSr,Mn,0,.'"

Such features can be easily visualized by determining the
Fermi surface (the three-dimensional electronic structure at
the Fermi energy). By using angle-resolved photoemission
spectroscopy, Mannella et al. recently investigated the elec-
tronic structure of the layered Ruddlesden—Popper mangan-
ites, and the experimental results were in good agreement
with theoretical predictions.'**!

4.3. The Pyrochlore TI,Mn,O,

TLMn,0; is a ferromagnetic compound with the pyro-
chlore structure (A,B,0;): thallium atoms occupy the A site,
which is coordinated by eight oxygen atoms in a strongly
distorted cubic arrangement, and manganese atoms occupy
the octahedral B site. The AO; cubes and the BOg octahedra
are linked to form a three-dimensional network. The thallium
ions are formally trivalent and the manganese ions formally
tetravalent.

The electronic structure of T1,Mn,0; calculated by Singh
supports the view of CMR presented herein.""¥ One might
expect the electronic structure of the pyrochlore to be quite
different from those of the perovskite manganese oxides,
particularly since the Mn-O-Mn connectivities are very
different in the two structures. From the atom and orbital
projections (not shown) of the calculated DOS (Figure 22), it
is apparent that the three 3d electrons of the Mn*' ions
completely fill the t,,levels, as a result of complete spin
polarization. The manganese 3d states are not very disperse,
since the pyrochlore topology does not allow bonding
interactions to propagate very far. At the Fermi energy,
there is a small total DOS arising from T1—O bonding states.
TLMn,O; is a ferromagnetic semimetal with approximately
0.01 electrons and holes per formula unit. This semimetallic
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Figure 22. Spin-polarized DOS curve for TI,Mn,0,.
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behavior originates from the small amount of heavy holes
(which have a large effective mass because of the small
positive curvature of the conduction band at the T point) at
the edge of the narrow majority band with manganese
t,, character and the same number of conduction electrons
in a broad minority band with thallium 6s, oxygen 2p, and
manganese 3d character. This situation is not unusual for TI**
compounds: TLO; itself is a semiconductor without a band
gap, because of the overlap of empty thallium 6s and 6p states
with filled oxygen 2p states. In the thallium cuprate super-
conductors, thallium states also participate in the conduction
mechanism. !

4.4. Copper-Containing Compounds

Zeng et al. have synthesized a number of perovskites
containing copper and manganese, CaCu;_ Mn,, O, (0<x <
3).%1 The highest MR values were found for the sodium-
doped compound Ca,sNajysCu,sMn, O, (—32%) and for
CaCu, sMn,sO;, (—28%) at 42K and 5T. However, the
mechanism of MR in these compounds must be different from
that in the simple perovskite manganites. In this case, the MR
does not occur at the semiconductor-metal transition and
decreases smoothly with increasing temperature or x. The
MR of these copper-containing compounds is highly sensitive
to low applied magnetic fields and has good temperature
stability.[''®]

In 1997, a CMR of 20% was found for the chromium-
based chalcogenide spinels Fe,_ Cu,Cr,S, at 180 K. This was
the first report of large MR in compounds not containing
heterovalent distortion-inducing ions, manganese, or oxygen,
and not adopting a perovskite structure.'”) These CMR
compounds are the electronic counterparts of superconduct-
ing CuRh,S,.""!

Most CMR compounds with the spinel structure, how-
ever, have a transition temperature below room temperature.
The Curie temperatures of the semiconductors CuCr,Se,_,Br,
exceed room temperature, but these materials are unstable in
air. The multicomponent semiconductor solid solutions based
on the ferromagnet CuCr,S, (T-=367 K), the antiferromag-
net CuysE(sCr,S, (E=1In, Ga, Al), and the ferrimagnets
CoCr,S, and MnCr,S,, which exhibit ferromagnetism above
room temperature, are also of interest.''"8! Although these
solid solutions retain some of the properties of the ferromag-
netic matrix CuCr,S, and exhibit p-type conductivity, they are
still far from meeting the purity requirements for electronic
materials.

4.5. The Rare-Earth Compounds Gdl,, Gd,S,, EuS, and EuO

GdI, was examined during a systematic search for
magnetic analogues of superconductors."® Gdl, is a layered
d' compound that is isostructural with and nominally isoelec-
tronic to the hexagonal superconductors 2H-TaS, and 2H-
NbSe,. Its crystal structure is shown in Figure 23. Gdl,
crystallizes in the hexagonal 2H-MoS, structure and com-
prises close-packed layers of metal atoms sandwiched by
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Figure 23. Crystal structure (left) and Fermi surface (right) of Gdl,.

layers of iodine atoms, which together form Gdl, slabs. In
addition to the half-filled 4f shell of the Gd*>" ions, an extra
electron is delocalized in the gadolinium 5d conduction band
and is involved in Gd—Gd bonding. The calculated spin-
polarized electronic structure indicates a nearly full polar-
ization of the 5d_. conduction electrons."® The Fermi surface
of Gdl, is also shown in Figure 23. The compound undergoes
a ferromagnetic transition near 300 K, as a result of the
half-filled 4f band. Because of the trends observed for the
layered Ruddlesden-Popper manganites and cuprates (Sec-
tion 4.2), GdI, was investigated for CMR. Indeed, CMR of
significant magnitude, approximately 70 % at 7 T and close to
room temperature, was found for GdI, (Figure 24).1*!
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Figure 24. Temperature and field dependence of the resistance of Gdl,.

According to the theoretical study by Eremin et al. '
the MR of for GdlI, is due to strong spin-disorder scattering of
the 5d conduction electrons by the localized 4f electrons. This
hypothesis is largely in agreement with the two-band model.
Recently, band-structure calculations showed that the semi-
conductor—-metal transition at the Curie temperature can be
explained through correlation effects.'”!! In addition, the
electronic structure exhibits a Van Hove singularity slightly
below the Fermi level. This feature led to the prediction that
enhanced CMR could be achieved by electron doping of
GdI,, for example, with hydrogen.!"

To verify this prediction, Ryazanov et al. prepared and
studied a series of hydrogen-doped samples of composition
GdLH, over the entire homogeneity range (0<x<1).1%?
Initial studies of samples with 0.28 <x <0.34 indicated that
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hydrogen insertion into GdlI, results in a suppression of the
ferromagnetic order and the thermally activated conduc-
tion.!””! The system goes from a ferromagnetic state to a spin-
glass-like state at a critical hydrogen content of x~ '/,
(Figure 25). When approaching x='/;, there is a sharp
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Figure 25. Dependence of the saturation moment at 5 K (o) and the
resistance at room temperature (0) of Gdl,H, on x. The lines are
guides for the eye.

change in the activation energy, as well as in other macro-
scopic parameters.'’l In agreement with the prediction, a
large MR of approximately 95 % was observed for ferromag-
netic GdI,H, samples with x =0.24 and 0.26 near the magnetic
transition at T~ 170 K in a field of 7 T (Figure 26). These
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Figure 26. Temperature and field dependence of the resistance of
GdlyHo 6

layered compounds exhibit thermally activated conductivity,
which is associated with a gradual increase in the activation
energy below the transition temperature. The MR is already
remarkably large at room temperature (ca. 50% at 7 T), and
increases continuously with decreasing temperature, reaching
saturation in the ferromagnetic range.'” Magnetic studies
revealed the presence of competing ferromagnetic and
antiferromagnetic interactions, which result in spin freezing
at low temperatures. These results agree with earlier inves-
tigations, which indicated that the large MR is governed by

Angew. Chem. Int. Ed. 2007, 46, 668 —699


http://www.angewandte.org

Spintronics

the spin disorder in the system. The resistance is substantially
suppressed when strong magnetic fields are applied, which
implies that the charge-carrier transport in the ferromagnetic
range is mainly mediated by a variable-range hopping
mechanism. However, GdI, compounds, including those
doped with hydrogen, are very sensitive to air and, therefore,
not suitable for applications.

