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Foreword

Spintronics is a new field of science, developed over the past 20 years, that is fo-
cused on exploring the properties of materials in which spin-polarized currents play
a key role, as well developing materials and devices for advanced nano-electronic
applications. Spintronics materials have already found one important application in
the form of highly sensitive magnetic field sensors in recording read heads for mag-
netic disk drives. The development of such “spin-valve” sensors was predicated on
the discovery of the twin phenomena of giant magnetoresistance (GMR) and oscil-
latory interlayer magnetic coupling in magnetic multilayers formed from transition
and noble metals in the early 1990s. More recently the same spin-engineering con-
cepts in conjunction with the phenomenon of spin-dependent tunneling has allowed
for the further development of even more sensitive recording read heads. Magnetic
tunnel junction (MTJ) read heads have, since about 2007, have completely replaced
sensors based on the phenomenon of GMR. Further advances in such recording read
heads require new sensing materials that have a complex set of intertwined proper-
ties. Similarly, spintronics materials and phenomena, if suitably engineered, have
the potential for novel solid-state memories. Magnetic tunnel junctions themselves
can form a non-volatile memory cell and proposals for an MTJ based magnetic
random access memory (MRAM) date from the mid 1990s. The first MTJ based
MRAM was demonstrated by IBM in 1999. Today there is much excitement about
the potential of MRAM for high density applications and for replacing conventional
charge based memories such as DRAM, e-DRAM and even SRAM. These latter
technologies may have difficulties scaling to dimensions below 10—15 nm. However,
just like sensors, the success of MRAM is predicated on the discovery of new mate-
rials with the needed combination of properties for this application. For MRAM, in
addition to high tunneling magnetoresistance, it must be possible to switch the mag-
netic state of the MTJ memory element using tiny currents passed through the MTJ
that take advantage of the phenomenon of spin-momentum transfer. This requires
MT]J elements in which the magnetic moment of each of the magnetic electrodes in
the device are oriented perpendicular to the layers forming the tunneling junction.
Moreover, these MTJ elements must be sufficiently stable against thermal fluctua-
tions that their memory, namely the direction of magnetization of the electrode in
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vi Foreword

which the data is stored, can be sustained for a decade or longer. It is challenging to
find materials that can meet these stringent requirements.

This book focuses on classes of materials that exhibit half-metallicity and which
have the potential for advanced sensor and memory applications. Half-metallicity is
found in magnetic materials in which one of the spin-polarized bands has a band-gap
at the Fermi energy and in which the other exchange-split band has a non-zero den-
sity of states at the Fermi energy. Examples include members of the perovskite and
double-perovskite families, as well as CrO;, and members of the Heusler family of
compounds. The oxides typically have magnetic ordering temperatures near or be-
low room temperature but the Heusler compounds can have Curie temperatures that
exceed 1,000 K. For example, Co,FeSi was discovered to have a Curie temperature
greater than 1,120 K in 2005. Over the past decade “simple rules” for understanding
the properties of the vast class of Heusler and half-Heusler compounds have been
developed, allowing for systematic materials engineering of such materials for a va-
riety of applications including magnetic sensors and memories. Out of the scope
of this book are applications of Heuslers to, for example, thermoelectrics and solar
cells. The application of Heuslers to the field of spintronics perhaps began with the
inverse design of the quaternary compound, Co,Crg ¢Feg.4Al, by the Mainz group in
2000. Using the “simple rules” mentioned previously to identify potentially Heusler
compounds that would not only exhibit high tunneling spin polarization by virtue
of their half-metallic character, but at temperatures needed for sensor and memory
applications, the Mainz group carried out density functional theoretical modeling
of the electronic structure of hundreds of Heusler compounds. They calculated and
then experimentally demonstrated that in Co,Crg ¢Feg.4Al the Fermi energy would
like in the middle of the electronic band-gap in the minority spin-polarized channel.
Thus, the half-metallic nature of this material is less sensitive to thermal excitations
of minority spin-polarized carriers, so ensuring near complete half-metallicity over
the temperature range of applications.

This book provides an insight into our current understanding of Heusler com-
pounds. A detailed understanding of the relationship between their crystal structure
and electronic properties is discussed including the influence of atomic disorder.
The current state of the art of Heusler based devices is also presented. Of particular
importance are Heusler compounds including as one of their constituent elements
cobalt for the magnetic electrodes in spin-valve and magnetic tunnel junction de-
vices. These compounds have very high magnetic ordering temperatures, as men-
tioned above. An important recent focus of interest is the exploration of tetragonally
distorted Heusler compounds, and Mn3zGa and cousins, which display very large
values of perpendicular magnetic anisotropy. Such materials have significant poten-
tial for spin transfer torque-MRAM.

The detailed understanding of the properties of complex materials such as
Heusler compounds and oxides that is described in this book attests to the very
bright future of half-metallic materials!

IBM Almaden Stuart S.P. Parkin



Preface

Spintronics is the child of magnetoelectronics, which was born with the discovery
of the “half-metallic ferromagnets” in 1983 by Robert de Groot for NiMnSb and by
Jiirgen Kiibler for CooMnAl and CopMnSn. Peculiar for this type of ferromagnets
is that only electrons with one kind of spin take part in the electronic transport prop-
erties. This leads to the idea that electronic devices can be built where not the charge
but the spin of the electron transports the signal and is thus free of “ohmic” energy
dissipation. The exceptional property that the materials exhibit 100 % spin polariza-
tion at the Fermi energy makes them ideal candidates for spin injection devices to
be used in spin electronics that is spintronics.

Spintronics is an emerging technology exploiting the spin degree of freedom and
has proved to be very promising for new types of fast electronic device. Amongst the
anticipated advantages of spintronics technologies, researchers have identified the
non-volatile storage of data with high density and low energy consumption as partic-
ularly relevant. This monograph examines the concept of half-metallic compounds
perspectives to obtain novel solutions, and discusses several oxides as well as the in-
termetallic Heusler compounds. Such materials can be designed and made with high
spin polarization and, especially in the case of Heusler compounds, many material-
related problems present in current-day 3d metal systems, can be overcome. From
materials design by theoretical methods and the preparation and properties of the
materials to the production of thin films and devices, this monograph provides an
insight into the current research on Heusler compounds and double perovskites. It
offers a general understanding of structure—property relationships, including the in-
fluence of disorder and correlations on the electronic structure and interfaces. Last
not least, spintronics devices such as magnetic tunnel junctions (MTJs) and giant
magnetoresistance (GMR) devices, with current perpendicular to the plane, in which
Co, based Heusler compounds are used as new electrode materials, are also intro-
duced.

The way from materials design to applications and devices is reviewed in 17
chapters by experts in the field. An introduction to Heusler compounds (Chaps. 1-
3) and double perovskites (Chap. 4) as materials for spintronics is given in the first
four chapters. In the following four chapters, the basic theoretical considerations
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viii Preface

for materials design of the half-metallicity of Heusler compounds (Chaps. 5-7) and
double perovskites (Chaps. 5 and 8) are given. Next five chapters are devoted to the
application of new and well established experiments to investigate the materials and
devices (Chaps. 9-13). Finally, four chapters (14—17) review the successful use of
the new materials in thin films and devices.

The first part is devoted to new materials from the classes of Heusler compounds
and double perovskites. Chapter 1 gives an overview on functionalities and applica-
tions of Heusler compounds. The following Chap. 2 reports on new Heusler com-
pounds and their properties starting with material design from the viewpoint of a
chemist based on optimization and tuning of the Fermi energy by chemical substi-
tution. Details of crystallographic order and disorder phenomena in Heusler com-
pounds are discussed in Chap. 3. These phenomena are important for an understand-
ing of the structure to property relations. Substitution effects in double perovskites
are reported in Chap. 4, which investigates the influence of electron and hole doping
in half-metallic SrpFeReOg.

The second part reviews the design of new materials by theoretical methods.
Chapter 5 deals with the theory of the half-metallic materials and reviews the half-
metallic ferromagnets and ferrimagnets found in the classes of Heusler compounds
and double perovskites. The special focus of this chapter is on electronic structure,
nature of the magnetic moments and physics of the energy gap for a single spin chan-
nel. Chapter 6 is about correlation and chemical disorder in Heusler alloys with a
special emphasis on spectroscopic studies. It is shown that effects of local electronic
correlations and alloying on the properties of the Heusler compounds need an equal
treatment of static and dynamic correlations. More details of the electronic struc-
ture of the half-metallic, transition metal based Heusler compounds are reviewed in
Chap. 7. It reports on calculation of electronic structure and properties by means
of ab-initio band structure methods for ordered, substituted and disordered Heusler
compounds. The theory of the electronic structure of complex oxides is reported in
Chap. 8, which discusses—based on dynamical mean field theory—the electronic
structure, magnetic properties, and metal—insulator transitions in transition metal
oxides.

The third part is devoted to new experimental methods and their application to
the investigation of new materials. Chapter 9 is about the experimental investiga-
tion of the local structure of highly spin polarized Heusler compounds revealed by
nuclear magnetic resonance spectroscopy (NMR). It shows that NMR, as a local
probe, is a suitable tool to reveal structural contributions and foreign phases in spin
polarized materials which are very difficult to detect with other methods. Chapter 10
reports on the investigation of new materials with high spin polarization by X-ray
magnetic circular dichroism. It explains in an element specific way the spin and or-
bital magnetic moments of Co YZ (bulk and films) and confirms experimentally the
tailoring of the Fermi level in quaternary substituted compounds. As a very young
experimental method, hard X-ray photoelectron spectroscopy is applied in Chap. 11
to explore the electronic structure of new materials, thin films, and buried layers in
MTIJs. In Chap. 12, the surface electronic properties of Co,Cr_,Fe, Al are char-
acterized by spin resolved photo emission with low photon energies to discriminate
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bulk and surface states. Magneto-optical experiments and ion beam-induced modifi-
cation of Heusler compounds are reported in Chap. 13 that reports on investigations
of magnetic exchange stiffness, magnetic anisotropy, magnetization reversal, and
magneto-optical Kerr effect in Co-based Heusler compound thin films.

The last part demonstrates the successful use of new spintronics materials in thin
films and devices. Chapter 14 is devoted to a special material (CosFe(Al;_Siy))
and its application in spintronics. It reports on the structural and magnetic properties
of epitaxial thin films and their applications to magnetic tunnel junctions (MTJs),
giant magnetoresistive (GMR) devices and spin transfer magnetization switching.
It reveals that the use of Heusler compounds is an effective way to reduce the
switching current density in MTJs. Chapter 15 is about the transport properties of
Coy(Mn, Fe)Si thin films. Especially it is shown that the normal Hall effect under-
goes a transition from a hole-like charge transport in Co,MnSi to an electron-like
transport in CopFeSi. Chapter 16 reports on the preparation, barrier-interface engi-
neering, and investigation of CoyCrj_,Fe, Al thin films for MTJs with AlO, tun-
neling barriers. The tunnel magnetoresistance in tunnel junctions with Cop,MnSi as
Heusler alloy electrode and MgO as barrier is investigated in Chap. 17. This com-
pletes the way from material design to successful use in spintronics devices.

Mainz, Dresden Claudia Felser
Gerhard H. Fecher
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Chapter 1
Heusler Compounds at a Glance

Tanja Graf and Claudia Felser

Abstract The class of Heusler compounds, including the XY Z and the X»2Y Z com-
pounds, does not only have an endless number of members, but also a vast variety
of properties can be found in this class of materials, ranging from semi-conductors,
half-metallic ferromagnets, superconductors, and topological insulators to shape
memory alloys. With this chapter, we would like to provide an overview of Heusler
compounds, focusing on basis design principles, their properties and potential ap-
plications.

1.1 Introduction

The search for new materials in the field of spintronics lead to the class of Heusler
compounds about 30 years ago. They seem to be the material of choice for many
applications, due to their tunable electronic structure, which makes the design of de-
sirable properties, ranging from half-metallic ferromagnets [1, 2] over completely
compensated antiferromagnets [3] to non-magnetic semiconductors [4, 5], and even
superconductors [6, 7], possible. In the last few years, new areas of applications
emerged, comprising environmental technologies, as thermoelectrics [8, 9] and so-
lar cells [10]. Very recently, the discovery of topological insulators, a new quantum
state of matter, opened the door to technologies of the future with unimagined pos-
sibilities for Heusler compounds [11, 12].

Heusler compounds are ternary intermetallics with the general formula XY Z (of-
ten called Half-Heusler) or XY Z, in which X and Y typically are transition metals
and Z is a main group element. This class of materials was discovered in 1903 by
Fritz Heusler [13, 14]. Their special feature is, in fact, that their properties differ
completely from those of the contained elements. For instance, CupMnAl is mag-
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netic, although neither Cu, nor Mn and Al are magnetic by themselves. Another
example is TiNiSn, which is semiconducting, even though it is comprised of three
metals [15]. The endless number of compounds, which can be prepared by combi-
nation of almost all elements of the periodic table, is illustrated in Fig. 1.1.

In this review article, we give an overview of the structural, electronic and mag-
netic properties of this exceptional class of materials. Furthermore, several areas of
possible applications will be discussed.

1.2 Crystal Structure of Heusler Compounds

In the past, Heusler compounds were often understood as intermetallic alloys, al-
though the description as an intermetallic compound is more appropriate due to
their characteristic atomic order. They first attracted interest among the scientific
community in 1903, when F. Heusler found that the compound CuyMnAl becomes
ferromagnetic, although non of its constituent elements is ferromagnetic by it-
self [13, 14]. However, it took three decades until the crystal structure was deter-
mined to be ordered with a face centered, cubic lattice [16, 17]. Today, it is well-
known that the properties of Heusler compounds depend strongly on the atomic or-
der. Band structure calculations show that already small amounts of disorder within
the distribution of the atoms on the lattice sites cause distinct changes in their elec-
tronic structure, and thus also in their magnetic and transport properties [18-20].
Therefore, a profound understanding and a careful analysis of their crystal structure
is essential to comprehend the structure-to-property relation of Heusler compounds.

Figure 1.2 shows the most important crystal structure relationships concerning
Heusler compounds. The zinc blende structure (ZnS) builds the basis for the under-
standing of Heusler compounds, since all Heusler compounds can be decomposed
into a ZnS-type substructure with variations in the occupancy of the interstitial lat-
tice sites. Due to the covalent character of its bonding interaction, this sublattice is
always composed of those elements with the smallest difference in electronegativity.

Generally, two families of Heusler compounds have to be distinguished: The
ternary compounds XY Z with C1, structure (often referred to as “Half”’-Heusler
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compounds, compare Fig. 1.2, middle panel) and those with the general formula
X,YZ (Fig. 1.2, bottom). A common feature of both families are four interpen-
etrating fcc sublattices. In case of X2YZ compounds, they are fully occupied,
whereas one of them is void in Half-Heusler compounds. Starting from the ZnS-type
structure, the most electropositive atoms fill the octahedral vacancies, since this is
electrostatically preferred. The prototype of the Half-Heusler structure is MgAgAs
(space group F43m (216)), C1p.

Heusler compounds XY Z crystallize in the cubic space group Fm3m (225) with
CuyMnAl (L2) as prototype. This structure can also be understood as a zinc blende-
type sublattice, build up by one X and Z, the second X occupies in the remaining
tetrahedral holes, and Y is located in the octahedral holes. Depending on the atomic
arrangement, the HgCu, Ti-type structure, in which one X and Y change sites, is
also possible (Space group no. 216, F43m) but this “inverse” Heusler structure is
less frequently observed [21].

Atomic disorder has a strong impact on the electronic structure, and thus, also
on the properties of Heusler compounds. Detailed descriptions of disorder effects
in Heusler compounds can be found in Chap. 2 and in Refs. [22-26]. It should
be noted that the detection of anti-site disorder is not trivial, standard powder X-
ray diffraction (XRD) methods are often not sufficient to fully clarify the atomic
arrangement. Useful techniques to detect also small amounts of disorder include
anomalous XRD investigations with synchrotron radiation [27], spin echo nuclear
magnetic resonance [28-30], Mofbauer spectroscopy [31, 32], and extended X-ray-
absorption fine structure (XAFS) [33, 34].
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1.3 Electronic Properties

The electronic behavior of Heusler compounds can be easily understood by electron
counting rules.

Half-Heusler compounds comprise the family of Nowotny—Juza phases. All
compounds with a closed electron shell exhibit semiconducting behavior. For the
Nowotny—Juza phases AT'BICY with AT =L, Cu, Ag, BT = Be, Mg, Zn, Cd, and
CV =N, P, As Sb, Bi, the closed shell configuration is obtained for a valence elec-
tron number of eight, as indicated by the formal oxidation states. These compounds
are well-known direct wide band gap semiconductors [35-37]. The introduction of
transition metals leads to Half-Heusler compounds XY Z. Please, note that the ele-
ments are ordered according to their electronegativity, the most electropositive ele-
ment is placed at the beginning of the formula, e.g. ZrNiSn, and GdAuSn [38, 39].
The electropositive X transfers its valence electrons to the more electronegative el-
ements Y and Z. Thus, they become stable closed shell ions, i.e. a d 10 configuration
for Y and a s2p® configuration for Z. This procedure requires 18 valence electrons
and empties the valence atomic orbitals of X. Consequently, semiconducting be-
havior is found for compounds with 18 valence electrons, for instance TiCoSb, and
TiNiSn [40, 41]. Changing the valence electron count to a number different from
18, should lead to the formation of a metallic and magnetic compound. Due to the
fact that magnetic atoms can only be placed on one of the fcc sublattices, as in-
dicated by the arrows in Fig. 1.2 (middle panel), most compounds with Ny # 18
do not crystallize with the C1,, structure. Well-studied examples are FeMnSb, Mn-
MnSb, CrMnSb, and MnCoSb, which show contain two magnetic elements, and
hence, crystallize in different structure types with more than one magnetic lattice
site [42—44]. The only exceptions are the MnY Sb compounds with ¥ = Ni, Pd, and
Pt, which exhibit half-metallic ferromagnetism [45-50]. For MnNiSb, the bonding
can be described in terms of Mn3* (d*), Ni° (419), and Sb3~ (s2p6) ions [4, 51].
The electrons of the Mn>* ions are strongly localized, and therefore, the compounds
MnY Sb are stable in the C1; structure and exhibit a magnetic moment m of 4 up
per formula unit.

For the Heusler compounds X»Y Z the closed shell electron configuration is ob-
tained in case of a valence electron count of Ny = 24, e.g. Fe, VAl [52]. In contrast
to Half-Heusler compounds, two magnetic sublattices exist in the L2 structure as
indicated in Fig. 1.2. Thus, a whole zoo of magnetic compounds with Ny # 24 is
known, comprising ferromagnets, ferrimagnets and even completely compensated
antiferromagnets. The magnetic properties, and half-metallic ferromagnetism in par-
ticular, are discussed in Sect. 1.4.

1.4 Magnetism in Heusler Compounds

In 1983, Kiibler et al. revealed by ab initio calculations that the density of states
of ferromagnetic CooMnSn and Co,MnAl nearly vanishes for one spin direction at
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the Fermi energy level (er), which results in a high spin polarization. They con-
cluded that this leads to peculiar transport properties [1]. This prediction of half-
metallic ferromagnetism was extended to a large group of Coy-based Heusler com-
pounds [20, 53-55].

The electron spin polarization P at e of a material is a useful measure to de-
scribe its electronic properties. P is given by

_ pr(€F) — py(€F)

_ i (1.1)
p1(er) + py(eF)

where p4(er) and p| (eF) are the spin projected density of states at € p. The arrows
1 and | denote states of opposite spin, i.e. majority and minority states, respec-
tively. P vanishes for paramagnetic or antiferromagnetic materials, even below the
magnetic transition temperature. However, it has a finite value in ferromagnetic or
ferrimagnetic materials below the Curie temperature. The electrons at ey are fully
spin polarized (P = 100 %), if either p;(er) or p (eF) equals zero.

For ferromagnetic materials the Slater—Pauling curve [56, 57] is a simple way
to study the relation between the valence electron concentration and the magnetic
moment (see Fig. 1.3). It is well known that Heusler compounds based on Co, fol-
low the Slater—Pauling rule for predicting their total spin magnetic moment [58—60].
This allows for the prediction of their total spin magnetic moment. The electronic
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structure of these alloys exhibits a minimum in the minority density of states, in
which the Fermi energy level is pinned. Therefore, the minority spin density is pre-
defined to a finite value, and hence, the number of majority electrons increases pro-
portional to the total number of electrons. As a direct consequence, the magnetic
moment scales linearly with the number of valence electrons (for more details see
references [58, 60]).

Half-metallic ferromagnets, like the Coy-based Heusler compounds, even exhibit
a gap in the minority density of states. The Slater—Pauling rule

m=Ny — 24, (1.2)

with m = the magnetic moment per formula unit and Ny = the total valence elec-
tron number (sum of s, d electrons for the transition metals, and s, p electrons for
the main group element), is strictly fulfilled. m is given by the difference between
the electron counts in both spin directions, since 12 minority states, in particular,
one s, three p, and eight d bands, are occupied in Heusler compounds [46, 58].

For Half-Heusler compounds with C1, structure, a similar rule was first found
by Kiibler et al. [46]:

m=Ny — 18. (1.3)

In Fig. 1.3(a) experimental values of the magnetic moment of selected Heusler com-
pounds are compared to the Slater—Pauling rule. All Heusler compounds are located
at the localized part of the Slater—Pauling curve [58, 60]. In this part of the curve,
predominantly materials with bcc or bece-derived structures are found. Only the
Co;-based compounds, which are predicted to show half-metallic ferromagnetism,
follow the linear trend, while the magnetic moments of many Fe,- and Ni;-based
compounds are considerably scattered. For a detailed discussion of this context see
Refs. [2, 58, 60].

Figure 1.3(b) reveals a different behavior: An approximately linear dependence
is obtained for Co,-based Heusler compounds, when plotting the Curie tempera-
ture (T¢) as function of their valence electron number (see data and references in
[24, 25]). According to this plot, T¢ is highest for those half-metallic compound
with a high valence electron concentration, or equivalently, for those exhibiting a
large magnetic moment. Co,FeSi, in fact, is the Heusler compound with the high-
est magnetic moment of 597 up at 5 K and the highest Curie temperature of
1100 K [61]. Kiibler developed an ab initio estimate for the calculation of the Curie
temperature of an itinerant-electron ferromagnet in the spherical approximation us-
ing the LDA scheme [62]. With this approach, a very good agreement between cal-
culation and experiment was achieved, e.g. a T¢ value of 1185 K was calculated for
CoyFeSi, which fits quite well to the experimental value of 1100 K [54, 55].

Changing the total number of valence electrons to a value below 24, leads to half-
metallic ferromagnetism with a band gap in the majority channel, as calculated by
the generalized gradient exchange-correlation potential method for Mn, VAI [63].
(Mng.5Co¢.5)2 VAL, which can be derived from Mn,VAI by substitution of Co for
half of the Mn atoms, is non-magnetic with 24 valence electrons.
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1.5 Properties and Applications of Heusler Compounds

Coy-based Heusler compounds were intensely studied due to their high potential
as new electrode materials in spintronic devices, such as magnetic tunnel junctions
(MT]Js) [64—67], giant magnetoresistance (GMR) devices [68—72], and for spin in-
jection from ferromagnetic electrodes into semiconductors [73]. The activity in this
field was stimulated by Block et al., who discovered the large negative magne-
toresistance (MR) at room temperature (RT) in the quaternary Heusler compound
Co,Crg eFep4Al (CCFA) [53, 74], which demonstrates the tunability of the spin
density of states at the Fermi level by substituting constituent elements. In pressed
powder compacts, which act as a series of MTJs, a MR of —30 % was reported in a
small external field of 0.1 T. This triggered an enormous research activity focusing
on the implementation of this material into spintronic devices [64, 75-77]. The first
tunneling magnetoresistance (TMR) using a B2 sputtered CCFA electrode was re-
ported to be 26.5 % at 5 K (16 % at RT) by Inomata et al. [64]. The incorporation of
Heusler compounds into TMR devices lead to a dramatic increase in the TMR ratio
in the following years as shown in Fig. 1.4. High TMR values of up to 570 % at 2 K
could be reached with Co, MnSi electrodes sandwiching a AlO, -barrier [78]. In fact,
a spin polarization of &85 % for Co,MnSi can be deduced from these results. At RT,
however, the effect is reduced considerably, which is attributed to spin-filp tunneling
caused by magnetic impurities at the interface or pinholes in the tunneling barrier.
A major step forward was maid by the introduction of single-crystalline MgO as a
barrier material, which gives rise to a coherent tunneling mechanism [79, 80]. The
TMR values at RT could be increased steadily, leading to 340 % for a CsCl-type dis-
ordered CoyFeAl-based MTJs [81]. Since this Heusler compound does not exhibit
a complete spin polarization, the high TMR value is a strong indication for pro-
nounced coherent tunneling. A further improvement of MTJs with CosFeAlg 5Sig s
electrodes fabricated by molecular beam epitaxy (MBE) was achieved and TMR
ratios of 386 % at RT (832 % at 9 K) were observed [82]. The use of slightly off-
stoichiometric CopMnj 29Si| g6 in fully epitaxial MTJs resulted in high TMR ratios
of 1135 % at 4.2 K and 236 % at RT [83].

For current perpendicular to plane (CPP) GMR devices comprised of
CoyFeAlp5Sigs/Ag/CorFeAlpsSips, a MR ratio of 34 % at RT (80 % at 14 K)
was reported [88]. To minimize the lattice mismatch and to optimize the in-
terface scattering properties, “all-Heusler” CPP-GMR devices with the trilayer
CoyMnSi/RuyCuSn/CoxMnSi were proposed. These devices yielded a MR ratio
of 6.7 % at RT [72].

Thin films with perpendicular magnetic anisotropy (PMA), i.e. with the easy
magnetization axis pointing perpendicular to the film surface, are strongly desired
for spintronics applications to overcome the superparamagnetic limit and enhance
the thermal stability of ultra-high density magnetic memory storage devices. On
the other hand, materials based on Mn3_,Ga are promising candidates, due to the
antiferromagnetic coupling of the Mn magnetic moments, which leads to a low sat-
uration magnetization, and simultaneously, retains the high Curie temperature of
[89, 90]. As an example, the successful growth of tetragonal distorted Mn; 5Ga thin
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films with the tetragonal c-axis pointing perpendicular to the surface was recently
demonstrated [91]. The search for new materials with suitable properties is, in fact,
a field of active research.

The most attractive properties of Half-Heusler materials for an application as
thermoelectric materials are their high Seebeck coefficient S up to ~300 uV K~! at
RT and their high electrical conductivity (*1000-10000 S cm™ 1) [9, 92-94]. The
only drawback is the relatively high thermal conductivity, which can be as high as
10 W/mK. In the past, research activities were focused on n-type TiNiSn-based
compounds, but recently great progress was also made for p-type TiCoSb-based
materials. Consequently, a maximum Z7 value of 1.4 at 700 K was reported n-
type (Zro.sHfp 5)0.5Tig.sNiSng 998 Sbo po2 [8]. The highest ZT value for an p-type
TiCoSb-based material, reported so far, is 0.7 at 900 K for Tip ¢ Hfp 4Co0.87Nig.13Sb
with a power factor of 23.4 yW/cm K? [95]. Recently, a transition from a n-type to
a p-type material was observed for Ti(j_,)MNiSn (M = Sc, V) which opens the
opportunity to build thermocouples based on the same material [96].

The first superconducting Heusler compounds Pd,RESn and PdyREPD (RE =
rare earth) were reported by Ishikawa et al. in 1982 [97]. Up to now, several new
superconductors within the family of Heusler compounds have been reported, their
critical temperature, however, is too low from an applications point of view. Gener-
ally, superconductivity is often found in Heusler compounds with 27 valence elec-
trons, which show the same finger print in their band structure, i.e. a van-Hove sin-
gularity at the L point [7, 98]. This allows for the prediction of superconductivity in
new Heusler compounds. The highest transition temperature, up to now, was found
in Pd,YSn with T, = 4.9 K [6].

The system Ni;MnGa is intensively investigated due to its shape memory be-
havior. The cubic phase undergoes a ferromagnetic transition at 7¢ = 376 K [99].
Additionally, stoichiometric NipMnGa undergoes a structural phase transition at
Ty =202 K from the high-temperature cubic L2 structure to a martensitic phase
with complex tetragonal structure [99]. Due to the reversibility of this martensitic
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transition, a shape memory effect is observed in this system. Interestingly, both crit-
ical temperatures can be tuned by alloying. Changing the relation between T, and
Tc results in different properties, which makes these alloys promising for techno-
logical applications. Furthermore, in Nip4+,Mnj_,Ga with 0.18 < x < 0.20, a cou-
pling of the magnetic and the structural transition takes place, because the transition
temperatures are close to each other [100]. Consequently, it becomes possible to
achieve a shape memory effect by applying a magnetic field and to induce attractive
properties such as the giant magnetocaloric effect, magnetostriction, and magnetore-
sistance, which are important for magnetic refrigeration or magnetostrictive trans-
ducers [101-104]. For x > 0.3, Ty is higher than ¢, and therefore, the martensitic
transition occurs in the paramagnetic region. Since T); increases dramatically with
increasing x, alloys with a high Ni excess can be used as high temperature shape
memory alloys. Here again, the total electron count is an easy, but reliable way to
qualitatively understand the relation between composition and transition tempera-
tures. It was shown that an increasing number of valence electrons lowers Ty, [105].
A profound understanding of the physical properties, however, is needed, to design
new materials with predictable properties. For this purpose, first-principles calcula-
tions can give an insight into the complex relation between concentration dependent
properties and the transition temperatures [106].

The recently discovered quantum spin Hall state and topological insulators are
new states of quantum matter, interesting both, for fundamental condensed matter
physics and material science. Recently it was demonstrated that around 50 Heusler
compounds show a band inversion, similar to that of HgTe, in which the quantum
spin Hall effect was observed experimentally [11, 12, 107]. The topological state
in these zero-gap semiconductors can be created by applying strain or by designing
an appropriate quantum well structure, similar to the case of HgTe. Many of these
ternary zero-gap semiconductors (LnAuPb, LnPdBi, LnPtSb, and LnPtBi) contain
the rare-earth element Ln, which can realize additional properties ranging from su-
perconductivity (e.g. LaPtBi [108]) to magnetism (e.g. GdPtBi [109]) and heavy
fermion behavior (e.g. YbPtBi [110]). These properties can open new research di-
rections in realizing the quantized anomalous Hall effect and topological supercon-
ductors.

1.6 Conclusion and Outlook

Heusler compounds are an outstanding class of materials with a large variety of
diverse properties. Their success story began 30 years ago with the prediction of
half-metallic ferromagnetism in Coy-based materials. In recent years, not only the
field of spintronics jumped into Heusler materials, but also research on environmen-
tal techniques as thermoelectrics and solar cells discovered their amenities, includ-
ing tunability of their properties by substitution of atoms, non-toxicity, and the low
price. With the discovery of the topological state in Half-Heusler compounds, a new
era dawns, and the search for new, multi-functional Heusler compounds will be a
fruitful field of research in coming years.
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Chapter 2
New Heusler Compounds and Their Properties

Benjamin Balke, Gerhard H. Fecher, and Claudia Felser

Abstract Spintronics is a multidisciplinary field and a new research area. New ma-
terials must be found for satisfying the different types of requirement. The search
for stable half-metallic ferromagnets and ferromagnetic semiconductors with Curie
temperatures higher than room temperature is still a challenge for solid state scien-
tists. A general understanding of how structures are related to properties is a nec-
essary prerequisite for material design. Computational simulations are an important
tool for a rational design of new materials. The new developments in this new field
are reported from the point of view of material scientists.

2.1 Introduction

A great scientific interest is attracted by materials with a complete spin polarization
at the Fermi energy [1]. Such materials, being a metal for spin up and a semicon-
ductor (or insulator) for spin down electrons, are called half-metallic ferromagnets
(HMF) [2, 3]. Already in 1983 Heusler compounds have been considered poten-
tial candidates to show this property. Theoretical calculations predicted an energy
gap for minority electrons for the half-Heusler compound NiMnSb [2, 4] which,
however, has been controversially discussed later [5-7]. At the same time, Kiibler
et al. [8] recognized that the minority spin densities at the Fermi energy (¢r) nearly
vanish for CooMnAl and CopMnSn. The authors concluded that this should lead to
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peculiar transport properties in these Heusler compounds because only the majority
density contributes to the states at ef.

Generally, Heusler compounds belong to a group of ternary intermetallics with
the stoichiometric composition XY Z ordered in an L2-type structure. Many of
them are ferromagnetic [9]. X and Y are transition metals and Z is usually a main
group element. Y may also be replaced by a rare earth element. The L2; structure
consists of a primitive fcc lattice with a basis of four atoms. Remarkably, the proto-
type CupMnAl is a ferromagnet even though none of its constituents is one [10].

The quite new research area of so-called spintronics is a multidisciplinary field.
New materials must be found for satisfying the different types of requirement. The
search for stable half-metallic ferromagnets and ferromagnetic semiconductors with
Curie temperatures higher than room temperature is still a challenge for solid state
scientists. A general understanding of how structures are related to properties is a
necessary prerequisite for material design. Computational simulations are an impor-
tant tool for a rational design of new materials. The new developments in this new
field are reported from the point of view of material scientists. The development
of magnetic Heusler compounds specifically designed as material for spintronics
applications made tremendous progress in the very recent past.

The boom about Heusler compounds for spintronics applications and with it the
huge number of both, theoretical and experimental investigations (over 700 publi-
cations concerning X»Y Z Heusler compounds in the last eight-nine years) began in
2002/2003 with the observation of—at that time—Ilarge negative magnetoresistance
in powder compacts of CoyCrggFeg4Al [11]. A magnetoresistive effect of 30 %
in a small magnetic field of 0.1 T at room temperature was found. This demon-
strated for the first time the feasibility of a cheap and simple magnetic sensor based
on polycrystalline, intermetallic materials. This value was later optimized by using
powder compacts of CoyCrg ¢Fep 4 Al, mixed with insulating Al, O3, to a maximum
magnetoresistance ratio of 88 % in an induction field of 0.125 T at 295 K [12].

Based on band structure calculations and guided by striking features in the elec-
tronic structure of several magnetic Heusler compounds, Co,Crg ¢Feg 4Al was cho-
sen to obtain a half-metallic ferromagnet with a van Hove singularity in the vicinity
of the Fermi energy in the majority spin channel and a gap in the minority spin
channel [11]. Following this investigation, Inomata et al. [13] prepared a spin valve
type tunneling junction with a Co,Crg ¢Fe 4 Al Heusler compound film that showed
a tunneling magnetoresistance ratio of 16 % at room temperature. Afterwards, thin
films of the compound Co,Crg ¢Feg4Al were successfully grown by many other
groups [14—17]. A magnetoresistance ratio of 26.5 % [13] (at 5 K) and 19 % [18]
(at room temperature) was found for a tunneling magnetoresistance (TMR) element
of the same compound. Very recently, Marukame et al. [19] reported a TMR ratio of
74 % at 55 K for a Co,Crg ¢Fep4Al-MgO-CoFe magnetic tunnel junction. A spin
polarization of only less than 49 % was found for polycrystalline samples by means
of Andreev reflections [20]. The observation of an incomplete spin polarization may
not only be caused by the model used to interpret the data [20, 21] but also by the
properties of the sample. Clifford et al. [22] reported a spin polarization of 81 % in
point contacts of Co,Crg gFeg4Al.
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However, the TMR ratios found in tunneling experiments indicate a spin polar-
ization that is still too low, and not only at room temperature. This work reports on
the investigation of the reasons of this contradiction between theory and experiment
and with this knowledge it was tried to overcome the problems by designing new
materials suitable for spintronics applications.

2.2 Experimental Details

Polycrystalline ingots of the compounds were prepared by arc melting of stoichio-
metric amounts of high purity elements in an argon atmosphere to avoid oxygen
contamination at a pressure of 10™* mbar. Additionally, a Ti sponge was used to
bind remaining oxygen. The samples were melted three times. They were turned
over after each melting process to yield a homogeneous sample. The weight loss af-
ter the whole melting procedure was less than 1 %. The polycrystalline ingots were
annealed in evacuated quartz tubes at 1073 K for two weeks. The crystallographic
structure was investigated by X-ray powder diffraction (XRD) using excitation by
Mo-K,, radiation (A = 0.7093165 nm; Bruker, AXS D8) in reflection geometry. The
experimental diffraction patterns were refined using the FULLPROF program [23].
Additional synchrotron-based anomalous XRD investigations were carried out for
various samples, due to the restrictions of powder XRD using laboratory source. The
anomalous XRD experiments and the temperature dependent XRD measurements
were performed at the X-ray powder diffraction beamline at the bending magnet
D10 at the Brazilian Synchrotron Light Laboratory (LNLS). For details about the
characteristics of the beamline see [24]. A scanning electron microscope (SEM, Jeol
JSM-6400) equipped with an energy dispersive X-ray spectroscopy (EDX) detection
system (EUMEX EDX) was used to check the homogeneity and stoichiometry of
the samples. The measurements were carried out at a pressure of 3 x 107 mbar.
An acceleration voltage of 20 kV was applied and an inspection angle of 35° was
set up. For the correction of the quantitative data the ZAF method was applied
which relies on atomic number (Z), absorption (A) and fluorescence (F) effects.
The images were acquired via the Digital Image Processing System (DIPS) and
the quantitative chemical analysis was performed with the program WINEDS 4.0.
Magneto-structural investigations were carried out by MoBbauer spectroscopy in
transmission geometry using a constant acceleration spectrometer. For excitation,
a >7Co(Rh) source with a line width of 0.105 mm/s and a Ca''SnOj3 source with a
line width of 0.3 mm/s was used in the case of Fe and Sn, respectively. The spectra
of powder samples were measured at 290 K. The magnetic properties were investi-
gated by a superconducting quantum interference device (SQUID, Quantum Design
MPMS-XL-5) using nearly punctual pieces of approximately 5 mg to 10 mg of
the sample. The measurements of the Seebeck coefficient were carried out with a
Physical Property Measurement System (Model 6000 Quantum Design) on bars of
about (2 x 2 x 8) mm? which were cut from the pellets and polished before the
measurement. In the temperature range above 350 K the Seebeck coefficient was
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measured by a steady-state method using the RZ2001i measurement system from
Ozawa science, Japan. For more details about the preparation, structural and mag-
netic properties see [25-28].

2.3 Crystal Structures of Heusler Compounds

In general, Heusler compounds crystallize in the CupMnAl-type structure but in
many cases certain types of disorder are observed. For a detailed description of the
crystal structure as well as different types of atomic disorder see the contribution
“Crystal Structure of Heusler compounds” by Tanja Graf and Claudia Felser. The
relationship of the chemical ordering and the spin polarization is discussed there
and useful experimental methods for the structural analysis of Heusler compounds
are presented there.

2.4 Optimization of Co,Y Z Heusler Compounds

2.4.1 Investigation on Co,Crg ¢Feo.4Al

To understand why the spin polarization is too low, the structural and physical prop-
erties of the series CoyCry_,Fe, Al, with varying iron concentration x, were inves-
tigated in detail. The results from X-ray diffraction (XRD) as well as an extended
X-ray absorption fine structure (EXAFS) analysis and >’ Fe MoBbauer spectroscopy
indicated structures in the bulk of the compound Co,Cri_, Fe, Al that were different
from those at the surface of the compound [29-31].

Figure 2.1 displays the EXAFS results for Co,Crg ¢Feg.4Al and compares pow-
der (higher amount of surface contribution) with bulk samples. The differences are
clearly visible. The results corroborate those found from variable incidence XRD
measurements, and indicate that the surface shows no ordered structure (A2-type)
while the bulk is B2-like disordered. Indeed, the spectra provide no indication of
the L2, structure, and this explains the reduced spin polarization.

MoBbauer spectroscopy was used to further explore the magneto-structural prop-
erties of CoyCrg ¢Feg 4Al. The results of both transmission and conversion electron
MoBbauer spectroscopy (CEMS) were analyzed to obtain insight into both the dis-
order effects as well as the differences between the bulk and surface properties. It
was found that rough mechanical treatment of the surfaces of bulk samples induces
strong dynamic or relaxation effects. From the CEMS analysis, it was found that one
of the best procedures for cleaning the surface of Co,Crg ¢Feg4Al was achieved by
using grazing incidence Ar" ion bombardment (this was also checked for other
compounds that are not shown here). Figure 2.2 shows the CEMS spectrum of 3/ Fe
enriched Co,Cry ¢Feq.4Al bulk material after polishing followed by 60 min of Ar™
ion bombardment in an UHV chamber. Even without any post-annealing for healing
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the surface, the spectra reveal the bulk magnetic properties as found in comparison
to transmission MoBbauer experiments (please, note that, as reported in the chapter
about photoemission experiments), the information depth of CEMS is comparable
to that of high energy photoemission.

The studies of Co,Crg ¢Feg 4Al were followed by a comprehensive characteriza-
tion of other Cr-containing Heusler compounds. This is necessary for understanding
the mechanism that causes a magnetic moment of Cr in that compound that is less
than that found in the isoelectronic Co,Cr_,Fe,Ga compounds. Co,CrZ Heusler
compounds (Z = Al, Ga) are already known; the next compound with an element
from the series of main group elements is the Co,CrZ Heusler compound with
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Z = In. This compound had not been reported before, so CopCrln was synthesized
and characterized [32]. In summary, this compound is L2 ordered and exhibits no
antisite disorder. CopCrIn was found to be a ferrimagnet with a magnetic moment
of 1.18 up at 5 K. In addition, the hysteresis indicates a soft magnetic behavior. The
value of the measured magnetic moment is not an integer, as would be expected for
a half-metallic ferromagnet with four atoms in the primitive cell. Thus, unlike most
of the other Co,Y Z Heusler compounds, Co,Crln cannot be a half-metallic ferro-
magnet. Finally, it should be noted that it was not possible up to now to stabilize
other CoyCrZ compounds in a pure L2 structure.

2.4.2 Tuning the Fermi Energy in the Middle of the Gap:
From CoxFeSi to CooMni_,Fe,Si and CoyFeAl;_, Si,

Due to insuperable problems such as disorder and the low magnetic moment of
compounds containing Cr (and Al), we moved on to investigate new materials that
clearly exhibit both the ordered L2 structure and a high Curie temperature. By in-
specting the magnetic data of the known Heusler compounds in more detail, a very
interesting aspect is found [33, 34]. A linear dependence is apparently obtained
for Co,-based Heusler compounds when the magnetic moments for the known, 3d
metal-based Heusler compounds are plotted against their Curie temperatures (7¢)
(see Fig. 2.3). According to this plot, 7¢ is highest for those half-metallic com-
pounds that exhibit a large magnetic moment. By extrapolating from the linear de-
pendence shown in Fig. 2.3, T¢ is estimated to be above 1,000 K for compounds
with 6 up.

From the chemical point of view, it is clear that the exchange of Al by Si should
lead to stronger covalent bonding. Indeed, Co,FeAl does not exhibit a clean L2
structure but usually has a very high degree of B2-like and also A2-like disor-
der. Therefore, CoyFeSi was revisited and its properties were analyzed in more
detail. Indeed, it was found that Co,FeSi exhibits the correct Heusler L21-type
structure that is necessary for the occurrence of half-metallicity [34]. Using a Ri-
etveld refinement, the lattice constant was determined by XRD to be 5.64 A with
an Rprage value < 5.5. A disorder between Co and Fe atoms (DO3-type disorder)
could be excluded from the XRD Rietveld refinement as well as from the EXAFS
and neutron scattering data. During further structural and magnetic investigations,
MoBbauer spectroscopy, EXAFS measurements, and both low and high tempera-
ture magnetometry were performed and all data analysis verified the high degree
of order in CoyFeSi, even on a short range scale, and excluded A2—or a B2-type
disorder.

Low temperature magnetometry was performed to verify the estimated satura-
tion moment. The measured magnetic moment in saturation was 5.97 up at 5 K.
An extrapolation to 6 up per unit cell at 0 K perfectly fits the moment estimated
from the Slater—Pauling rule. The experimental magnetic moment is supported by
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band structure calculations that indicate an HMF character with a magnetic moment
of 6 wp. The high temperature magnetization of CoyFeSi was measured using a
vibrating sample magnetometer equipped with a high temperature stage. The fer-
romagnetic Curie temperature is found to be 7¢ ~ 1100 K. This value very well
fits the linear behavior of T¢ as a function of the magnetic moment for Co;-based
Heusler compounds (see Fig. 2.3). T¢ is well below the melting point, which is de-
termined using differential scanning calorimetry to be 7;, = 1,520 K. In summary,
the analysis shows that L2-ordered Co,FeSi is a half-metallic ferromagnet that ex-
hibits the highest values of Curie temperature and magnetic moment that have been
reported for Heusler compounds.

On the other hand, next to Co,FeSi, the Heusler alloy CooMnSi has attracted
particular interest because it is predicted to have a large minority spin band gap of
0.4 eV and, at 985 K, has one of the highest Curie temperature, among the known
Heusler compounds [35, 36]. Structural and magnetic properties of Co,MnSi have
been reported for films and single crystals [37—42]. In accordance with theoretical
predictions, bulk CooMnSi has been stabilized in the L2 structure with a magne-
tization of 5 pup per formula unit. From tunneling magneto resistance (TMR) data
with one electrode consisting of a CooMnSi film Schmalhorst et al. [43, 44] in-
ferred 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 polar-
ization is larger than the maximum 55 % effective spin polarization of a variety of
3d-transition metal alloys in combination with Al,O3 barriers [45]. However, the
spin polarization of photoelectrons emerging from single crystalline Co,MnSi films
grown on GaAs by pulsed laser deposition indicate a quite low spin polarization
at the Fermi level of only 12 % at the free surface [42]. Wang et al. [41, 42] as-
sumed that partial chemical disorder was responsible for this discrepancy with the
theoretical predictions.

Investigations [25, 30, 33, 46] of the electronic structure of Heusler compounds
indicate that on-site correlation plays an important role in these compounds and



22 B. Balke et al.

Fig. 2.4 7Fe MoBbauer
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may serve to destroy the half-metallic properties of CooMnSi. In addition, if on-
site correlation is considered in electronic structure calculations Co,FeSi becomes
a half-metallic ferromagnet with a magnetic moment of 6 .

A possible explanation is the position of the Fermi energy with respect to the
minority band gap. A position close to the minority band edges (top of the minor-
ity valence band or bottom of the minority conduction band) might easily destroy
the gap already at low temperatures without affecting the magnetic moment. One
result from the electronic structure calculations on Co;FeSi and Co,MnSi is the in-
dication of a shift of the Fermi energy from the top of the minority valence band
(Y = Mn) to the bottom of the minority conduction band (Y = Fe) [47]. These
particular positions of the minority gap with respect to the Fermi energy make both
systems rather unstable with respect to their electronic and magnetic properties. Any
small change in physically relevant quantities (e.g., lattice parameters) may easily
serve to destroy the half-metallic character by shifting the Fermi energy outside
of the minority gap. Therefore, the substitutional series of the quaternary Heusler
compound CopMn;_,Fe,Si was synthesized and investigated both experimentally
and theoretically. All samples of the substitutional series exhibit an L2 order that
is independent of the Fe concentration x. The observed structural order-disorder
phase transition from L2; <> B2 is nearly independent of x and occurs at about
1030 K. MoBbauer measurements show only a negligible paramagnetic contribu-
tion confirming the high degree of order over the whole substitutional series (see
Fig. 2.4).

In agreement with the expectation from the Slater—Pauling curve, the magnetic
moment increases linearly with x from 5 up to 6 pp. True bulk sensitive, high en-
ergy photo emission bearded out the inclusion of electron—electron correlation in
the calculation of the electronic structure and gave an indirect advise on the gap
in the minority states. Both valence band spectra and hyperfine fields indicate an
increase of the effective Coulomb exchange parameters with increasing Fe concen-
tration. The calculated band structures suggest that the most stable compound in
a half-metallic state will occur at an intermediate Fe concentration. From both the
experimental and computational results it is concluded that a compound with an in-
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termediate Fe concentration of about 50 % should be most stable and best suited for
spintronics applications.

The end members of this series, CorFeSi and Co,MnSi, have been used for fab-
rication of magnetic tunnel junctions [48-50]. The tunnel magnetoresistance ratios
of 159 % in the Mn compound at low temperature and 41 % in the Fe compound at
room temperature suggest that still an improvement with respect to the temperature
stability of the TMR is necessary.

In CopMnj_,Fe,Si the transition metal carrying the localized moment is ex-
changed. This might lead to unexpected effects on the magnetic properties if the
samples are not completely homogeneous. The situation is different in the isoelec-
tronic series CopFeAl;_,Si, where the main group element is substituted. Tezuka
etal. [51, 52] reported about TMR junctions build from CosFeAlg 5Sig 5. The junc-
tions exhibited TMR ratios of 76 % at 300 K and 106 % at 5 K for the B2 structure
while the junctions with L2; structure showed 51 % and 78 % at 300 K and 5 K,
respectively. The TMR ratio is 175 % at 300 K for optimized junctions with L2
structure [52] and thus larger than the ones found for pure Co,FeAl or CoyFeSi
electrodes.

Recent ab-initio calculations [53] indicated that the compound with 50 % of the
Al substituted by Si will lead to a situation where ¢ is located close to the middle
of the minority gap and thus should lead to an improved temperature stability of the
spin polarization, in particular if quasi particle excitations are appearing close to the
band edges. The following study is devoted to the bulk properties of CopFeAl;_, Si,
in order to find the most stable compound of the series with respect to the structural
and magnetic properties and thus the most promising candidate for thin film devices
using them in GMR and TMR applications.

Differential scanning calorimetry (DSC) was used to find the high temperature
phase transitions in the substitutional series. Figure 2.5 displays the dependence of
the order-disorder transition temperature as a function of the Si concentration x. The
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insets display the change of the DSC signal as a function of the temperature using
nominal heating rates of 15 Kmin~!. Depending on the temperature rates and the
actual amount of material, a shift of the maxima is observed between heating and
cooling curves (see also [47]) that is mainly due to an intrinsic hysteresis effect of
the method. The length of the vertical bars in Fig. 2.5 corresponds to the range of that
hysteresis. The signal at the phase transition is rather high for x > 0.4 (Fig. 2.5(a)),
that is, for compounds exhibiting clearly the L2 structure. In that case the signal
can be clearly attributed to an L2; <> B2 order-disorder phase transition as also
observed in other quaternary Heusler compounds [47, 54]. For x < 0.4 the signal is
much weaker.

Here, XRD indicates mainly a B2 structure with a very low portion of L2 and in
some cases a high portion of an A2 structure. Therefore, the signal at low x may be
attributed either to an L2 <> B2 or to a B2 <> A2 phase transition. Overall, Fig. 2.5
demonstrates that the structural transition temperature of the L2; to the B2 phase
T,BZQL21 decreases almost linearly with increasing Si content at least for x > 0.4.
The results from both, XRD and DSC, demonstrate the better structural stability of
the compounds with high Si content. This is expected from the stronger hybridiza-
tion between Co and Si in these compounds [53]. An important detail is that for
x > 0.5 the as-cast samples exhibit the L2 structure which make the production of
thin films much easier because it may avoid extensive heat treatment to reach the
correct structure of the samples.

In summary, the series CoyFeAl;_, Si, crystallizes for x > 0.4 in the L2 struc-
ture. This structure is essentially required for a high spin polarization resulting in
high magnetoresistive effects. Both, structural and magnetic investigations suggest
that the Si rich systems x > 0.5 are more stable with respect to the L2 structure,
due to the stronger hybridization between Co and Si compared to Al. For x ~ 0.5,
calculations predict that the Fermi energy is located in the middle of the gap of
the minority states [53] while in Co,FeSi ef is located at the bottom of the con-
duction band which can easily destroy the half-metallicity. This behavior will make
CoyFeAlj 5Sig 5 stable against temperature variations. From the combination of ex-
perimental (better order for high Si content) and theoretical findings (robust gap
at x ~ 0.5 £ 0.25) it is concluded that a compound with an intermediate Si con-
centration close to x = 0.5...0.7 would be best suited for spintronics applications,
especially for GMR and TMR applications.

Very recently, the half-metallicity of CooFeAly 5Sig5s at room temperature was
demonstrated experimentally by Shan et al. [55]. Furubayashi et al. [56] reported on
the structure and transport properties of current-perpendicular-to-plane spin valves
(CPP-SV) with CosFeAlp 5Sip.s or CooMnSi Heusler alloy magnetic layers and an
Ag spacer layer. The CPP GMR values of 12.4 % at RT and 31 % at 12 K were mea-
sured from an optimally annealed SV with CoyFeAlg 5Sig 5/Ag/CosFeAlg 5Sig 5 tri-
layer. On the other hand, both the upper and lower Co,MnSi layers were L2 or-
dered in the SVs using CoaMnSi/Ag/Co,MnSi. MR ratios of 11.9 % at RT and
20 % at 10 K were obtained. This two results emphasize the high suitability of well
designed Coj,-based Heusler compounds for spintronics applications.
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2.4.3 Solving the Problem of Structure Determination in 3d
Transition Metal-Based Heusler Compounds by Means
of Anomalous X-Ray Diffraction

This section reports on the investigation of the structural properties of the 3d tran-
sition metal-based Heusler compounds Co,FeZ with Z = Ga, Ge, and Gag 5Geo 5.
The high Curie temperatures and magnetic moments make them suitable candidates
for spintronics applications [57, 58]. For the predicted high spin polarization and
half-metallic character of those compounds it is necessary that the samples crys-
tallize in the L2 structure. Due to the very similar scattering factors of the con-
stituents it is not possible to distinguish the correct structure with commonly used
X-ray sources, even if the compounds crystallize in the correct L2 structure.

Most of the X,Y Z Heusler compounds used in the production of TMR devices
are based on 3d transition metals like Co for the X element and Cr, Mn, Fe, or mix-
tures of those for the Y element. The main group element (Z) is usually taken from
the third (Al, Si) or from the fourth row (Ga, Ge) of the periodic table. The detection
of the correct structure, as a necessary prerequisite for a half-metallic character, by
regular X-ray diffraction (XRD) is difficult especially if all three elements in the
compound are from the fourth row. In that case, the scattering factors of all three el-
ements are very similar for excitation by standard laboratory sources (for example:
Cu K, or Mo K,,).

Various Heusler compounds appear not only in an ordered structure but also ex-
hibit pronounced alloying. Besides the L2 structure of ordered X,Y Z compounds,
the most commonly occurring types of disordered alloy have the B2 (CsCl-type
with complete mixing of Y and Z atoms resulting in X (Yp.5Z¢.5) or the A2 (W-type
with complete mixing of all types of atom resulting in (X¢.5Y0.25Z0.25)) structure.
In particular, when all elements are taken from the fourth row of the periodic table
one needs a unambiguous method to prove the L2 structure.

Ravel et al. [59] used the method of anomalous XRD to determine antisite dis-
order with a high precision, in particular for thin films of the Heusler compound
CorMnGe. This technique has also been successfully used to determine the crys-
tallographic polarity of ZnO epilayers [60], to observe an increase of the structural
order parameter in Fe—Co-V soft magnetic alloy after thermal ageing [61], and to
distinguish between alloying and segregation in CoCrPt films [62]. In the present
work, the method of anomalous XRD is used to determine the structure in 3d tran-
sition metal-based Heusler compounds where the constituents have almost the same
scattering factors and therefore the structure determination with commonly used
X-ray sources in the laboratory failed.

The structure factors for an ordered L2 compound and disordered B2 and A2 al-
loys and the results for the (111) and (200) reflections are summarized in Table 2.1.
(Note that the indexing of the fcc lattice was used here for all three cases, indepen-
dent of the present symmetry that is for A2 and B2 different from L2;.) The (111)
reflex appears here only in the L2 but not in the disordered A2 or B2 structures.
Therefore, the present work is concentrated on the (111) reflection. The factor for
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Table 2.1 Structure factors for the ordered L2; compound and the disordered B2 and A2 alloys.

Note that one has in Heusler alloys A = X/2Y1/4Z1/4 for the A2, or B =Y ,2Zy; for the B2

structure. The positions a, b, ¢, and d correspond to (0, 0, 0), (%, % %), (%, %, }T), and (%, %, %),

respectively

a b c d i f200
L2, VA Y X X fr—fz fr+fz—-2fx
B2 B B X X 0 2(fB — fx)
A2 A A A A 0 0

the (220) reflection is in all three cases fao0 = 2 fx + fr + fz. It is seen that the
factor f111 of the L2 structure becomes very small if the ¥ and Z atoms behave
similarly, as is the case if both atoms are from the fourth row and have nearby N,
like Fe and Ga. In that case the ordered structure is almost indistinguishable from
the disordered ones.

The situation changes if one approaches the photon energy close to the absorption
edges of the constituents, because then the anomalous scattering factors play an
important role. The complete scattering factors of the atoms with ordinal number N
are described by

In=fo(N,0,E)+ (f'(N,E)+if"(N,E)), 2.1)

where f/(N, E) and f”(N, E) are the real and imaginary part of the anomalous
scattering factor. These factors do not depend on the scattering geometry but only
on the photon energy (E) and the material (V).

Figure 2.6(a) displays the calculated anomalous scattering factors of Co, Fe, and
Ga. For better comparison, the real part of the anomalous scattering factor f; =
N + f' is shown in the Hanke-form with the limiting value of the regular scattering
factor (Ilim fo(N, 0, E) = N) added.

Figure 2.6(b) displays the calculated anomalous scattering intensities for
CoyFeGa using f; and f, from Fig. 2.6(a), that is, the dependence on the scat-
tering angle is not respected. The enhancement of the (111) reflection (Fig. 2.6(c))
indicating the L2 structure is clearly visible at energies close to the Fe K-edge.

Figures 2.6(d), (e), and (f) show the XRD data (for better comparison here only
the (111) reflexes) taken at hv = 7050 eV and at the Fe K-edge (hv =7111.96 eV)
for CoyFeGag 5Geg s, CorFeGe, and CorFeGa, respectively. The enhancement of
the (111) reflections when using excitation energies close to the Fe K-edge is clearly
visible and fits the theory. This is clear proof of the ordered L2 for these compounds
which was not possible with a standard XRD lab sources.

Before measuring the anomalous XRD data, EXAFS measurements of the sam-
ples were performed. From this experimental data the anomalous scattering factors
S’ were directly derived using the DIFFKK program developed by Cross et al. [63]
and the excitation energies used then for the anomalous XRD were taken. Fig-
ures 2.7(a), (b), and (c) show the EXAFS data at the Fe, Co, and Ga K-edges,
respectively, from Co,FeGa and Figs. 2.7(c), (d), and (e) show the derived f’s,
respectively.
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In summary, it has been shown that synchrotron radiation techniques can solve
the problem of crystallographic structure determination, even in the case where the
scattering factors of elements in a compound are very similar in response to exci-
tation by traditional lab sources. Knowing the anomalous scattering factors for the
compounds, one can use anomalous XRD to determine the correct crystallographic
structure of the sample. It was shown by other groups that this technique works
quite well as well for thin film samples [59—62] so it is expected that the combina-
tion of EXAFS and anomalous XRD may also lead to a better understanding of the
structure of multilayer thin films in order to improve the quality of TMR-junctions.

A large amount of other new Heusler compounds were synthesized and investi-
gated using various different techniques to analyze their suitability as new materials
for spintronics applications [64]. The prepared compounds contain ternary Cr-, Rh-,
Ru-, Ni-, Pd-, and Pt-based Heusler systems as well as quaternary Co,-based com-
pounds and compounds of the general formula XX'Y Z.

2.5 Highly Ordered, Half-Metallic Co,FeSi Single Crystals

As already mentioned above, several MTJs of Co,FeSi have successfully been fab-
ricated, yielding a large TMR. However, in many cases the TMR is strongly tem-
perature dependent, e.g. in CozFeSi and CopMnSi based MTJs [65-68]. According
to Chioncel et al., the strong temperature dependence arises from nonquasiparticle
states and their crucial contribution to the finite-temperature spin polarization [69].
In order to separate such extrinsic effects from possible intrinsic contributions to
the temperature dependence of the TMR, the investigation of high quality single
crystals is indispensable. Therefore, the next section reports about highly ordered,
half-metallic Co,FeSi single crystals.

Two different single crystals were prepared. One was grown by the Czochral-
ski method using a Centor Vacuum Industries Series Crystal Puller. Metallographic
investigations of polished pieces of the Czochralski grown single crystal revealed
single crystalline areas of 2-3 mm width and 5-7 mm length.

The other single crystal was grown by the optical floating zone technique. Zone
melting was carried out in a GERO SPO optical floating zone furnace with two
1000 W halogen lamps with the radiation focused by ellipsoidal, gold coated mir-
rors. To avoid oxidation the furnace was flushed with 5.0 purity argon for several
hours, and during growth a gas flow rate of 300 ml/min of argon with 2 % hydro-
gen was maintained. The seed and feed rods were counter rotated at 45 and 15 rpm,
respectively, the growth speed was set at 20 mm/h. Metallographic investigations
revealed the single crystal to be about 1-3 cm long and to have nearly the width of
the whole rod, except a thin layer at the surface of the freshly grown crystal, which
contains some small additional grains.

Laue diffraction with a spot size of 2 mm x 2 mm was performed on the floating
zone crystal with 25 kV incident copper radiation at 20 mA in reflection geometry.
The resulting diffraction patterns (see Fig. 2.8) were compared with simulations
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Fig. 2.8 Laue diffraction
pattern of the zone molten
single crystal. In addition, the
simulated diffraction pattern
assuming Fm3m symmetry
and a lattice constant of
5.66 A is represented by
bright dots on the right side
of Fig. 2.8. The perfect
matching between the
measured diffraction pattern
and the simulation
demonstrates single
crystalline nature and a high
degree of order of the zone
melted single crystal

(bright dots on right side of Fig. 2.8). The good match verifies the single crystalline
nature of the sample. High quality L2; ordering in space group Fm3m with a fitted
unit cell parameter of 5.66 A is confirmed, which is in good agreement with previous
results [30]. The simulation also confirms the crystal growth along the (110) axis
without twinning.

All crystals show metallic behavior in the resistivity measurements, see
Fig. 2.9(a). As expected, the resistivity decreases with decreasing temperature in
the temperature range between 300-50 K. Remarkably, the resistivity below 50 K
is temperature independent, in agreement with the results of Ambrose et al. [70].
The residual resistivity at 2 K is 0.0155 uS2 m for the floating zone single crystal,
0.0344 u2 m for the polycrystal and 0.134 u2 m for the Czochralski grown single
crystal, respectively. Note that all measurements of the electrical resistivity shown
here are well below the Curie-temperature reported to be 1100 K for Co,FeSi [30].

The residual resistivity ratio (RRR, here p3gok/p02k) is @ measure of the quality
of a crystal [37]. Good ordering is inferred in both the zone melted and the polycrys-
tal by the RRR of 5.2 and 5.9, respectively. The RRR values reported here are on
the same order of magnitude as found in a Co,MnSi single crystal (6.5), which the
highest RRR reported for a Heusler compound [37, 71]. The RRR of the Czochral-
ski grown crystal is lower by a factor of 2 and relatively poor performance compared
to the zone melted and polycrystal, indicating a lower degree of order, in line with
our NMR results. However, all RRR presented here indicate excellent crystallinity
and homogeneity compared to previously reported RRR for Heusler compounds or
alloys in general (see e.g. [38, 70, 72, 73]). The observation of a higher resistivity
in the polycrystal compared to the floating zone single crystal might arise from mi-
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Fig. 2.9 (a) Resistivity as a function of temperature on a logarithmic scale to show the plateau at
temperatures below 50 K. (b) Resistivity as a function of temperature for the Czochralski grown
single crystal (triangles), the polycrystal (squares) and the zone melted single crystal. The inset
shows the resistivity as a function of T2 to demonstrate the linear dependence and, thus, the T2
power law dependence of the resistivity as a function of temperature

croscopic cracks at the grain boundaries present in the polycrystal, leading to longer
transport paths.

Figure 2.9(a) shows the resistivity as a function of temperature on a logarithmic
scale to demonstrate the temperature independence of the resistivity below 50 K.
Above 50 K, the resistivity curves of all crystals follow a TV power law (fit not
shown here), where N = 1.9 for the zone molten single crystal, N = 2.1 for the
polycrystal and N = 1.6 for the Czochralski grown single crystal, respectively. The
resistivity for all three crystals is reasonably well described by an appropriate 72
behavior in the high temperature regime, a transition regime and the temperature
independent regime below 50 K, while the range of the transition regime is slightly
different for the different crystals. The resistivity curves of the zone molten single
crystal and the polycrystal approximately scale with each other by a factor of 2.55.
The validity of the 72 behavior in the high temperature regime is further confirmed
by a plot of the resistivity as a function of T2, demonstrating a linear dependence
(see inset of Fig. 2.9). A T? behavior is expected for a conventional ferromagnet
due to coherent one-magnon scattering processes [74]. Assuming one-magnon scat-
tering of conduction electrons, there must be the possibility for spinflips, and thus,
both the spin-up and the spin-down electrons are present at the Fermi-level [74].
Consequently, one expects the absence of one-magnon scattering in half-metallic
ferromagnets, where only one spin channel contributes to the electrical transport.
The absence of any T2 contributions at temperatures below 50 K might suggest
the absence of a one-magnon channel and thus half-metallic ferromagnetism in
CojFeSi at temperatures below 50 K. The cross-over to more conventional ferro-
magnetic transport behavior above 50 K indicates the onset of spin scattering which
needs to be taken into account (besides interface and impurity scattering) for under-
standing the temperature dependence of the tunneling magnetoresistance in Co,FeSi
devices [48, 50, 65, 68, 75, 76].

In summary, excellent crystals of the L2; ordered half-metallic Heusler com-
pound Co,FeSi confirmed by Laue diffraction, NMR (not shown here, see [77] for
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details) and the residual resistivity were obtained. The ratio between the residual
resistivity at 300 K and 2 K is on the same order of magnitude as the best resid-
ual resistivity ratio previously reported for a Heusler compound. The resistivity as
a function of temperature roughly follows a 7% behavior in the high temperature
regime, as expected for ferromagnets. Remarkably, the resistivity is temperature in-
dependent at low 7', which might indicate half-metallic ferromagnetism of Co,FeSi
in the low temperature regime. The synthesis of such high quality Heusler single
crystals opens a promising route to exploit the rich physical properties that are real-
ized in various Heusler compounds.

2.6 Heusler Compounds with 4d Valence Electrons

Most of the work being reported above was concentrated on the Coy-based Heusler
compounds, whereas compounds based on 4d transition metals are rarely investi-
gated. There are only a few results published on the two series Ru,_ ,Fe, CrSi [78],
and Ruy_,Fe,CrGe [79]. These compounds exhibit the L2; structure but the re-
ported saturation magnetization is lower than that predicted by theory. A reason for
this could be that these compounds contain Cr, and the magnetic moment of Cr is
reduced, as in the Co,Crj_,Fe, Al series, because of complete, or at least partial,
ferrimagnetic order (antiparallel orientation of the moments of different Cr atoms, or
between X and Cr atoms). Therefore, several Heusler compounds based on 44 tran-
sition metals that contain other 3d transition metals instead of Cr on the Y position
were synthesized.

2.6.1 Investigation of RhyMnGe

Two very well investigated Heusler alloys are CooMnZ (Z = Si and Ge) with a
calculated band gap of 0.4 eV [35] to 0.8 eV [80] and a high Curie temperature
above 900 K [36]. A strong hybridization of the Mn and Co 3d states in this sys-
tem causes the Mn 3d states being itinerant to a certain degree [81]. In this section
we report about investigation on the isoelectronic alloy RhoMnGe with 29 valence
electrons per formula unit as in the case of Co,MnGe. The main difference between
RhyMnGe and Co,MnGe is given by the smaller width of the Rh 44 states relative
to the Co 3d states and the larger lattice constant of the Rh-based system. The Mn
atom is effectively oversized because of the strongly widened lattice due to the large
Rh atoms. The hybridization between the Rh and Mn atoms is smaller than between
the Co and Mn atoms and the majority/minority spin splitting for Mn is strongly
favored. Therefore, RhoMnZ compounds are discussed as systems with fully lo-
calized magnetic moments, in contrast to the CooMnZ-type compounds where the
Co magnetic moment can obviously not be neglected. The gap in the minority-spin
states of CooMnZ is also predicted for Rh,MnZ but this gap apparently becomes
broader and the Fermi level is no longer found in the gap [82] and the total magnetic
moment is not expected to be an integer number.
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Structural characterization has been performed with XRD of powders. Due to the
larger differences of the scattering factors between Rh, Mn and Ge, XRD provides a
slightly better structural information compared to e.g. CooMnGe. The strong sharp
(220)-peak confirms the presence of a single cubic phase. The comparatively small
(10 % of the (220)-peak) (111) and (200) superstructure peaks (see Fig. 2.10) are
decisive for the L2; Heusler structure. The simulated powder diffraction pattern of
Rh,MnGe shows the expected peaks for the defect-free structure. These superlattice
peaks both vanish for the case of randomly occupied lattice sites (A2 structure). In
the case of randomly occupied Mn sites with Mn and Ge (B2) only the (200) super-
lattice peak would be seen, while the (111) peak vanishes. A quantitative evaluation
of the spectra limits the disorder to less than 10 % contribution of the B2 structure
with a lattice parameter of 6.04 A.