In the europium chalcogenides EuX (X =0, S, Se, Te), the
internal magnetic field of the Eu®" ions produces a giant
Zeeman splitting of the spin sub-bands (ca. 0.5eV for
EuS).'>*124 Because of this effect, these magnetic insulators
are efficient spin filters in metal-magnet or insulator-metal
heterostructures.'””! EuO is optically transparent and, as a
ferromagnetic insulator, is an attractive material for magneto-
optical applications. In addition, doping with other rare earths
or an excess of europium leads to a field-dependent insulator—
metal transition and to CMR with a resistivity change of
several orders of magnitude.'¥'*! EuO may be grown
epitaxially on silicon for the injection of spin-polarized
charge carriers into semiconductors and is, therefore, promis-
ing for spintronics applications.'”” EuO also exhibits a large
Faraday rotation and may, thus, be useful in a variety of
integrated magneto-optical and electro-optical systems, espe-
cially those that require cooling with liquid nitrogen. For thin
films of gadolinium-doped EuO, the Curie temperature
ranges from 69 K for stoichiometric EuO to approximately
170 K for a film with an optimal doping of approximately
4%.1"® The magnetic moments of the gadolinium and
europium ions couple ferromagnetically."?"

In 1983, von Molnar et al. observed CMR for Eu,_,Gd,Se
with a resistivity change of 10° Qcm in a field of 1.5 T.?" In
addition, Gd,;S, exhibits an insulator-metal transition near
the Curie temperature, which can be suppressed by an
external magnetic field. This behavior is not accidental, as
the electronic structures of both EuO and Gd;S, exhibit
Van Hove singularities at the Fermi levels.”” Earlier studies
of valence instabilities in europium compounds led to the
conclusion that there is a relationship between superconduc-
tivity, valence fluctuations, and CMR.["*! Of the compounds
adopting the cubic Th;P, structure, superconductivity is
observed for LasS, (Tc=8K),™ inhomogeneous mixed-
valence is found in Eu;S," and a large negative MR is
observed for Gd,_,S,.”" However, the Curie temperatures of
the rare-earth chalcogenides are far below room temperature,
limiting the applications of these compounds.

4.6. Zintl Compounds

Zintl compounds are named after Eduard Zintl, who
recognized that intermetallic compounds follow electron-
counting rules under certain conditions. These compounds are
not really metallic, and a bonding description must include
ionic and covalent interactions. This class of spintronics
materials is, therefore, located between the ionic and covalent
half-metals.

Kauzlarich et al. synthesized several Zintl compounds
containing europium and manganese that exhibit large
MR 2231321 Eyn,P, crystallizes in the hexagonal space
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group P6s/mmec, and contains alternating layers of composi-
tion Eu** and [In,P,]>~."** This compound is paramagnetic at
high temperatures and undergoes a magnetic transition at
24 K. The temperature-dependence of the resistivity of this
compound suggests interactions between the conduction
electrons and localized spins. Negative CMR of up to 398 %
is observed at 5 T and 24 K. Another related semiconducting
Zintl compound is Eu;In,P,, which exhibits a negative MR of
30% at 2K in an induction field of 5T. A fit of high-
temperature susceptibility data gave a positive Weiss con-
stant, which suggests ferromagnetism, while the shape of the
susceptibility-temperature curve at low temperatures sug-
gests antiferromagnetism.

Ca;;MnSb,; crystallizes in the tetragonal space group
14,/acd and also exhibits large negative MR. The calculated
electronic structures of the manganese-containing “14-1-11”
compounds are very close to half-metallic.””) The magnetic
moment of the manganese-based compounds is 4ug. A hole
resides in the MnSb, tetrahedral units and partially compen-
sates the moment of the high-spin 3d° manganese ions.

The transition-metal Zintl phases Ca;,_ EuMnSb;; (0<
x<14) are isostructural with Ca;,MnSb,; (Figure 27). In
Eu, ,MnSb,;, the manganese moments interact ferrimagneti-
cally with the Eu*" (4f”) moments. The paramagnetic Curie
temperature of the Ca;,_,EuMnSb;; compounds shows an
interesting variation with x, and the easy axis of magnet-
ization gradually changes from perpendicular (for
Ca;,;MnSb,;, x =0) to parallel (for Eu;;MnSb,;, x=1) to the
c axis.”! The band structures of the compounds in the
ferromagnetic state are nearly half-metallic.

e |

Figure 27. Structure of the Zintl compound Eu,,MnSb;,.

5. Ferromagnetic Semiconductors for Spintronics
5.1. Transition-Metal Oxides

Transition-metal oxides are usually antiferromagnetic
insulators or semiconductors, for example, the brownmiller-
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ites (A,B,0s5, A, B=metals); a few belong to the class of
ferromagnetic semiconductors, the CMSs.'¥ There is a
general interest in ferromagnetic semiconductors and semi-
metals because these compounds have a larger spin-flip
length, which is favorable for laterally patterned spin devices.
The first ferromagnetic semiconductor, CrBr; (T-=37 K),
was synthesized in 1960.1%1 The few known ferromagnetic
oxides have relatively low Curie temperatures: BiMnO; (T =
105 K),I3 GeCuO; (Tc=26K), and YTiO; (T.=
29 K).*® Transition-metal and rare-earth oxides, fluorides,
and phosphides are poorly compatible with semiconductor
technology. Differences between the crystal structures of
conventional semiconductors, such as GaAs and silicon, and
the CMSs prevent the latter from being integrated into
semiconductor heterostructures for spintronics applications.
The properties of the CMSs and other semimetals are briefly
outlined in reference [137]. Finding ferromagnetic semicon-
ducting oxides remains a challenge for solid-state chemists.

5.2. GaAs and GaN Doped with Manganese

The detection of ferromagnetism in II-VI DMSs and
oxides inspired a great deal of research interest. Major
progress in this area was achieved by Awshalom et al., who
demonstrated that electrons can retain their spin polarization
over unexpectedly long times and distances.">***1 Magnetic
semiconductors can be formed by doping III-V compounds
with manganese ;[ however, these doped compounds exhibit
transition temperatures of only 150 K. The main challenge for
practical applications of DMS materials is the attainment of
Curie temperatures higher than room temperature to allow
compatibility with junction temperatures. According to
predictions based on mean-field theory, conventional III-V
and II-VI semiconductors doped with transition metals are
promising candidates for DMS materials with Curie temper-
atures above room temperature. Transition-metal-doped
ZnO and GaN have been the most extensively studied
materials."* The prerequisites for magnetic ordering in such
materials are a transition-metal doping of at least 5% and an
additional hole doping; the holes mediate the exchange
interactions responsible for the magnetic ordering. An addi-
tional advantage of DMSs based on ZnO and GaN is that they
can be readily incorporated into existing semiconductor
heterostructures. A number of optical and electronic devices
have already been realized. The exploration of the underlying
physical properties allows applications based on new combi-
nations of quantum structures and magnetism in semicon-
ductors.

5.3. Transparent Oxides Doped with Ferromagnets

New candidates for ferromagnetic semiconductors have
recently been synthesized by doping semiconducting transi-
tion-metal oxides with magnetic impurities. Some of these
materials exhibit ferromagnetism at room temperature and
above. The critical issue is the origin of this behavior. In many
cases, complex solid-state chemistry is involved in the syn-
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thesis and determines the properties of the resulting material.
To accurately identify the origin of the magnetism, the
observation of room-temperature ferromagnetism must be
accompanied by a careful identification of the phases and
structures that are present in the material.™ Clusters of
metallic cobalt, for example, can lead to ferromagnetism
above room temperature, but are not expected to be half-
metallic. The observation of transition temperatures above
300 K for cobalt-substituted TiO,/**”) and other materials can
probably be attributed to sample inhomogeneities.'*!! On the
basis of theoretical calculations, ZnO was identified as a
particularly promising candidate for yielding a suitable
ferromagnetic semiconductor with doping. As ZnO is a
semiconductor with a wide band gap (3.3 eV), a ferromag-
netic version could be used as for the construction of
magneto-optical devices. ZnO substituted with 5% manga-
nese was predicted to order ferromagnetically above
300 K, and the ground state for ZnO substituted with
other transition metals was also predicted to be ferromag-
netic;*! however, a simultaneous hole (p-type) doping is
necessary.l'] To confirm the predictions, a number of experi-
ments have been performed on ZnO substituted with
manganese! % and with other transition metals/™%!
Several measurements on thin films of cobalt- and manga-
nese-substituted ZnO suggest ferromagnetic behavior, but
other measurements give no indication of a magnetic
transition. One hypothesis is that a clustering of the magnetic
ions could be responsible for the observed ferromagnetic
behavior.'™ Recently, room-temperature ferromagnetism
was also observed for bulk manganese-doped ZnO prepared
at low temperatures.”™!! Ferromagnetism has also been
observed for semiconducting quantum dots of cobalt-doped
ZnO,™ but the magnetic properties of nanoparticles can
differ from those of the bulk material.'*

Lawes et al. discuss the properties of semiconducting bulk
ZnO doped with small amounts of manganese or cobalt
(Zn,_,M,0; M =Mn, Co; 0.02 <x <0.15)."! The magnetic
properties were investigated at temperatures as low as 2 K,
but no evidence of magnetic ordering was found. Thus, the
ferromagnetism of the doped bulk samples and the thin films
is still under debate.®>** The extent to which metastable
phases are accessible through special preparation techniques,
such as soft chemistry (“chimie douce”), or through the
synthesis of nanoparticles or thin films remains to be clarified.
The importance of an additional hole doping must also be
elucidated.

Research in this field is still very active. Recently,
ferromagnetism was observed for CuO doped with 3.5 to
15% manganese (Tc=80 K).I*")

5.4. Magnetic B3 and B4 Compounds

However, the best choice for a new spintronics material
would be a ferromagnetic semiconductor (a CMS) with the
zinc-blende (B3) or wurtzite (B4) structure. Such a material
could be integrated into existing semiconductor technology,
because both the crystal structure and the band structure
could be matched with those of conventional semiconductors.
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Unfortunately, only a few binary compounds of magnetic
elements crystallize in the zinc-blende or wurtzite structures.

Very recently, CrAs and CrSe in the zinc-blende and
wurtzite structures were proposed to be half-metallic ferro-
magnets.**! Akinaga et al. succeeded in growing thin films of
CrAs by using molecular beam epitaxy. They found that the
CrAs films, which they assumed to adopt the zinc-blende
structure, are ferromagnetic at room temperature (7¢>
400 K), with a saturation moment of 34, Bulk CrAs
adopts the MnP structure and exhibits complex magnetic
behavior below a transition temperature of 256 K. Bulk
samples may also crystallize as Cr,As, which is an antiferro-
magnet with a Néel temperature of 393 K. In good agreement
with experiment, spin-polarized band-structure calculations
demonstrated that ferromagnetic zinc-blende CrAs should be
a half-metal with a magnetic moment of 3uy[" Using a
simple electron-counting scheme based on the Slater—Pauling
rule or the eight-electron rule, the saturation moment is
estimated to be 3uy for the half-metallic state. In a
stoichiometric compound, the number of electrons per
formula unit, Ny=N;+ Ny, is an integer. Because of the
gap in one of the spin-polarized bands, N; or N; is also an
integer. It follows that Ny or N, and, thus, the magnetic
moment per formula unit, M = N1—N,, are also integers.ml
CrAs has 11 valence electrons and is thus expected to have a
saturation magnetization of 3 ug as a half-metal with the zinc-
blende structure (the difference between 11 valence electrons
and 8 electrons for the fully occupied bonding bands).*!
From a chemical point of view, the description of CrAs as
consisting of 3d®> Cr’" and As’~ ions is also plausible. The
electronic structure of CrAs with the zinc-blende crystal
structure corresponds to that of a half-metallic ferromagnet
(Figure 28).
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Figure 28. Spin-polarized band structure (left and right) and DOS
curve (middle) for zinc-blende-type CrAs.

5.5. Doped Semiconducting C1, Compounds: CoTi,_.Fe,Sb

As expected on the basis of the Slater—Pauling rule, the
18-electron C1, compound CoTiSb is not ferromagnetic, but
rather, is a semiconductor with a gap at the Fermi energy for
both spin directions. Partial replacement of titanium by iron
(less than 10%) in a random manner converts the semi-
conductor into a half-metallic ferromagnet: in the calculated
electronic structure, the DOS for one spin direction is clearly
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greater than zero. Measurements indicate that the resistance
of pure CoTiSb decreases with increasing temperature,
consistent with semiconducting behavior. In contrast, the
resistance of CoTijosFegsSb increases with increasing tem-
perature, as is typical for a metal. Another important result of
the calculations is that only iron atoms in the titanium
position contribute to the total magnetic moment of the
compound; iron atoms in the cobalt positions or in tetrahedral
holes do not. The calculated value of the magnetic moment
per iron atom in the titanium position changes slightly with
the iron concentration, from 3.4 (5%) to 3.7 ug (10%).

The Cl1, structure is retained when up to 10% iron is
substituted for titanium in CoTiSb. Such samples exhibit
ferromagnetism and have Curie temperatures above 700 K.
By carefully comparing the powder X-ray diffraction patterns
of the iron-doped compounds with those of pure CoTiSb, it
was determined that the iron atoms occupy the titanium
position, but no other sites in the structure. For doping of up
to 10% iron, no additional reflections were detected in the
diffraction patterns, confirming that the structure remains the
same as that of CoTiSb, that is, the C1, structure.

The Mossbauer spectra recorded for powder samples of
CoTi,_,Fe Sb comprise a low-intensity paramagnetic singlet
and a more intense magnetic sextet. In accordance with
electronic-structure calculations, the ferromagnetic subspec-
trum can be assigned to the presence of iron atoms in the
titanium position of CoTiSb with the C1, structure. The low-
intensity, nonmagnetic singlet corresponds to iron atoms in
voids or in the cobalt position. On the whole, Mossbauer
spectroscopy indicates that the iron atoms mainly occupy the
titanium site of CoTiSb, rather than forming a separate iron
phase.

The predictions of the band-structure calculations with
respect to the magnetic properties of CoTi,_Fe Sb were
confirmed by superconducting quantum interference device
(SQUID) magnetometry and X-ray absorption spectroscopy
(XAS). In general, measurements on the SQUID magneto-
meter allow the saturation magnetization to be determined,
whereas XAS measurements with circularly polarized light
(X-ray magnetic circular dichroism (XMCD)) allows the local
components of the total magnetic moment to be determined.
In agreement with theoretical predictions, an XMCD signal
was only detectable at the Fe L,; edge.

In Figure 29, the results of the magnetic studies on
CoTi,_,Fe Sb are summarized and compared to theoretical
predictions (note that, whereas the measurements and
calculations give the total magnetic moment including the
orbital contribution, estimates based on the Slater—Pauling
rule correspond to the spin-only magnetic moment). The
hysteresis curves of the samples containing 1-10% iron
indicate that CoTi,_/Fe Sb is a soft magnetic material. As
expected, the alloy with the highest iron concentration has the
highest magnetic moment. The Curie temperature of the alloy
is higher than 700 K, the temperature at which CoTij, Fe,;Sb
decomposes.

Very recently, bulk-sensitive high-energy X-ray photo-
emission spectroscopy (HXPS) has been used to investigate
the valence band of CoTiSb.**! The sample was excited by
photons with an energy of 2.5 keV. The high kinetic energy of
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Figure 29. Magnetic properties of CoTi,_,Fe,Sb. a) Field dependence of
the magnetic moment per atom of CoTi,_,Fe,Sb (x=0.01, 0.02, 0.05,
and 0.1) at 5 K. b) Temperature dependence of the magnetic moment
per atom of CoTigoFey;Sb at 0.1 T; the arrow indicates the onset of
sample decomposition. c) Comparison of the experimental and calcu-
lated magnetic moments per atom to the Slater—Pauling rule (-----).

the electrons emitted from the valence band resulted in an
escape depth of approximately 50 A, which corresponds to
approximately ten cubic cells.

The results of HXPS on CoTiSb are shown in Figure 30,
where they are compared to the total DOS curve weighted by
the partial photoionization cross sections. For better compar-
ison, the weighted DOS curve was broadened by a Gaussian
function with a width of 250 meV to roughly account for the
experimental resolution. The high-energy spectrum reveals
the low-lying s states at —11 to —9 eV below the Fermi energy,
in agreement with the calculated DOS. These low-lying bands
are separated from the high-lying d states by a hybridization
gap typical of Cl, compounds, which is clearly resolved in

CoTiSb
hv=2.5keV

1.0

-6 -4 -2 0
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Figure 30. Comparison of the valence-band HXPS spectrum (0; excita-
tion energy of 2.5 keV) and the weighted DOS curve (—) for CoTiSb.
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both the spectrum and the calculated DOS. This gap is
typically on the order of 4 eV in antimony-containing com-
pounds. In the energy range of the d states, the spectrum
agrees roughly with the shape of the total DOS curve,
although the peaks in the DOS at —5 and —3 eV are not well
resolved. Overall, the emission from the d states covers a
larger energy range than the corresponding DOS, and the
main peak at —1.5 eV in the spectrum is found at a slightly
higher energy in the DOS, which implies an underestimation
of correlation effects in the local-density approximation
(LDA; see Section 6.5). However, the lifetime broadening
and resolution of the experimental spectrum must also be
considered in this comparison. At an excitation energy of
2.5keV, the emission is still dominated by the d states of
highest density at approximately —1.5eV. Overall, the
experimental photoelectron spectrum agrees with the calcu-
lated DOS. The small differences noted in the peak positions
are due to the incomplete treatment of correlation effects in
the LDA applied in the calculation of the electronic structure.