Additionally, XAS and XMCD spectra at the Rh M3 > edges and at the Mn L3 »
edges have been measured of the ferromagnetic Heusler alloy Rho,MnGe. The Rh
spectrum shows no multiplet features and can be reproduced by LDA calculations.
From this observation we conclude that the Mn moment is strongly localized. The
Rh moment is an order of magnitude smaller than the Mn moment. The temperature
dependence of the Mn and Rh moments is almost equal to each other. The contribu-
tion of the orbital magnetic moment is very small for both elements with orbital to
spin moment ratios of 0.01 £ 0.02 for Mn and 0.20 £ 0.15 for Rh. For more details
about the XAS and XMCD investigation of Rho MnGe see the chapter about XMCD
and [83].

2.6.2 Investigation of RuyY Z

Half-metallic system with 24 valence electrons are of great interest because of their
predicted semiconducting nature. In a similar vein, two new half-metallic Heusler
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Fig. 2.11 XRD spectrum for Ru,TiSi. The spectrum was excited by Cu-K, radiation (right).
Temperature dependency of the cubic cell volume V for Ru, TiSi (/eft). The fit of the data to a(T?)
dependence is shown as a full line

compounds namely Ru,TiSi and Ru; VAl with 24 valence electrons were synthe-
sized.

The crystalline structure was determined by XRD using Cu-K, radiation.
Ru; TiSi exhibits the L2 structure. The (111) superstructure reflection is not very
strong and is very hard to see. Typical powder diffraction patterns are shown
in Fig. 2.11(right). The lattice parameter found from the Rietveld-refinement is
a=596A.

Additionally, the structural parameter of Ru;TiSi has been investigated in de-
pendence of the temperature between 20 K and 300 K. Figure 2.11(left) shows the
temperature dependency of the cell volume V = a? of the cubic cell. The volume
decreases by about 0.5 % if the temperature is lowered from room temperature to
20 K. The change of the cell volume with temperature is clearly non-linear and
evidence is given that the volume increases with an approximate 7 law.

The Ru, VAl compound exhibits a B2 structure, only the (200) superlattice peak
of the B2 structure type was observed, while the (111) peak was vanished. This type
of disorder shows up as a (200) superlattice peak with higher intensity than the (111)
peak. The lattice parameter found from the Rietveld-refinement is a = 5.99 A.

Both compounds are—as expected from the Slater—Pauling rule—diamagnetic,
which was confirmed by various SQUID measurements.

2.7 Quaternary Heusler Compounds

In the following section, the properties of the CoFe, Ti;_y Al and CoMn 4, V_, Al
solid solutions are investigated. It is expected that the partial replacement of Ti by
additional Fe or V by additional Mn will keep the F43m and one has a transition
from the Y to the X structure rather than to the L2 structure. The pure compounds
x = 0 carry 24 valence electrons in the primitive cell and are expected to exhibit
no net magnetic moment. Therefore, the onset of the magnetic phenomena with in-
creasing valence electron concentration can be studied by the degree of substitution.
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An advantage is that the particular way of quaternary substitution as used here does
not change the crystal symmetry either global or local.

2.7.1 Structural Properties of CoMn14,V1-xAl
and CoFeq4,Ti1—,Si

For the pure compounds CoFeTiAl and CoMnVAI (XRD not shown here) the fcc
typical (111) and (200) reflections appear in the XRD pattern of both compounds.
No impurities are detected by XRD. A refinement of the data reveals the lattice pa-
rameter apeti = 5.8509 A for CoFeTiAl and apnv = 5.8045 A for CoMnVAL, both
at 300 K. The best R-values were obtained for the Y structure (CoFeTiAl: R, = 6.6;
Ryp =8.7and CoMnVALl: R, =7.2; Ry, =9.9). The difference between measured
and refined data shows some deviation at the (200) reflection that might be caused
by a small amount of disorder. However, a fit for the X structure with intermixing
of Fe and Ti or Mn and V has worth results with R, (Ry,) being larger by 0.3 (1.0)
for both compounds. Other types of disorder—that are swapping of Co-Ti, Co-V,
or any intermixing of Al with one of the transition metals—were leading to much
higher R values and can be excluded as possible types of disorder. Only Co—Fe or
Co—Mn interchange or a slight deficiency of Al results in R-values similar or slightly
lower compared to the pure Y structure. However, it is not possible to distinguish
either these two types of disorder or the correct amount of disorder from measure-
ments at one single photon energy. The reason is that the number of parameters for
the fit becomes larger than the number of distinguishable reflections.

Figure 2.12 compares the XRD data of the two series CoFej4,Tij—xAl and
CoMni4, Vi_xAl. The fec typical (111) and (200) reflections are small as already
observed for the pure compounds. However, they are clearly resolved in most of the
samples. The (111) reflection is absent in CoFe; 5Tig 5sAl what is explained by anti-
site disorder. As for the pure compounds, the particular type of disorder cannot be
determined from measurements at one single photon energy. The lattice parameter
stay unchanged within the error of the measurement. This points out that the lattice
parameter is dominated by the Co—Fe and Co—Mn sub-lattice interaction rather than
by the interaction between transition metal and main group element.

2.7.2 Magnetic Properties of CoMny4,V1—,Al
and CoFeq4,Ti1—xSi

The magnetic moment m of Heusler compounds, especially Co-based half-metallic
ferromagnets, follows the Slater—Pauling rule where one has for localized moment
systems an average magnetic moment (in multiples of the Bohr magneton . p) per
atom of:

Mgy =Ngy — 6 — 2ngp. 2.2)
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Fig. 2.12 XRD data of CoMn;;,V|_,Al (a) and CoFe|4,Tij_xAl (b). The data are taken with
Mo K, radiation and normalized to the intensity of the (220) reflection. Data for x > 0.1 are plotted
with an offset for better comparison

ngy is the mean number of valence electrons per atom in an alloy or compound
and ng), arises from the average number of unbalanced minority sp electrons. The
number six arises from the fact that the d electrons are constrained such that the
Fermi energy falls into a minimum (or gap) between occupied and unoccupied d
states and therefore minimizes the total energy. In half-metallic ferromagnets with a
gap in one of the spin densities or in quasi closed shell compounds all sp electrons
are occupied and the ny, term vanishes. In 2:1:1 or 1:1:1:1 Heusler compounds one
has four atoms in the primitive cell and thus an overall magnetic moment of

m=(Ny —24)115. (2.3)

N, is the accumulated number of valence electrons in the primitive cell (for details
see [57, 81, 84, 85]). Here one has 2 + n(d) for each transition metal and 2 + n(p)
for the main group element, where two arises in both cases from the s electrons and
n(d) and n(p) are the numbers of available d and p valence electrons, respectively.
At N, = 24 the materials are not ferromagnetic according to the Slater—Pauling rule.
The reason is that a quasiclosed shell character is reached at N, = 24. It is caused by
successive filling of the al, 71, (two s, six p electrons) e, t2 (ten d electrons) bands,
followed by subsequent complete filling of an additional ¢2 band (six d electrons).
Deviations from (2.3) will appear when the compound is not in a half-metallic state
and unbalanced sp or d electrons are present. For some of the L2 ordered com-
pounds, 24 valence electrons lead to the phenomenon of half-metallic completely
compensated ferrimagnetism [86], where the moments are ordered in a way that the
total magnetic moment vanishes even though individual magnetic moments have-
contrary to antiferromagnets—different magnitudes [87].
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Fig. 2.13 Magnetization data
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The magnetic data of the two series CoFe4,Tij—x Al and CoMnj4, Vi_,Al are
compared in Fig. 2.13.

The inset (c) in Fig. 2.13(a) shows the hysteresis of CoMnj g5V 95Al measured
at 300 K. This demonstrates that the Curie temperature is above room temperature
already at the lowest Mn substitution of 5 %. Similar to this composition, all sam-
ples of both series exhibited for x > 0.05 a ferromagnetic type hysteresis at 300 K.
The shape of the hysteresis was in all cases soft-magnetic as for the shown sample.
From the Slater—Pauling rule one expects that the saturation magnetization m in-
creases with the concentration x and the given difference in the number of valence
electrons by

m(x)=(ANy xx)up. 2.4)

The differences AN, are 4 e~ for the Fe-Ti and 2 e~ in the Mn—V compounds.
This results in magnetic moments of 2 up or 1 up at x = 0.5. The linear increase
with increasing number of valence electrons is clearly seen in Fig. 2.13 for both
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series of compounds. The observed deviations—here the higher values in the Ti—Fe
compounds at large x—are caused by antisite disorder in the samples. Such disorder
is very often observed in Al containing Heusler compounds. The low hybridization
strength between Al and the surrounding transition metal atoms allows easily for a
swapping between Al and transition metal atoms. The formation of an increase of
nearest neighbor transition metals leads in particular for compounds containing Co
and Fe to an enhancement of the magnetic moment. From the better agreement of
the magnetization of CoMn14, V|_, Al with the Slater—Pauling values, it is expected
that this series is a good candidate for half-metallic ferromagnetism.

In summary, the quaternary Heusler compounds without inversion symmetry
CoFej4,Tij—, Al and CoMn;4,V1_Al were synthesized and analyzed by means
of X-ray diffraction and magnetometry. The pure compounds (x = 0) crystallize in
the Y structure with F43m symmetry, due to the 24 valence electrons in the prim-
itive cell they do not carry magnetic moments either in the primitive cell or at the
individual sites. This is remarkable—for CoFeTiAl—because CoFe is the transition
metal alloy that carries the largest magnetic moment and exhibits the highest known
Curie temperature—for CoMnVAl—because Mn carries a localized magnetic mo-
ment in all other Heusler compounds. Electronic structure calculations revealed also
that the pure compounds do not show magnetic order, in agreement with the exper-
iments. With increasing substitution of Ti by Fe or V by Mn a linear increase of
the magnetic moment with the number of valence electrons is observed that agrees
with the Slater—Pauling rule, in both experiment and calculations. This demonstrates
that the Slater—Pauling behavior of Heusler compounds is not restricted to the L2
structure with Fm3m symmetry but is valid as well in F43m symmetry.

2.8 Transport Properties of Co,Y Z Heusler Compounds

As already mentioned above, the Heusler alloys have attracted a lot of interest
as suitable materials for spintronics applications [88] in the recent years. A huge
amount of studies investigating the half-metallic properties theoretically and experi-
mentally and enhancing the performance of the compounds and devices for different
type of applications were done (see above). The recent observation of the spin See-
beck effect allows to pass a pure spin current over a long distance [89] and is directly
applicable to the production of spin voltage generators which are crucial for driving
spintronics devices [90-92].

For an effective generation of a spin current the spin Seebeck coefficient and the
spin voltage namely the difference in the chemical potential of the spin up w4 and
spin down p | should be large [93]. This section reports on the investigation of Co,-
based Heusler compounds and their potential as spin voltage generators. The high
application potential of the compounds is demonstrated. For a further optimization
the electronic and magnetic properties of the compounds can be designed easily.

SQUID measurements were carried out to distinguish the saturation magnetiza-
tion and temperature dependent measurements were done to distinguish the Curie
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Table 2.2 Magnetic moments, Curie temperatures, and Seebeck coefficients of the investigated
Co2YZ compounds. The compounds are grouped by their number of valence electrons

Compound T. [K] My (5 K) [125] S(300 K) [uV K]
Co,TiAl 128 0.75 -55
Co,TiSi 380 1.96 —27
Co,TiGe 380 1.94 "))
Co,TiSn 355 1.97 —34
Co,MnAl 693 3.96 —4
Co,MnSi 985 4.97 -7
Co,MnGe 905 4.98 -15
Co,MnSn 829 5.03 -33
Co,FeSi 1100 5.97 -12

Fig. 2.14 Measured Seebeck
coefficients (S) for selected
Heusler compounds from 2 K
to 300 K
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temperatures, the values are summarized in Table 2.2. With the increase of the num-
ber of valence electrons and therefore as well the increase of the magnetic mo-
ment the Curie temperature increases. One can nicely see the increase of the Curie
temperature for the samples with higher numbers of valence electrons. These be-
havior is well known for Heusler compounds and was reported already some years
ago [84, 94]. This measurements show the easy tunability of the magnetic properties
of the Heusler compounds. By controlling the number of valence electrons one can
design the properties of the materials.

In Fig. 2.14 the measured Seebeck coefficients (S) are displayed for temperatures
from 2 K to 300 K. The absolute values increase with increasing temperature. The
values at 300 K of all the measurements are summarized in Table 2.2. For an in-
crease of the valence electron count the absolute value of the Seebeck coefficient
is decreased. This is explained by the increase of the electron concentration in the
bands. By increasing the number of valence electrons additional electrons are added
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to the d-band at the Fermi energy [95]. This leads to an increase of the carrier
concentration. The increase of the carrier concentration leads to a decrease of the
Seebeck coefficient [96]. The interrelationship between carrier concentration and
Seebeck coefficient can be seen from relatively simple models of electron transport.
For simple metals or degenerate semiconductors with parabolic bands and energy-
independent scattering the Seebeck coefficient S is given by

82k (7w \?
S = m* T =) (2.5)
3eh? 3n

where n is the carrier concentration and m* is the effective mass of the carrier. It
can be clearly seen that S depends on the carrier concentration and on the effective
mass m*. The latter depend on the shape of the bands. Although the Seebeck co-
efficient is decreasing with increasing carrier concentration it is remarkable that Sn
containing compounds yield large absolute values for the Seebeck coefficient. This
effect is related to changes in the band structure and consequential changes in the ef-
fective mass m™. The Seebeck coefficient of the investigated compounds is negative
over the entire temperature range. The found absolute values are quite large com-
pared to elemental metals (Sco = —30.8, Svn = —9.8, STi = +9.1, Sa1 = —1.66,
Ssn = —1, values at 7 = 300 K and in uyV K h. Especially the Sn containing com-
pounds show high absolute Seebeck coefficients with high Curie temperatures. This
makes them attractive candidates for materials used in spin voltage generators.

2.9 Summary

In summary, we reported about the design of materials for spintronics applications.
It has been shown that the combination of synthesis and electronic structure calcula-
tions is a powerful tool to pick out suitable materials. Starting with CopCrg ¢Feg.4Al
and then Co,FeSi we developed an understanding of the design of new materials
and investigated the series CooMnj_,Fe,Si and CopFeAl;_, Siy. From the com-
bination of experimental and theoretical findings (robust gap at x ~ 0.5 £ 0.25)
it is concluded that a compound with an intermediate Si concentration close to
x =0.5...0.7 would be best suited for spintronics applications, especially for GMR
and TMR applications. This findings were recently verified by Shan et al. [55] who
demonstrated experimentally the half-metallicity of Co,FeAlg 5Sips at room tem-
perature in thin film devices.

In order to separate intrinsic and extrinsic properties, high quality single crys-
tals were grown, especially CoFeSi. All CosFeSi crystals show excellent order-
ing, resulting in outstanding electrical behavior with low residual-resistivity and
high residual-resistivity-ratio. All CoFeSi crystals show constant resistivity below
50 K, which might point to half-metallic ferromagnetism. The cross-over from this
unusual to more conventional transport (72 dependence) around 50 K indicates the
onset of spin flip scattering and thus is indispensable for understanding the strong
temperature dependence of Co,FeSi tunneling magnetoresistance-devices.
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Furthermore, it has been shown that synchrotron radiation techniques can solve
the problem of crystallographic structure determination, even in the case where the
scattering factors of elements in a compound are very similar in response to exci-
tation by traditional lab sources. It is expected that the combination of EXAFS and
anomalous XRD may lead to a better understanding of the structure of multilayer
thin films in order to improve the quality of TMR-junctions.

As examples of quaternary Heusler compounds without inversion symmetry
CoFe 14 Tij—xAl and CoMn|4,Vi_,Al were synthesized and analyzed by means
of X-ray diffraction and magnetometry. The pure compounds (x = 0) crystallize in
the Y structure with F43m symmetry, due to the 24 valence electrons in the prim-
itive cell they do not carry magnetic moments either in the primitive cell or at the
individual sites. This is remarkable—for CoFeTiAl—because CoFe is the transition
metal alloy that carries the largest magnetic moment and exhibits the highest known
Curie temperature—for CoMnVAl—because Mn carries a localized magnetic mo-
ment in all other Heusler compounds. Electronic structure calculations revealed also
that the pure compounds do not show magnetic order, in agreement with the exper-
iments. With increasing substitution of Ti by Fe or V by Mn a linear increase of
the magnetic moment with the number of valence electrons is observed that agrees
with the Slater—Pauling rule, in both experiment and calculations. This demonstrates
that the Slater—Pauling behavior of Heusler compounds is not restricted to the L2
structure with Fm3m symmetry but is valid as well in F43m symmetry.

In the last section, Coz-based Heusler compounds have been investigated on their
potential use as spin voltage generators. The observed Seebeck coefficients were all
negative in the whole temperature range. The absolute values are quite large com-
pared to simple metals. Especially the Sn containing compounds show high Seebeck
coefficients with high Curie temperatures. This makes them attractive candidates for
materials used in spin voltage generators.
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Chapter 3
Crystal Structure of Heusler Compounds

Tanja Graf and Claudia Felser

Abstract Heusler compounds are promising materials in many fields of contem-
porary research. The spectrum of their possible applications ranges from magnetic
and magneto-mechanical materials over semiconductors and thermoelectrics to su-
perconductors. An important feature of the Heusler compounds is the possibility
of controlling the valence electron concentration by partial substitution of elements.
On the other hand, the properties also depend on the degree of ordering of the crystal
structure. In general, Heusler compounds crystallize in the CuyMnAl-type structure
but in many cases certain types of disorder are observed. In this chapter, a detailed
description of the crystal structure as well as different types of atomic disorder are
given. Furthermore, the relationship of the chemical ordering and the spin polar-
ization is discussed and useful experimental methods for the structural analysis of
Heusler compounds are presented.

3.1 Introduction

Heusler compounds first attracted interest among the scientific community in 1903,
when F. Heusler found that the compound Cu;MnAl becomes ferromagnetic, al-
though non of its constituent elements is ferromagnetic by itself [1, 2]. However, it
took three decades until the crystal structure was determined to be ordered with a
face centered, cubic lattice [3, 4]. Unfortunately, Heusler compounds faded almost
in oblivion in the following decades, and only few reports on the synthesis of new
Heusler compounds were published in the 1970s [5, 6]. It was not until the predic-
tion of half-metallic ferromagnetism in Co,MnSn in 1983 by Kiibler et al. [7] that
scientific interest returned to Heusler compounds.
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This chapter is focusing on the structural properties of Heusler compounds. A de-
tailed description of their crystal structure is given. Furthermore, the most promi-
nent types of atomic disorder and their influence of the electronic properties are
discussed. Finally, different experimental methods, which are essential for a thor-
ough structural analysis of Heusler compounds, are illustrated.

3.2 Crystal Structure

Heusler compounds X»Y Z crystallize in the cubic space group Fm3m (225) with
CupyMnAl (L2;) as prototype. The X atoms occupy the Wyckoff position 8c (1/4,
1/4, 1/4), the Y and the Z atoms are located at 4a (0, 0, 0) and 4b (1/2, 1/2, 1/2),
respectively. This structure consists of four interpenetrating fcc sublattices, two of
which are equally occupied by X. A rock salt-type lattice is formed by the ele-
ments with largest difference in electronegativity (Y and Z). These elements are
coordinated octahedrally, which is electrostatically favorable, due to the ionic char-
acter of their interaction. All tetrahedral holes are filled by X. This structure can
also be understood as a zinc blende-type sublattice, build up by one X and Z, the
second X occupies in the remaining tetrahedral holes, and Y is located in the oc-
tahedral holes. These relations are illustrated in Fig. 3.1. In the literature, Heusler
compounds are often described by a CsCl-like superstructure. This can be under-
stood, if the unit cell edges of the Heusler cell are shifted by (1/4, 1/4, 1/4) with
respect to the Fm3m cell. The combination of both X-site fcc lattices leads to a
simple cubic lattice. The Y and the Z atoms alternatingly occupy the centers of
the simple cubic lattice, which results in the CsCl-like superstructure. The shifted
Heusler cell, as well as the CsCl-structure, are displayed in Fig. 3.2.

In addition to the structure described above, an inverse Heusler structure is ob-
served, if the atomic number of Y is higher than the one of X from the same period
(Z(Y) > Z(X)), however, it may also appear in compounds with transition metals
from different periods. In all cases, the element X is more electropositive than Y.
Consequently, X and Z form a rock salt lattice to achieve an octahedral coordination
for X. The remaining X atoms and Y atoms fill the tetrahedral holes with fourfold
symmetry. This structure is still described by four interpenetrating fcc sublattices,
the X atoms, however, do not form a simple cubic lattice. They are placed on the
Wyckoff positions 4a (0, 0, 0) and 4d (3/4, 3/4, 3/4), while the Y and the Z atoms are
located at 4b (1/2, 1/2, 1/2) and 4c (1/4, 1/4, 1/4), respectively. The prototype of this
structure is CuHg, Ti with space group F43m (116). It is possible to emphasize the
difference to regular Heusler compounds by expressing the formula as (XY)X'Z.
A well-studied example is the compound Mn;CoSn or (MnCo)MnSn [8, 9]. In case
of quaternary Heusler compounds, there are two different elements X and X’. They
are located at the 4a and 4d position, respectively, Y is placed on 4b and Z on 4c.
This structure has the prototype LiMgPdSn. An illustration of the inverse Heusler
structure and the quaternary variant is given in Fig. 3.3.
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3.3 Tetragonal Distortion of Heusler Compounds

In addition to the well-known cubic structures of Heusler compounds, tetragonally
distorted Heusler compounds have recently attracted great scientific interest in the
field of spintronics, especially for spin-torque applications [10, 11]. A tetragonal
distortion is observed for Mn3_, Ga compounds. The Mn atoms occupy two differ-
ent lattice sites, one with tetragonal and one with octahedral coordination. Theo-
retical investigations by Kiibler showed that the Mn atom on the octahedral site is
formally in an oxidation state of +3 (Mn3t, a’4) [7]. The electronic configuration
for a single d* high spin ion in an octahedral environment, according to crystal field
theory, is displayed in Fig. 3.4(a). The triple degenerated tp, orbitals and one of
the double degenerated e, orbitals are occupied with single electrons. In fact, this
electron configuration is energetically not favored, and energy can be gained by a
distortion of the octahedron. Both, an elongation and a compression are possible,
as shown in Figs. 3.4(b) and (c). These distortions lead to a lowering of the occu-
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pied orbitals, which results in an energy gain. The described model is well-known
as Jahn-Teller distortion. In the case of Mn3_,Ga compounds, the cubic unit cell
undergoes an elongation along the c axis, as shown in Fig. 3.5(a) [12, 13]. Conse-
quently, the symmetry of the crystal changes form the cubic space group F43m to
the tetragonal space group /4/mmm. Figures 3.5(b) and (c) illustrate the relation
between the tetragonal and the cubic unit cell. The tetragonal unit cell can be placed
into the cubic cell, the cell edges, however, are rotated by 45°. The resulting tetrag-
onal structure, with the prototype Al3Ti, is displayed in Fig. 3.5(d). The Mn atoms
are located at the Wyckoff position 2b (0, 0, 1/2), and at 4d (0, 1/2, 1/4). The Ga
atom occupies the 2a position (0, 0, 0).

3.4 Order-Disorder Phenomena

The properties of Heusler compounds are strongly dependent on the atomic order.
Band structure calculations show that already small amounts of disorder within the
distribution of the atoms on the lattice sites cause distinct changes in their elec-
tronic structure, and thus also in their magnetic and transport properties [14—16].
Therefore, a careful analysis of their crystal structure is essential to understand the
structure-to-property relation of Heusler compounds.

Figure 3.6 shows the transition from the ordered to the most prominent disor-
dered Heusler structures, which will be explained in the following [17-21]: If the Y
and the Z atoms are evenly distributed, the 4a and 4b positions become equivalent.
This leads to a CsCl-like structure, also known as B2-type disorder. The symme-
try is reduced and the resulting space group is Pm3m. The random distribution of
X and Y or X and Z leads to a BiF3-type disorder (Space group no. 216: Fm3m,
DO3). Different from these types of disorder, the NaTl-type structure is observed
very rarely. In this structure type the X-atoms, which occupy one of the fcc sublat-
tices, are mixed with the Y atoms, whereas the X atoms on the second sublattice
are mixed with the Z atoms. This kind of disorder is also known as B32a disorder
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Fig. 3.5 Relation between the inverse cubic Heusler cell and a tetragonal distorted cell for Mn3Ga.
(a) Transition of the cubic Heusler cell to a tetragonal distorted cell with elongation along the ¢
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the 45° rotation between the cubic and the tetragonal unit cell, (d) tetragonal unit cell with space
group /4/mmm. Please, note that the Mn atoms are coupled ferrimagnetically as indicated by the

arrows
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Table 3.1 Site occupancy and general formula for different atomic orders of Heusler compounds.
The notations according to the Inorganic Crystal Structure Database (ICSD), the Strukturberichte
(SB), the Pearson database, as well the space group are given

Site occupancy General formula  Structure type ICSD SB Pearson Space group

X, X,Y,Z XX'Yz LiMgPdSn Y cF16 F43m (no. 216)
X=X,Y,Z X,YZ CuyMnAl L2, cFl6 Fm3m (no. 225)
X, X'=Y,Z XX,z CuHg, Ti X cF16 F43m (no. 216)
X=X=Y,Z X3Z BiF3 DO; cFl16 Fm3m (no. 225)
X=X.Y=2Z Xo0» CsCl B2  cP2 Pm3m (no. 221)
X=Y.X'=Z XX, NaTl B32a cFl16 Fd3m (no. 227)
X=X'=Y=2Z X4 W A2 cI2 Im3m (no. 229)

Fig. 3.7 Birnighaus tree for - k2 _
Heusler compounds which P4,/n32/m wa viavia| | 4/m 3 2/m
illustrates the group-subgroup W (A2)
relations between different K2
ordering variants. The indices 2a2b2c k2
of klassengleiche (k) and
translationsgleiche (t) as well ~ _
as the unit cell F4,/d32/m P 4/m 3 2/m
transformations and the NaTl (B32a) CsCl (B2)
origin shifts are given
t2 k2
2a2b2c
Fd3m t2  F4/m32m
LiMgPdSn (Y) Cu,MnAl (L2,)
CuHg,Ti (X) BiF, (DO,)

(Space group no. 227, Fd3m). The X atoms are placed at the Wyckoff position 8a
(0, 0, 0), and the Y and Z are randomly distributed at position 8b (1/2, 1/2, 1/2). In
contrast to these partial disorder phenomena all positions become equivalent in the
tungsten-type structure with a bec lattice and reduced symmetry (Im3m (A2)).

Figure 3.7 shows the group—subgroup relationship between all possible types of
simple disorder in the Heusler structure. The numbers behind ¢ and k specify the
index of the reduction in symmetry. One should notice that there are two atoms per
unit cell for the tungsten-type and the CsCl structure. For all other structure types,
there are 16 atoms per unit cell due the doubling of all cell axes.

Table 3.1 summarizes the different ordering variants of Heusler compounds. The
site occupancy is correlated with the corresponding general formula. Different nota-
tions of the crystal structures according to the Inorganic Crystal Structure Database
(ICSD), the Strukturberichte (SB), and the Pearson database, as well as the space
group are given.
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3.5 Relationship of Atomic Disorder and Spin Polarization

To understand the properties of Heusler compounds and to correlate experimental
and theoretical results, a detailed study of the crystal structure of the compounds is
essential. Already small amounts of anti-site disorder cause changes in the electronic
structure close to the Fermi energy, which lead to altered physical properties.

The tunneling magnetoresistance effect (TMR) was observed for the first time
at room temperature in magnetic tunnel junctions with CsCl-type (B2) disordered
Co,Crg 6Feg 4 Al (CCFA) electrodes [22]. To clarify the relationship between atomic
disorder and the spin polarization, Miura et al. investigated the electronic structure
of disordered Co,Cr;_,Fe, Al theoretically, based on first-principle density func-
tional calculations with the Korringa—Kohn—Rostoker coherent-potential approxi-
mation [14, 23]. In the parent phase Co,CrAl, the spin polarization remains high
(more than 90 %), even for a complete interchange of Cr and Al. A detailed analysis
of the density of states (DOS) and the atom orbital projected local density of states
(LDOS) of Co 3d revealed that the energy gap of the minority DOS near the Fermi
energy level is mainly constructed of Co 3d states. Thus, the disorder between Cr
and Al does not significantly affect the electronic structure near the Fermi level,
and therefore, the semi-conducting character of the minority bands is still kept even
in the disordered B2 structure. The spin polarization of Co,Crj_,Fe, Al is reduced
with increasing the Fe concentration for both, ordered L2; and disordered B2 struc-
tures. For CCFA the spin polarization is evaluated as 90 % and 77 % for the L2; and
B2-type structures, respectively [23]. Contrary to the Cr—Al interchange, the Co—Cr
interchange gives rise to a considerable reduction of the spin polarization, due to the
appearance of anti-side Co 3d states in the minority-spin band gap. The total mag-
netic moment is reduced linearly from 3 u g per formula unit with increasing amount
of Co—Cr disorder. Wurmehl et al. showed that this reduction of the total magnetic
moment can be attributed to ferrimagnetic order with an anti-parallel alignment of
the anti-side Cr moments to the other magnetic moments on the ordinary Cr and Co
sides [24].

Investigations on Co,CrGa by first-principles calculations, using the linear
muffin-tin orbital (LMTO) method, combined with the atomic sphere approximation
(ASA) and the coherent sphere approximation (CPA), yield similar results [25]. A
spin polarization of 95 % and 84 % was determined for the L2 ordered and the B2
disordered structures, respectively. Differential scanning calorimetry measurements
on bulk CoyCrGa reveal that the order-disorder (L2;-B2) phase transition temper-
ature is 1050 K, which is much higher than the Curie temperature (7¢ = 495 K).
Metallurgically, it is important to note that the L2 ordered phase of Co,CrGa is
much more stable, compared with that of Co,Cry_,Fe,Al.

In-gap states arising from anti-site Co defects were also observed in Co,MnSi
and Co;MnGe by Picozzi et al. on the basis of the full-potential linearized aug-
mented plane-wave (FLAPW) method [16]. Due to their low formation energies,
both, Mn and Co anti-sites are likely to be formed in a concentration as high as
8 %; on the other hand, atomic swaps (such as Co—Mn and Mn-Si) have lower
defect densities. Half-metallicity, in fact, is preserved in all cases of atomic disor-
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der, except for the Co antisites, where a defect-induced peak arises at the Fermi
level.

3.6 Structure Determination

In the laboratory, powder X-ray diffraction (XRD) is the easiest experimental
method to check both structure and purity of a sample. In case of Heusler com-
pounds this is often not sufficient to exclude certain types of anti-side disorder:
Theoretical X-ray diffraction patterns of CooMnSi, which were simulated under the
assumption of different crystal structures, are displayed in Fig. 3.8 [21]. The ordered
CupyMnAl-type structure is identified by the occurrence of the fce-typical (111) and
(200) reflections, and their relation to the (220) reflection. However, the intensity
of these two fcc-typical reflections is very low in many of the investigated com-
pounds. This is, in particular, the case, if all elements contained in the compound
have a similar atomic number. The intensity of the (111) and the (200) reflections
can then be below 1 % of the scattered intensity of the (220) reflection, which al-
most leads to the disappearance of the (111) and the (200) reflections. Table 3.2
provides a survey of the relative intensities of the reflexes for the XRD patterns
displayed in Fig. 3.8. Comparing the CuyMnAl-type and the BiF3-type structure,
a difference in the intensities of the (111) and (200) reflections is evident. In con-
trast, the CupMnAl and the CuHg,Ti structure are hardly distinguishable by X-ray
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Table 3.2 Relative intensities of the reflections for CooMnSi in different structures

Structure (111) (200) (220) (311) (222) (400)
Cu;MnAl 4.30 4.67 100 2.01 1.30 16.46
CsCl - 4.67 100 - 1.30 16.46
BiF; 0.79 0.41 100 0.33 0.09 16.58
Tungsten - - 100 - - 16.58
CuHg,Ti 6.53 2217 100 3.26 0.57 16.46
NaTl 4.38 - 100 2.26 - 16.46

diffraction. Much care has to be taken in the structural analysis, as both have gen-
eral fcc-like symmetry. In the CsCl-type structure only the (111) reflex vanishes,
whereas in the NaTl-type structure the (200) reflection disappears. In the tungsten-
type structure, however, both, the (111) and (200) reflections disappear. Of course,
most samples are not completely ordered or disordered, small amounts of disorder
in an ordered compound or a low degree of order in a disordered structure may
also occur. Unfortunately, this is not always detectable by standard XRD methods.
In such cases, anomalous XRD investigations with synchrotron radiation can be
performed. This allows for the direct observation of anti-site disorder, e.g. Co oc-
cupation on the Mn sublattice could be quantified directly in the case of CooMnGe
thin films [26].

The quaternary alloy CopFeAl;_, Siy is one example, in which increasing order
is observed with the substitution of Si for Al [27]. CosFeAl is CsCl-type disordered,
i.e. Fe and Al atoms are randomly distributed. With increasing Si concentration, the
amount of CupMnAl-type order increases, as indicated by the increasing intensity
of the (111) reflection (compare Fig. 3.9(a)). Differential scanning calorimetry mea-
surements revealed that the phase transition temperature decreases with increasing
Si concentration as shown in Fig. 3.9(b). Together with band structure calculations,
these results lead to the conclusion that a composition of 50 % Al and 50% Si yields
a stable and well ordered half-metallic ferromagnet, and therefore, this material is
now used in magnetic tunneling junctions [28].