6. Half-Metallic Ferromagnets

CrO,, and many double perovskites, C1, compounds, and
Heusler compounds are half-metallic ferromagnets, but most
of these compounds do not exhibit CMR. Although large MR
were found in tunneling experiments for many of these
compounds, only a few exhibit a high spin polarization in
photoemission experiments. However, a high spin polariza-
tion is a prerequisite for both CMR and spin-polarized
tunneling.

Coey et al. have proposed a broad classification scheme
for half-metallic ferromagnets,® which is presented in
Table 1. A material exhibiting metallic conductivity and an
integer spin-only moment at 7=0 is a good candidate for a
type-I half-metallic ferromagnet. However, the criterion of an
integer spin-only moment for stoichiometric compounds (or a
modified criterion for solid solutions) is a necessary, but not a
sufficient condition for half-metallicity.

Type-I, half-metals are metallic with respect to the
majority electrons, but semiconducting with respect to the
minority electrons; the opposite is true for the type-Iy half-
metals. Half-metallic transition-metal oxides in which the 4s
states of the first-row transition metal are pushed above the
Fermi level are of type I, when they have less than five
3d electrons, but are of type Iz when they have more than five
3d electrons. In half-metallic Heusler alloys containing first-
row transition metals and heavy main-group elements, such as
antimony, the transition-metal 3d levels are lowered below
the 4s band edge due to hybridization. Examples of type-I,
half-metals are CrO, and Mn,VAl, and examples of type Iy
half-metals are Sr,FeMoO, and Co,MnSi.

In a second class of half-metals, designated as type II, the
carriers at the Fermi level are in a band that is sufficiently
narrow for them to be considered as localized. The magnetic
mineral magnetite (Fe;O,) is a half-metal with a band gap in
the majority DOS, and localized states in the minority
band;!'®! it is a type-II; half-metal. A third class of half-
metals (type III), known as “transport half-metals”, has
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Table 1: Classification of half-metallic ferromagnets.?!
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Sr,Fe,_,AIMoO¢ increases to

O, —
Type DOS curve Conduction T Electrons at E; { Electrons at E; nearly 60% for x=0.15 at 5K
- — and 1T, and the electronic trans-
Ia half-metal metallic itinerant none .. [165]
. " port properties improve.
lg half-metal metallic none itinerant S ) h doi .
I half-metal nonmetallic localized none cveral other doping experi-
Ilg half-metal nonmetallic none localized ments were performed to under-
I, metal metallic itinerant localized stand the complex magnetic behav-
Ilg metal metallic localized itinerant ior of these ferrimagnetic materials
A sem?metal metall?c itinerjant !qcalized with two magnetic sublatti-
Vg sem!metal meté}”IC 4 Iocalfzed itinerant ces,[166.167] Strong  correlations
A semiconductor semiconducting few, itinerant none .
. . . . between the electronic, struc-
Vg semiconductor semiconducting none few, itinerant . .
tural, and magnetic properties
were found in studies of the
doped double perovskites

localized majority states and delocalized minority states, or
vice versa.”!! The DOS at the Fermi level does not vanish for
either spin direction, but the charge carriers in one spin
direction have a much larger effective mass than those in the
other. With respect to electronic transport, only one type of
charge carrier contributes significantly to conduction.
Lay;Sry;MnO; is a type-1II, half-metal; in its electronic
structure, a finite DOS is present at the Fermi level for both
spin directions, but the two types of charge carrier have very
different mobilities. However, the question remains as to
whether the low DOS near the Fermi level is related to the
accuracy of the band-structure calculations and would
disappear if electron—electron correlation were included.

TLMn,0O;, a ferromagnetic pyrochlore, has an unusual
semimetallic band structure, with approximately 0.01 elec-
trons and holes per formula unit.'" A small number of heavy
holes are located at the top of a narrow majority band of
manganese t,, character, and an equal number of conductions
electrons occupy a broad minority band of mixed thallium 6s,
oxygen 2p, and manganese 3d character, making T,Mn,0; a
type-IV, half-metal. DMSs are included in the table as type-V
half-metals.

6.1. Double Perovskites

In 1998, Kobayashi etal. discovered large MR in
S1,FeMoO,.! This material belongs to the family of double
perovskites, which have the general formula A,BB'O4 (A =
alkaline earth; B, B’ =transition metals). The cubic crystal
structure of Ba,FeReOy is shown in Figure 31 (some of the
double perovskites, including Sr,FeMoOs, adopt distorted
structures).

The half-metallic double perovskites that exhibit MR at
room temperature are more promising for spintronics appli-
cations than the AEMnO; (AE = alkaline earth) perovskites.
For example, the Curie temperature of Sr,FeMoO is
420K, and that of Sr,CrReOy is 635 K.'”! Films of
S1,CrReOy prepared by magnetron sputtering on SrTiOs
substrates exhibit a transition temperature of 620 K.'*] A
homogeneous polycrystalline sample of Sr,FeMoOy (Tc=
416 K) exhibits a MR of 45% at 5K and 9T, and a MR of
6.5% at room temperature and 0.3 T.'*! In Figure 32, typical
resistivity—field and hysteresis curves for Sr,FeMoO, are
shown. Upon doping with aluminum, the MR of
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Sr,Fe;,_ M,ReOy (M=Zn, Cr; 0<x<1). The interplay
between the Van Hove singularity and the Fermi level plays
a crucial role in determining the magnetic properties.

Figure 31. Structure of the double perovskite Ba,FeReOq. For clarity,
only one layer of corner-sharing FeOg and ReOg octahedra is shown.
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Figure 32. Field dependence of the resistivity (top; inset: enlargement
of the low-field region) and the magnetic moment per atom (bottom)
of polycrystalline Sr,FeMoOg.**!
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Chromium doping of the parent compound Sr,FeReOq leads
to non-monotonic behavior for the saturation magnetization
and to an enhancement of the magnetic moment for doping
levels up to 10 %. The Curie temperature increases monotoni-
cally from 401 to 616 K. In contrast, zinc doping leads to a
continuous decrease in the saturation magnetization and the
Curie temperature. At a chromium doping level of 40%, a
phase transition from a tetragonal to a cubic structure occurs.
For zinc-doped samples, the tetragonal distortion increases
linearly with increasing zinc content.

The oxidation state of iron, which has a strong influence
on the structure, was determined by “'Fe Mossbauer spec-
troscopy to be +2.7 for Sr,FeReOg.'*) As determined by
magnetic-susceptibility measurements, the ferrimagnetic
behavior of Sr,FeReO4 changes to antiferromagnetic upon
partial substitution of rhenium by antimony. *’'Fe and '*'Sb
Mossbauer spectroscopy indicate that the valence state of
antimony in Sr,FeRe,_,Sb O is + 5 over the entire substitu-
tion range (0<x<1), whereas the valence state of iron
changes from +2.7 for the parent compound to +2.9 for
Sr,FeRe;Sb;yO¢. In the compounds in which rhenium has
been almost completely replaced by antimony, iron takes over
rhenium’s role as the electronic buffer element. As a
consequence, the replacement of the rhenium by a non-
magnetic main-group element, such as antimony, blocks the
-Fe-O-Re(Sb)-O-Fe- superexchange pathways along the axes
of the double-perovskite unit cell, and destroys the itinerant
magnetism of the parent compound.'®” Very recently, we
have learned of the semiconducting ferromagnetic double
perovskite St,CrOsOg, which has an extraordinary high Curie
temperature of 725 K. To date, this compound could only be
synthesized under high oxygen pressures.'®!

6.2. Chromium Dioxide

At present, CrO, is the only oxide known to exhibit both
metallic and ferromagnetic (7-=400K) properties. This
compound is widely used in magnetic recording devices. On
the basis of electronic-structure calculations, CrO, was
predicted to be half-metallic.'®! CrO, crystallizes in the
rutile structure (Figure 33), has an integer magnetic moment
of 2 ug per chromium atom, at least at low temperatures, as a
saturated ferromagnet (one spin sub-band is completely

Figure 33. Structure of rutile-type CrO,.
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filled, whereas the other is empty). Spin-resolved photo-
emission experiments at room temperature and vacuum
tunneling experiments at low temperatures reveal nearly
complete spin polarization at 2 eV below the Fermi energy,
but a negligible DOS at the Fermi level, which is inconsistent
with metallic behavior.® The half-metallic character of CrO,
has a straightforward origin: the exchange splitting (the
energy difference between the majority and minority bands)
is larger than the width of the band occupied by the spin-up
electrons; thus, all of the valence electrons of chromium are
spin-up, and none are spin-down. CrO, is, therefore, fully
polarized, as can be seen in Figure 34.
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Figure 34. Spin-polarized band structure (left and right) and DOS
curve (middle) for CrO,.

Because of its full spin polarization, CrO, is of paramount
interest as a material for spintronic devices.” Low-field TMR
was observed for films of half-metallic CrO, grown by the
high-pressure thermal decomposition of CrO;. Through the
surface decomposition of CrO, by high-temperature anneal-
ing, the intergrain barriers of the films were modified such
that insulating Cr,0O; formed, leading to a threefold enhance-
ment of the low-field MR. This enhancement indicates the
potential of this simple method for the direct control of the
interface-barrier characteristics that determine the magneto-
transport properties. Studies on a single crystal of CrO,
revealed a small MR below the transition temperature; for
polycrystalline CrO,, PMR was observed in low fields.!"

CrO, exhibits complex magnetotransport proper-
ties.l"172] The dependence of the Hall resistance on the
magnetic field at temperatures of 4 to 100 K differs from that
characteristically observed for ferromagnetic metals, and has
both hole and electron contributions. According to a two-
band model, CrO, should have highly mobile holes that move
coherently with the more abundant, but less mobile electrons.
This hypothesis implies that the band structure of the material
may be more complex than that predicted by calculations.
However, all spin-polarization-related kinetic characteris-
tics!'” and the results of tunneling spectroscopy experi-
ments!' indicate that all of the charge carriers in CrO, are
spin-polarized at low temperatures.

Very recently, Keizer et al. were able to induce a spin-
triplet supercurrent through the half-metallic ferromagnet
Cr0,.'™ Ferromagnetism should exclude superconductivity,
but even iron itself becomes superconducting under pres-
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sure.”’! Subsequent to the theoretical predictions of Bergeret
etal. ' Keizer et al. constructed a Josephson junction by
using the strong ferromagnet CrO,. A conversion from singlet
pairs (Cooper pairs) to triplet pairs is predicted to occur at the
ferromagnet interface; thus, spin-triplet superconductivity
can be induced in a ferromagnet.

CrO, is a good candidate for use as a spin source or as a
spin detector in spintronic devices. Owing to its high Curie
temperature of 400 K, CrO, does not exhibit large MR at
room temperature.

6.3. Magnetite and Other Spinel Compounds

Magnetite (Fe;O,), the most well-known magnetic min-
eral, is a half-metallic ferrimagnet with a very high Curie
temperature (860 K). The iron oxide belongs to the class of
spinel compounds, which have the general formula AB,O, (A,
B =metals). The spinel LiTi,O, was the first oxide super-
conductor with a transition temperature exceeding 10 K.['"")
LiV,0, exhibits all the characteristics of a heavy-Fermion
system with an effective mass enhancement on the order of
100, and was the first d-electron system to do so.l'’* LiMn,O,
is a very important positive-electrode material for commer-
cial lithium-ion batteries."”*"'®? Unequivocal crystallographic
evidence has been reported for the real-space ordering of
holes and electrons in this material below the first-order
phase-transition temperature.® In contrast, such evidence
has been difficult to obtain for the perovskite manganites that
display CMR, which have recently been under intense
investigation.'®” In addition, the precise nature of the
charge ordering in Fe;O,, the first material for which a
Verwey transition (see below) was observed, remains
unclear."*¥

In Fe;0,, the B sites of the spinel structure are populated
by an equal mixture of Fe** and Fe*" ions (Figure 35), leading
to two electronic configurations at the B site, t,,’e,” and t,,"e,’.
The A sites contain oppositely magnetized Fe’" ions with a
configuration of t,,’e,”. The additional electrons associated
with the Fe*" ions at the B sites form small polarons (quasi-
particles comprising a charge and a local distortion) that hop
among the B sites. The resistivity of Fe;O, at 120 K, slightly

’ '.’..' ‘
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Figure 35. Structure of spinel-type Fe;O, (magnetite).
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above the Verwey transition temperature at which the charges
order over the Bsites, is 10™* Qm. High-quality films and
crystals have a spin-only moment of 4.0 uy per formula unit at
this temperature, reflecting the ferrimagnetic arrangement of
the ions at the A and B sites.

Magnetite has a spin gap in the majority DOS!'® and is a
type-11g half-metal. Coey et al. compared the MR behavior of
Fe;O, as polycrystalline thin films, powder compacts, and
single crystals.®¥ Negative MR with a maximum value at the
coercive field was observed for the thin films and powder
compacts, but not for the single crystals. These observations
are the result of PMR, the field-induced alignment of the
magnetization of the grains. The effect is associated with the
intergranular transport of spin-polarized electrons.

MR values of 43% at 42 K, and 13% at room temper-
ature were observed in cobalt-alumina—iron oxide tunnel
junctions. This large MR is attributed to the presence of a
phase with a composition of Fe;_,O,, close to that of half-
metallic magnetite, which was identified by electron diffrac-
tion. Dedkov et al. investigated the spin-dependent electronic
structure of thin epitaxial films of Fe;O,(111) at room
temperature by means of spin-, energy-, and angle-resolved
photoemission spectroscopy.!'®> Near the Fermi energy, a spin
polarization of 80 £5 % was found. The electronic structure
of Fe;0, (Figure 36) is similar to that of superconducting
LiTi,O,.
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Figure 36. Spin-polarized band structure (left and right) and DOS
curve (middle) for Fe;O,.

Basu etal. studied the magnetization and MR of the
geometrically frustrated spinel LiMn,O, near its charge-
ordering temperature of 280 K.'"*l In a magnetic field of 7 T, a
large negative MR of approximately 20 % was observed near
this temperature. The MR exhibited significant field hyste-
resis, which was not reflected by the magnetization. This
behavior is substantially different from that associated with
the CMR of the perovskite manganites. In the case of
LiMn,0O,, the MR arises through a slight lowering of the
temperature at which charge ordering takes place when a
strong magnetic field is applied. The robust nature of the
charge ordering, the semiconducting behavior both above and
below the transition, and the decoupling of charge and spin
degrees of freedom (distinct charge- and magnetic-ordering
transitions) all suggest a similarity between LiMn,O, and the
perovskite manganese oxides with more distorted structures
and, therefore, narrow conduction bands.
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The electronic structures of LiTi,O,, LiMn,0,, and Fe;O,,
three different spinels, all contain Van Hove singularities near
the Fermi level. The compounds are “isovalent”, if local
magnetic moments are ignored. The Ti**" ions in LiTi,O,
have a t,,”° configuration. The Fe>** jons in the octahedral
B sites of Fe;O, have a tng'S configuration with respect to the
minority 3d states, but a t2g36g2 configuration with respect to
the fully occupied majority 3d states. In LiMn,O,, the Mn***
ions have a 3d*® configuration, with a fully occupied majority
t,, band (t,,)), and a t,,>° configuration with respect to the
minority states.

A half-metallic character was proposed for LiCr,0,, in
which the Cr**" ions have a 3d** electronic configuration.
However, the electronic structure of LiCr,0, is substantially
different from that of the closely related half-metal CrO,,
which adopts the rutile structure. A smaller conduction band
width was found for LiCr,0,, perhaps because of the distinct
topology of the spinel structure.'"”! As the 3d* configuration
for a Cr’" ion in an octahedral site is stable, it may be difficult
to synthesize a compound containing Cr*** ions.

Half-metallicity was first suggested in 1982 by Horikawa
et al., after they calculated the electronic structure of the
spinel CuCr,S,.l"®8 The magnetic configuration of CuCr,S, can
be described in terms of two Cr** ions (each with a spin-up 3d°
configuration) and one Cu®" ion (with a spin-down 3d’
configuration). Each Cr’" ion has a moment of 3up, and the
Cu** ion has a moment of 1y in the opposite direction. As a
result, CuCr,S, has a net moment of 5ug per formula unit. In
combination with metallic conductivity, an integer value of
the spin-only moment is a central feature of half-metallic
character.