A very useful method to further investigate the atomic disorder is spin echo nu-
clear magnetic resonance (NMR). These measurements are able to probe the di-
rect local environments of the active atoms. NMR investigations provide a tool to
obtain the local environment by measuring the resonance frequencies, and conse-
quently, probing the local hyperfine magnetic fields. Thus, the first neighboring
shells of the active atoms are revealed [29-31]. The quaternary substitution series
CoyMn_,Fe, Si, which was theoretically predicted to show half-metallic ferromag-
netism, was studied using the NMR technique by Wurmehl et al. [32, 33]. The local
environment of >>Mn nuclei was investigated in detail, and the obtained SSNMR
spectrum of CopMng 5Feq 5Si is displayed in Fig. 3.10. In agreement with the ex-
pected random distribution of Mn and Fe on the 4b position, several resonance lines
are found. Each line can be correlated with the one particular Fe configuration in
the third Mn coordination shell. This important precondition for quaternary alloys
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Fig. 3.9 (a) Powder diffraction of CopFeAl;_, Si,. Shown are the powder patterns measured with
Mo Ka at room temperature for selected compositions with x = 0.3, 0.4, and 0.5. (b) Phase transi-
tions in CopFeAl;_, Siy. Shown is the composition dependence of the phase transition temperature.
The length of the vertical bars corresponds to the experimental hysteresis. The insets (a) and (b)
display typical DSC curves in low (0.1) and high (0.7) Si content compounds, respectively. Data
taken from Ref. [27]. Reprint with kind permission of Elsevier
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was proved by the NMR method, and thus, these compounds may show stable half-
metallicity, including a very high spin polarization. In the case of CoyFeSi thin
films, which were determined by XRD to display the ordered Cu, MnAl-type struc-
ture, the >Co NMR experiment has shown Fe anti-sites on the Si sublattice, which
corresponds to CsCl-type disorder [34].

Additionally, MoBbauer spectroscopy is a useful characterization technique,
which measures the hyperfine field at the core of MoBbauer active atoms (com-
monly 57Fe). The nature of the obtained the spectra give an indication on the local
environment of the probed atomic species. As an example, the Cop_y)Fe(14x)Si
series exhibits almost identical XRD patterns (see Fig. 3.11(a)), which impedes a
clear differentiation between CuHg,Ti and the CuyMnAl-type structure. A definite
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Fig. 3.11 (a) Powder XRD of Coy_yFej4,Si. Shown are the powder pattern measured with Mo
Ko at room temperature for selected compositions with x = 0.2, 0.5, and 0.9. (b) 37 Fe MoBbauer
spectra of Cop_,Fej4,Si. Shown are the relative intensities of the two hyperfine magnetic fields
related to the sextets I and II. The inset displays the 37 Fe MoBbauer spectrum of Coj gFe; 2Si. Data
taken from Ref. [35]. Reprint with kind permission of Elsevier

assignment, however, is possible using Mof3bauer spectroscopy [35]. All MoBSbauer
spectra exhibit two sextets, which means that the Fe atoms are present in two dif-
ferent magnetic environments. Figure 3.11(b) displays the spectrum of Coq gFe; 2Si
as well as the relative intensities of both sextets. It can be seen that the intensity
of the second sextet increases with increasing Fe content, because the additional Fe
atoms occupy the 4d lattice position. This leads to the conclusion that Co,FeSi and
CoFe;Si crystallize in the CupMnAl-type (L2;) and the CuHg,Ti-type structure,
respectively.

For the series CopMn;_,Fe, Al, the existence of a short range order was de-
tected, although XRD studies indicated a complete disorder on the Y and Z po-
sitions [36]. To get an insight into the structural and magnetic properties of thin
films, >’Fe conversion electron MoBbauer spectroscopy (CEMS) is a very powerful
method. CEMS spectra of as-deposited epitaxial Co,Crg gFeg 4 Al (CCFA) thin films
with a Fe buffer layer show distinguishable subspectra originating from the CCFA
and the Fe buffer layer (Fig. 3.12(a)) [37]. Figures 3.12(b)—(d) present the spectra
of thin films without Fe buffer after annealing at 450, 550, and 600 °C, respectively.
Spectra of samples with a buffer layer have broader lines and look similar, except
for the presence of a Fe subspectrum, which is reduced by increasing annealing
temperature, and finally disappears after annealing above 600 °C. This result indi-



56 T. Graf and C. Felser

Fig. 3.12 5Fe CEMS
spectra of 100 nm CCFA thin
films (light blue) deposited on
MgO substrates with a 10 nm
Fe buffer layer (yellow)
without annealing (a); spectra
of 100 nm CCFA thin films
(light blue) deposited on
MgO substrates without a
buffer layer annealed at

(b) 450 °C, (¢) 550 °C, and
(d) 600 °C. The central peak
dark blue corresponds to Fe
atoms occupying Co sites.
Data taken from Ref. [37].
Reprint with kind permission
of Elsevier

Res. effect, %

cates a diffusion of Fe from the buffer layer into the CCFA thin film, and apparently
the related diffusion of Cr atoms from the CCFA thin film into the Fe buffer layer
occurs simultaneously. The central peak, which is observed in the spectra (b)—(d),
results from Fe in a nonmagnetic surrounding, i.e. from Fe atoms substituting Co
atoms in the B2-type structure. Summarizing, CEMS studies demonstrate that an-
nealing of CCFA thin films (i) monotonously improves their crystallographic order
in the temperature range of 450-700 °C, (ii) causes diffusion of Fe atoms from the
Fe buffer layer into the CCFA, changing its composition, and (iii) favors anti-site
Co,Fe disorder.

Furthermore, extended X-ray-absorption fine structure (EXAFS) is a sensitive
method to determine short range chemical order around atoms, which has also
been successfully applied to investigate Heusler compounds. In Co,MnSi, a distinct
amount of disorder between the Co and the Mn sites has been revealed, which is an
explanation for the rather low measured spin polarization of 55 %, although band
structure calculations predict half-metallic ferromagnetism for the ordered com-
pound [38]. Another example that demonstrates the enormous potential of this char-
acterization technique for Heusler compounds is displayed by the Co,FeZ (Z = Al,
Si, Ga, Ge) system. For Z = Al and Si the complete structure could be revealed
by XRD. However, for Z = Ga and Ge XRD studies showed only a cubic structure
without the degree of ordering (compare Fig. 3.13(a)) [39]. EXAFS measurements
were performed at the Co K edges and the Fe K edges. The spectra could be fit-
ted with a CsCl-like disordered structure for CopFeAl, but for the remaining sam-
ples the fitting procedure yielded well ordered structures as shown in Figs. 3.13(b)
and (c).
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Fig. 3.13 (a) XRD of CoyFeZ with Z = Al, Si, Ga, Ge. The XRD pattern have been excited
by Mo Ko radiation. Note the different indexing of the reflections in the sc¢ (Z = Al) and fcc
(Z = Si) crystal systems. The line below Z = Ge is the difference between the measured data
and the L2 Rietveld refinement for CoyFeGe. (b) EXAFS oscillations extracted from the X-ray
absorption measurements at the Co K edge. (¢) Corresponding Fourier transforms (symbols) and
best fitting results (gray line). The imaginary part of the Fourier transform is displayed for the
CoyFeGe compound (open circles). Data taken from Ref. [39]. Reprint with kind permission of
Elsevier

3.7 Conclusion

The crystal structure of Heusler compounds is reviewed from various viewpoints.
It is emphasized that the electronic properties depend strongly on the atomic order
of the material. Since disordered structures are frequently observed, a careful struc-
ture analysis is inevitable to understand the structure to property relations. In many
cases, standard XRD methods are not sufficient to determine the atomic arrangement
in Heusler phases. Therefore, additional methods have to be applied, as described
above. It should be noted that, in some cases, disorder effects do not sustainably per-
turb the electronic structure. To clarify the influence of the crystal structure on the
electronic states, detailed theoretical investigations for each specific type of material
need to be performed. Well-controlled synthetic methods can circumvent problems
associated with atomic disorder and open the door to innumerable applications.
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Chapter 4

Substitution Effects in Double Perovskites:
How the Crystal Structure Influences

the Electronic Properties

Haitao Gao, Alexandra Jung, Irene Bonn, Vadim Ksenofontov,
Sergey Reiman, Claudia Felser, Martin Panthofer, and Wolfgang Tremel

Abstract We systematically studied substituted SrpFeReOg with respect to exper-
imental characterization and theoretical band structure calculations. In the frame-
work of the tight-binding approach, hole- or electron-doping of Sr;MM’Og were
performed at the M or M’ positions either by transition or main group metals.
Hole-doping, rather than electron-doping, has a favorable effect to improve the half-
metallicity (Curie temperature and saturation magnetization) of the parent com-
pound. When M is substituted by another metal, the original M’ metal will serve
as a redox buffer (and vice versa). Substituting M by another metal with a size
similar to that of the metal at M’ position causes disorder, which has high impact
on the properties of the starting compound. Main group metals block the super-
exchange pathways that underlie the half-metallic properties in SryFeReOg. Thus a
Mott-insulating and spin-frustrated state is produced in an ordered phase due to the
geometrical arrangement, e.g. in SrpInReOg. However, M/M’ disorder is significant
in the main group elements containing double perovskites, this triggers electronic
conductivity arising from electron hopping from Re to adjacent Re ions as observed
in SrpGaReOg.

4.1 Introduction

After the discovery of the powder magnetoresistance effect in SroFeReOg at room
temperature and low magnetic fields, SroFeReOg has indicated the potential of com-
pounds from the so-called double perovskite group for spintronic applications [1, 2].
The extreme flexibility of the double perovskite structure type, in terms of struc-
ture/symmetry and the elements involved, allows the substitution of Sr, Fe, and Re
by a wide variety of metal cations without the risk of a phase separation. Therefore,
by substituting the metal components of the parent SroFeReOg with elements that
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provide a different number of valence electrons, the magnetization, Curie tempera-
ture (T¢) and PMR effect can be varied in a systematic manner.

SrpFeReOg crystallizes in the space group /4/m. The tolerance factor + = 0.905
for SrpFeReOg would indicate an ideal cubic or a tetragonal distorted double per-
ovskite structure [3]. The size difference of the Fe and Re cations (r(Fe3+) =65 pm,
r(Re>t) =58 pm) prevents antisite disorder in SrpFeReOg [4].

SroFeReOg was reported to be a half-metallic ferrimagnet with 100 % spin po-
larized charge carriers [2, 5-8]. Due to the boundary condition of charge neutrality,
i.e. n +m = 8 for the valence states Fe” T and Re” T, seven electrons are distributed
within the Fe and Re d states. In the spin-up direction, the Fe 3d states are filled with
five electrons, and the corresponding Re-5d states are empty (Fig. 4.1). In contrast
to the band gap in the spin-up direction, SroFeReOg is metallic in the spin-down
direction. The two remaining electrons are delocalized within the Fe/Re tpg con-
duction band. The electrons localized on the Fe atoms and the itinerant electrons
distributed over the Fe and Re sites are coupled antiferromagnetically. This arrange-
ment is mediated by means of a Zener double exchange along the -Fe-O-Re- O-Fe-
units, which leads to an overall ferrimagnetic behavior [9-11]. As a result, the va-
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lence states of Fe and Re are difficult to determine. NMR- and Mo6Bbauer spectro-
scopic studies report unanimously that the valence state of Fe is between 2.5+ and
3+ [2, 5-8, 12-14]. The experimental saturation magnetization (Mg = 2.7 up/f.u.)
is in good agreement with the magnetization that is expected from the antiparallel
alignment of the itinerant and localized electrons (Mg, cqic =3 pp/f.u.). The ferro-
magnetic to paramagnetic transition occurs at 7c =401 K.

The low-field magnetoresistance effect of Sr;FeReOg is based on a powder mag-
netoresistance effect, i.e. the properties of the grain boundaries determine the prop-
erties of the sample. Maximum MR values of 21 % at 4.2 K and 70 kOe were
reported. Depending on the synthesis, SroFeReOg was reported to exhibit metallic
or semiconducting transport behavior [2, 5-8, 12, 13].

We have studied the substitution effect at the M or M’ positions (Sr;MM’Og)
on the electronic and magnetic properties in SroFeReOg. The results are presented
in terms of substitution positions by main group or transition metals, and finally
summarized using a scheme.

4.2 Substitution with Transition Metals

4.2.1 M Position

In doped double perovskites SrpFe1_yMsReOg (0 < x < 1, M = Zn, Cr), strong
correlations have been found between the electronic, structural and magnetic prop-
erties. The interplay between the van Hove singularity and the Fermi level plays a
crucial role for the magnetic properties (Fig. 4.2). To reach the coincidence of the
van Hove singularity and Fermi energy, the conduction band must be either filled
or depleted. Thus, this electronic tuning may lead to a larger saturation magnetiza-
tion due to the larger number of electronic states close to Er, thereby enhancing the
Curie temperature and the MR effect. As a clear example, electron-doping has been
successful for SrpFeMoOg, e.g. Sro_yLa,FeMoOg was reported to exhibit higher
Curie temperatures [15]. In case of SroFeReOg, hole-doping is supposed to be fa-
vorable.

4.2.1.1 Cr-Series (Hole-Doping)

Hole-doping of the parent compound SrpFeReOg with Cr leads to a non-monotonic
increase of the saturation magnetization for doping levels up to 10 %. The Curie
temperatures monotonically increase from 401 to 616 K (Fig. 4.2(c)). Superimposed
on the electronic effects is the structural influence which can be explained by size
effects modeled by the tolerance factor t. For Cr substitution levels higher than 40 %,
we observed a tetragonal—cubic transformation [16].
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Fig. 4.2 Band structures of the metallic spin direction of (a) SroFeReOg, (b) SroFeMoOg; satu-
ration magnetization of measured at 5 K (black triangles) and Tc measured at magnetic field of
0.1 T (V) versus metal content: (¢) SroFe;_, CryReOg, (d) SroFe;_Zn,ReOg

4.2.1.2 Zn-Series (Electron-Doping)

In contrast to Cr substitution, Zn (electron rich) substitution leads to a continuous
decrease of the saturation magnetization and the Curie temperatures (Fig. 4.2(d)).
For Zn-series samples the tetragonal distortion linearly increases with increasing Zn
content. The valence state of iron is determined by MoBbauer spectroscopy to be
+2.7. Upon doping, the Fe valence remains constant, suggesting that Re serves as a
redox buffer [16].

4.2.2 M’ Position

In Fe substituted (electron-doping) solid solutions of SroFeRe_,Fe,;Og (0 < x <
0.5), the series undergoes a structural transition from the ordered parent phase
(x = 0) to various highly disordered phases upon increasing degree of substitu-
tion. This situation is similar to that observed in SroFeRe|_,Ga,Og (Fig. 4.3(a)).
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Fig. 4.3 (a) XRD powder patterns of SrpFeRe;_,Fe,Og, (b) magnetic susceptibility of
SroFeRe;_,Ga,Og, (¢) conductivity measurement of SrpFeRe|_,Fe,Og, (d) magnetic suscep-
tibility of SroFeRe;_,Fe,Og

The (101) and (002) reflections in the XRD powder pattern of the tetragonal parent
phase are indicative of M/M’ ordering and vanish upon substitution. Fe-substituted
solid solutions undergo magnetic transitions from ferro/ferri-magnetic to antiferro-
magnetic ordering, suggesting an increasing amount of -Fe-O-Fe- units (Fig. 4.3(d)).
As shown in Fig. 4.3(c), upon substituting the metal M’ in Sr,FeReOg, the samples
become semiconducting (Fig. 4.3(c)). MoBbauer spectroscopy shows that the oxi-
dation state of Fe increases gradually to 3+, and thereafter remains constant while
Re serves as a valence buffer [17].

4.3 Substitution with Main Group Metals

4.3.1 M Position

4.3.1.1 Ga-Doping

In the case of SrpFei_,GayReOg (0 < x < 0.7), an unexpected phase separation
makes magnetic effects more complicated compared with a simple magnetic dilu-
tion without such disorder (Fig. 4.4(a)). An unexpected finding was the observa-
tion that Ga not only occupies the Fe but also the Re lattice site. This is in con-
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Fig. 4.4 (a) Magnetic
hysteresis loops of
SrpFe_,Ga,ReOg measured
at 5 K, (b) DOS of
SrpGaReOg

Magnetic moment m(H) [u,]

-4 2 0 2 4

-

-
\\L T
LI

y

Density of states n(E) [eV]
oA NoNnAO®O

'
-

8 6 4 -2 0
Energy E-¢_[eV]

N
I

trast to the observation of virtually no Fe/Re (M/M’) disorder in the parent com-
pound SroFeReOg. On the other hand, Fe3* and Re>t can easily be substituted
by Ga** due to the similarity of the ionic radii. For this reason Ga’* is used for
the diamagnetic dilution of ferric oxides or sulfides. The experimental data indi-
cate the formation of two phases, a ferrimagnetic tetragonal and a paramagnetic
cubic phase. Below 20 % Ga content, Ga statistically enters the -Fe-O-Re-O-Fe-
double exchange pathways. Phase separation occurs for a Ga substitution greater
than 20 %. For a Ga content between 20 % and 40 %, the paramagnetic Ga-based
phase appears to contain no Fe (Fig. 4.5). The Fe containing cubic and param-
agnetic phases detected by MoBbauer spectroscopy appear first for a composition
SryFeg ¢Gag.4ReOg. MoBbauer spectroscopy also shows that the valence state of Fe
remains unchanged with the substitution level, indicating that Re acts here as a redox
buffer. Interestingly, the end member of the substitution series SroFe|_,Ga,ReOg,
Sr2GaReOg, was predicted by Jung et al. to be a half-metallic ferromagnet although
it contains no magnetic elements (Fig. 4.4(b)) [18].

4.3.1.2 Sr,GaReOg

Considering the disorder effect in Ga-substituted SrpFeReOg shown above, a
high degree of disorder was expected in SrpGaReOg. The structural analysis in
terms of both X-ray diffraction and neutron diffraction indicated that the disor-
der amounts to 40 % in SroGaReOg. This large disorder triggers the conductivity
in SrpGaReOyg (Fig. 4.6(c)). Compared with the iso-electronic and insulating com-
pound, SrpInReOg (Figs. 4.6(a), (b)), the magnetic moment in Sr,GaReOy is greatly
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Fig. 4.6 (a) Conductivity and (b) magnetic susceptibility of SrInReOg, (¢) conductivity measure-
ment and (d) magnetic susceptibility of SryGaReOg. In (a), variable range hopping conductivity is
observed

reduced (Fig. 4.6(d)), indicating a hopping behavior of the Re-5d electrons. The con-
ductivity and magnetic measurement suggest that ordered SrpGaReOg is an inherent
semiconductor rather than a half metal as predicted previously [19].

4.3.1.3 Sr;InReOyg

Due to larger difference in the ionic radii between Re and In, SrpInReOg has an
ordered structure. It crystallizes in the monoclinic cryolite type (space group, P21n).
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SrpInReOg is a Mott-insulator, because In blocks the electronic hopping in -In-O-
Re-In-O-Re-O- (Fig. 4.6(a)). Magnetometry indicates two unpaired and localized
electrons on Re’*, giving rise to an antiferromagnetic coupling. However, due to
a nearly fcc arrangement of the octahedral 21 units (Re>*, 542), spin-frustration is
observed and a long-range antiferromagnetic ordering is hindered (Fig. 4.6(b)) [20].

4.3.2 M’ Position

4.3.2.1 Ga-Series

SrpFeRe;—Ga,Og (0 < x < 0.5) undergoes a transition from double perovskite
to disordered simple cubic perovskite, similar to SroFeRe|_,Fe,Og. For x = 0.5,
an equal distribution of Ga at both, M and M’, positions was found. Already at a
substitution level of x = 0.1 the conductivity drops below an experimentally signifi-
cant value. In contrast to SroFeRe|_,Fe,O¢, SrpFeRe|_,Ga,Og does not show any
magnetic transition (Fig. 4.3(b)). This suggests that no adjacent Fe-O-Fe motifs are
present [21].
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Fig. 4.7 Molar susceptibility measured at 5 kOe in dc mode of and (b) field dependence of
the magnetization at 5 K of SrpFeRe|_,Sb,Og¢, (¢) DOS of Sr,FeSbOg, (¢) conductivity of
SrpFeRe;_,Sb,Og¢
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4.3.2.2 Sb-Series

Compounds of the solid solution series SroFeRe|_, Sb, Og crystallize in the tetrag-
onally distorted double perovskite structure type. Antisite disorder is as low as
2 %. For large Sb contents (x > 0.6) a macroscopic antiferromagnetic behav-
ior is observed (Figs. 4.7(a), (b)). The absence of antisite disorder precludes
this antiferromagnetism to originate from a superexchange via the Fe-O-Fe units.
MoBbauer spectroscopy indicates the simultaneous presence of ferri- and antifer-
romagnetic clusters at the microscopic level in all samples, except for SrpFeReOgq
and SrpFeRe( 1Sbg 9O¢, which are purely ferri, and antiferromagnetic, respectively.
Sb rich samples were found to be semiconductors or insulators by band structure
calculations and conductivity measurements (Figs. 4.7(c), (d)). Thus, replacing Re
by Sb leads to a transition from an itinerant ferrimagnet for low substitution levels
to a localized antiferromagnet for high substitution levels. As a consequence of the
bleaching of the double exchange pathways by a substitution of Re by Sb, the mag-
netic behavior of SryFeRe|_, Sb, Og is determined by its Fe3t component. Another
finding from Fe Mofbauer spectroscopy is that the valence state of Fe was increased
with substitution, indicating of a role of Fe as a redox buffer [22].

4.4 Summary

Summary of substitution effects in SryFeReOg is shown in Fig. 4.8.

SrzMM,Oé

[ By transition J [ By main group ] [ By transition ] [ By main group J

Substitution on Substitution on
M position M’ position

metals metals metals metals
Hole doping: Solid solutions: SroFe Re; «FeOg Sr,Fe Re;.xGa,Os
SryFe;CriReOg SroFe 1..Ga,ReOg
Electron doping: Compounds Sr,Fe Re;«SbyOg
SryFe;..Zn,ReOq

SrInReOg
Sr,GaReOs

Fig. 4.8 Summary of substitution effects in SryFeReOg
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Chapter 5
Half-Metallic Ferromagnets

Jiirgen Kiibler, Gerhard H. Fecher, and Claudia Felser

Abstract Half-metallic ferromagnetism and the related ferrimagnets are reviewed
from a theoretical point of view. Concentrating on Heusler compounds as well as the
double perovskites we discuss the electronic structure, the nature of the magnetic
moments, and the physics of the energy-gap in one of the spin-channels. The role of
spin—orbit coupling is examined and a brief account is given of a tetragonal Heusler
compound. Exchange interactions are determined and used for calculations of the
Curie temperatures and spin-wave spectra. In view of the large Curie temperatures
of the Heusler compounds and the double perovskites we discuss double-exchange
and super-exchange models.

5.1 Introduction

Half-metallic ferromagnets (HMF) are metals with 100 % spin-polarized electrons
at the Fermi edge, i.e. the electron states of one spin direction are gapped while
for the other spin direction they are metallic. The term HMF was coined in 1983
by de Groot et al. [1] to describe the electronic structure of NiMnSb and PtMnSb.
These are Heusler compounds that have the C1;, crystal structure, which can be best
described by starting with the zinc blende structure sketched on the left hand side
of Fig. 5.1. When another set of atoms is added on an fcc lattice (right portion of
the figure), thus completing the rock-salt structure for the dark shaded atoms, the
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Fig. 5.1 Zinc blende crystal
structure on the left and C1,
Heusler structure on the right

Fig. 5.2 C1, crystal
structure on the left and L2
structure on the right

C1, Heusler structure is obtained. In this early work the emphasis was on magneto-
optical applications [2, 3] for which the large Kerr angle found in PtMnSb appeared
very promising. Although this is highly interesting physics we will not deal with
this topic here any further.

Also in 1983 half-metallic ferromagnetism was theoretically predicted for other
ternary systems: CooMnAl and CopMnSn [4]. These are also Heusler compounds,
but they have the L2 crystal structure, which can again be visualized by means
of Fig. 5.1 by filling the remaining tetrahedral site. This is sketched in Fig. 5.2,
where the connection of the C1; structure with the L2; structure is shown. The
half-metallic ferromagnetism of the Co-Heusler compounds received only little at-
tention in this early work except for a remark that one might expect unusual transport
properties. The emphasis was more on simple attempts to estimate the Curie (Néel)
temperatures from the electronic structure calculations and on a description of the
nature of the magnetic moment of manganese in these compounds, a topic we will
take up again in the next section.

Recently, Heusler compounds had an astonishing comeback. Because of their
high spin polarization and their high Curie temperatures they received exceptional
attention for possible applications in the field of spin-electronics and magneto-
resistive devices (spintronics). Recent review articles cover the basic physics of
HMF’s [5] and aspects of applications [6, 7]. Although the number of chemically
different HMF’s is quite substantive [5], we shall focus our attention in this chapter
only on the Heusler compounds and the related double perovskites [8] apologiz-
ing already here for not being able to cite all relevant work on the topics chosen.
In the description of the electronic ground-state structure we shall besides trends
look at the role of spin—orbit coupling and at structural variants of the cubic Heusler
compounds. Excited-states properties like spin-waves and the Curie-temperatures
are obtained by means of frozen spiral spin configurations; they allow us to study
trends again and discuss exchange mechanisms that might be helpful in understand-
ing the size of the Curie temperatures.
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5.2 Electronic Structure of Heusler Compounds

5.2.1 Slater—Pauling Behavior

We begin this section by orienting ourselves employing the Slater—Pauling curve,
where the average saturation magnetization of ferromagnetic alloys is plotted as a
function of the electron concentration [9]. The regularities and trends in the Slater—
Pauling curve shown in Fig. 5.3 are perhaps the most prominent properties of
itinerant-electron ferromagnets; they have from the very beginning been ascribed
to broad band-structure features. Originally conceived for binary alloys only the
Slater—Pauling curve has been generalized here to include a subset of Heusler com-
pounds.

The history of the Slater—Pauling curve is somewhat involved as outlined in
Ref. [10]. However, the basic physical facts are simple to state: The magnetic mo-
ment M is given in terms of the number of up- and down-spin electrons, N4+ and
N, by M = Ny — N, whereas the number of valence electrons is Ny = Ny + N, .
So if the up-spin count is constant then the two equations are rewritten as M =
2Ny — Ny, which obviously is the case for the right hand side of the Slater—Pauling
curve labeled fcc “itinerant”. It is rewarding to read the ground-breaking paper of
Friedel [11] which gives the physical reasons for the constancy of the up-spin count
in a lucent way.

Here we are concerned with the left hand side labeled bcc “localized”. (The
acronyms fcc and bcc refer to the dominant coordination of the atoms). It is the
down-spin count that is constant in this case, so that the magnetization is given
by M = Ny —2N,. As we will see, this constancy of the down-spin count in the
Heusler compounds collected in Fig. 5.3 comes about through the band gap in the
down-spin electrons, which is the defining feature of HMF.

The magnetism of the Heusler compounds, especially of Cu,MnAl and
CupMnSn, was traditionally alluded to as being localized Refs. [12, 13] and an
explanation for localized behavior in the itinerant-electron picture is certainly of
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and down-spin electrons in Heusler compounds X>MnY derived from calculated density-of-states
curves like that shown on the right. Reproduced with kind permission from Kiibler et al. [4].
Copyright (1986) by the American Physical Society

interest. In Fig. 5.4, taken from [4], one sees that the Mn spin-up d states are almost
completely occupied and the bandwidths indicate that they are just as delocalized
as the d electrons of X (Cu). The Mn down states, however, are nearly empty. So
the spin-up d electrons of the Mn atoms join those of the X (Cu) atoms in form-
ing a common d band, whereas the spin-down d electrons are almost completely
excluded from the Mn site. The result of this localized exclusion is an equally lo-
calized region of magnetization. We therefore have completely localized moments
composed of completely itinerant electrons [4]. We emphasize that the Mn atom
occupies the rock-salt structure.

5.2.2 Band Structure of the Coy-Heusler Compounds

We begin by drawing attention to the magnetic moments per unit cell of our selection
of Heusler compounds graphed as a function of the number of valence electrons per
unit cell, Ny. This is shown in Fig. 5.5 taken from Ref. [14] which, clearly shows
a portion of the left hand-side of the Slater—Pauling curve discussed above. The
coordinates used here can easily be transformed to those used in Fig. 5.3. Figure 5.5
also reveals that the calculations are in good agreement with measured values of
the magnetic moments. We furthermore can see from this figure that most of these
compounds possess integer or near-integer valued magnetic moments. Indeed, these
are half-metallic ferromagnets (HMF), as is revealed by Figs. 5.6, 5.7, and 5.8 where
the densities of states (DOS) are shown for increasing number of valence electrons.
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Fig. 5.5 Section of the
Slater—Pauling curve
describing a set of
Coy-Heusler compounds;
Reproduced with permission

from Kiibler, J., Fecher, G.H.,

and Felser, C.: Phys. Rev. B
76, 024414 [14]. Copyright
(2007) by the American
Physical Society

Fig. 5.6 Spin and site
resolved density of states of
Co,TiAl and Co, VGa, upper
panel is spin up, lower panel
is spin down. Reproduced
with permission from
Kiibler, J., Fecher, G.H., and
Felser, C.: Phys. Rev. B 76,
024414 [14]. Copyright
(2007) by the American
Physical Society

Fig. 5.7 Spin and site
resolved density of states of
Co2VSn and CoyMnAl,
upper panel is spin up, lower
panel is spin down.
Reproduced with permission

from Kiibler, J., Fecher, G.H.,

and Felser, C.: Phys. Rev. B
76, 024414 [14]. Copyright
(2007) by the American
Physical Society

Moment [ p.f.u.]

DOS [eV ]

DOS [eV ]

75
T T T T T T
6 Co FeSi @
@® Meas. moment 2 '/.
O cCalc. moment Co.MnSi 0
5L 2 -
7" CoMnSn
4l - N
" Co,MnAl
3t _,iCOZCrGa 1
CoVGa .~
2L .
e Co,CrAl
1 " ® Co VSn |
Co,TiAl
0Ll 1 1 1 1 1
25 26 27 28 29 30
No. of valence electrons
8r CozTiAI 1 I CoVGa
6 -
4 L
2
h W |
0 ..‘.':sn!m!'lul|\‘m\ “I 4 'mu.;.\ Y,
”'l I I"\|| \”\l/'
2 - !‘
4 L
sl [ Co-d
L] va
8 LN, =26
1 1 1 1 1 1 1 1 1 1 1 1 1
6 -5-4-3-2-1012 654321012
Energy [eV] Energy [eV]
12
10}
8
6
4
2
0
2
4
6
stk ]
[ ] vd
101N, =27 1 [N,=28 ]
12 1 1 1 1 1 1 1 1 1 1 1 1
6 5-4-3-2-10126-5-4-3-=2-101 2
Energy [eV] Energy [eV]



76 J. Kiibler et al.

Fig. 5.8 Spin and site MV T L e e T
resolved density of states of 12+ Co,MnSn {1 | CojFesi 4
Co,MnSn and Co,FeSi, 10 1 F p
upper panel is spin up, lower 8 i 1
anel is spin down. 6 r E
Il)leproducl:,d with permission ~ — ‘2‘ kw& r \ | g
from Kiibler, J., Fecher, G.H., E 0 |\I|nlv.ﬂ"”ll”\l\l‘..‘. _-A).'hu :hu]l\|«.;iis.‘..
and Felser, C.: Phys. Rev. B g , NN + VAW 1
76, 024414 [14]. Copyright o 4l I/ | ‘ i
(2007) by the American 6L I 1
Physical Society s LM Co-d 1 LI co-o |
10FC_] Mnd | L[] Fed |
12| M, =29 { pMN=30 ]
14 1 1 1 1 1 1 1

1 1 1 1 1 1 1
6 -5-4-3-2-101 2 6 -5-4-3-2-1012
Energy [eV] Energy [eV]

The deviation from the straight line in Fig. 5.5 for Ny = 27 is seen to arise from
the occupations of down-spin states above the gap (Fig. 5.7 for Co,VSn). Another
deviation is seen to occur for Ny = 30, CoyFeSi, where the calculated value of
the magnetic moment is too low. Again, in our GGA calculations the down-spin
states above the gap are occupied. According to Ref. [15] the experimental value
of the magnetic moment is 6 wp and not as calculated 5.4 g, and the compound
is half-metallic. Both the standard LSDA and the GGA calculations [10], which
we used here for most of the calculated results shown, do not succeed in describ-
ing this state correctly. Wurmehl et al. [15] showed that by employing so-called
LDA+U calculations agreement with the measured values is obtained, in particular
the half-metallic state. The LDA+U increases the strength of the electron—electron
repulsion (U) beyond the amount that is accounted for by the local density func-
tional approximation (LDA). In Fig. 5.9 we show the results of these calculations,
for more details see Refs. [7, 15]. For certain applications in e.g. tunnel junctions it
is of importance to tune the Fermi energy to fall into a desired position of the gap.
For this a high-moment case is most desirable. Therefore two of these authors [16]
determined the band structure and the magnetic moment of CoFeAl;_, Si, for rep-
resentative values of x, for which super-cells can be constructed with a moderate
effort. This results in electron doping because Si possesses one more valence elec-
tron than Al. The calculated densities of states are shown in Fig. 5.10, for which the
GGA+U method (a variant of LDA+U)) was employed. A rather small value of U
is sufficient to obtain these results. The magnetic moments for these alloys follow
precisely the Slater—Pauling curve [16].

We now attempt to explain the reason for the gap in the down-spin electron bands
of the Co,-Heusler compounds, which supply nearly all HMF’s in the L2 family.
An explanation using a molecular-orbital diagram was given by Galanakis et al. [17]
some time ago. However, a direct check of their assumptions by examining the wave
functions in our calculations did not support their picture. So here we give another
qualitative but physical explanation.

We first observe that the gap seen in Figs. 5.6-5.8 (except for Co,FeSi) is bor-
dered entirely by Co-states, which we therefore concentrate on in our explanation.
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Next we recall a simple argument by Soderlind et al. [18] for an explanation of the
observed sequence of crystal structures for Mn, Fe, Co and Ni. They assumed that
the structural energy differences are predominantly determined by the down-spin
electrons because the up-spin bands are nearly filled and therefore mostly inert for
bonding. The reader interested in the details of the different crystal structures ob-
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served for the transition metals can find a lucid explanation in the paper by Séderlind
et al. [18]. Here we make another use of their observations.

Examining the number of d-electrons in CopMnSi (which we take as an example
for our discussion here) we find that the up-spin count is about n44 = 4.4 whereas
the down-spin count is ny | = 3.3. The latter is to be multiplied with 2, which gives
a d count of about 6.6 near that of Ru or Os. Ignoring furthermore the localized
Mn-magnetism we therefore look for an Os—Heusler compound, which we find in
OsyZrSn having a valence electron count of 24. Its electronic structure is easily
obtained and found to be insulating; its d-electron count is 6.7 near enough to the
doubled ng4 -count of Co,MnSi so that Os>ZrSn can be taken as a model-system for
the down-spin Coy-Heusler compounds.

In Fig. 5.11 we compare representative sections of the band-structure of down-
spin CooMnSi with that of Os;ZrSn obtained using the LDA. The gross features
are indeed very similar, including the representation of the d-electrons bordering
the gap. Since our argument depends on the specific d-electron count of magnetic
Co in the Heusler compound, it is unique for the Cop-system. This is, of course,
not a stringent theory, but it singles out the Co compounds, as desired. We add that
we might have chosen Fe,TiSn for comparison just as well; it is non-magnetic but
the e, - and #,¢-states are not gapped, the band structure in all other respects being
nearly identical with that of Os,ZrSn. We hasten to draw attention to the early work
of de Groot et al. [1] who explained the band-gap of the spin-down electrons of the
C1,-Heusler compound NiMnSb and pointed out the similarity of its band structure
with that of GaAs.

The next question concerns the experimental proof of half-metallicity. There is no
dedicated experiment except the spin-resolved positron annihilation measurements
by Hanssen et al. [19] for NiMnSb. This is proven by these authors to be a HMF to
the precision of the experiment which was better than one-hundredth of an electron.
Since this is a tedious and expensive experiment, NiMnSb will probably remain the
only proven HMF for some time. But there is much indirect experimental evidence
that half-metallic magnetism is physical and not merely numerical reality.
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5.2.3 Spin-Orbit Coupling

It has been known since the work of Brooks [20] that the main effect of spin—orbit
coupling (SOC) is the magneto-crystalline anisotropy. This is the energy involved in
rotating the magnetization from a direction of low energy—the so-called easy axis—
to a direction of high energy—the so-called hard axis. The SOC breaks the rotational
invariance with respect to the spin quantization axis. At this stage, however, we
are not attempting to determine the magneto-crystalline anisotropy of the Heusler
compounds. It rather is the effect of SOC on the band structure that we concentrate
on here.

In the computations described now, the spin—orbit Hamiltonian is included in the
local spin-density functional calculations as a second variation, which is brought to
self-consistency. The procedure is explained in detail in Chaps. 2.4 and 3.4.7.3 of
Ref. [10].

As is well known, in the spin—orbit coupled states spin is no longer a good quan-
tum number. So distinguishing spin-up and spin-down states is not a priori possible.
Therefore, to interpret the results of our SOC-calculations a spin-filter is employed.
This is constructed by computing the norm at each k-point projecting out the up-
and down-spin components. The norm at each k-point for a given band-index i
is thus written as n; (K) = n?p(k) + n?"w“(k) = 1. An energy state &;(k) having
ni? (k) > nd°"" (k) we call a majority state whereas ; (k) having n;" (k) < n%°"" (k)
is called minority state.

When the densities of states computed this way are plotted, the spin—orbit cou-
pled states look basically the same as those obtained without SOC. This is different
when the band-structure is examined. In Fig. 5.12 we compare the down-spin band-
structure with the minority band-structure of Co,MnSi. The SOC band-splitting is
very small and the band gap is unchanged, but the minority band-structure looks
somewhat “spiky”. The reason for the discontinuities that give rise to the “spiki-
ness” can be seen by examining Fig. 5.13, where both majority and minority states
are graphed in part A. The discontinuities originate from band crossings of minority-
and majority states. At these points, which we call hot spots, the projection of the
spins changes drastically. This is demonstrated in part C of Fig. 5.13 where the norm
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Fig. 5.13 The role of spin—orbit coupling (SOC) in the band-structure of Co,MnSi. Part A gives
all states of the band structure, but filtered such that the majority (solid dots) and minority states
(open circles) are recognizable. Part B is identical with the minority states given in Fig. 5.12; the
bands 9, 10, and 11 are marked with open circles. Part C is the up-spin-norm in the minority states
for bands 9, 10 and 11

of the up-spins in the minority states is shown for the three f,,-bands numbered 9,
10, and 11 to be found just below the gap. It is to be remembered that these norms
(n;lp (k)) vanish in the absence of SOC. It is seen clearly that near the hot spots these
norms rise rapidly indicating the spin-reversal that eventually leads to the hot-spot
state to appear in the majority bands. It appears quite plausible that experimentally
these states should be observable: at these crystal momenta k spin reversal costs no
energy.

5.2.4 Half Metallic Compensated Ferrimagnets

For spin torque applications, among other things, it is advantageous to design mag-
netic materials with ferrimagnetic arranged compensated moments. de Groot [21]
first suggested to follow the trend predicted by the Slater—Pauling curve for the
C1j,-compounds, see Fig. 5.3, to reach a suitable electron concentration that re-
sults in a vanishing total moment. He therefore calculated the electronic structure of
CrMnSb and found the desired results: the large Mn-moment cancels exactly the
moment of Cr. Unfortunately, CrMnSb cannot be realized experimentally. More
recent experimental results demonstrated that this line of arguing is misleading
even in the first step, namely the case of CoMnSb. Although placed correctly on
the Slater—Pauling curve the experiments of Ksenofontov et al. [22] showed that it
does not have the C1,-crystal structure; it actually is represented as an alternation
of Cop,MnSb and MnSb structure units. Furthermore, band structure calculations
showed that CoMnSb is not a half-metallic ferromagnet [22].

Both conceptually and experimentally more successful was an approach starting
with the L21-Heusler compounds. Using the Slater—Pauling curve and appreciating
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Fig. 5.14 Densities of states (DOS) of Mn,MnGa in the L2;-crystal structure. A: the states of
Mn I on the rock-salt sites (gray), B: the states of Mn II (gray)

Fig. 5.15 The DO2,-crystal
structure for Mn, MnGa

the local moment of Mn occupying the rock-salt sites, Wurmehl et al. [23] first de-
signed the Heusler compound MnyMnGa (written simply as Mn3zGa) computation-
ally; later on Balke et al. [24] synthesized and investigated the compound. A similar
approach was taken by Galanakis et al. [25] for CryMnZ (Z = P, As, Sb, and Bi).

The computational design yielded indeed a totally compensated ferrimagnetic
half-metallic L2-Heusler compound with Mn3+, called Mn I, at the octahedral
(rock-salt) sites having 3 x 743 = 24 valence electrons. The two magnetic moments
of the tetrahedral Mn II cancel the moment of Mn I, as is show in Fig. 5.14.

When the compound was synthesized [24], however, it turned out to be tetrago-
nal having the DOy;-structure, the compensation no longer being perfect and the
spin-polarization being about 80 %. A sketch of the DOj;-structure is graphed
in Fig. 5.15. The density of state of the tetragonal version of Mn3Ga is shown in
Fig. 5.16A. The magnetic moment of Mn I here is M = —2.83 pp and that of Mn
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Fig. 5.16 A: Densities of states (DOS) of MnyMnGa in the DOy;-crystal structure; the states of
Mn I are shaded gray. B: A comparison of the total energies (counted from an arbitrary origin) of
cubic and tetragonal Mn3Ga

Ilis M = 1.14 up so that a residual moment of 0.55 up remains. (Only the relative
signs are relevant here.)

Also shown in Fig. 5.16B is a comparison of the total energies of tetragonal and
cubic Mn3Ga. It is seen that under pressure the tetragonal form will go over to the
cubic L2;-structure. Similar to the properties calculated for ambient pressure the
magnetic moments will be entirely compensated and the spin polarization will be
near 100 %.

The tetragonal Heusler alloys, of which Mn3Ga is but one example, are under
intense investigation presently because they possess high perpendicular anisotropy
and low magnetic damping, at the same time having high Curie temperatures (see
below, also Ref. [26]) and containing, among other things, shape memory com-
pounds.

5.3 Curie Temperatures and Spin Waves

The success of the local spin-density functional (LSDA) approximation for the de-
termination of the electronic structure of solids need not be emphasized here. Even
though some important many-body effects require special treatment and corrections
to the LSDA are necessary, like the enhancement of the electron—electron repulsion
in the LDA+U method, it is clear that the LSDA together with suitable computer
codes provides a powerful tool to understand ground-state properties like those cov-
ered in Sect. 5.2.

For the determination of excited-states properties like Curie temperatures and
spin waves the use of the LSDA is somewhat problematic. Still, one may invoke
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the adiabatic approximation and freeze non-collinear spin arrangements to obtain
energy changes that are assumed to reflect excitation energies. It is the success of
such an approach that warrants its application and justifies its use.

5.3.1 Curie Temperatures

The challenge is to explain the large Curie temperatures, T¢, of the Heusler HMF’s
and the nearly linear trend of T¢ with the number of valence electrons, Ny, shown
in Fig. 5.17. This trend is quite remarkable; it even features exceptions similar to
the Slater Pauling behavior graphed in Fig. 5.5.

At the center of the theory for the Curie temperatures is the determination of
what are generally called exchange constants. A more suitable terminology should
replace constant by function because they vary and decay in real or reciprocal space,
whichever is the chosen method. The real-space approach is connected with Liecht-
enstein et al. [27] and has been used for Heusler compounds by Kurtulus et al. [28]
and Thoene et al. [29]. The reciprocal-space approach has been used for the Heusler
compounds in Refs. [14, 26, 30]. In this method total-energy changes are obtained
from spiral spin configurations, for which the theoretical basis can be found for in-
stance in the very readable review article by Sandratskii [31]. One must keep in
mind, however, that the symmetry of the spin-spiral is broken by spin—orbit cou-
pling, which is therefore neglected for the purpose at hand. This might be acceptable
for estimates of the Curie temperatures because their energy equivalents are much
larger than the spin—orbit coupling energies.

Once the exchange functions have been determined, different methods can be
employed to deal with the spin-Hamiltonian and find approximations for the Curie
temperature. A well-known and standard approach is the mean-field approximation
which has been used for Heusler compounds by, for instance, Thoene et al. [29].
It also is used in Ref. [30] where it is compared with the more precise RPA. The
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latter is related to the spherical approximation, favored in Refs. [14, 26]. We do
not intent do go into much detail for which the interested reader can turn to the
original literature. The main purpose here is to find an explanation for the linear
trend, Fig. 5.17, and to discuss the physics of the exchange interaction.

Figure 5.18 demonstrates the quality of the calculations of the Curie temperatures
by means of the LSDA (GGA) for the exchange functions and the spherical approx-
imation for an estimate of the T¢’s [14]. A similar figure of comparable quality is
shown in the paper by Thoene et al. [29]. A possible interpretation of the obvious
trend in Figs. 5.17 and 5.18 proceeds as follows.

First, for Heusler compounds of the form Co,XY, X being the other magnetic
atom, a spin-spiral characterized by the wave vector k defines four different ex-
change functions. These are ji;(k) for the exchange interaction between the X
atoms, jr2(k) for Co on the same sublattice, ji»(K) for the exchange interaction
between Co and X atoms, and j»3(K) for the exchange interaction between the Co
atoms on different sublattices. For each k-point in the Brillouin zone these are ele-
ments of a three by three matrix that is diagonalized to obtain the three eigenvalues
Jnk),n=1,2,3.

Second, in the spherical approximation [10, 14, 26] the Curie temperature is
given by

-1
2 1 1
kBTC:§Z$T2|:ﬁZm:| _ 5.1)
T kn

The quantity .%; describes the local moment of the atom at site 7. In principle it must
be determined self-consistently, see (12) in [26], but an acceptable approximation is
%, = M., where M, is the moment of the atom at site .

Returning to the trend in Fig. 5.14 we use (5.1) and look separately at the factors
s ,,2”3 and [% > kn 1in (k)]~'. These are plotted as ‘prefactor’ and ‘exchange
average’, respectively, in the insets of Fig. 5.19. Multiplying the numbers of one



5 Half-Metallic Ferromagnets 85

Fig. 5.19 Composition of the 1200 F—T T T T T ®
calculated Curie temperatures — 1

(encircled crosses) in terms of 1000 L /

the two parts (insets) of (5.1),

see text. Reproduced with /
permission from Kiibler, J., 800 |

Fecher, G.H., and Felser, C.: /./:

Phys. Rev. B 76, 024414 [14]. <

1030914

Copyright (2007) by the = 60025 - -
American Physical Society g 200l
400 5
2 150
)
S 100+ /o
200 |- s
5 |_o-8
@ W 50 o . .
. . . 25 26 27I 28 29| 30
0
25 26 27 28 29 30

inset with those of the other we obtain the calculated Curie temperatures plotted as
encircled crosses.

Starting in Fig. 5.19 at the left side with Ny = 25 one sees the expected trend
in the prefactor, where the lowest exceptions at Ny = 27 for CopVSn is clearly due
to the fact that this is not a HMF (see Fig. 5.7). Quite remarkably, the exchange
average is largest for Ny = 25 and 26 decreasing sharply and thus adding to the
low Curie temperature of Co,VSn. The compound Co,CrAl is calculated to be a
HMF. Its calculated T¢ is 399 K in satisfactory agreement with the measured value
of 334 K. It is below the linear trend, however, because the exchange average is low.
Only in moderate agreement with experiment is CoyCrAl because the exchange
average is obtained too low as well. From Ny = 27 (CoyCrGa) up to Ny = 30 the
exchange average increases, most likely a little too much for Co,FeSi, for which we
underestimate the prefactor: since the electron—electron correlation is not considered
here we do not see a HMF, in contrast to the LDA+U calculations (see Fig. 5.9). So,
to the right of the break in the trend at Ny = 27 the linear behavior is restored and
in both regions, low and high Ny, we conclude that it is dominated by the increase
in the magnetic moment which for Ny = 28,29, 30 is to some extend tuned down
by the slow increase of the exchange average.

Next we comment on models for exchange mechanisms that are frequently dis-
cussed in the literature. It should be emphasized that the various mechanisms pro-
posed appear in the calculations in mixed form and are not easily untangled. In
particular, the reason for the large values of the Curie temperature does not simply
drop out of a calculation, even though the large values themselves do.

In contrast to this is the model-Hamiltonian approach where different pertur-
bation treatments give different exchange interactions, depending on the relative
magnitude of the relevant exchange parameters. Still, it perhaps helps our under-
standing if an analysis is attempted on the basis of calculated trends. These might
reveal RKKY-type interactions, which we assume are well-known to the reader, or
concepts like antiferromagnetic super-exchange [32, 33] and ferromagnetic double
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exchange through charge carriers, concepts that are connected with the names Zener,
Anderson, and de Gennes [34, 35].

It is most likely Zener’s theory that provides the key concept and not RKKY. In
the wording of de Gennes [35] it is summarized by three points:

(1) Intra-atomic exchange is strong so that the only important configurations are
those where the spin of each carrier is parallel to the local ionic spin.

(2) The carriers do not change their spin orientation when moving; accordingly they
can hop from one ion to the next only if the two ionic spins are not antiparallel.

(3) When hopping is allowed the ground-state energy is lowered (because the car-
riers are then able to participate in the bonding). This results in a lower energy
for ferromagnetic configurations.

This exchange mechanism through carriers is called double exchange, some-
times also kinetic exchange. It obviously applies to metals and, in particular, to
half-metallic ferromagnets.

In contrast to this is the concept of Anderson’s super-exchange [32, 33] that in its
pure form applies to insulators and explains antiferromagnetism. It operates through
an intermediary non-magnetic ion, often, but not necessarily, oxygen. In the oxygen
ion the spins are antiparallel so that the electrons of one of the magnetic ion can
move over to the other magnetic ion via the oxygen bridge only if their spins are
antiparallel. If the spins were parallel the Pauli principle would partly forbid such a
transition. This mechanism does not apply here but might be of importance for the
double-perovskites.

Turning thus to Fig. 5.19 (and ignoring the break at Ny = 27) we see that the
Curie temperatures increase with increasing valence electron concentration, Ny, for
two reasons, first, because the magnetic moments increase, second, because the ex-
change averages increase, most likely so because of the double exchange mechanism
(DE). We conclude that the high Curie temperatures are due to the DE mechanism
that is enhanced by the large magnetic moments. Both effects are brought about by
the electron structure characteristic for HMF.

5.3.2 Spin Waves

The theory of spin waves in HMF is at present rather approximative. On the one
hand one assumes the validity of the Heisenberg Hamiltonian [36] and on the other
hand takes again excitation energies from spiral spin-configurations, which force
us to neglect spin—orbit coupling. This is perhaps more of a problem here than in
the case of estimating Curie temperatures, because the acoustic spin-waves have
small energies. Nevertheless, we proceed by stating that the spin-wave spectrum as
a function of the wave vector k, w(k), is obtained by diagonalizing a matrix &/
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whose elements are given by

(A)vy = 4/ M,y o (K) /My, (5.2)

where the quantity j, 1 (K) is related to the exchange functions j,, (k) by

Jo(K) = juy (K) COS[k (Tp— Tv)] — v Z Jurn Q)M /M. (5.3)
A

The result is derived in Refs. [10, 36].

Taking the exchange functions used in the previous section and doing the re-
quired diagonalization for the three by three matrix </ we obtain the results shown
in Fig. 5.20. Unfortunately, to our knowledge no experimental data are available
to verify the calculated spectra, except for measurements of the spin-wave stiff-
ness constant [37], which basically is the curvature of the acoustic spectrum at the
I'-point. The calculated spin-wave stiffness constant of Co,FeSi of 705 meV A2
is in (perhaps fortuitous) agreement with the measured value of 715 meV A2, for
Co,MnSi we compare the value of 770 meV A2 with the measured 580 meV A2,
and for CooMnAl we compare 570 meV A? with measured 140 meV A2. Although
the decreasing Curie temperatures and hence decreasing exchange functions are re-
flected in the over-all scale of the parts of Fig. 5.20, the large measured decrease
of the stiffness constants cannot be reproduced by our calculations. The reasons for
this disagreement are presently unclear.

We close this subsection by a rough estimate of the decrease of the spin po-
larization by exciting spin waves, i.e. by warming the crystal. Taking for example
CoyMnSi we inspect the acoustic part of the spin-wave spectrum in Fig. 5.20 and
read off roughly the value of w (k) at about 25 meV for k ~ 0.2 (in units of 27 /a),
corresponding approximately to room temperature. Therefore we calculate the den-
sity of states in the presence of a spin-spiral of wave vector kK = 0.2 and for clarity
also for k = 0.3, thus estimating the changes for about 500 K, too. The result is
shown in Fig. 5.21, where one can approximately read off the corresponding polar-
ization decrease to be about 20 % and about 40 % for the higher temperature. That
is, there still remains a polarization near 80 % at room temperature, a value that is
near the observed polarization.
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Fig. 5.21 Demonstrating polarization changes in the density of states (DOS) of Co,MnSi through
application of spin-spirals of wave vector 0.2 and 0.3 in units of 27 /a. On the right is the zoomed
DOS
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5.4 Electronic Structure of the Double Perovskites

The crystal structure of the double perovskites is closely related with the Heusler
compounds and can easily be derived from the L2 structure as is shown in Fig. 5.22.
If we denote the double perovskite by the formula X>YZOg, where X = Sr, Ba, Ca,
Y = Cr, Mn, Fe, and Z = Mo, W, Re, Os, then the X-atoms occupy the corners
of the inscribed cube (8 light-gray spheres), Y and Z occupy the fcc-sites that all
together form a rock-salt structure. In addition, corner-sharing oxygen octahedra
are introduced such that their centers coincide with the Y- and Z-atoms, thus placing
an oxygen atom between these two atoms. Often the cubic structure is tetragonally
distorted, sometimes even forming lower symmetric structures [8].

The interest in these compounds was excited by the report of room-temperature
colossal magneto-resistance in the ordered double perovskite (DP) SroFeMoOg [38].
The high degree of spin polarization in this and other DP’s is believed to be due to
the half-metallic nature of the electronic structure [38, 39]. In Fig. 5.23 we give an
overview of a set of double perovskites arranged according to the Curie temperatures
and the number of valence electrons, Ny, which are supplied by the transition-metal



5 Half-Metallic Ferromagnets 89

Fig. 5.23 Measured Curie T = T
temperatures (7¢) versus the X;Y20, (X=Sr,Ba,Ca) (CJIr) ]
number of valence electrons ® Sr e

Ny . The names of the 8001-| A Ba CrOg"_/ 1
elements Y and Z in the || Vv Ca L.e

double perovskites X, YZOg Cr.Re T

appear near the data points. 600 - e . FeRe_
The value in parenthesesisa ¥, L crw-- h A
projected one. Reproduced > FeMo _---~ FeRe
with permission from 4001 CrMo v _Fer;— Che
Mandal, T.K., Felser, C., | CrRe/"/ A A
Greenblatt, M., and FeMo _--FeRe
Kiibler, J.: Phys. Rev. B78, 200 C;W_/—" M e,—" T
134431 [41]. Copyright L oo R

(2008) by the American "‘ é ('3 ;

Physical Society

elements Y and Z. The remaining number of electrons from the X and O atoms are
the same in each series and are therefore suppressed in the notation. This figure is
not intended to be complete; there are a great number of other double perovskites
described in the literature, see for instance Refs. [8, 40].

5.4.1 Band Structure of the Double Perovskites

Largely following Ref. [41] we now discuss the band structure of a selection of
double perovskites, arranged in a way that brings out the relevant trends.

Beginning with Fig. 5.24 we show the spin- and site-resolved densities of states,
DOS, of the Sr-series with Cr and the 5d-transition elements W, Re, and Os. Differ-
ent shadings distinguish the DOS due to the different atoms. Going from left to right
in this figure the magnetic moment per formula unit decreases from 2 up to 0 wp.
Clearly, Sr;CrWOg and SrpCrReOg are half-metallic magnets and SroCrOsOg is
an insulator. The magnetic moment of Cr in these compounds is about 2.5 up to
2.4 pp; the moments of the 5d-metals (and a smaller contribution from oxygen)
are oppositely oriented, thus causing the decrease of the total moment to zero in
SrpCrOsOg. Hence, these double perovskites are half-metallic ferrimagnets. The
reason for the opposite orientation of the moments is clearly the oxygen-ion in be-
tween Cr and the 5d-elements. The occupation of the various states can easily be
read off from Fig. 5.24: the three up-spin f,-states of Cr are all occupied, in W
there is one electron in the down-spin #,,-states, in Re there are two, and in Os the
down-spin #,,-states are filled completely with three electrons.

The compound Sr;CrOsOg was synthesized by Krockenberger et al. [42] who
also determined the electronic structure verifying the insulating property both ex-
perimentally and theoretically, albeit with a smaller gap in the up-spin spectrum.
SrpCrOsOg and SroCrRuOg, the latter being similar to the former, were also dis-
cussed by Lee and Pickett [43], who obtained a gap for both systems, although a
smaller one in SrpCrRuOg, in agreement with the calculations of Mandal et al. [41].
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Fig. 5.24 The density of states (DOS) of Sr,CrWOg, SrCrReOg and Sr;CrOsOg (Reproduced
with permission from Mandal, T.K., Felser, C., Greenblatt, M., and Kiibler, J.: Phys. Rev. B 78,
134431 [41]. Copyright (2008) by the American Physical Society). Upper panel is spin up, lower
panel spin down. The partial DOS for Cr, W, Re, and Os is graphed with different shadings. From
left to right the number if valence electrons is 4, 5, and 6, while the magnetic moment is 2 up,
1 up, and O up per formula unit. The labels 7, and e, give the symmetries of the dominant
d-states. The calculations here employ the GGA

It must be emphasized that the vanishing magnetic moment is a result of complete
cancellation. If spin—orbit coupling is employed the gap remains but the cancellation
is no longer complete. A small ferromagnetic component appears of about 0.2 up.
Thus we here see a weak ferromagnetism in an insulator, which is a rather rare
occurrence.

We now turn to the Sr-double perovskites that contain Fe. A series of three den-
sities of states is shown in Fig. 5.25, where we selected SroFeMoOg, SroFeReOg,
and SrpFeRuOg. Here the number of valence electrons increases from 6 to 8 go-
ing through the figure panels from left to right; the magnetic moments are 4 up
for SrpFeMoQOg and 3 up for SroFeReOg. But then the expected trend is broken
by SrpFeRuOg, for which a ferromagnetic solution is found to be unstable. This in-
stability is observed through a spin-wave branch that becomes negative. A search
for another ground state leads via an LDA+U calculation to an antiferromagnet
Mott—Hubbard insulator with a small gap. The ordering wave-vector is found to be
K =(0.5,0.5,0.5) (AFII) with the Ru-moment orthogonal to the Fe-moment. Sim-
ilar calculations were undertaken by Fang et al. [44] for Sr,FeZOg (Z = Mo,W,Re),
who found an AFII order for SroFeWOQOg.

The density of states for SroFeMoOg shown in Fig. 5.25 is in good agreement
with previous calculations [38, 44]. Here and in SroFeReOg one sees that the filled
up-spin #, states of Fe have merged with the oxygen states and the up-spin e, -states
are filled also. Oxygen enforces the moments of Mo and Re to be antiparallel to the
Fe moments, which in these compounds have a value of about 3.7 wp; therefore,
the down-spin f,,-states of Mo are occupied with one and those of Re with two
electrons. In the Ru case the rp,4-states are filled completely, but spread over the
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Fig. 5.25 The density of states (DOS) of SroFeMoOQg, SrpFeReOg and SrpFeRuOg (Reproduced
with permission from Mandal, T.K., Felser, C., Greenblatt, M., and Kiibler, J.: Phys. Rev. B 78,
134431 [41]. Copyright (2008) by the American Physical Society). Upper panel is spin up, lower
panel spin down. The partial DOS for Fe, Mo, Re, and Ru is graphed with different shadings.
From left to right the number if valence electrons is 6, 7, and 8, while the magnetic moment is
4 g, 3 up,and 0 pp per formula unit. The labels 7, and e, give the symmetries of the dominant
d-states. The calculations employ the LSDA, except for SroFeRuOg, where the LDA+U method
was used. The latter case is an antiferromagnetic Mott—Hubbard insulator

entire range of the oxygen density of states. Note that in this case the sublattice
DOS is graphed in Fig. 5.25.

We close this section with a discussion of Ba,FeMoOg and Ba;MnReOg, for
which the density of states are shown in Fig. 5.26. The number of valence electrons
is in both cases 6 and the magnetic moment is 4 xp. In the case of BaFeMoOg the
GGA results in the half-metallic ferrimagnet shown, the DOS being very similar to
the case of SrpFeMoQOg. This is in contrast to BapMnReOg, where both LSDA and
GGA calculations return a ferrimagnetic metal with spin-up Mn-#,,-states and spin-
down Re-e, -states at the Fermi energy. This is in stark contrast to measurements by
Popov et al. [45] who found this compound to be of high resistivity. We therefore
applied the LDA+U method and obtained a half-metallic ferrimagnet. The DOS is
shown in Fig. 5.26. Comparing with the case of BaFeMoOg we see that all spin-up
Mn states are well below Ef and the states at Er are almost purely spin-down Re
states.

5.4.2 Curie Temperatures of the Double Perovskites

In Fig. 5.27 measurements of the Curie temperatures of a set of double perovskites
are collected and compared with ab initio calculations [41]. These were carried out
by determining up to six exchange functions by means of spin-spiral total energies,
as was described for Heusler compounds in Sect. 5.2. For the Curie temperatures
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Fig. 5.26 The density of states (DOS) of Ba,FeMoOg and Ba;MnReOg (Reproduced with per-
mission from Mandal, T.K., Felser, C., Greenblatt, M., and Kiibler, J.: Phys. Rev. B 78, 134431
[41]. Copyright (2008) by the American Physical Society). Upper panel is spin up, lower panel
spin down. The partial DOS for Fe, Mo, Re, and Mn is graphed with different shadings. In both
cases the number of valence electrons is 6 while the magnetic moment is 4 pp per formula unit.
The labels ;¢ and e, give the symmetries of the dominant d-states. The calculations employ the
LSDA for BayFeMoOg and the LDA+U method for BaMnReOg
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the spherical approximation was used as given in (5.1). Some notable details are
described in the following.
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When the induced magnetic moments of the oxygen atoms is smaller than 0.1 u
it was assumed that three exchange functions are sufficient to obtain a fair estimate
of the Curie temperatures; these are (i) the exchange functions between the Y-atoms,
(ii) between the Z-atoms and (iii) between the Y- and Z-atoms, denoting the double
perovskite by X>YZOg. This results in two eigenvalues to be used in (5.1). In the
case of BayFeMoOg the induced oxygen moments were found to be slightly larger
than 0.1 wp. For this case exchange interactions between the O-atoms, between the
O- and the Y-atoms, and between the O- and the Z-atoms were also determined from
spiral spin configurations, which led to an additional eigenvalue in (5.1).

In Fig. 5.27 it is seen that the Curie temperature of BaMnReOg is slightly under-
estimated (71 K calculated versus 110 K measured); this calculation was done using
the LDA+U method as described above. For BaFeMoOg the calculations with six
exchange constants overestimates the Curie temperature slightly (331 K calculated
versus 308 K measured).

For the Mott—Hubbard insulator Sr;FeRuOg, one of the three cases for which
the densities of states were shown in Fig. 5.25, the determination of the Néel tem-
perature failed because one of the spin-wave branches went negative. This perhaps
indicates that the calculated ground state is incorrect. The Curie temperatures of the
other two half-metallic ferrimagnets, SroFeMoOg and SroFeReOg are in moderate
to fair agreement with the measured values.

Of the four SroCrZOg¢ Curie temperatures shown in Fig. 5.27 two appear con-
siderably overestimated, including the interesting magnetic insulator Sr»CrOsOg,
where the calculations give 7¢ = 881 K which is to be compared with the measured
value of T¢c = 725 K. Still, the calculations of the Curie temperatures reproduced the
over-all trend shown in Fig. 5.23. A glance at Fig. 5.27, however, reveals deviations
notably in the calculations where the GGA had to be used. It is emphasized that
the neglected structural distortions and anti-site disorder can influence the measured
magnetic properties so that a comparison with the idealized calculations may only
result in qualitative understanding, especially for the case of the magnetic insulator
Sr,CrOsOg.

Finally, the large Curie temperatures, especially for SroCrReOg and SroCrOs Oe,
require remarkably large ferromagnetic exchange interactions between the Cr
cations. This issue was raised by Sarma et al. [46] and in large detail by Fang
et al. [44] who invoked a mechanism that is comparable to double exchange (DE)
discussed in some detail in Sect. 5.3.1. This mechanism involves charge carriers
and is thus operative for the half metallic ferrimagnets. For the magnetic insulators
Sr>CrOsOg¢ and SrpCrRuOg and the Mott—Hubbard insulator SrpFeRuOg we resort
to the antiferromagnetic super-exchange (SE), also discussed in Sect. 5.3.1 which
through the 4d- and 5d-cations results in ferromagnetic exchange between the 3d-
cations. The interaction path that is typical for both DE and SE possesses a distinctly
visible fingerprint in Figs. 5.24, 5.25, and 5.26 where the oxygen-transition-metal
hybridization is clearly visible at an energy of about —7 eV to —6 eV.
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Chapter 6
Correlation and Chemical Disorder in Heusler
Compounds: A Spectroscopical Study

Jiirgen Braun, Hubert Ebert, and Jan Minar

Abstract The first part of this study deals with the effects of local electronic cor-
relations and alloying on the properties of the Heusler compound Co,Mn_,Fe, Si.
The analysis has been performed by means of first-principles band-structure calcu-
lations based on the local approximation to spin-density functional theory (LSDA)
as well as photoemission calculations within the one-step model of photoemission.
Correlation effects are treated using the Dynamical Mean-Field Theory (DMFT) and
the LSDA+U approach. The formalism is implemented within the Korringa—Kohn—
Rostoker (KKR) Green’s function method. In satisfactory agreement with available
experimental data the magnetic and spectroscopic properties of Cop,Mn;_,Fe, Si are
explained in terms of strong electronic correlations. In addition the correlation ef-
fects have been analyzed separately with respect to their static or dynamical origin.
To achieve a quantitative description of the electronic structure of CooMn;_,Fe, Si
both static and dynamic correlations must be treated on equal footing. Furthermore,
we report on our investigation of the spin-dependent electronic structure of ordered
NiMnSb as well as of the disordered Ni,Mn_, Sb alloy system. As a first point we
studied the magneto-optical Kerr effect in ordered NiMnSb to extract information
on the bulk-related electronic structure of this compound. In addition the influence
of chemical disorder on the unoccupied electronic density of states was investigated
by use of the ab-initio Coherent Potential Approximation method. These results are
used for a detailed discussion of spin-resolved Appearance Potential Spectroscopy
measurements. Our theoretical approach describes the spectra as the fully relativis-
tic self-convolution of the matrix-element weighted, orbitally resolved density of
states. The analysis is completed by one-step photoemission calculations focusing
on the surface electronic structure of ordered NiMnSb(001).
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6.1 Introduction

In 1903, the first Heusler alloys have been singled out as a special group of magnetic
materials that exhibit ferromagnetism in compounds containing only non-magnetic
elements [1]. Currently, the Mn-based half-Heusler alloys with the generic for-
mula XMnZ (with X being a 3d metal and Z belonging to the III or IV group)
are well known magnetic systems that crystallize in the C1, structure, which is
closely related to the zinc blende structure. Especially, the half-metallic ferromagnet
NiMnSb [2] has been triggered a variety of experimental and theoretical investiga-
tions due to the search for materials to be used as spin-injectors. These materials
are defined as magnetic materials with a band gap at the Fermi level for electrons of
one spin direction. Band structure calculations for bulk NiMnSb show a gap of about
0.5eV at T = 0 K for the minority electrons, which means 100 % spin polarization at
the Fermi level Eg. In fully relativistic calculations a reduced but not vanishing gap
and 99 % spin polarization at Ef are predicted [3]. As in the case of the group III-V
semiconductors, the crystal structure is the reason for the occurrence of the band
gap. It is, therefore, called a covalent band gap [4]. As a consequence, the crystal
structure and the site occupation within the given structure are important for the
appearance of the gap. Atomic disorder, especially Ni-Mn interchange, results in a
strong reduction of the spin polarization at Er [5]. However, such an interchange is
comparable in energy with the evaporation energy of the metallic constituents [4].
In consequence, half-metallic behavior can be seen as an idealization hindered due
to the influence of structural inhomogeneities [6—8] and through the decrease of the
spin polarization of spin carriers with increasing temperature. Also, a vanishing of
the semiconducting band gap for minority spin electrons takes part in real crystals
and interfaces caused by finite temperature effects.

One of the most interesting class of materials for magneto-electronic applica-
tions is found in the family of Co, YZ half-metallic Heusler ferromagnets [9, 10].
Special attention has been paid to Co,MnSi compound because of a predicted large
minority band gap (0.4 eV) and a very high Curie temperature (985 K) among the
variety of Heusler compounds [11-14]. However, an even more interesting material,
Co,FeSi, was found in recent investigations [15—17] exhibiting a Curie temperature
of about 1100 K and a very high magnetic moment of 6 up in the primitive cell.
Later on it was shown that the complete substitutional series CooMn_,Fe, Si crys-
tallizes in the Heusler type L2 structure with a high degree of structural order [18].
Also confirmed was a Slater—Pauling behavior [13, 19, 20] of the magnetic moment
ranging linearly from 5 up to 6 up with increasing Fe concentration x.