6.4. Cubic and Hexagonal XYZ Compounds

NiMnSb, which crystallizes in the cubic Cl, structure
(XYZ), was one of the first materials for which half-metallic
ferromagnetism was predicted.” This compound is especially
well-suited for applications because of its high Curie temper-
ature of 730 K. Later experiments, for example positron
annihilation, confirmed that bulk NiMnSb is a half-metallic
ferromagnet."® ! However, surface-sensitive techniques,
such as photoemission spectroscopy, detected a highly
reduced spin polarization.'”'?) In contrast to theoretical
expectations, Andreev-reflection measurements on a thin film
of NiMnSb grown by three-source co-evaporation revealed a
polarization of only 58%."" Tunneling experiments on
NiMnSb-ALO;-Al junctions revealed a polarization of only
28% in epitaxial NiMnSb.'** Therefore, a complete control
over the interfaces and surfaces of these materials is of crucial
importance. Suga et al. reported a local magnetic moment of
3.62up at the manganese site of NiMnSb, and small magnetic
moments at the nickel and antimony sites, in agreement with
theoretical predictions."*

On the basis of the electronegativities of the component
elements, NiMnSb would be better described as MnNiSb. In
addition to the Slater—Pauling rule, another rule must taken
into account for the manganese atoms at the Y position of the
C1, structure. Kiibler found that the manganese atoms exhibit
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a high, localized magnetic moment.’* According to

electronic-structure calculations, the manganese atoms have
a magnetic moment of approximately 4u;. The manganese
atoms may be formally described as Mn*" ions with a 3d*
(ty'e,') configuration. Other manganese-containing C1,, com-
pounds with the preferred 22-electron configuration are
PdMnSb, PtMnSb, and AuMnSn.

Bojin and Hoffmann reported on the structure—property
relationships of the REME phases (RE =rare earth or early
transition metal, M =late transition metal, E = main-group
element).””! There are more than 2000 compounds with this
composition. These phases are interesting because of their
unusual electronic and magnetic properties.

The most common electron counts are 18 or 19 valence
electrons per formula unit for REME compounds containing
anionic [ME]"" substructures with wurtzite-type or zinc-
blende-type arrangements. In contrast to the zinc-blende
structure, the wurtzite structure has a free c/a ratio and a free
z parameter for one atom, which determines the puckering of
the lattice: the two extremes are the graphite sheets of the
AlB, structure, or the wurtzite lattice. The f electrons of the
rare earths are localized and are, therefore, not considered as
valence electrons. Depending on the ionic radius of the rare-
earth ion, the REME compound crystallizes in either a cubic
structure, or a hexagonal structure containing a more or less
puckered anionic sublattice.

Approximately 50 hexagonal compounds crystallize in the
LiGaGe structure, which can be thought of as a RE"" ion
stuffed into a wurtzite [ME]"~ sublattice.” Note that many
compounds originally assigned to the Caln, structure (with
the M and E atoms randomly distributed over the wurtzite
sublattice) actually adopt the LiGaGe structure (with the M
and E atoms ordered over the wurtzite lattice).'”*2% It was
recently shown that 18-valence-electron compounds with the
LiGaGe structure are closed-shell species, which are non-
magnetic and semiconducting, or at least have a pseudogap at
the Fermi energy.”™ The electronic structure is also strongly
dependent on the z parameter of the crystal structure. If the
sheets are planar (graphite-type), then the bonding interac-
tions are exclusively within the sheets. In the case of
18 valence electrons, the electronic structure is two-dimen-
sional and has only a pseudogap at the Fermi energy.
Increasing the interactions between the layers in the third
dimension through puckering leads to a gap at the Fermi level
and semiconducting behavior.

As discussed above, hexagonal GdAuSn can be described
as Gd*' ions stuffed into a [AuSn]*~ sublattice. Several studies
have been carried out on this compound;2°2"J however, the
interpretations were only supported by powder X-ray dif-
fraction, which could not provide the precise structural
parameters necessary for a band-structure analysis. Future
work must, therefore, concentrate on the preparation and
characterization of single crystals.

6.5. Heusler Compounds

The potential of Heusler compounds (X,YZ) as half-
metallic ferromagnets has been known for more than 20 years.
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Kiibler et al. were the first to recognize that the minority DOS
at the Fermi energy nearly vanishes for Co,MnAl and
Co,MnSn."” They concluded that this electronic situation
should lead to peculiar transport properties for these Heusler
compounds, because only the majority electrons contribute to
conduction. Most of these compounds should have complete
spin polarization at the Fermi energy.P”-6%203.204]

However, because of the first disappointing results for
Heusler compounds in multilayer GMR systems, the number
of groups working in this area was originally small. With the
discovery of large negative MR for Co,Cr,¢Fe;,Al and the
general success of tunnel junctions, a renaissance began in the
study Heusler compounds. Band-structure calculations pre-
dicted that the “ordered” (L2,) Heusler compounds Co,CrAl
and Co,Cry¢Fey,Al should exhibit a complete spin polar-
ization at the Fermi energy.’”) For Co,Cr,Fe,,Al, the DOS
curve, which exhibits a Van Hove singularity in the vicinity of
the Fermi energy in the majority spin channel, and a gap in the
minority spin channel, indicates half-metallic ferromagnet-
ism. This unique band structure makes Co,Cr,cFej,Al a
potential candidate for large MR. In a low magnetic field of
0.1 T at room temperature, a MR of 30% was indeed found
for pressed-powder pellets.””) This observation was the
motivation for considerable effort to understand and exploit
the unusual electronic properties of Co,Cr,_Fe, Al.

Recent band-structure calculations confirmed the half-
metallic character of the chromium-rich compounds.[®-25-2%]
Zhang etal. found that Co,CrAl is a true half-metallic
ferromagnet with a magnetic moment of 3 ug, in agreement
with the Slater—Pauling rule.”™ Using “superstructure calcu-
lations”, Kobayashi et al. investigated Co,Cr;_,Fe Al for
varying values of x.?®! For x >0.625, the half-metallicity is
destroyed. The replacement of chromium by iron may be
considered as electron doping, which disrupts the electronic
properties by shifting the energy of the Van Hove singularity
relative to the Fermi level. However, such a rigid-band model
is often too simple to allow an accurate prediction of the
effects of doping.[®27

Band-structure calculations for disordered variants of
Co,Cr,_,Fe,Al also confirm a strongly reduced magnetic
moment, as well as a loss of the half-metallic character. Using
the coherent-potential approximation (CPA), Miura et al.
investigated the effects of disorder on the electronic and
magnetic properties of Co,Cr,_,Fe,AL.”* They found that the
complete spin polarization is only retained up to approx-
imately 10% B2-like disorder (a mixing of atoms over the
Y and Z sites).[*?7l However, the spin polarization remains
high for even the completely B2-disordered alloy. A small
amount of disorder between the cobalt atoms at the X sites
and the chromium or iron atoms at the Y sites causes a larger
decrease in the spin polarization.

Using point-contact spectroscopy, Clifford et al. found a
spin polarization of up to 80% for Co,CrycFe,,AL" In
addition to the bulk properties, Galanakis also investigated
the influence of surface states on the half-metallic properties
of Heusler compounds.”""! He reported that Co,CrAl with a
CrAl-terminated surface behaves differently from all other
Heusler compounds, the half-metallic properties being
retained at the surface.
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For Co,CrAl, a magnetic moment of approximately
1.56uy per formula unit was measured by Buschow and
van Engen.™ Tt was thought that the magnetic moment in
this material is mainly carried by the cobalt atoms, the
contribution of the chromium and aluminum atoms being
small. According to recent band-structure calculations, all of
the constituents of Co,CrAl should possess a magnetic
moment: per atom, 0.77 ug for cobalt, 1.63 uy for chromium,
and —0.10ug for aluminum. The total moment is approx-
imately 3ug per formula, in agreement with the Slater—
Pauling rule for the magnetic moment of half-metallic
Heusler compounds containing 3d transition metals
[Eq. (10)]. According to several band-structure calculations,
the DOS of Co,CrAl exhibits half-metallic character. In
particular, the DOS curve has a gap at the Fermi level in the
minority band and a high DOS in the majority band. This
property is conserved when chromium is partially replaced by
iron. Therefore, iron-doping is promising way to tune the
electronic properties, that is, to shift a Van Hove singularity to
the Fermi edge. As expected, band-structure calculations
reveal that a rigid-band model is too simple to correctly
predict the effect of this type of doping.*>""!