The detailed understanding of the electronic and magnetic structure of half-
metallic ferromagnets, their surfaces and corresponding nanostructures is directly
connected with an appropriate theoretical description based on first-principle meth-
ods. From previous studies [21, 22] it follows that quantitative calculations of the
electronic structure of CopMn;_,Fe,Si compounds require a correct incorporation
of local correlation effects. For example, a former study [21] applying the LSDA+U
method [23, 24] was able to reproduce the experimental band gap as well as the cor-
rect values of the magnetic moments when using reasonable values for the parame-
ters U and J and including appropriate double-counting corrections. In the present
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analysis electronic correlation effects have been treated in the framework of the Dy-
namical Mean-Field Theory [25], which quantitatively takes into account dynamical
correlation effects, in particular spin-flip processes induced by fluctuations. In com-
bination with the LSDA (LSDA+DMFT) this formalism provides a very reliable
approach to deal with a wide range of ground state and spectroscopic properties of
3d transition metals. These are, for example, total energies, magnetic moments as
well as magneto-optical and photoemission spectra [26-31].

The most serious complication when combining LSDA with DMFT arises from
the double-counting problem. As has been found by numerous DMFT studies, the
static many-body effects which are typically over counted in LSDA+DMFT calcu-
lations are relatively small in 3d transition metals. Therefore, the established proce-
dure concerning the description of spectroscopic properties is to neglect the dynam-
ical part of the self-energy, setting this term to zero at the Fermi level [26, 27, 32].
However, it was recently shown [30] that this approximation is not sufficient for an
accurate description of angle-resolved photoemission spectra of Ni. In this case an
additional static polarization term, which is spin- and orbital-dependent had to be
included in the calculations. Later it was demonstrated [31] that using LSDA+U
as a static limit for DMFT leads to an improved description of the orbital and spin
magnetic moments in a wide range of the 3d transition metal compounds.

A recent investigation on Co,MnSi [33], based on the assumption that static
correlations are already accounted by the LSDA, thus considering only dynami-
cal contributions in the self-energy, supports the existence of the so-called non-
quasiparticle states [34]. However, the insufficient treatment of static correlations re-
sulted in a wrong position of the Fermi level, which in the case of Cop,MnSi [21, 22]
must be located closer to the lower edge of the band gap. Similar findings were ob-
tained in former investigations [35] based on plain LSDA calculations. Therefore,
the position of the Fermi level with respect to the band gap is controlled more by
the static rather than by the dynamic correlations. In the present work, both static
and dynamic correlations are taken into account simultaneously by combining them
as done in [31].

As a second example, we present spin-integrated and spin-resolved APS spectra
from NiMnSb(001) and discuss by comparison with experimental data the degree of
spin polarization as a function of chemical disorder. APS is a surface sensitive tool
to study the unoccupied density of states (DOS) with elemental resolution [36]. For
spin-resolved APS, the sample is bombarded with a spin-polarized electron beam
of variable energy while the total yield of emitted X-rays or electrons is monitored
[37, 38]. The APS signal depends on the spin of the exciting electron in the case of
ferromagnets because of the spin-dependent unoccupied DOS. The elemental reso-
lution comes from the fact that core levels are involved whose energies are charac-
teristic for the various elements.

Finally we present fully relativistic one-step photoemission calculations of the
ordered alloy NiMnSb(001) focusing on the surface electronic structure and in con-
sequence on the degree of spin-polarization that can be measured from Heusler com-
pounds like NiMnSb.
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6.2 Theoretical and Computational Details

The electronic structure calculations were performed using the relativistic full-
potential Korringa—Kohn—Rostoker Green function method (SPR-KKR) [39]. The
DMFT-solver consists in the relativistic version of the so-called Spin Polarized T-
Matrix Plus Fluctuation Exchange (SPTF) approximation [32, 40] using the real-
energy axis formalism [41]. According to this scheme the local Green function is
obtained by the corresponding site projection of the full KKR Green’s function. The
local Green function is needed to obtain the bath Green function for the Ander-
son impurity model via the saddle-point equation. The bath Green function is used
as input for the SPTF DMFT-scheme to calculate the local self-energy. The latter
appears as an additional energy-dependent potential in the radial Dirac equation
which is solved in order to calculate the new full KKR Green function. This proce-
dure is repeated until self-consistency in both the self-energy and the charge density
is achieved. This scheme has been already successfully applied for the description
of magneto-optical [42] and magnetic [31] properties of 3d transition metals. Also
photoemission intensities [43], including the corresponding matrix element effects,
were obtained in quantitative agreement with the experiment.

The static double-counting is treated in the form of the so-called “around atomic
limit” (AAL) [24] which is appropriate in the case of integer orbital occupation
numbers and therefore well applicable to half-metals. Although different mecha-
nisms exist that lead to half-metallicity, in the case of locally correlated half-metals
the AAL tends to increase the spin magnetic moment, which is often underestimated
in plain LSDA calculations [15]. The self-energy within the DMFT is parameterized
by the averaged screened Coulomb interaction U and the Hund exchange interac-
tion J. For the latter the screening is usually not crucial; the value of J can be
calculated directly from LSDA and is approximately equal to 0.9 eV for all 3d el-
ements. This value has been adopted for all calculations presented here. Different
methods in calculating the screened Coulomb interaction U for the metallic 3d tran-
sition metal systems lead to U-values in the range between 2-3 eV. In our analysis
we keep the U parameter fixed at 3 eV which is often used for 3d transition metals.

The random substitutional order of the Mn-Fe compounds is treated within the
so-called Coherent Potential Approximation (CPA). Since the CPA approach can be
formulated in the multiple scattering formalism [44, 45] it has a rather straightfor-
ward implementation within the KKR method [46]. As it follows from the exper-
iment the lattice constant does not change substantially its value within the whole
range of concentrations x. The lattice parameter was fixed to 5.658 A in the present
study.

Concerning the calculation of the ground state properties few additional details
have to be mentioned at this stage. First of all we stress the importance of the full
potential treatment, which often leads to some improvements in the description of
the band gap already for plain LSDA calculations. In addition, one has to increase
the /-value for the expansion in spherical harmonics. This typically improves the
calculated value for the band gap and for the magnetic moments. In our case we
used Imax = 3 (f electrons).
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Fig. 6.1 Comparison of the total magnetic moments for CooMn, Fe;_, Si compounds calculated
within LSDA (black dashed line, opened squares), LSDA+U (black triangles) and LSDA+DMFT
(blue squares) with the results of SQUID magnetic measurements (red circles) [52]. Reproduced
with permission from S. Chadov, G.H. Fecher, C. Felser, J. Minar, J. Braun, and H. Ebert, J. Phys.
D: Appl. Phys. 42, 084002. Copyright (2009), IOP Publishing

The 8 keV valence-band photoemission spectra (VB-XPS) were calculated using
the formalism derived by Ebert and Schwitalla [47], which is based on the so-called
one-step model of photoemission. An important aspect which one has to consider
in calculations of hard X-ray photoemission is the correct treatment of the X-ray
cross-section as a function of the photon energy. It follows from the calculations
[22] that the cross-sections for p and d electrons are nearly the same for kinetic
energies of 3—4 keV. However, at 8 keV their ratios are completely different, in par-
ticular the d cross-section becomes much smaller. In the present work these effects
are taken into account implicitly within the one-step formalism. On the other hand
the uncertainty in the calculation of the final state increases with increasing photon
energy, because of an increasing number of oscillations in the final state radial wave
functions. Therefore, one needs to account for a much larger number of points on
the radial mesh in order to reproduce these variations correctly.

As the calculational procedure concerning APS is found in detail in [48, 49] we
restrict ourselves to a short description of some computational details. The fully
relativistic DOS calculations have been performed within the SPRKKR computer
program [50] running in the CPA-mode [51]. The chemical disorder introduced in
the spectroscopical analysis consists of an interchange between Mn atoms on Ni
sites and vice versa with concentration values x of 0 %, 5 %, 10 % and 15 %.
This means we have calculated (Ni;_,Mn, )(Mn_,Ni, )Sb in the L2 crystal struc-
ture using the experimental lattice constant 5.91 A. In Figs. 6.2 and 6.3 we use the
compact notation Nij_,Mn,Sb. Figure 6.1 shows the spin-resolved total DOS for
NiMnSb. Clearly visible is the closing of the spin-dependent gap at the Fermi en-
ergy caused by chemical disorder. Even at 5 % interchange of Mn and Ni atoms
the gap completely vanishes because spectral weight is shifted towards the Fermi
level. A significant enhancement of spectral weight around the Fermi level is also



102 J. Braun et al.

Co,MnSi _ |

1
'
wn

‘;‘ L1 T T T T T
= Co ML IFeIS; 8-
=] 3 2 o5t 0.5 L
§" i 6__ majority
‘g 0 E 4
Rt
S = -
E g 0
g 5 g0
A CLLZFeSiI 5 3
5 ] > 2
o g -4 N minority
-6
5 B
SO
6 4 2 0 2 4 -2 -10 -8 -6 -4 -2 0
Energy E-g_ [eV] Energy E-g_[eV]

Fig. 6.2 Left panel: The total spin-resolved DOS curves for CooMnSi, CoyMng sFe( 5Si and
Co,FeSi calculated within LSDA (light/gray filled area), LSDA+U (dark/green filled area) and
LSDA+DMEFT (blue line). Right panel: Comparison of the total spin-resolved (LSDA) DOS
curves for Cop,MnSi in case of the hole created in 1s core level of Mn (black line) and without
(green filled area). Reproduced with permission from S. Chadov, G.H. Fecher, C. Felser, J. Minar,
J. Braun, and H. Ebert, J. Phys. D: Appl. Phys. 42, 084002. Copyright (2009), IOP Publishing

observable in the majority DOS and therefore affect the amount of spin polariza-
tion that is measured in an APS experiment. The corresponding partial densities
of states together with the spin-dependent potentials serve as input quantities for
the spectroscopical calculations. In our case we probed the local DOS (LDOS) for
the Mn atom in NiMnSb. The surface sensitivity is a result of the short mean free
path of the electrons in the solid for energies that correspond to the Mny, exci-
tation (~640-650 eV). The elemental resolution results from the fact that a core
level with an element-specific binding energy is involved. Due to the excitation
with spin-polarized electrons the APS method becomes a magnetically sensitive
technique. The calculated spin-dependent APS-intensities result from the weighted
self-convolution of the corresponding LDOS. The weighting factor itself is given
by the spin-dependent effective cross section consisting of the variety of relativistic
Coulomb matrix elements. For a quantitative comparison between APS measure-
ments and theoretical spectra one has to take into account various lifetime effects
and the experimental broadening. Electron lifetime effects have been included in
our analysis in a phenomenological way introducing a parametrized complex inner
potential with an imaginary part of Vo; = 30 eV. The core hole lifetime is set to
zero. Lifetime effects in the valence-band states are accounted via a Lorentzian with
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Fig. 6.3 Left panel: Comparison of the theoretical (solid lines) 8 keV VB-XPS spectra for
Co,MnSi calculated within plain LSDA and LSDA+U to the experiment (red squares) [22].
The area under each curve is normalized to unity. Right panel: The 8 keV VB-XPS spectra for
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J. Minar, J. Braun, and H. Ebert, J. Phys. D: Appl. Phys. 42, 084002. Copyright (2009), IOP Pub-
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an energy-dependent width. For the explicit parametrization of the Lorentzian the
reader is referred again to [48]. Strong correlations manifest themselves in form of
the simple scaling factor A = 0.7(E — EFf). Furthermore, due to experimental con-
ditions the first derivative of the APS signal has to be calculated and the apparatus
broadening is considered by convoluting the calculated spectra by a Gaussian of
FWHM = 1.4 ¢eV.

6.3 Correlation Effects in Co,MnSi

6.3.1 Magnetic Properties of Co,MnSi

As was mentioned above, a quantitative treatment of static correlations is impor-
tant for a reliable description of the minority band gap as well as of the magnetic
moments in correlated half-metals. More details can be found in preceding publica-
tions [15]. Our calculations show a noticeable increase of the magnetic moments in
analogy to the Slater—Pauling curve within the whole range of concentrations (see
Fig. 6.1). By construction, the dynamical part of the local self-energy X' in the vicin-
ity of the Fermi level describes Fermi liquid behavior, i.e. ReX (¢) ~ —(¢ — ¢F),



104 J. Braun et al.

ImX (g) ~ —(¢ — &f)2. Therefore, we do not expect a substantial change for the in-
tegral quantities by accounting only for dynamical correlations. Indeed, as follows
from Fig. 6.1, the magnetic moments calculated with the LSDA+DMFT scheme
are only slightly reduced comparing to those obtained from LSDA+U. This small
decrease may be attributed to the spin-flip events induced by the dynamical fluc-
tuations leading to the so-called non-quasiparticle states absent in the LSDA treat-
ment [33]. At the same time the effect of static correlations on the magnetic moment
is more pronounced for the Fe-rich limit of the concentration x. The dynamical cor-
relations appear to be more significant for the spectroscopic properties. As it follows
from Fig. 6.2, the LSDA+U shifts the d states away from the Fermi level creating
a band gap in the minority-spin channel. At the same time adding dynamical corre-
lations tend to narrow the bandwidth by shifting the states back to the Fermi level,
however, without influencing the band gap itself. One also can observe a substantial
broadening of the DOS within the range between —2 to —8 eV, which is due to the
imaginary part of the energy-dependent self-energy.

It follows from the DOS curves that the enhancement of the magnetic moment
with the increase of the Fe concentration (see Fig. 6.2) is connected to the corre-
sponding shift of the Fermi energy across the band-gap. In both limiting cases one
observes a non-vanishing minority-spin DOS at the Fermi level. This indicates that
both Co,MnSi and Co,FeSi may not represent fully spin polarized ferromagnets
in contrast to the compounds with intermediate Fe concentrations. The influence of
correlation effects in VB-XPS is illustrated in Fig. 6.3. It follows that the considera-
tion of static correlations (LSDA-+U) substantially improves the plain LSDA result
in the range above —5 eV, reproducing the —1 eV and —4 eV peaks, which are
shifted compared to plain LSDA by about 0.5 eV to higher binding energies. Fur-
thermore, tiny features such as the local minima at —1.5 eV, —2.5 eV and the peak
splittings are well reproduced. Not only the peak positions but also the intensities
above —5 eV were improved in comparison to experiment, while only the —4 eV
peak appears to be much too intense. Various attempts to treat the final states more
accurately did not change this situation substantially. Therefore, it is concluded that
the origin of this discrepancy is found in a band-structure effect caused by the Si p
states and by the d states of Mn and Co. Indeed, the corresponding total DOS spectra
(see Fig. 6.2) show the most intensive peak at about —3 eV binding energy, which
is formed by the corresponding p and d states. As discussed above one has to scale
the DOS energy axis by a factor of 1.1 in order to compare with the VB-XPS. At
high photon energies the cross-section of the p states is larger than for the d states,
however, the latter ones have larger spectral weight. Therefore, the contributions of
p and d states are comparable.

The result of the complete correlation scheme is illustrated in the top panel of
Fig. 6.3. In conclusion, it follows that inclusion of DMFT makes some important
improvements for the VB-XPS spectra by correcting the amplitudes and the posi-
tions of the —1 eV and —10 eV peaks. Also the intermediate regime between —10
and —6 eV binding energy shows a very close agreement with experiment. The po-
sition of the —6 eV peak formed by p states of Si is still not perfectly reproduced.
Nevertheless it is moved in the proper direction compared to the LSDA+U result.
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The pronounced spectral feature observable at —4 eV is substantially reduced in
intensity, but it is still overestimated by theory. The position is slightly shifted to-
wards the Fermi level induced by the real part of the energy-dependent self-energy.
The corresponding shift of the DOS is seen in Fig. 6.2. The energy regime ranging
from —8.5 to —4.5 eV binding energy corresponds to the maximal amplitude of the
imaginary component of the self-energy. From Fig. 6.3, it follows that this causes
some Lorentzian over-broadening of the features at —4.5 eV for all considered con-
centrations. One the other hand it perfectly describes the so-called Heusler gap at
about —8.5 eV. Thus, it is concluded that a non-zero intensity in the Heusler gap is
mostly determined by the electron ground states existing in this region, rather than
by background effects.

6.4 Electronic Structure of the Prototype Half Heusler Alloy
NiMnSb

6.4.1 Magneto Optical Kerr Effect of NiMnSb

Complementary to photoemission, much information on the bulk electronic struc-
ture of magnetic solids is gained by optical and magneto-optical spectroscopy. This
type of measurements are only weakly surface sensitive and for that reason primar-
ily reflect the bulk electronic structure. However, measured optical and magneto-
optical spectra can hardly be analyzed without a theoretical interpretation. For the
last two decades ab-initio calculations of optical and magneto-optical properties of
solids based on the LSDA often lead to a quantitative agreement between theoreti-
cal and experimental spectra [54]. The situation is very different when we consider
more strongly correlated materials because in all calculations the LSDA eigenen-
ergies are implicitly interpreted as one-particle excitation energies. Therefore, it is
desirable to supplement LSDA calculations by many-body approaches to arrive at a
realistic description of the one-particle excitations in correlated systems. Further-
more, corresponding theoretical works often use the so-called joined density of
states for comparison with experimental data ignoring the influence of matrix el-
ements. Only in a few cases LSDA+DMFT electronic structure calculations were
complemented by an appropriate evaluation of the corresponding matrix elements
which are necessary to obtain a realistic optical conductivity and in consequence
the spin—orbit driven magneto optical Kerr effect (MOKE) [28, 42, 55]. In the fol-
lowing we examine the calculated MOKE spectra of the weakly correlated NiMnSb
Heusler alloy [56].

Since the discovery of the giant magneto-optical Kerr effect in PtMnSb [57]
magneto-optical properties became an important issue for the Mn-based family of
Heusler alloys [58-66]. However, despite the similar structure, the group of the
isoelectronic alloys PtMnSb, NiMnSb and PdMnSb show quite different maximum
amplitudes in their MOKE spectra [57, 58]. A theoretical description of these differ-
ences is qualitatively possible within ab-initio band-structure calculations [64, 66—
68], but one should notice that several systematic discrepancies between experiment
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and theory exist generally ascribed to the use of the LSDA. In Fig. 6.4 we compare
LSDA and LSDA+DMEFT calculations of Kerr rotation and ellipticity with the cor-
responding experiments. It is clearly observable that the low-energy peak of the Kerr
rotation spectrum located at about 1.4 eV is shifted significantly to lower energies
around 1.6-2 eV. Also, a noticeable deviation of the peak intensity is observable at
an energy of about 4 eV as well as in the intermediate energy regime. The discrep-
ancies encountered in LSDA-based spectra are expected to appear due to an insuf-
ficient treatment of electronic correlations. In the case of NiMnSb the main con-
tribution to the optical transitions came from the d-shell of Mn which supplies the
unoccupied part of the density of states. At the same time d-electrons of Mn should
be treated as locally correlated [56]. Consequently, we applied the LSDA+DMFT
method on the Mn d-states with an effective Coulomb interaction parametrized by
U=3¢eVand J =0.9 eV (solid line in Fig. 6.4). By use of the LSDA+DMFT
method the agreement with the experimental data is much improved. In consequence
one may state that the consideration of local correlations is essential for a correct de-
scription of the energetic positions and intensities of the low- and high-energy Kerr
rotation peaks (situated at 1.4 eV and 4 eV). This, of course, is a direct consequence
of the complex self-energy that modifies the interband contributions to the MOKE
spectra.

6.4.2 Chemical Disorder in NiMnSb

Figure 6.5 (left panel) presents calculated spin-integrated AP spectra for
NiMnSb(001) in comparison with APS data. The spectra are normalized to equal
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Fig. 6.5 Left panel: Spin-integrated AP spectra for NiMnSb(001) at the Mn 2p3 > threshold for
a varying degree of chemical disorder. Experimental data are given by open circles. Right panel:
Spin-resolved AP spectra for NiMnSb(001) at the Mn 2 p3> threshold as a function of chemical
disorder. Experimental data are given by filled circles. Reproduced with permission from J. Minar,
J. Braun, S. Bornemann, and H. Ebert, J. Phys. D: Appl. Phys. 42, 084009. Copyright (2009) IOP
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maximum intensity. The theoretical spectra have been calculated with respect to
the Fermi level. To be comparable with the experiment the calculated spectra were
shifted along the energy axis until the peak maxima of the measured and calculated
spectra coincidence. As it can be seen good agreement between experiment and the-
ory is achieved. The almost quantitative agreement suggests that the DOS as calcu-
lated resembles the Mn local DOS in NiMnSb quite well in the spin-integrated case.
The spectra show a pronounced structure at 639.7 eV from the Mn 2p3/, thresh-
old. These features originate from the self-convoluted local density of unoccupied
3d states. The spectral feature at the high-energy side of the main line corresponds
to the maximum of the sp-like DOS, whose appearance and energetic position is
sensitive to the short-range crystallographic order around the atom where the local
excitation occurs. As expected, the effect of chemical disorder is nearly negligible
concerning the spin-integrated DOS. Only slight deviations in the APS line shapes
between the spectra calculated for the ordered and for the disordered structures are
observable.
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By adding spin resolution (see spectra in Fig. 6.5, right panel), we are able to
obtain information about the spin-dependent DOS. The experimental data for ma-
jority (1) and minority (| ) spins are presented by black and gray open circles, re-
spectively. First of all, the APS lines show a clear spin asymmetry, A, between
the spin-dependent intensities /4 and Iy, [A = ({4 — I})/(I4 + I})]. The experi-
mental spin-resolved spectra of Fig. 6.5 represent an average from many different
surface regions. By taking into account the reduced remanent magnetization [48],
we end up with an estimated spin asymmetry of A = —0.115=£0.012 for a NiMnSb
sample with saturated magnetization. The negative asymmetry reflects the high den-
sity of unoccupied minority states in NiMnSb, i.e. the unoccupied minority Mn 3d
states. The theoretical spectra calculated for the ordered structure, however, predict
a higher negative spin asymmetry in the main APS peak of A = —0.250. This dis-
crepancy between experiment and theory by a factor of two and more is in line with
the findings of earlier spin-resolved electron spectroscopic experiments. Introducing
chemical disorder the calculated value for the spin asymmetry decreases. This has
to be expected because of the pronounced increase of spectral weight in the majority
spin DOS around the Fermi energy that overcompensates the shift of spectral weight
in the minority spin DOS. The concentration dependence of the spin asymmetry is
demonstrated by the series of spin-dependent APS data shown in Fig. 6.5. The spin
asymmetry in the main peak is calculated to A = —0.230 for 5 % interchange of Ni
and Mn atoms and decreases from A = —0.215 for 10 % disorder to A = —0.200 for
15 % interchange of Ni and Mn atoms. Therefore, our analysis supports the result
found by Orgassa et al. that chemical disorder significantly lowers the spin polar-
ization at Eg. On the other hand, introducing the effect of chemical disorder to our
APS calculations, we end up with an improved agreement between experiment and
theory but the predicted spin asymmetry is still to high by nearly a factor of two. Our
analysis indicates that other mechanisms besides chemical disorder must be taken
into account for a quantitative explanation of the strongly reduced spin polarization
in NiMnSb(001).

6.4.3 Surface Emission from NiMnSb

To learn more about the influence of surface states on the spin-polarization in
Heusler alloys we calculated spin-resolved E(kj) contour plots for photoemis-
sion intensities along the main symmetry directions of the NiMnSb(100) sur-
face. The spectral intensities are based on LSDA electronic structure calcula-
tions obtained self-consistently within the relativistic full-potential Korringa—Kohn—
Rostoker (SPR-KKR) method [39]. Figures 6.6 and 6.7 show the spin- and angle-
resolved photoemission (ARUPS) data from both G-X, i.e. (Fig. 6.6), and G—M,
i.e. (Fig. 6.7) directions of k||. We calculated the data over the entire Brillouin zone
in both directions for a photon energy of hv = 21.2 eV. Using the one-step model
for photoemission calculations it is easy to separate the surface related emission
from the bulk-like intensities. This is because of the theoretical formulation of the
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Fig. 6.6 Spin-resolved ARUPS data from NiMnSb(100) in G-X direction. Green (red) color
indicates surface related majority (minority) spin features. The shaded areas indicate the projected
bulk bands in order to define the gaps in the bulk related electronic structure

photocurrent first introduced by Pendry and coworkers [70, 71]. In Figs. 6.6 and 6.7
we show the surface related intensity distributions in green (red) color for the major-
ity (minority) spin channel. For both directions it is clearly observable that surface
related features exist in the corresponding surface Brillouin zone in both spin chan-
nels [72]. Inspecting the most interesting region around the Fermi level one can see
that in the minority spin channel dispersing surface states cross the Fermi level and
therefore close the spin-dependent gap of the half Heusler compound NiMnSb. In
consequence the amount of spin-polarization is significantly reduced. Similar ef-
fects could be expected, for example, from interface states existing at the boundary
between a thin Heusler film and a certain substrate [73, 74].

Our photoemission calculations have revealed an additional mechanism which
may be responsible for a reduced spin-polarization at the Fermi level in the half
Heusler alloy NiMnSb. In combination with effects that result from chemical disor-
der and from a distorted magnetic structure in the surface region, which we deduced
from our APS-investigation, we expect an effective spin-polarization occurring in
NiMnSb that is far below 100 %.
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Fig. 6.7 Spin-resolved ARUPS data from NiMnSb(100) in G-M direction. Green (red) color
indicates majority (minority) spin features. The shaded areas indicate the projected bulk bands in
order to define the gaps in the bulk related electronic structure

6.5 Summary

From our analysis it follows that Coo,Mn_,Fe, Si is a very pronounced locally cor-
related material for which plain LSDA calculations are insufficient to describe its
electronic and magnetic properties correctly. The values for the magnetic moments
and the details of the minority band gap are mostly determined by static correla-
tions. In particular, this influence becomes more significant for the magnetic mo-
ments with increasing Fe concentration. A satisfactory description of this effect can
be given on the basis of the LSDA+4U approach within the AAL type of double-
counting correction.

It turned out that it is not sufficient to explain all spectral properties accounting
for static correlations only. Peak positions and intensities are significantly improved
by the incorporation of dynamical correlations. These correlations can be described
quantitatively by the LSDA+DMFT approach.

Obviously, the improvement is not completely perfect and agreement with ex-
periment gets worse with increasing Fe concentration. One reason may be found in
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the perturbative nature of the used DMFT-solver that affects the ground-state de-
scription. However, this is difficult to verify, since more accurate solvers are much
more time-consuming and restricted to only very small systems. In principle, the
DMEFT itself becomes exact only in the limit of infinite coordination numbers [25].
This implies that non-local correlations may also play a role [75]. The uncertainty
of the double-counting and values of U and J has to be considered as well. An-
other source of errors is the insufficient description of the excitation processes, in
particular the uncertainty in dealing with the final states. On the other hand, a very
important excitation effect, namely the influence of the core holes was recognized,
quantified and taken into account in the present work.

Calculated MOKE spectra of Mn-based Heusler alloys like NiMnSb show a very
satisfying agreement with the experimental data when using of the LSDA+DMFT
method. This can be directly explained in terms of local correlations which are es-
sential for the energetic behavior and for the intensity distributions of the low- and
high-energy Kerr rotation peaks.

Furthermore, we have presented spin-integrated and spin-resolved APS data for
the unoccupied electronic states of Ni,Mn_,Sb as a function of chemical disorder.
The calculated series of spin-resolved and concentration dependent APS spectra
demonstrates that chemical disorder influences the spin asymmetry of the unoccu-
pied states of NiMnSb. Concerning the spin polarization at the Fermi level, one must
note that APS is not particularly sensitive in that region. The nature of the APS sig-
nal does not allow one to resolve small energy gaps of the order of 0.5 eV giving
rise to a positive spin asymmetry at Er. The APS signal is rather dominated by the
minority d states above Er leading to a negative spin asymmetry. One the other
hand the significantly reduced spin polarization observed in the experiment clearly
indicates an incomplete spin polarization with a value well below 100 %. There-
fore, the expected 100 % spin polarization at the Fermi level is not verified, as in a
number of spin-polarized electron spectroscopic experiments before. Furthermore,
one has to take into account other mechanisms than chemical disorder to be able
to explain quantitatively the unexpected low value for the measured spin asymme-
try. Therefore, we conclude that the following issues must be examined in future
studies on well-defined samples. First the magnetization within the surface layers
compared with the bulk should be investigated in more detail. Also surface phases
with respect to composition and/or crystallographic order different from the bulk
could be important and the position and width of the band gap should be analyzed
in more detail in the calculations. A first study of NiMnSb(110) showed the forma-
tion of microstructures upon preparation, which has consequences for the magnetic
properties of the surface [76]. Even with a stoichiometric surface, the number of
nearest neighbors is changed at the surface and therefore surface/interface states
may influence the gap [73, 74]. In the case that the free surface will not provide
100 % spin polarization, there is still hope that specific interfaces may open the
way for 100 % spin-polarized charge-injection [77] in spintronic devices. Our the-
oretical ARUPS investigation supports these findings and in consequence suggests
a spin-polarization far below 100 %. Only under very special conditions we would
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expect a spin-polarization value near 100 % in NiMnSb. Other materials with half-
metallic behavior must be considered as well in order to design functional materials
for future applications [78].

Finally, it is emphasized that the LSDA+DMFT scheme used in this work has
significantly improved the description of the magnetism and VB-XPS in the pre-
sented series of Heusler compounds with L2 structure. This result is in accordance
with former studies on 3d transition metals.
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Chapter 7
Theory of the Half-Metallic Heusler Compounds

Gerhard H. Fecher, Stanislav Chadov, and Claudia Felser

Abstract Multicomponent systems play a key role in materials design providing the
multifunctionality and tunability of materials. At present, the ternary Heusler mate-
rials form probably the most thoroughly studied class of multicomponent systems.
In present work, results of ab-initio band structure calculations for A> BC Heusler
compounds that consist of A and B sites occupied by transition metals and C by a
main group element are presented. These systems cover an extremely wide range
of properties from half-metallic ferromagnets to non-magnetic semiconductors. The
calculations have been performed in order to understand the properties of the band
gap in the minority spin channel, the peculiar transport properties and magnetic be-
haviour found in these materials. Among the interesting aspects of the electronic
structure of these materials are the contributions from both A and B atoms to the
total magnetic moment. In several classes of these compounds the magnitudes of the
total magnetic moment show a trend consistent with the Slater—Pauling behaviour.
The total magnetic moment depends as well on the kind of C atoms although they do
not directly contribute to it. In Co, compounds, a change of the C element changes
the contribution of the 7, states to the moment at the Co sites. The localised mo-
ment in these magnetic compounds resides at the B site. Other than in the classical
Cu;-based Heusler compounds, the A atoms in Co,-, Fe;- and Mny-based com-
pounds may contribute to the total magnetic moment significantly. It is shown that
the inclusion of electron—electron correlation in the form of LDA+U/DMFT calcu-
lations helps to understand the magnetic properties of those compounds that exhibit
already a minority gap in calculations where it is neglected. Beside the large group
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of Coy compounds, half-metallic ferromagnetism was here found only in such com-
pounds that contain Mn. In parallel we consider the different types of chemical dis-
order often accompanying multicomponent systems and characterise its influence
on spin-polarisation and magnetic properties.

7.1 Introduction

The Heusler compounds [1] are ternary intermetallics with a 2:1:1 stoichiometry and
the chemical formula A, BC. They usually consist of two transition metals (A, B)
and a main group element (C). They first attracted the interest of the magnetism
community when F. Heusler et al. had shown that the compound Cu,Mn,Al be-
comes ferromagnetic in the 2:1:1 form (x =2 and y = 1), even none of its con-
stituents is ferromagnetic by itself [2]. However, it took three decades before their
structure was explained to be that of an ordered compound with a face centred cubic
structure [3, 4]. The general crystal structure of the Heusler compounds is displayed
in Fig. 7.1.

The main interest during the first decades after their discovery was concentrated
on Cu and Mn containing compounds. Co, based compounds were synthesised and
investigated in the 1970s [5]. Kiibler et al. [6] recognised that the minority spin den-
sities at the Fermi energy (er) nearly vanish for CooMnAl and Co,MnSn. The au-
thors concluded that this should lead to peculiar transport properties in these Heusler
compounds because only the majority density contributes to the states at . At the
same time, de Groot et al. [7] proposed the concept of the so-called half-metallic
ferromagnets (HMF) that are materials predicted to exhibit 100 % spin polarisation
at er. This exceptional property would make the HMF ideal candidates for spin
injection devices to be used in spin electronics [8].

The calculation of the electronic structure plays an important role in determining
the magnetic properties of Heusler compounds and, in particular, for predicting half-

Fig. 7.1 Crystal structure of (a) L2, by X
the A, BC Heusler
compounds. Shown are the
primitive (upper row) and
cubic (lower row) cells of the
regular L2 and inverted X
type structures of the
Cuy;MnAl and Lip AgSb
prototypes

Cu,MnAl Li,AgSb
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metallic ferromagnetism. Therefore, the band structure calculations must be per-
formed very carefully. The first attempt to calculate the band structure of some Co;
based compounds (Co;MnSn, Co,TiSi and Co,TiAl) did not indicate half-metallic
ferromagnetism [9]. These calculations displayed a minimum of the minority den-
sity of states (DOS) at ¢ but not a gap. At that time, the calculations were based on
spherical potentials, and the exchange-correlation potential of the local spin density
approximation (LSDA) was used in a rather simple form [10-13]. The first clear
indication of half-metallic ferromagnetism in Co, based Heusler compounds was
reported by Ishida et al. [14, 15] for CooMnC and RusMnC (C = Al, Si, Sn, and
Sb). Using full symmetry potentials, Mohn et al. [16] found the magnetic ground
state of Co,TiC (C = Al and Sn), but not a half-metallic state. Galanakis et al. [17]
reported half-metallic behaviour in various A, BC compounds, but not for the Coz
compounds with Ti or Fe. The results were compatible with those found for the
Mn compounds as calculated by Picozzi et al. [18] using the generalised gradient
approximation instead of the pure LSDA. The generalised gradient approximation
(GGA), as introduced by Perdew et al. [19-22], accounts for gradients of the den-
sity that are absent in the pure LSDA parameterisation of the exchange-correlation
functional [10-13]. Using spherical potentials and the GGA, a half-metallic state
could not be verified for CooFeAl [23, 24]. A half-metallic ferromagnetic ground
state was also found for the complete series Co,Cr_,Fe,Al, when the full symme-
try potentials were used along with the GGA in the calculations [25]. This clearly
indicates that one principally needs both the full symmetry potentials and the gen-
eralised gradient approximation to find the correct electronic structure and ground
state for the Heusler compounds.

With this information, the properties of the reported transition metal based
Heusler compounds were calculated in the present work using both the GGA and
the full symmetry potentials. Even at that state of sophistication, however, for some
compounds the magnetic properties could not be explained properly. The reason was
found in an underestimation of the electron—electron on-site correlation in the LSDA
or GGA calculations [26, 27]. Therefore, the LDA+U method [28, 29] was used for
selected compounds to study the effect of on-site correlation at the transition metal
sites on the magnetic and half-metallic properties of the Heusler compounds.

A systematic examination of the electronic and the magnetic structure of the
Heusler compounds was carried out in this work. The results from the electronic
structure calculations are compared to study the effect of the different kind of atoms
and valence electron concentration on the magnetic properties and in particular on
the band gap in the minority states.

7.1.1 Spin Polarisation and Magnetic Moments of Half-Metallic
Ferromagnets

For both scientific and technological reasons it is useful to define the electron spin
polarisation at the Fermi energy of a material, although it is difficult to measure [30].
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The energy dependence of the electron spin polarisation P, (E) is given by

ny(E) —n (E)

Pe(E)ZnT(E)—i-m(E)’

7.1

where n4 (E) and n | (E) are the spin dependent density of states. The arrows 1 and
| assign states of opposite spin that are majority and minority states, respectively
(see Fig. 7.2 for an example). P vanishes for paramagnetic or in antiferromagnetic
materials even below the magnetic transition temperature. However, it has a finite
value in ferromagnetic or ferrimagnetic materials below the Curie temperature. The
electrons at the Fermi energy (E = eF) are fully spin polarised (P = 100 %) when
either n4 (ep) or n (¢fr) equals zero.

Concerning experiments, the term spin polarisation is not unique, the result de-
pends on the way it was measured. In more general, the spin polarisation at the
Fermi energy may be defined by:

viny(ep) —viny(er)

, (7.2)
viny(ep) +viny(er)

P(ep) =

where vy and v are the Fermi velocities for majority and minority electrons, re-
spectively. x is the power with which the Fermi velocity contributes to the property
being measured.

The photoexcitation process does not depend on the Fermi velocity of the elec-
trons and one has x = 0 (v° = 1) such that the spin polarisation in photoemission
is purely given by the majority (n4) and minority (n ) densities. The situation is,
however, different for transport quantities that may depend on the electron momen-
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tum (m, - v) such that x = 1. Examples are the electrical resistivity (o) or mag-
netoresistance (MR), wherefore the values from different measurements cannot be
compared directly but only their trends. It is worthwhile to note that in half-metallic
ferromagnets—defined so far—one has P (¢r) = 1 independent of the method.
The definition of the tunneling magnetoresistance (TMR) ratio by rrmr =
(Rty — Ry4)/ Ry (where R is the resistance for parallel (11) and antiparallel (1)
configuration of the magnetic layers) causes an additional problem as:

'TMR

Prvr = (rT™MR + 2)

(7.3)

needs that the TMR ratio becomes infinite rrpyr = o0 to result in Pryr = 1, that
is, for half-metallic ferromagnets. Further, the resistance R and thus the TMR ratio
does not only depend on the spin dependence of the transport resistivity p of the
ferromagnetic material but also on the kind of tunneling barrier. In case of coher-
ent tunneling through single crystalline MgO, only particular electrons that match
the A band contribute and lead to an enhancement of the TMR and thus the spin
polarisation (for examples see Refs. [31, 32]). On the other hand, incoherent tunnel-
ing may reduce the effective spin polarisation by spin scattering while passing the
tunneling barrier (for example amorphous AlO, ). Therefore, measured TMR ratios
may be bad indicators for the electron spin polarisation of particular materials in
particular when (7.3) is used.

In the present work, the classification scheme for half-metals as proposed by
Coey et al. is used [8, 33]. The first class is Type I, where only one type of spin
polarised electrons (either 1 or |) does contribute to the conductivity. This is the
situation described by de Groot et al. [7], where one has—for one spin direction—a
gap in the density of states that includes the Fermi energy. The half-metallic gap
appears in the minority density of states in Type Ia half-metals such that only itin-
erant majority electrons contribute to the conductivity (see Fig. 7.2). In Type Ib, the
majority density of states vanishes at . The electrons at ¢ are itinerant in Type I
half-metals, whereas they are localised in Type II. In Type III half-metals no gap
appears at the Fermi energy but one has at ¢ itinerant electrons for one spin direc-
tion and localised electrons for the other. In Type IV half-metals, the conductivity
is semi-metallic rather than metallic like in Type III. Type Illa (IVa) and Type IlIb
(IVDb) distinguish half-metals with the localised (or itinerant) states in opposite spin
channels. In Type III or IV half-metals, a gap may appear in one of the spin channels
that is located below or above ¢r. In Types I and II half-metals the spin polarisation
P is always 100 %, whereas lower values appear in Types III and IV.

It is worthwhile to note that half-metallic conductivity, as explained above, is
different from semi-metallic conductivity. Semi-metals, of which graphite is a text-
book examples, have small and equal numbers of electrons and holes due to a small
overlap between valence and conduction bands and they exhibit a pronounced direc-
tional anisotropy in the conductivity. Most often, semi-metals exhibit high conduc-
tivity (metallic) in one direction and low conductivity (semiconductor) in another.

The Slater—Pauling curve [34, 35] is a simple way to study for ferromagnetic
alloys the interrelation between the valence electron concentration and the magnetic
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moments (see Fig. 7.3). It is well known that Heusler compounds based on Co;
follow the Slater—Pauling rule for predicting their total spin magnetic moment [17,
36, 37] that scales linearly with the number of valence electrons. The Co, based
compounds are found on the so-called localised part of the Slater—Pauling curve
[36, 37] where the magnetic moment increases with an increasing number of valence
electrons. In this part of the curve one has in majority materials with bcc or bee-
derived structures. Like for the example of iron, the electronic structure of these
alloys exhibits a minimum in the minority density of states and the Fermi energy is
pinned in this minimum. The minimum in the minority spin density constrains the
number of occupied electrons in the minority bands to be approximately three such
that the number of majority electrons increases proportional to the total number
of electrons and so does the magnetic moment as a direct consequence (for more
details see for example [36, 37]).

Half-metallic ferromagnets, like the Co based Heusler compounds, are supposed
to exhibit not only a minimum but a real gap in the minority density of states and
the Fermi energy is pinned inside of that gap. From this point of view, the Slater—
Pauling rule is strictly fulfilled with

MHMF =ny — 6 (7.4)
for the mean magnetic moment per atom (mymrp). ny is the mean number of va-
lence electrons per atom found by averaging over all atoms and 6 is two times the
mean number of occupied minority states. The advantage of this equation is that it
neither depends on the number of atoms in the compound nor relies on integer site
occupancies.
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For ordered compounds with different kinds of atom it might be more convenient
to work with all atoms of the primitive cell. In the case of four atoms per primitive
cell, as in Heusler compounds, one has to subtract 24 (6 multiplied by the number
of atoms) from the accumulated number of valence electrons in the primitive cell
Ny (s,d electrons for the transition metals and s, p electrons for the main group
element) to find the magnetic moment per primitive cell (m):

m=Ny — 24 (7.5)

with Ny denoting the accumulated number of valence electrons in the primitive
cell. In the case of Heusler compounds, the number 24 arises from the number of
completely occupied minority bands that has to be 12 in the half-metallic state. In
particular these are one s (a1g), three p (#1,) and eight d bands [36, 38]. The last
consist of two triply degenerate bands with #,, symmetry and one with e, symmetry
(note that the given assignments of the irreducible representations are only valid at
the I"-point and neglecting the spin of the electrons).

This kind of rule was first noted by Kiibler et al. [38] for C1; compounds with
three atoms per primitive cell (mc1, = Ny — 18). In both cases the magnetic mo-
ment per primitive cell becomes strictly integer (in multiples of Bohr magnetons
wp) for Type I or II half-metals, what may be seen as an advantage of the valence
electron rule (7.5) compared to the original Slater—Pauling approach (7.4) even so it
suggests the existence of different laws. It is worthwhile to note that (7.5) leads only
for ternary 2:1:1 compounds to integer magnetic moments but not for quarternary
derivatives like ApBj_yB,C or AyBC_,C, as reported in [39] or [40], respec-
tively. In those cases, one observes from (7.5) non-integer values of the magnetic
moment even in the half-metallic case due to the non-integer site occupancy.

The Slater—Pauling curve is shown in Fig. 7.3. Experimental values of the mag-
netic moments in selected Co, based Heusler compounds are compared to 3d tran-
sition metals and their alloys. This comparison is only possible if the Slater—Pauling
rule in the formulation of (7.4) is used. The itinerant part of the curve is included
for clarity about the behaviour of the Heusler compounds in comparison to other
ferromagnetic alloys. For a detailed discussion of that part see Refs. [33, 36, 37].

7.2 Crystal Structure and Calculational Details

The A, BC Heusler compounds crystallise in the cubic L2 structure (space group
no. 225: F m3m), the prototype is CuzMnAl. The structure was first explained by
O. Heusler [3] as well as Bradley and Rodgers [4]. In general, the A and B atoms
are transition metals and C is a main group element. In some cases, B is replaced by
a rare earth element. The A atoms are placed on the Wyckoff position 8c (%, }—V JT).
The B and C atoms are located on 4a (0, 0, 0) and 4b (%, %, %) positions, respec-
tively. Thus, the cubic L2 structure consists of an fcc lattice with a basis of four
atoms. The two A-site fcc sublattices combine to form a simple cubic sublattice.
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Fig. 7.4 Frequent structures for Heusler compounds. Shown are the ordered L2 as well as the
disordered B2 and A2 structures. (Note: Here A BC is assigned by the atoms X, Y, Z, or X, Y/Z.
The atoms of the L2, structure are shifted by (1/4, 1/4, 1/4) compared to Fig. 7.1 to make the CsCl
superstructure better visible.)

The B and C atoms occupy alternatingly the centre of the simple cubic sublat-
tice resulting in a CsCl-type super structure. The crystal structure of Heusler com-
pounds (compare also Fig. 7.1) is illustrated in Fig. 7.4 with the positions shifted by
(4—11, %, %) with respect to the standard F m3m cell to make the CsCl superstructure
better visible. The I" point of the paramagnetic L2 structure has the symmetry Oy.
The symmetry of 4a and 4b positions is Oy, whereas the 8c position has 7y sym-
metry. However, the wave functions at the I" point have to be described at least by
the symmetry reduced to Cyj, in the ferromagnetic state to account for the correct
transformation of the electron spin.

The cubic A> BC compounds are not only found with the Cu;MnAl (L2)
type structure but also with the X-type structure [41] (prototype: Li;AgSb).! The
Li»AgSb type structure exhibits 7; symmetry (space group no. 216: F 43m). In
that structure the A atoms occupy the non equivalent 4a, 4c Wyckoff positions at
(0,0,0) and (. . 7). The B and C are located on 4b (3, %, 1) and 4d (3,3, 3)
positions, respectively. All four positions adopt 7; symmetry and there is no posi-
tion with Op, symmetry. This structure is similar to the ABC compounds with C1,
structure, but with the vacancy filled by an additional A atom. This structure is fre-
quently observed if the nuclear charge of the B element is larger than the one of
the A element from the same period, that is, Z(B) > Z(A) for two 3d transition
metals. The structure may also appear in compounds with transition metals from
different periods. However, the two structures may be hardly distinguishable by X-
ray diffraction and much care has to be taken in the structural analysis, as both have
the general fcc-like symmetry. It is interesting to note that both types of structure
result in the A1 structure (bcc-like) if the atoms are randomly distributed over the
sites of the primitive cell, that is, for complete alloying. In that case the magnetic
moment might still follow the localised part of the Slater—Pauling curve displayed in

INote that the classification of the cubic Ay BC compounds with CupMnAl (L21) or Li;AgSb
(X) type structures is sometimes not uniquely given in Pearson’s Handbook [42]. The compounds
with Li AgSb (X) type structure [41] are assigned in the printed version of [42] to the proto-
type CuHg, Ti. It is not clear from the original work [43], however, whether or not the CuHg, Ti
compound de facto exhibits the X type crystalline structure.
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Fig. 7.3 even so the half-metallic character is lost and the gap in the minority bands
is closed and only a minimum appears in the minority density of states. In this work,
only calculations for compounds of the CuyMnAl type are respected to stay within
the Oj, symmetry.

In the present work, the electronic structure calculations based on density func-
tional theory were performed using the full-potential linearised augmented plane
wave (FLAPW) code WIEN2K [44]. The exchange-correlation functional was eval-
uated within the generalised gradient approximation, using the Perdew—Burke—
Ernzerhof [21] parameterisation. The energy threshold between the core and the va-
lence states was set to —81.6 eV. The muffin-tin-radii (RyT) were chosen to ensure
nearly touching spheres and minimising the interstitial space. RMt X kmax = 7 was
used for the number of plane waves and the expansion of the wave functions was set
to / = 10 inside of the muffin tin spheres. The self-consistent calculations employed
a grid of 455 k points in the irreducible Brillouin zone taken from a 25x25x25
mesh. It turned out that this number of irreducible £ points is a good compromise
to balance the quality of the integration and the speed of the calculation. The en-
ergy convergence criterion was set to 107> Ry and the charge convergence was
monitored simultaneously. (Note: The calculations were restarted if the charge con-
vergence was after energy convergence still above 0.01 electrons.)

As multicomponent systems the Heusler materials are subject to chemical disor-
der. There are basically three simple structures realised in Heusler compounds that
are L21, B2 and A2. Figure 7.4 compares the differences between the fully ordered
(L2y), the partially disordered (B2) and the fully alloyed (A2) structures.

L2 is the complete ordered structure of the CuyMnAl prototype [3, 4], where
Cu occupies the 8¢ Wyckoff position, Mn the 4b position and Al the 4a position of
the cubic fcc cell with F m3m symmetry. For the A2 type a complete disorder is
observed and all atoms are randomly distributed over all positions resulting in a bcc
like lattice with 7 m3m symmetry. This is the alloy state of the Heusler compounds.
The B2 type may be realised in different ways [45]. In A2 BC Heusler compounds,
most often complete random exchange of the B and C atoms in an unchanged A;
sublattice is observed resulting in a CsCl like lattice with 7 m3m symmetry. Indeed,
other mixtures like DO3 (not shown here), X, or combinations like B2 + L2; may
appear, too (see [46, 47]). DO3 means a complete random exchange of A, and B
or Az and C atoms resulting for example in (A2;3B1/3)3C without changing the
symmetry, while in the X structure only one distinguished A atom is completely
exchanged with the B (or C) atom resulting in a lattice with F 43m symmetry. In
nearly all cases of disorder the half-metallic ferromagnetic behaviour is destroyed.
That is why the study of the local structure in Heusler compounds is of fundamental
interest.

The band structure in its usual definition has no meaning for alloys with random
disorder, due to absence of periodicity. Therefore, it make sense to discuss only the
integrated quantities as magnetic moments, total energy, etc., which depend more
directly on the DOS rather than the particular form of the dispersion of the electronic
bands.

The practical way to account for the random chemical disorder is the so-called
coherent potential approximation (CPA) theory [48—50]. The idea of the CPA is to
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Fig. 7.5 The CPA model: The Green function of the effective medium (gray atoms) is obtained as
an average of the partial impurities Green functions (black and white atoms)

replace the random array of real on-site potentials by an ordered array of effective
potentials. The scattering properties of the effective potential are than determined
self-consistently in terms of the local mean-field theory with the condition that the
total Green function of the effective system does not change upon replacement of
the single effective potential with the real one. This idea is sketched in Fig. 7.5.

The computational cost of CPA calculations is significantly lower than supercell
approaches where the disorder is approximated by a randomly generated configu-
rations within a large number of large supercells. The important advantage is that
the CPA does not affect the translational (as well as the point group) symmetry of
the primitive cell whereas the supercells must be chosen sufficiently large to avoid
effects from the assumed order or periodic images, which are caused by an artificial
translational symmetry. The CPA allows investigation of the electronic structure as
a continuous function of the substitution level, which is very important describing
phase transitions as well as in studying the evolution of the electron structure with
concentration. The CPA also provides type-resolved contributions of the different
local quantities. The disadvantage is that as any mean-field theory, the standard CPA
does not include the local environment effects such as preferential ordering [51],
the Invar effect [52, 53] and lattice relaxations around the impurity site. The self-
consistent band structure calculations within CPA approach are carried out by the
spin polarised, full relativistic Korringa—Kohn—-Rostocker method (SPRKKR) pro-
vided by Ebert et al. [54, 55]. The exchange correlation functional was taken within
the parametrisation of Vosko Wilk and Nussair [13]. All Brillouin zone integrations
were performed on base of a 22 x 22 x 22 mesh of k-points. An imaginary part of
0.001 Ry was added to the energy when calculating the density of states.

It was recently reported that the LSDA and GGA schemes are not sufficient to
describe the electronic structure correctly for CoyFeSi [27]. Therefore, the LDA+U
method [29, 56, 57] was used also here to account for on-site correlation at the
transition metal sites. The LDA4-U method accounts for an orbital dependence of
the Coulomb and exchange interaction that is absent in the pure LDA or GGA. In
particular, the effective Coulomb-exchange interaction (Ueff = U — J) was used for
the present calculations. The LDA+-U self-interaction correction (SIC) scheme is
used in WIEN2K to account for double-counting corrections. The use of U — J
neglects, however, multipole terms in the expansion of the Coulomb interaction.
It should be mentioned that the +U was used on top of GGA rather than LSDA
parameterisation of the exchange correlation functional. No significant differences
were observed using one or the other of the parameterisations.

The Uegr values being used for the calculations are summarised in Table 7.1 for
the different 3d elements. The values for Co, Mn and Fe are able to explain the mag-
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Table 7.1 U, values used

for the different elements in Element Uett [eV]
the LDA+U calculations of
Heusler compounds Ti 1.36

A% 1.34

Cr 1.59

Mn 1.69

Fe 1.80

Co 1.92

netic moment in Cop,Mn;_, Fe, Si over the whole range of Fe concentration, as was
found in previous calculations [39]. All values correspond to about 7.5 % of those
calculated for 3d ions using Cowan’s program [58] and are close to the values for
the Coulomb interaction Uy, for d electrons in the elemental 3d transition metals
as reported in [59]. Comparing the semi-empirical values of Table 7.1 to the values
found in constrained LDA calculations (for details see [39]), it was found that the
latter are too high to explain the magnetic moments. Additional calculations for the
elemental 3d transition metals revealed that all values for Ues found in constrained
LDA calculations are considerably too high to explain those metallic systems cor-
rectly. This is despite the fact that such calculations may result in reliable values for
Mott insulators [29]. The constrained LDA calculations revealed that the U values
at the Co site may vary by about £10 % depending on the atoms on B or C sites.
As Uefr was here used as a parameter for LDA+U, fixed values have been preferred
for better comparison.

Whilst the static (or energy-integrated) properties as e. g. magnetic moment can
be substantially improved by taking into account the static correlations via LDA4-U,
the recent analysis [60] of the photoemission spectra in CooMn_, Fe, Si reveals the
importance of the dynamical corrections as well. As follows from [60] this can be
done within the so-called dynamical mean-field theory (DMFT) [61], which quanti-
tatively takes into account dynamical correlation effects in particular spin-flip pro-
cesses induced by fluctuations. In combination with the LDA (LDA+DMFT) this
formalism provides a very reliable approach to deal with a wide range of static and
spectroscopic properties of 3d transition metals. [62—67].

It was found theoretically by Mavropoulos et al. [68] that the spin—orbit interac-
tion has only a weak influence on the half-metallic ferromagnetism in Heusler com-
pounds. Later Picozzi et al. [18] and Galanakis [69] reported the same for Co; based
Heusler compounds, therefore spin—orbit interaction was typically neglected in the
calculations discussed here. To verify this assumption, test-calculations including
spin—orbit interaction as well as fully relativistic calculations were performed for
several Co, based Heusler compounds. These calculations revealed a ratio of the
orbital to spin moment (m;/m;) in the order of only 10~2. These values are in
agreement to those earlier reported by Ishida et al. [70]. Therefore, the present cal-
culations include only the mass velocity and Darwin terms to correct for relativistic
effects.
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7.3 Ordered Co,T M Compounds

In the half-metallic Heusler compounds discussed here, the gap stays with few ex-
ceptions in the minority spin channel, whereas ¢ cuts through bands in the majority
spin channel. For the majority spin channel, the position of ef is in the region of the
d derived bands. These states are shifted to lower energies with respect to the corre-
sponding minority spin states by the exchange splitting. Half-metallic behaviour has
been already predicted for a large number of Heusler compounds which are mem-
bers of the series of ferromagnetic compounds. In general the B (here = T') atoms
and in some cases also the A (here = Co) atoms carry the magnetic moments in
these compounds. It is well known that the magnetic properties of these compounds
depend sensitively on the valence electron concentration [17, 23, 36]. The magnetic
properties depend on whether the C (here = M) component is a member of the 3A
or 4A main group, with the latter group resulting in higher magnetic moments and
Curie temperatures. Spin polarised electronic structure calculations indicate that the
moments are predominantly of 34 origin. The density of state of the minority states
is almost zero at the Fermi energy whereas the majority d density can have a peak
or a valley close to er. It is filling and emptying of the majority states that is as-
sumed to produce the change in the size of the magnetic moment and the Curie
temperature. In order to verify this, and to obtain further evidence for half-metallic
behaviour, a series of calculations for Ay BC = CoyT M compounds was performed
and is presented in the following.

7.3.1 Calculated Magnetic and Electronic Structure

In the following sections the electronic structure and magnetic properties of the
Heusler compounds will be discussed in more detail. Starting point are the Co;
based Heusler compounds.

Starting with the Co, based compounds, all the information about the calculated
total magnetic moments, atom-resolved moments and hyperfine fields, as well as the
experimental lattice parameters and magnetic moments are summarised in Table 7.2.
For each compound, calculations were carried out using the experimental lattice
parameters, and most of them exhibit at least nearly a HMF type character (gap in
the minority or majority states). This is clear from Figs. 7.6 and 7.7 where the spin
projected density of states of nine selected compounds are shown. (Note that details
will be discussed later).

In most of the cases given in Table 7.2, the calculated total spin magnetic moment
is exactly integer as expected for a half-metallic system. The experimental magnetic
moments Mmexp are also given in Table 7.2 for comparison with the calculations.
In most cases, the calculated magnetic moments m, are in good agreement with
the experimental results. Deviations between experimental and calculated values
appear particularly for compounds carrying a high magnetic moment like Co,FeSi
or CoyFeGe where the calculations result in too low values.
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Table 7.2 Magnetic

properties of Co, BC Heusler ~Compound Ny Exp. GGA

compounds. The calculated Qexp Mexp  Mcale Mco Mp

total magnetic moments ¢

are compared to experimental Co,TiAl 25 5.847 074 1.00 0.67 —0.18

values mexp. All magnetic Co,TiGa 25 5850 075 1.00 063 —0.15

moments are given in up.

Ny is the number of valence  Co,TiSi 26 5743 165 200 1.03 -0.01

electrons per formula unit = ¢ riGe 26 5807 159 197 105 —0.06

(within parentheses). Total )

magnetic moments are given Co,TiSn 26 6.077 196 196 1.08 —0.07

per primitive cell. mco and Coy VAL 26 5.722 1.95 2.00 0.94 0.22

mp are the site resolved Co2VGa 26 5779 192 201 0.97 0.16

magnetic moments on Co and

B sites, respectively. Most of  Co2VSi 27 5.657 - 3.00 1.09 0.79

the experimental values of the  Co,VSn 27 5960 1.21 3.03 1.10 0.86

lattice parameter dexp and 0 0] 27 5727 155 300 083 1.47

magnetic moment /ey, are

taken from Refs. Co,CrGa 27 5805 3.01 3.05 0.76 1.63

[42, 46,47, 71-74], CoyCrIn 27 6.060 1.10 320 0.67 1.98

additional experimental data

are found in CoyMnAl 28 5749 404 404 076 2.75

Refs. [26, 75-105] CoMnGa 28 5767 405 412 075 2.78
CoyMnSi 29 5645 490 5.00 1.00 3.00

CoxMnGe 29 5.749 493  5.00 1.02 3.06
CoaMnSn 29 5984 508 5.03 0.97 3.23
CoyFeAl 29 5730 496 498 1.23 2.80
CoFeGa 29 5737 504 5.02 1.20 2.81

CooFeSi 30 5.640 6.00 5.59 1.40 2.87
CooFeGe 30 5738 590 5.70 1.42 2.92

An inspection of the site resolved magnetic moments (mc, and m g) reveals that
the Co and B atoms may both possess high spin magnetic moments in this series of
compounds. In the case of small magnetic moment compounds, the Co atoms con-
tribute mostly to the moment, if comparing to the compounds with large magnetic
moments. While going from the low to the high magnetic moment side, the B atoms
contribute an increasing moment.

It should be noted that m, is the calculated total spin magnetic moment of the
compound found by integration over the entire cell. Therefore, it is not just the
combination of the moments at the A (2 times), B and C sites but respects also the
moment of the interstitial between the sites. The interstitial is due to the calcula-
tional scheme using non overlapping spheres to define the sites. That is the reason
why the site resolved values m 4 and m p alone are not summing up to result in miy).
The missing or excess of the total moment is found at the C sites and to some extend
also in the interstitial between the sites where the wave functions are expanded as
plane waves. It should also be pointed out that there might be a discrepancy to mea-
surements of the X-ray magnetic circular dichroism (XMCD) in photoabsorption as
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this method integrates strictly over the extend of the initial state wave functions that
are the 2p core level in absorption at the L edges.

In all reported compounds, the C atoms carry a negligible magnetic moment that
does not contribute much to the overall moment. In most of the compounds it is
aligned antiparallel to the A and B moments. It emerges from hybridisation with
the transition metals and is caused by the overlap of the electron wave functions.
Here, the small moments found at the C sites are mainly due to a polarisation of
these atoms by the surrounding, magnetically active atoms on the A and B sites.
This polarisation results also in non-vanishing hyperfine fields at the nucleus of the
atoms on C sites.

In summary, the magnetic moment of most of the compounds shown in Table 7.2
exhibits a linear behaviour with the number of valence electrons and thus follows the
Slater—Pauling rule (7.5). However, there are some deviations from this trend: for
example, CopFeAl, Co,VGa, Co,TiGa and Co,ScSi. That means, there are some
cases where the pure LSDA or GGA approximation does not give the magnetic
moments expected for half-metallic ferromagnetism, and ¢r may not fall into the
minority gap.

In all comparison between the experimental and the calculated quantities, lattice
parameter or magnetic moments, one should carefully check whether the compound
under investigation has had the required L2 structure in the experiments.

The following will be concentrated on selected compounds, these nine com-
pounds are Co BC Heusler compounds with B = Ti, V, Cr, Mn, Fe and C = Al, Ga
and Si. They will be used as representatives of the compounds as listed in Table 7.2.
By making such a choice, one covers both a range of electronically different kinds
of B and C atoms with Co atoms at the A site. It cannot be excluded that some
of the experimental lattice parameters dexp given in Table 7.2 were determined for
disordered compounds and not for the required L2; structure. The use of wrong
lattice parameters in the calculations may lead to the prediction of a wrong ground
state. Therefore, the lattice parameters of the two series of compounds Co, BAl and
Co2BSi (B = Sc, Ti, V, Cr, Mn, Fe) were optimised. The lattice parameter dop; min-
imising the total energy defines the optimal a and is tabulated in Table 7.3. These
values were taken as input for further calculations.

The optimised lattice parameters were found to be on average within <0.5 % of
the experimentally obtained lattice parameters, as is seen from Table 7.3. This im-
plies that the electronic structure is in most cases independent of the use of the ex-
perimental or optimised lattice parameters. A large deviation is found for CoyFeAl
that is known to exhibit in experiments a disordered B2 structure. The deviation is
even larger for CooMnAl what may also point on some type of disorder. Differences
in the element specific magnetic moments are mainly due to the different Muffin-tin
radii that were fixed to the lowest needed value during the optimisation procedure
while varying only a. In the two cases, Cop,MnSi and Co;FeSi, the optimised lat-
tice parameter was found to match the experimental one within the uncertainty of
experiment and calculation. However, the magnetic moment of the Fe containing
compound is still too low.

In Table 7.3, the total and element specific magnetic moments for Co and the
atoms on the B sites are displayed together with the optimised lattice parameters. In
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Table 7.3 Magnetic data for

the series Cop BC (C = Al, Compound Qopt Ala) Mot Mco mp

Si) with optimised lattice

parameter. Listed are the Co,ScAl 5.960 - 0 0.00 0.00

optimised lattice parameters Co,TiAl 5.828 —03 1 0.62 —0.13

(@ in A), total magnetic CoyVAI 5754 106 2 094 023

moments (mqq) and atom

resolved magnetic moments ~ CO2CrAl 5.708 =03 3 0.80 1.52

(mco and mp). A(a) is the CoyMnAl 5.695 -0.9 4 0.77 2.67

change of the lattice CopFeAl 5602 —07 5 122 2.79

parameter in % with respect

to the experimental value. All C0,ScSi 5.865 _ 1 0.60 —0.10

ti t i

E:aige 16 MOMENES ate 8VER o Tisi 5760 403 2 103 —0.02
CoyVSi 5.688 +0.5 3 1.10 0.80
CoyCrSi 5.647 - 4 1.00 2.03
CoyMnSi 5.643 5 1.06 2.99
CoyFeSi 5.634 0 5.55 1.39 2.85

the Co, BAl series, the magnetic moment at the Co site first increases and then stays
at about 1 up, while the magnetic moment at the B site starts from small negative
values and then increases linearly with the valence electron concentration. In all
compounds, the induced magnetic moment at the Al and Si sites is very small and
antiparallel to Co. This is a result of polarisation caused by the overlap of the wave
functions of the main group element with those of the surrounding transition metal
atoms. It seems that the moment of Co is fixed at about 1 pp and compels the B
moment to result in the overall magnetic moment according to the valence electron
concentration.

In detail, the magnetic moment at the Co site stays at about 1 pup from Ti to Mn
and diverges from this value only for Sc and Fe containing compounds. The mag-
netic moment at the B site increases linearly from Ti to Mn compounds such that
the total magnetic moment follows the Slater—Pauling rule, but deviates from this
trend for Fe. Co,ScAl has 24 valence electrons and the magnetic moment vanishes
at all sites. The result is a vanishing total magnetic moment as expected from (7.4).
A ferrimagnetic behaviour with compensating moments, as reported for Mn, based
compounds [106], was not observed. The reason is that the single d electron at the
Sc site is not able to form a localised moment by filling a majority e, band com-
pletely.

In the Co, BSi series, the trends are the same as in the just discussed Al series.
The only difference is the detail of the magnetic moments at Co and B atoms. In
particular in Co,ScSi, the Co; sublattice starts to order ferromagnetically whereas
the Sc atoms do not contribute to the magnetic moment. The formation of the mag-
netic Coy sub lattice is completely different from the classical Heusler compounds
like CupMnAl where the magnetic order is mediated only by the strong local mo-
ment at the Mn atom. Finally, one observes again the break of the trend of increasing
moments at the B site for Fe. Here, the moment at the iron site even decreases com-
pared to Mn. Seemingly this decrease of the moment at Fe cannot be compensated
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by the Co atoms resulting in an overall moment being to small to be compatible to
the Slater—Pauling rule.

In summary the Co atoms contribute in the Cop BC (C = Al, Si) compounds
about 1 u p to the magnetic moment and drive the properties of the B atoms to have
a magnetic moment according to the number of valence electrons of the compounds.
The properties of the Co, BC compounds are dominated by the nature of the Co
atoms which force the extent of localisation of the electrons and the resulting mag-
netic moment at the B site. The result is that the total magnetic moment follows the
Slater—Pauling rule (compare (7.4) and (7.5)). The behaviour of the compounds with
other elements on the C site is similar as can be seen from Table 7.2. The increase
of the magnetic moments at the Co and B sites is attributed to the rearrangement of
the electrons and will be discussed briefly in the next section. Obviously, the cal-
culated magnetic moments of the compounds Co,FeSi and Co,FeGe are too small
compared to the experimental value. This fact will be discussed later together with
on-site correlation.

7.3.2 Electronic Structure and Density of States

As seen in the previous section, the Cop BC compounds can be distinguished in two
classes, one with small magnetic moments (less than 4 © p) and the remainder with
high magnetic moments. The class of compounds with small magnetic moments
will be called “low-m” and the one with high magnetic moments “high-m”. In the
following sections, the density of states and the distribution of the electrons over the
various states and atoms will be discussed.

The DOS for the low-m compounds Co,TiAl, Co,TiSi, Co, VAl and Co, VSi
are displayed in Fig. 7.6. The upper part of each panel displays the majority spin
densities and the lower one the minority spin densities.

The increase of the splitting of the minority states at the Fermi energy is clearly
visible. In Co;TiAl is close to the minority valence states, whereas it is positioned
in the upper half of the gap close to the minority conduction band for the remaining
compounds. The size of the gap increases if replacing Al by Si. At the same time the
size of the Heusler-typical gap at below —6 eV increases considerably from some
hundred meV to about 2 eV. This points on a much stronger hybridisation in the Si
containing compounds compared to the Al containing compounds. As typical for
low-m compounds, the majority states exhibit a rather high density in the vicinity
of e that is caused by weakly dispersing, flat bands. The width of the d bands is
almost the same in all four compounds. Indeed, in all four compounds the states at
and close to e are strongly spin polarised and all four systems exhibit a gap in the
minority states. The spin polarisation is found to be 100 % which characterises the
systems to be half-metallic.

In the next step, the six compounds Cop BC (B = Cr, Mn, Fe and C = Al, Ga)
with intermediate and high m values were chosen. The DOS of these compounds is
displayed in Figs. 7.7(a)—(f). The situation of the high-m compounds with Mn and
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Fig. 7.6 Density of states of selected low m Cop BC compounds. Shown are the spin resolved
DOS for compounds with B = Ti, V and C = Al, Si. (Note: Upper and lower parts of the panels
show for each compound the majority n(E)4 and minority n(E); DOS, respectively.)

Fe is somewhat different from the low-m compounds. All listed compounds exhibit
almost the same band width with a gap in the minority states. However, there are
distinct differences in the shapes of the densities.