A comparison of the experimental results with the
calculations demonstrates that site disorder is the main
obstacle in the preparation of half-metallic compounds. The
preparation of films of L2,-ordered Co,Cr,_Fe Al is partic-
ularly difficult. While the B2-type disorder that results from a
partial exchange of chromium or iron atoms with aluminum
atoms affect the spin polarization only slightly or not at all, a
partial exchange of cobalt atoms with chromium, iron, or
aluminum atoms (A2-type disorder) destroys the half-metal-
lic character immediately. The element-specific measurement
of the chromium moment is an efficient tool for character-
izing this type of disorder in Co,Cr,_,Fe, Al.[2":212:213]

The family of Heusler compounds (X,YZ) is very large,
but only a few of the members exhibiting half-metallic
ferromagnetism do not contain cobalt in the X site. The first
experiments on cobalt-based Heusler compounds were
reported by Webster et al.?'**! Since then, Heusler com-
pounds containing cobalt and manganese have attracted
considerable attention because they have high Curie temper-
atures (above 900 K).""" One of these compounds, Co,MnSi,
is an attractive candidate for many spin-dependent applica-
tions. Despite strong evidence in some cases, half-metallic
ferromagnetism in Heusler compounds containing cobalt and
manganese, especially at high temperatures, has never been
unambiguously confirmed by experiment. Co,FeSi is a good
candidate for obtaining such evidence, as it has the highest
Curie temperature and the highest magnetic moment yet
observed for a Heusler compound.P>21¢-218]

The electronic structure plays an important role in
determining the magnetic properties of Heusler compounds,
in particular, the occurrence of half-metallic ferromagnetism.
Band-structure calculations must, therefore, be performed
very carefully, and all of the approximations made must be
considered when discussing the results.

The first attempts to calculate the band structures of some
cobalt-based Heusler compounds (X =Co) did not indicate
half-metallic ferromagnetism.”'”) According to these calcu-

www.angewandte.org

Chemie

691


http://www.angewandte.org

Reviews

692

lations, a minimum occurs in the DOS at

the Fermi level, but the minority bands 1
cross the Fermi energy. At that time, the
calculations were based on spherical ng
potentials, and the exchange-correlation
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approximation (LSDA) was used in a
rather simple form.?*>?»! The first clear
indication of half-metallic ferromagnet-
ism in cobalt- and ruthenium-based
Heusler compounds was reported by
Ishida et al. for Co,MnZ and Ru,MnZ L
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results were compatible with those for
Y=Mn compounds calculated by
Picozzi et al. using the generalized gra-
dient approximation (GGA) instead of
the pure LSDA.”* The GGA, as intro-
duced by Perdew et al., accounts for density gradients, which
are not considered in the pure LSDA parameterization of the
exchange-correlation functional.??**! Using spherical poten-
tials and the GGA, a half-metallic state was not found for
Co,FeALP*#! However, a half-metallic ferromagnetic
ground state was found for the complete series Co,Cr,_,Fe Al
in calculations using full-symmetry potentials and the
GGA. " This result clearly indicates that to find the correct
ground states of the Heusler compounds, electronic-structure
calculations must include both full-symmetry potentials and
the GGA.

The properties of cobalt-based Heusler compounds were
calculated using this approach, and it was found that most
follow the Slater—Pauling rule. However, the question
remains as to how the electrons must be distributed to
produce half-metallic ferromagnetism. As the s and p elec-
trons do not contribute to the magnetic moment, it is
sufficient to consider the d electrons. The valence d electrons
are sufficiently localized to be assigned to the different atoms,
whereas most of the valence s and p electrons are completely
delocalized. The results are summarized in Figure 37. For the
complete series Co,YZ (Y = Sc-Fe, Z = Al, Si), it is found that
approximately 7.3 d electrons are located at the cobalt site;
that is, cobalt has an approximate 3d’° configuration in all of
the compounds. The number of 3d electrons at the Y site
increases linearly with the atomic number, resulting in
configurations of 3d'-3d® for scandium to iron. The magnetic
moment at the cobalt atoms is approximately 1y for Co,YSi
with Y =Ti—Mn, and is slightly lower for Co, YAl with Y =V-
Fe. Regardless of the type of atom at the Z site, scandium and
titanium atoms at the Y site do not contribute to the magnetic
moment. However, the total moment still follows the Slater—
Pauling rule, which means that the cobalt moment must be
reduced when the Y site is occupied by the lighter transition
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(middle) as a function of the mean number of valence electrons per atom in Co,YAI (left) and
Co,YSi (right; Y =Sc—Fe). Comparison of the experimental and calculated magnetic moments
per formula unit to the Slater—Pauling rule (bottom).

metals (in a manner depending on whether Z is Al or Si). For
the heavier transition metals, V-Fe, the moment varies from 0
to 4 ug, depending on the element at the Z site. To reach the
expected total moment of 6y for Co,FeSi, a larger moment is
necessary for both the cobalt and the iron atoms. However,
for this compound in particular, the LSDA-GGA calculations
fail to give the expected moment, even when full-symmetry
potentials are used. From the behavior of the moment
attributed to the cobalt atoms, in particular, its stabilization
at approximately 1 ug, it is clear that interactions between the
cobalt atoms play an important role in the half-metallic
ferromagnetism of the cobalt-based Heusler compounds.
Note that such interactions are absent in the C1, compounds.

To explain the magnetic properties of Co,FeSi (for
example, the total moment of 6u5),"” the partial localization
of the 3d electrons and the correlation between them must be
discussed. The relative importance of the itinerant and
localized properties of d electrons in metal alloys has been
discussed by Slater,[*%? van Vleck,® % and Goldmann.[*®!
As was first mentioned by Pauling for Cu,MnALP" Heusler
compounds are generally thought of as systems with localized
magnetic moments. On the other hand, delectrons are
normally delocalized in metals. The question of correlation
in transition-metal compounds then becomes the following:
to what extent are the on-site Coulomb interactions between
the delectrons preserved, despite shielding by delocalized
electrons, so that important atomic properties such as Hund’s
rules are obeyed and partially determine the magnetic
properties 721!

To answer this question, band-structure calculations were
carried out by using the LDA + U method,™" one of the most
popular and easiest approaches to include on-site electron—
electron correlations at the transition metals.* The LDA +
U method takes into account the orbital dependence of the
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Coulomb and exchange interactions, which is not considered
in the pure LSDA. In this method, the effective Coulomb
exchange interaction U, = U—J, where U is the Coulomb
integral and J the exchange integral, is used to include the
double-counting correction. The calculations were performed
for the series Co,Mn,_,Fe,Si (0 <x <1). Independent of the
iron concentration, the values of U, were set to Uy, =1.9 eV,
Ug.=1.795 eV, and Uy, = 1.768 eV. In previous work, the use
of these semi-empirical values in the LDS + U method was
found to accurately describe the experimentally determined
magnetic states of Co,MnSi and Co,FeSi.® These U, values
are similar to those reported by Bandyopadhyay and Sarma
for the Coulomb interaction Uy between 3d electrons in the
elemental first-row transition metals prior to the introduction
of the LDA 4+ U method.™ A plot of the magnetic moment
per formula unit determined from the LDA + U calculations
as a function of the iron concentration closely follows the
Slater—Pauling curve and is in good agreement with experi-
ment (Figure 38). The Fermi level shifts relative to the

B Experiment
—©0— Calculation

M"'PI;

0.6

1 L 1

0.8 1.0

Figure 38. Dependence of the position of the minority band gap of
Co,Mn,_,Fe,Si on x (top); CB =conduction band, VB =valence band,
FM = ferromagnetism, HMF = half-metallic ferromagnetism. Compari-
son of the experimental and calculated magnetic moments per formula
unit to the Slater—Pauling rule (bottom).

minority band gap, from the top of the minority valence band
for Co,MnSi to the bottom of the minority conduction band
for Co,FeSi. In contrast to the results of calculations neglect-
ing on-site correlation, Co,Mn,_,Fe,Si remains half-metallic
over the entire range of the iron concentrations according to
LDA + U calculations with a single set of Coulomb exchange
parameters. These findings strongly support the assumption
that electron—electron correlation should not be neglected in
Heusler compounds.

The electronic structure of the series Co,Mn,_,Fe Si was
very recently investigated by means of high-resolution

Angew. Chem. Int. Ed. 2007, 46, 668699
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HXPS.2*2411 The high photon energy of 8 keV used ensured
a true bulk sensitivity, owing to the large escape depth of
115 A. In Figure 39, the valence-band HXPS spectra are
compared to the calculated total DOS curves. The spectra

Co,MnSi Co,Mn, Fe Si Co FeSi
15p - L
a) b) c)
1o- - -
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Figure 39. Comparison of the weighted DOS curves for a) Co,MnSi,
b) Co,MngsFeysSi, and c) Co,FeSi to their valence-band HXPS spectra
in (d), (e), and (f), respectively.

agree well with the calculated DOS curves and, thus, justify
the use of the LDA + U method. In particular, the shape of
the spectra near the Fermi energy can only be explained
through the assumption of band gaps in the minority states
and, thus, provides indirect evidence for half-metallic states in
all three compounds. As further evidence for a band gap,
however, spin-resolved photoemission spectra at high ener-
gies would be highly desirable.

6.6. Magnetoresistance in Half-Metallic Intermetallics

From TMR data for a system with one electrode consist-
ing of a Co,MnSi film, Schmalhorst et al. inferred a spin
polarization of 61% at the barrier interface.”?*>>*] Although
the desired spin polarization of 100 % was not reached, the
experimental value of the spin polarization is larger than the
maximum value of 55% measured for a variety of 3d-
transition-metal alloys in combination with Al,O, barriers.[**
Tunneling junctions with Co,Cry¢Fe,,Al electrodes were
fabricated by several groups.***/! Spin-valve-type tunneling
junctions consisting of Co,Cr,¢Fe,,Al-AlO,(1.4 nm)-CoFe
layers were prepared at room temperature by sputtering onto
a thermally oxidized silicon substrate without any buffer
layers.”*! In this case, the Co,Cr,_,Fe, Al films were polycrys-
talline with a B2-like structure. The maximum TMR was
obtained for x = 0.4, with values of 19 % at room temperature
and 27 % at 5 K.”*! The TMR of 27 % corresponds to a spin
polarization of 30 % for Co,Cr,Fe,,Al if a spin polarization
of 50 % is assumed for the CoFe alloy in the Julliere equation.

Tunnel junctions consisting of Co,Cr,¢Fe;,Al-AlO,-
(1.4 nm)-Co were also prepared on Al,O5(110).2*! In this
case, the films were sputtered at 600 K, far below the
optimum growth temperature of 1000 K, and had smooth
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surfaces, but were polycrystalline.?*”) The maximum TMR
values were 10.8% at 4 K and 6% at room temperature,***
somewhat smaller than those reported earlier for similar
electrodes.! The smaller TMR values may be a result of the
fact that the cobalt electrode was not optimized to prevent a
switching of both electrodes at the critical field.** The
observed magnetization loops indicate that the two electrodes
were not aligned completely antiparallel to one another at
zero field, leading to a reduced TMR.

Recently, Marukame et al. achieved a TMR of 240 % at
42K for a Co,Cry¢Fe,,Al-MgO-CoFe tunnel junction.?*
This value corresponds to a spin polarization of 79 % at low
temperatures (50 % at room temperature), in agreement with
calculations for the disordered B2 alloy Co,Cr¢Fe,,Al. The
largest TMR at room temperature was found very recently by
Inomata and co-workers for a system incorporating the
quaternary Heusler compound Co,FeAlysSiys.>" 12;-
ordered samples exhibited a TMR of 180% at 300 K.
Magnetic tunnel junctions with the stacking structure
Co,MnSi-AlO,~Co,MnSi exhibited an extremely large
TMR of 570% at low temperatures, which is the largest
TMR effect yet reported for a system with an amorphous
AlO, tunneling barrier.™! The bias-voltage dependence of
the tunneling conductance for Co,MnSi indicated a half-
metallic gap of 350-400 meV, with an energy separation of
just 10 meV between the Fermi energy and the bottom edge
of the conduction band.” This small energy separation could
explain the unfavorable temperature dependence of the
TMR. The evolution of TMR over the last eight years is
illustrated in Figure 40.

200
I ® CoCr Fe Al
180 F 2=Tos “us L2 %i)
[ A cofeal 16
160 - v CoMnSi
140 |- ¢ CoMnAl Heusler
120 i Co FeSi
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Figure 40. Evolution of TMR for half-metallic ferromagnets at room
temperature since 1999. a) Ref. [245]; b) Ref. [263]; c) Ref. [264];

d) Ref. [265]; e) Ref. [251]; f) Ref. [266]; g) Ref. [267]; h) Ref. [268];
i) Ref. [269]; j) Ref. [250].

There are a few covalent half-metals that exhibit CMR.
Many of the Cl, compounds and some of the Heusler
compounds are semiconductors®>***> and undergo a
semiconductor-metal transition when doped with electrons
or holes. A few of these compounds become half-metallic
ferromagnets and exhibit MR of comparable magnitude to
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that of the perovskite manganites. Large MR has been
observed for Fe,,,V,_ALP Fe,, V, Ga[® Fe, V,Si>
Co,TiSn,*" CoV,Mn,,Sb,”* and RENiSb (RE =Tb, Dy,
Ho).#2™ For example, a CMR of approximately 40 % was
found for Fe,,V,,Al at 4 K.*>l RENiSb are semiconductors
or semimetals.[%%

The solid solutions NiTi,_,Mn,Sb and CoV,_ Mn,Sb were
reported to exhibit CMR by Pierre et al.?®) As shown by
magnetic measurements and electronic-structure calculations,
the manganese 3d states in these compounds are localized for
low manganese concentrations. In CoV,_ Mn,Sb, the mag-
netic interactions suddenly and strongly increase near x ~ 0.4,
and semiconducting behavior is observed in the range 0.35 <
x<0.45. These features were tentatively explained on the
basis of an Anderson localization of 3dstates in these
disordered alloys. Large MR is observed near the magnetic
ordering temperature for some phases.”” The CMR exhib-
ited by CoV,¢Mn,,Sb is surprising because CoVSb and
CoMnSb are both metals. However, a careful study of the
band structure of CoV,¢Mn,,Sb indicates that a Van Hove
singularity occurs near the Fermi level, which could be a
possible explanation for this exceptional behavior.

7. Conclusions: Is There a Simple Recipe?

Achieving specific properties in inorganic compounds by
materials design remains a challenge, and a revolutionary
breakthrough often appears to be distant. A more realistic
goal is to screen existing materials in a rational manner for
interesting properties, such as half-metallic ferromagnetism,
superconductivity, or CMR. Another possibility is to carefully
examine the crystal and electronic structures of materials that
are candidates for possessing the desired properties.

A few attempts were made to develop recipes for half-
metallic ferromagnets®**! and for compounds exhibiting
CMR B2 Al of these ideas were based on the analysis of
the electronic structures of several compounds and a chemical
or physical interpretation, depending on the background of
the scientist. Using density functional theory (DFT) calcu-
lations, Felser et al. systematically investigated the electronic
structures of many materials exhibiting CMR.P! In addition
to the dominant ferromagnetic coupling, certain features
stand out in the spin-polarized electronic structures of these
compounds. Two bands play a pivotal role in the electronic
structures: one localized magnetic band located just below the
Fermi energy, and another (possibly broader) conduction
band that is polarized by the first. Elemental gadolinium,
which exhibits the largest negative MR of the elements, also
has such a two-band electronic structure. In contrast, ferro-
magnetic metals, such as iron (which exhibits a very small
MR), do not have well-separated localized magnetic and
extended conduction bands. How the spin differentiation is
induced is not clear, but structural features such as low
dimensionality might play a role. Such structural features
could possibly be manifested as instabilities in the electronic
structure, for example, Van Hove singularities in the vicinity
of the Fermi energy. The two-band model for CMR is related
to the two band-model of Simon for superconductivity.?!l
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8. Summary

In this Review, ideas about the design of materials for
spintronics were presented. The combination of synthesis and
electronic-structure calculations is a powerful tool to identify
suitable materials. CMR was discussed on the basis of several
classes of materials: perovskite manganites, Ruddlesden—
Popper compounds, pyrochlores, spinels, rare-earth com-
pounds, and Zintl compounds. The similarity of the electronic
structures of materials exhibiting CMR or superconductivity
helped to identify some of these compounds. The role of
ferromagnetic semiconductors was pointed out for various
examples, from oxides to doped semiconductors. Further-
more, the preconditions for half-metallic ferromagnetism, as a
very important property for spintronics, were extensively
discussed. Particular attention was given to chemical aspects,
such as the importance of covalent and ionic interactions in
oxides, C1, compounds, and Heusler compounds.

In summary, the design of new materials for spintronics
remains a challenge for solid-state chemistry.
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