Some pronounced changes are observed in the DOS while going from the low-m
compounds to the high-m compounds. A decrease in the contribution from ma-
jority states just at ¢ is observed. In the Cr compounds, with about 3 up, one
observes still a high majority density of states close to er. In the Mn compounds,
with about 4 up, this high majority density is shifted just below er and finally
one observes only a rather low density in the Fe compounds with 5  p that emerges
from strongly dispersing bands (compare to the band structure of Co,CrSi discussed
above). This low density of the majority states close to € is nevertheless arising
from d-electrons. The particular shape of the majority DOS of the high-m com-
pounds is finally the reason for the observed deviation of the magnetic moments in
Co2FeSi or Co2FeGe. The filling of one more electron by replacing Al by Si (or Ga
by Ge) will need a much larger energy range to add up 1 pp. It also will shift the
states with high density much further away from ¢ what is obviously not possible
if attributing the shift only to an exchange splitting. That might be one reason why
LSDA fails to find the correct moments of 6 g but needs some additional interac-
tion between the electrons. This interaction can be interpreted in the underestimation
of on-site correlation [27]. However, if it plays a role in the high-m compounds it
should do so in the low-m compounds, too. This fact will be discussed later.

At that point, it should be noted that the magnetic moment does not depend on
the density of states at the Fermi energy. Neither does it depend much on the partic-
ular shape of the DOS or band structure as it is an integrated quantity, namely the
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difference between the number of occupied majority and minority electrons. From
that point of view the magnetic moment may help to find half metallic ferromagnets,
however, it is not suited to prove the existence of band gaps in the minority states.

In the following, some remarks will be made on the distribution of the electrons
and influence of the main group element C. After all, the Heusler compounds are
metals with delocalised electrons, therefore it should be noted that many of the elec-
trons are located in the interstitial space between the muffin-tin spheres describing
the atoms of the primitive cell and thus cannot be specifically attributed either to
one or another of the contributing elements or a specific orbital momentum. At this
point—and before continuing with the magnetic moments—recall that, from the ob-
jective point of view of the solid, all electrons are indistinguishable whereas only
a subjective observer divides the solid arbitrarily into spheres or other objects of a
given but virtual size. Strictly speaking, the dispersion E (k), total density of states
and total magnetic moments are the only well-defined ground-state quantities but
they are not the site-resolved ones.

On careful examination of the magnetic moments on the Co sites in both series
(Co2BC with C = Al and Si), one finds that the Co site is carrying an average of
0.8 wp (Al series) and 1.0 wp (Si series). At this point it is not quite clear why the
magnetic moment of Co is changing with the exchange of Al by Si. Thus the ques-
tion arises how C affects the overall magnetic moment without directly contributing
to it? To check this, it is necessary to inspect the electron distribution of the system.
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Fig. 7.8 Valence d electrons in Cop BC compounds. Shown are the total (tot) and spin resolved
(1 = majority, | = minority) numbers of d electrons in Co, BAl and Coy BSi with B = Sc, Ti, V,
Cr, Mn and Fe. (a), (b) are for Co and (¢), (d) for atoms at the B site. The lines are results of a
linear fit

The total magnetic moment in the series is defined by the number of occupied
d electrons in the majority and minority states because the number of occupied s
and p states is rather independent of the spin (note that the total number of valence
electrons Ny appears in (7.5) only because Ny = Ny + N such thatm = Ny — N,
can be rewritten to be m = Ny — 2N ). The total number of d electrons at the Co
site is about 7.5 including majority and minority electrons (see Figs. 7.8(a) and (b)).
The Co d states for majority and minority spin are almost constant and contain about
four and three electrons, respectively. Their values are nearly constant and do not
change much if going from Ti to Mn. This is one reason why the magnetic moment
of Co is fixed at about 1 pp.

The distribution of the d electrons in majority and minority states for the B ele-
ment is shown in Figs. 7.8(c), (d). It is clear that filling of both majority and minority
d electrons increases in parallel up to V and thereafter the electrons start to fill more
majority d states as compared to minority d states. Al and Si contribute very less to
the d states and in-fact they do not contribute directly to the overall magnetic mo-
ment. In general, it is found that the trends are the same in the Co, BSi and Co, BAl
compounds.

In order to have a deeper insight, the distribution of electrons in states with differ-
ent symmetry has been studied in the series of Co, BAl and Co, BSi. As determined
earlier by Kiibler [38], to maximise the number of unpaired electrons, the minor-
ity states should be filled by eight d electrons and the rest of the electrons fills the
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majority states. In the Cop BALl series, overall (average) 7.85 d electrons are in the
minority states. There should be eight d electrons to fill the d states completely and
to have a gap. The missing part of the electrons is found in the interstitial. That is,
they are completely de-localised and cannot be attributed to a particular atom. When
inspecting the Co BSi series, the number of total minority d electrons is in average
7.5. the remaining are found in the interstitial and overlap with the Si s and p states.
To proof this situation in detail, LMTO-ASA [107] calculations were performed to
obtain the crystal orbital Hamiltonian population (COHP) of Co-Al and Co-Si. It
was found that the bonding interaction between Co and Si is much stronger than be-
tween Co and Al. This is expected from the higher electro-negativity of Si compared
to Al. Due to the stronger bonding interaction between Co and Si in Co, BSi, some
more electrons are in between the atoms and missing from the expected total count
of eight. At the same time, the electrons in the majority states are redistributed with
the result of a higher magnetic moment.

Replacement of Al by Si or exchange between other members of the 34 and 4A
groups, plays an important role for the distribution of electrons in the various sym-
metry distinguished states (#2¢ and e, ) at Co as well as at B sites. In fact, the overall
number of d electrons remains the same. Addition of an extra electron by replacing
Al by Si affects mostly all symmetry distinguished states except the e, states at the
Co site. The latter e, states form the bonds between the Co sites in the (100)-like
planes. The number of symmetry resolved e, and #,¢ states at B increases linearly.
In particular, the e, states at B are not affected by other states. The reason is that
there is no possible direct overlap to other states of the same symmetry at nearest
neighbours, whereas the 1, states form the bonds with the atoms at the Co sites. The
eg states at the B site are mainly responsible for the localised magnetic moment at
this site. In The Al compounds a moment attributed to the Co 1, states is only for
B = Fe worth mentioning. The interesting point is, however, that the #,, states at the
Co site contribute much more to the magnetic moment in the Si compounds as com-
pared to the Al compounds. This observation, finally, links the indirect connection
between the site specific magnetic moment at Co and the hybridisation arising from
the interaction between the electrons at the C sites with the neighbouring electrons
in Co 1, states.

Galanakis and co-workers [17] explained the half-metallicity of CooMnGe by
a particular molecular orbital coupling scheme. To develop the model, they had to
assume, however, that the Co atoms are in an environment with O;, symmetry. This
assumption is incorrect even though the total symmetry of the cubic cell of L2
Heusler compounds is Op. The sites occupied by Co have no inversion symmetry
and carry Ty symmetry, as is evident from the primitive cell shown in Fig. 7.1.
In contrast, the sites occupied by Mn and Ge exhibit O, symmetry. Figure 7.9
shows schematically, without assumption of any particular molecular orbital cou-
pling scheme, directly the order of the states at the I" point of CooMnGe. The half-
metallic character determined by the band filling of the minority states is obvious.
The successive complete filling of the minority bands (aig, t1u4, eg, 2 X f2¢) by 12
electrons leads to a quasi-closed-shell character. The energy scheme for the major-
ity electrons is considerably different from that of molecular orbital models. It is
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Fig. 7.9 Schematic illustration of the orbitals and states in CooMnGe. The local symmetries of
the atoms in the primitive cell with O, symmetry (see Fig. 7.1) are shown at the left side. The right
part shows the X' direction of the band structure (see Fig. 7.2) and a schematic of the states at the
I" point of the solid with Oy symmetry. The box in indicates that the unoccupied majority states
with aj¢ and #1,, character are delocalised and smeared over a wide band of energies in k space

seen that the additionally occupied doubly degenerate states are pushed at I" below
the triply degenerate states. Finally, the strongly dispersing high-lying (a1, and 1,
character at I") majority bands start to cross ¢ and bring the majority electronic
structure close to a simple metal (compare also Fig. 7.2). Both effects together show
the limits for the application of molecular orbital schemes. The latter has another
important consequence: When the two additional e, states are occupied one reaches
compounds with 28 valence electrons overall, which exhibit a total spin moment
of 4 up. At that valence electron concentration the “localised” weakly dispersing
bands are used up and a further increase will need to fill “delocalised” states with
strong band dispersion. The filling of these bands needs a rather large exchange in-
teraction to split the occupied and unoccupied localised states. It seems that there
is a limit at which the exchange interaction cannot be increased further. This limit
is reached when the compound has 30 valence electrons, that is, when about two
“delocalised” majority bands are filled. This explains why Heusler compounds with
magnetic moments of considerably more than 6 pp are not known, in contrast to
fully localised, nondispersing molecular orbital schemes that suggest 7 up as a
limit [17].

7.3.3 The Properties of the Minority Band Gap

The half-metallic ferromagnetism manifests itself in a band gap in one of the spin
densities. However, the Fermi energy may fall inside or outside of that gap. The
band structure of all calculated compounds was carefully examined to find the top
of the valence band (Enax) and the bottom of the conduction band (Ej,) enclosing
the gap. Tables 7.4 and 7.5 summarise the results calculated for the minority band
gap of the Co, BC compounds. All of the listed compounds show a gap along I'-X
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Table 7.4 Coy BC compounds that are Type I half-metals. Given are the data for compounds ex-
hibiting in GGA calculations a Type I half-metallic ferromagnetism, that is, the minority band gap
includes the Fermi energy. Emin and Engax are the values of the minimum energy of the conduction
band and the maximum energy of the valence band. The band gap AE is the difference between
these extremal energies. All energies are given in eV. n4 (ef) is the density of states at &5 for ma-
jority electrons in eV~!. For lattice parameters see Table 7.2. Note that the last four compounds
are very close to the Type III half metals

Compound Emax(I") Emin (X) AE ny(er)
Co,TiAl —-0.24 0.215 0.456 1.37
Co, TiSi —0.606 0.179 0.785 0.99
Co,TiGe —0.401 0.194 0.595 0.93
Co,TiSn —0.222 0.282 0.504 1.05
CoyVGa —0.142 0.047 0.189 1.52
CoyVSn —0.397 0.151 0.548 5.34
Co,CrAl —0.118 0.63 0.748 4.84
CoyMnSi —0.292 0.506 0.798 1.27
CoyMnGe —0.048 0.533 0.581 1.29
Co, VSi —0.886 —0.067 0.072 3.50
CoyFeAl —0.138 —0.027 0.111 0.87
Co,TiGa 0.06 0.216 0.210 1.44
CoyFeGa 0.086 0.107 0.021 0.88

Table 7.5 CoyBC compounds that are Type III half-metals. Shown are the data of Co, BC com-
pounds exhibiting band gaps in the minority states but with e outside of the gap. In this class
of compounds the minority band gap does not include er. The compounds are grouped for the
cases where ¢ from the GGA calculations is above (upper part) or below (lower part) of the gap.
(n) (eF) is the density of states at e for minority electrons. For lattice parameters see Table 7.2,
for other quantities see Table 7.4)

Compound Enax Ein AE ny(er) ny(er)
Co,CrGa 0.203 0.628 0.425 2.8 0.2
Co,CrIn 0.450 0.612 0.162 2.35 0.5
CopMnAl 0.172 0.716 0.664 1.05 0.2
Co,MnGa 0.364 0.663 0.301 1.7 0.34
CoyMnSn 0.183 0.594 0.411 1.22 0.16
Cop VAl —0.357 —-0.119 0.238 1.6 0.03
Co,FeSi —0.735 —0.589 0.146 2.7 0.71
CoyFeGe —0.517 —0.43 0.087 2.3 0.74

that is in the A-direction of the paramagnetic state. The A-direction is perpendicular
to the Coy (100)-planes. As was shown earlier [25], just the A-direction plays the
important role for understanding of the HMF character and magnetic properties of
Heusler compounds. This fact was also pointed out by Ogiit and Rabe [108].
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Table 7.4 is devoted to the properties of Type I half-metals where ef is located
inside of the gap of the minority band structure. As a direct consequence, the mi-
nority density n(er) at the Fermi energy vanishes and the spin polarisation (7.1)
is 100 %. The listed compounds (except the four shown at the bottom of the ta-
ble) exhibit a clear gap at e and behave like half-metallic ferromagnets, at least
within GGA.

The minority gaps of the clear Type I half-metals have, with exception of
Co2VGa, a width of AE =~ 0.5...0.8 eV. The gap is considerably smaller in those
compounds being close to Type III like behaviour (see also Fig. 7.10).

Only few compounds containing Cr or V have a remarkably high majority DOS at
e whereas the remainder exhibit lower values of about 1 eV~!. As one approaches
towards high magnetic moment compounds containing Fe, there is a reduction in the
density of states of the majority spin states at . Instead of a high majority DOS
they exhibit only a small DOS. Already the GGA calculations reveal this small
DOS at er. The important conclusion one can draw at this point is that the LSDA-
GGA does not estimate the gap and magnetic moment (compare Table 7.2) of these
compounds correctly and results in a Type III half-metal.
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The data for the minority band gaps of the remaining Co, BC compounds, which
are Type III in the GGA calculations, are shown in Table 7.5. The minority DOS
ny(er) at the Fermi energy ¢ is listed in addition. In all cases one has from the
GGA calculations n4(er) > n (¢r) resulting in a positive spin polarisation. The
interesting point to note is—in some cases of Type III Heusler half-metals—that the
gap remains at the I"-point but is closed at the X-point. This means they are metals
for one spin direction (majority) and semi-metals for the other (minority).

Summarising the discussion of the minority gap, Fig. 7.10(b) displays the size of
the minority gap as function of the lattice parameter. From the GGA calculations in
Fig. 7.10(b), there is a tendency seen that larger lattice parameter of the compounds
lead to smaller band gaps for Type I half-metals. It is obvious that those materials
deviate strongly from this trend where the Fermi energy is found to be located out-
side of the gap. This trend cannot be used quantitatively, but is useful as a starting
guess to search for good candidates for HMF materials with a reasonable size of the
gap. It is interesting to note that the Ti and V compounds exhibit a gap even in the
case where they do not form a localised magnetic moment. This gives a clear advice
that a localised magnetic moment at the B sites is not a necessary condition for the
formation of half-metallic ferromagnetism in the Co,-based Heusler compounds.

7.3.4 Correlation and the Electronic Structure Within LDA+U

In this subsection, the influence of correlation on the electronic structure of various
compounds is discussed. LDA+U calculations were performed for Cop, BC com-
pounds with B = Ti, V, Cr, Mn and Fe and C = Al and Si. The semi-empirical
values corresponding to 7.5 % of the atomic values of the Coulomb-exchange pa-
rameter Uf have been used for all compounds (see Table 7.1).

The results of the LDA4-U calculations are summarised in Table 7.6 and visu-
alised in Fig. 7.10(a). The total magnetic moment is in agreement with the Slater—
Pauling rule. A strong deviation is found for Co,MnAl, where the Fermi energy is

Table 7.6 Properties of
Co, BC Heusler compounds
calculated by LDA+U.
Magnetic moments (m) are Co,TiAl 25 1.00 0.84 —0.39 —0.206 0.914 1.12

given in up and energies (E)  Co,TiSi 26 2.00 1.16 —0.18 —0.583 0.632 1.22

are in eV. For lattice CoVAI 26 200 115 —0.09 —0.414 0.072 049

parameters see Table 7.2
Cor VSi 27 3.00 120 0.69 —0.905 0.138 1.04
Co,CrAl 27 3.01 0.79 1.70  0.071 1.39 1.32
CopMnAl 28 428 0.73 3.17 0424 1.505 1.08
CorMnSi 29 5.00 098 3.29 0.007 1.307 1.30
CopFeAl 29 500 122 297 0.022 0.811 0.79
CoyFeSi 30 6.00 150 3.14 —-0.81 —0.028 0.78

Compound Ny Mg MmMco MmMp Enax Emin AE
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Fig. 7.11 Spin resolved density of states for Co,FeAl, CopFeGa and Co,FeSi. Shown are the spin
resolved density of states for CopFeAl (a), (d), CooFeGa (b), (e), and CoyFeSi (c¢), (f) calculated
by GGA in the upper part (a), (b), (¢) and LDA+U in the lower part (d), (e), (f). The upper and
lower parts of each plot display the majority and minority densities, respectively. (See text for the
particular values of U at the different sites.)

found far below the gap in the minority states. This deviation appears also if the opti-
mised lattice parameter is used instead of the experimental one. In general, the width
of the band gap increases with inclusion of U in the LDA scheme. However, the gap
was already existing in all compounds when using GGA for the calculations. That
means, U is not creating the half-metallic ferromagnetism but confirms the half-
metallic property of those compounds, and helps to explain the magnetic properties
correctly. The second impact of the on-site correlation on the electronic states is
an increase of the splitting between bands of different symmetry. This causes that
the Fermi energy is shifted with respect to the gap in the minority states, or vice
versa depending on the point of view. The effect is that the half-metallic character
is changed in some cases from Type III to Type I, indeed, the opposite may appear
too as seen from a comparison of the data given in Tables 7.4, 7.5 and 7.6.

Major differences between experimental and calculated moments were found for
the high-m compounds containing Fe. Out of these, the electronic structure of the
two compounds CopFeAl and Co,FeGa will be discussed in more detail to explain
the effect of the on-site correlation. The spin resolved density of states for CoyFeAl
and CoyFeGa that are calculated using the GGA and LDA+U approximations are
shown in Fig. 7.11 together with Co,FeGSi for comparison. There is no major dif-
ference between the LSDA and the GGA calculations (compare Fig. 7.6(c) and (f)).
Both compounds exhibit a very small minority band gap at e in pure LSDA calcu-
lations. This becomes considerably larger when LDA+-U is used in the calculations.
In both cases of the 29 valence electron compounds (Al, Ga), the Fermi energy stays
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close to the top of the minority valence band. The low lying majority e, states, being
responsible for the localised moment at the Fe site, are shifted from about —3.5 eV
by about 0.5 eV to lower binding energies. At the same time the unoccupied mi-
nority d states are shifted from about 0.6 eV above the Fermi energy to 1.3 eV. The
splitting of this band complex is also enlarged from about 0.3 eV to 0.45 eV. In aver-
age, the splitting between occupied majority bands and unoccupied minority bands
is increased by about 1.2 eV.

Finally, it should be noted that just the high-m compounds are a sensitive test for
the use of electron—electron correlation in the form of LDA+U. In some cases, it is
required to explain their electronic and magnetic properties correctly. More details
of the change in the electronic structure are discussed elsewhere for Cop,MnSi [39]
and Co,FeSi [26, 27, 39].

7.3.5 Further Coz-Based Half-Metallic Ferromagnets

Half-metallic ferromagnetism may not only appear in those Co, BC compounds
where B is a 3d element but also if B is a 4d (here Zr or Nb) or 5d (here Hf)
transition metal. Indeed, various Coz-based Heusler compounds of this type are
reported where B is not a 3d transition metal but one from a higher period. It was
found in the present calculations that most of them can be expected to exhibit half-
metallic ferromagnetism.

The magnetic properties of several, reported Co;-based Heusler compounds with
B being not a 34 transition metal are summarised in Table 7.7. There is obviously a
large discrepancy between observed and calculated magnetic moments. However, it
is not clear whether the experimentally reported samples exhibited the L2 structure
(assumed in the calculations), the Lip AgSb structure, or any other type of disorder.
For Co,NbSn, neither the measured nor the calculated magnetic moments come
close to the value expected for a half-metallic state. It should be noted that this
compound is reported to crystallise in the ordered F m3m structure at room tem-
perature and undergoes a structural transition at 235 K from cubic to orthorhombic

Table 7.7 Properties of
Co;y-based Heusler

compounds containing 4d or
5d elements on the B site. CoyZrAl 25 6.078 0.79 1.00 0.62 —-0.10 0.296

(For explanation of the CoHfAl 25 6.045 082 1.00 0.61 —0.09 0.363

quantities see Tables 7.2 _
and 7.4.) Experimental data CopHfGa 25 6.032 0.60 1.00 0.60 —0.09 0.068

are taken from CopNbAl 26 5935 135 200 1.04 0.01 0.557
Refs. [90, 95, 109-116]
Co,NbGa 26 595 139 200 104 —0.01 0.527
CoZrSn 26 6254 1.81 200 1.09 —0.09 0.540
CoHfSn 26 6227 157 200 1.07 —0.07 0.480

Compound Ny  dexp Mexp  Meale MCo  MB AE

CooNbSn 27 6.152 0.69 194 095 0.07 0.430
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with P mma symmetry [117, 118]. Spin—orbit interaction, which was not accounted
in the present calculations, may also play already a role for the Hf containing com-
pounds.

The most interesting point is, however, that in all those compounds only the Co
atoms are responsible for the magnetic moment. That means, in none of these com-
pounds a localised magnetic moment at the B atoms is present. This points on the
important fact that the existence of a localised moment at the B atoms is not a nec-
essary condition for the occurrence of half-metallic ferromagnetism in Co;-based
Heusler compounds, as also mentioned in the previous section.

7.4 CorT1_xT.M, Co,T M1_x M Random Compounds
and Disordered Alloys

7.4.1 CoyCri_yFe,Al

The properties of the L2 compounds and random alloys where calculated in F m3m
symmetry using the experimental lattice parameter (a = 5.727 A) as determined by
X-ray powder diffraction. Co and Al where placed on 8c (1/4, 1/4, 1/4) and 4a (0,
0, 0) sites, respectively. Disorder between chromium and iron was accounted by
setting the 4b (1/2, 1/2, 1/2) site occupations to 1 — x for Cr and x for Fe. The
SPRKKR method with CPA was used for the calculations reported in the following.

Several types of disorder have been considered. It turned out that the mostly
occurring type of disorder is B2 like. This type is a result of disorder in the YZ
(Y = Cr, Fe, Z = Al) planes. It is found by setting the F m3m site occupations of
the 4a and 4b sites equally to 1/2 for Y and Z (assigned as B2a in [45]). The resulting
structure with reduced P m3m symmetry was used for the calculations. The lattice
parameter is agy = ar2,/2. X was placed at the la site (origin of the cube) and
the site occupations for Y and Z at 1b (centre of the cube) were set equally to 1/2.
For the mixed Fe—Cr systems, the site occupation factors for Y and Y’ have to be
weighted by x and (1 — x), respectively. Complete disorder between all sites results
in the A2 structure with reduced symmetry I m3m.

The electronic structure of the pure and doped alloys will be discussed in the
following. First, the electronic structure of the ordered alloys are presented, followed
by the results for disordered alloys.

7.4.1.1 Electronic and Magnetic Structure of L2; Ordered Alloys

First, the electronic structure for the L2; ordered ternary compounds was calcu-
lated. The resulting density of states (DOS) of Co,CrAl and CosFeAl is shown in
Fig. 7.12 (a, ¢). These are the end members of the quaternary series of alloys. In the
next step the electronic structure for the L2 ordered alloys Co,Cri_,Fe, Al was
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(a) Co,CrAl (b) Co,Cr, Fe Al (c) Co,FeAl

UL L T T T L
I :majorityT

— 5t 4k 4

> |

QL

@: L

= L

3O

21

S|

B L

°©

s |

j 04

Q i . .

.mlnorltyi

P B P | P B PR | PRI B PR |
-10 -5 5-10 -5 0 5-10 -5 0 5

Energy E—¢, [eV]

Fig. 7.12 Spin resolved density of states of CoaCrj_,Fe,Al (x =0,0.4, 1)

calculated and the result for x = 0.4 is compared exemplary in Fig. 7.12 (b) to the
pure compounds.

The low lying sp-bands are visible at about 6 eV to 10 eV below ef. The d-
bands start at about 5.5 eV below ¢r. The gap between s- and d-bands is less pro-
nounced compared to non relativistic calculations (see [119]). The majority DOS
at the Fermi energy decreases with increasing iron concentration x. The density of
majority electrons at e is a crucial point for spectroscopic methods investigating
the spin polarisation, like spin resolved photo emission. The small, non vanishing
density in the half-metallic gap of the minority states at e emerges mainly from
the imaginary part added to the energy when calculating the DOS by means of the
Greens function. However, a coupling between majority and minority states is al-
ways expected in the full relativistic calculations thus that a pure spin up state is
not possible in general. See in Mavropoulos et al. [68, 120] for a discussion of the
relativistic effects and their influence on the half-metallic gap.

Figure 7.12 reveals that the Fermi energy (er) is pinned in the minimum of
the density of the minority states. Further, it is seen that the majority density is
shifted with increasing Fe concentration and thus with increasing number of va-
lence electrons. Both together have finally the result that the magnetic moments
increase with the number of valence electrons (see below). This behaviour, in par-
ticular the pinning of ¢r in a minimum of the minority density, is typical for
Slater—Pauling like behaviour in the case of materials with localised magnetic mo-
ments [25, 35, 121, 122]. From the Slater—Pauling rule for ferromagnetic alloys
with localised moments, the magnetic moment per atom is approximately given by
m=n4s —n, =ny —2n, ®ny — 6. Here, ny =n4 + n_ is the mean number of
valence electrons per atom and given by the sum of the accompanied majority (74 )
and minority (n ) electrons.
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Fig. 7.13 Spin resolved partial density of states of CoyCri_yFe,Al x =0, 0.4, 1. Shown is the
PDOS of the contributing 3d elements. (Note: The different scales of Fe compared to Co and Cr at
the partial DOS.)

The spin resolved partial density of states (PDOS) is displayed in Fig. 7.13.
Shown are the partial (site specific) densities for the majority and minority states
of CoyCri_,Fe,Al for x =0, 0.4, 1. In particular the gap in the minority DOS is
better resolved. From the behaviour of the different PDOS depending on the Fe
concentration x, it is clear that the electronic structure does not follow a rigid band
like model. In particular it is seen that the Cr PDOS decreases with increasing iron
content keeping its shape rather unchanged. In the same way the Fe PDOS increases
with x. However, the maxima of the density at the Co sites are clearly shifted away
from er. The Al PDOS stays nearly unaffected and is rather independent of the Fe
content.

From Fig. 7.13, it is seen that the high majority DOS at ¢r emerges from Cr.
Both, Co and Fe exhibit only a small majority PDOS at and above ¢f. Overall, the
change of the majority DOS of Co,Cr_,Fe, Al around ¢ can be clearly attributed
to the increasing amount of iron with respect to chromium. The minimum in the
minority DOS around e is mainly restricted by the shape of the Co PDOS. This
indicates that the HMF like behaviour is mainly characterised by Co. The steep
increase of the minority PDOS of Cr and Fe is mainly located in the unoccupied
part above €.

Doping with Fe changes not only the total DOS but also the PDOS of Co and
much less pronounced the one of Cr. In particular, a very small shift of the Cr PDOS
causes an additional decrease of majority states at er. This shift increases with
increasing Fe concentration (as was found from the PDOS with variation of x, not
shown here). The energy shift of the PDOS results in a change of the local magnetic
moments in particular at the Co sites.

Figure 7.14 compares the measured and the calculated magnetic moments. The
calculated total magnetic moment mo; = mg + m; depends linearly on the com-
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position x and follows the Slater—Pauling rule [25, 38, 122]. The measured total
moments as determined by SQUID magnetometry at 5 K are smaller compared to
the calculated values in particular for low Fe (or equivalently high Cr) content. This
behaviour will be discussed in the next section about disorder.

Site specific spin (m,) and orbital (m;) magnetic moments were determined for
x =0,0.4, 1 from XMCD measurements at the L3 > edges of Cr, Fe and Co. Details
of the spectroscopy experiments are reported below. The values were found from
a sum rule analysis neglecting the magnetic dipole term [123]. The calculated spin
magnetic moments at the Co sites increase with increasing Fe concentration x as
result of the shift of the majority PDOS of Co. The calculated spin moments at the
Fe sites decrease slightly with increasing x. The principal dependence of the mea-
sured Co and Fe spin moments on x is the same as in the calculation. However, the
changes in the measured moments are stronger. The calculated Al spin moment is
negative and very small. It is induced by the surrounding polarised Co atoms. Most
obvious, the measured spin magnetic moments at the Cr sites are smaller compared
to the calculated ones. This causes finally the too small total moment observed by
SQUID magnetometry. The calculated orbital magnetic moments increase with x
at the Co sites by a factor of 4 and are nearly constant at Fe sites. The calculated
Cr orbital moments are very small and change sign at x = 1/2. In contrast, the
measured orbital moments are throughout larger. Both experiment and calculation
exhibit, however, the same trend for m;.
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Most evidently the calculated ratios between orbital m; and spin my; magnetic
moments are much smaller than the experimental values. For Cr, a vanishing of the
orbital momentum is expected, as observed in the calculation.

The findings of the full relativistic calculations are throughout compatible to
those made in non-relativistic calculations using ordered compounds [25]. Compar-
ing the random alloy CoyCrg¢Fep4Al and the nearly iso-electronic ordered com-
pound CosCrFeAl, [25], it is found that there are no major differences between
CPA and virtual crystal approximation calculations for the materials investigated
here. In particular, the rather integrated quantities like magnetic moments are the
same. The non rigid band like character of the electronic structure upon Fe doping
is revealed in both methods. The band gaps in the minority densities are here smaller
due to the additional splitting of bands caused by the spin—orbit interaction rather
than by properties of the CPA scheme, as is seen from the pure compounds.

7.4.1.2 Random Alloys with Disorder

Table 7.8 summarises the results of the calculations for the magnetic moment in the
well ordered (L21), partially disordered (B2) and completely disordered (A2) alloy
Co,Crg 6Fep.4Al and compares them to the experimental values.

The magnetic moment of correctly ordered Co,Crg ¢Feg.4Al is close to the value
of 3.8 up expected for a HMF ground state. It also concerns Co,CrAl and Co,FeAl
alloys which exhibit in L2 a total moment of 3.0 up and 5.0 up, respectively.

From the calculations it is expected that the total magnetic moment of the B2
disordered compounds is lower compared to the one in the L2 structure. However,
the calculations for complete B2 or A2 disorder are not able to explain the too low
value of the magnetic moment found experimentally for Co,CrAl. A reduction of
the overall moment caused by an antiferromagnetic order of the Cr atoms could not
be verified by the calculations for these structure types. Therefore, calculations were
also performed for other type of disorder. In the DO3-type disordered alloy the Co
and Cr atoms in 8c and 4b positions of the L2 structure are mixed. The calculations
revealed an overall moment of 2.0 up. The moment of the Co atoms at the two
different sites are 0.86 wp and 1.51 wp. The moments of the Cr atoms are aligned
antiparallel with respect to each other and amount to —0.41 pp and +0.44 up at 8c

Table 7.8 Magnetic moments in Co,Crq gFep 4Al. Given are the site specific moments per atom
and the overall magnetic moment per primitive cell, both in multiples of the Bohr magneton (up).
The overall magnetic moments for the disordered structures are converted to fit those of the L2
cell in number of atoms

Structure Co Cr Fe tot

L2 0.94 1.42 2.92 3.82
B2 0.57 —1.12 2.95 1.61
A2 1.44 0.19 2.24 3.83

Exp. 1.11 0.36 2.64 3.49
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Table 7.9 Magnetic

moments in disordered 8¢ 4a 4b Mean
Co,Cro cFep Al All
calculated values are in g 20 % B2 Co 0.99 - - 0.99
per atom. The mean value is Cr _ 1.65 1.43 1.61
found using the disorder site Fe _ 288 293 289
occupation factors
20 % A2 Co 1.08 1.86 1.98 1.25
Cr -0.9 1.33 1.2 0.87
Fe 0.96 2.79 2.87 2.43

and 4b sites, respectively. Exchange of only one of the Co atoms with the Cr atom
leads to the X structure [45]. In this case the calculations revealed an antiparallel
alignment of the Cr moments (—0.93  p) with respect to the Co moments (0.8 up
and 1.11 up) with a resulting overall moment of only 0.95 w p in the cell. From this
approach, a tendency to ferrimagnetic order is concluded if Cr and Co atoms change
sites resulting in a lower magnetic moment. It is worthwhile to note that disorder of
this type closes the gap in the minority DOS and the half-metallic character is lost.

The measured overall magnetic moment of Co,Cry gFeg 4 Al is smaller compared
to the calculated one for the ordered compound. Inspecting the site resolved mo-
ments one finds that the Co moment is slightly enhanced whereas the Cr and Fe
moments are lowered compared to the L2; calculation. Such type of behaviour is
also observed in the calculation for A2 disorder, but less pronounced. Thus it is
obvious to assume a partial disorder for this type of samples. It is interesting to
note that the calculations revealed a ferrimagnetic ground state for B2 disordered
Co,Crg ¢Feg4Al, indeed, in contrast to the experiment where the Cr moment was
small but aligned parallel to the Co moment.

The results from a calculation for 20 % disordered systems are compared in
Tab. 7.9. The total moment for (80 %L2; + 20 %B2) is 4.04 pp and thus clearly
above the experimental value. The Co moment is slightly lower compared to the
ordered structure. The Cr moments are at 20 % B2 disorder still aligned parallel to
the Co moments. For (80 %L2; + 20 %A2), the Co and Fe moments are larger in
the 4a and 4b positions compared to the 8c position. Most evidently the Cr moment
exhibits an antiparallel alignment in the 8c position. The total magnetic moment in
the cell is 3.96 pp and thus larger than the experimentally observed value. Com-
paring to the L2; ordered material, the enhancement of the Co moments with a
simultaneous decrease of the Fe moments gives clear advice on A2 disorder in the
experimentally examined samples.

In the experiment at CooFeAl, a larger total magnetic moment was observed in
comparison to the expectation from the Slater—Pauling rule. At the same time the Co
moment was enhanced and the Fe moment lowered compared to the calculations for
L?2,. Comparing the values calculated for different type of disorder, one finds easily
that the experimental values coincide with those expected for A2 type disorder. This
means that the sample investigated by XMCD was to a large amount completely
disordered.
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Fig. 7.15 Experimental (a)—(c) and calculated (d)—(f) X-ray absorption spectra and XMCD at the
L3 > edges of Cr, Fe and Co in Co,Crg ¢Fep 4Al. The energy scales of the spectra are shifted with
respect to the steepest point of the spectra (maximum of the derivative). The intensity scales are
normalised to the maxima at the L3 edges and shifted for sake of clarity

7.4.1.3 Spectroscopic Properties of Co,(Cry ¢Feo.4)Al: Photo Absorption

X-ray absorption spectroscopy probes the unoccupied density of states above the
Fermi energy. For the resonant excitation of the 2 p-states of the 3d transition ele-
ments the transition probability is proportional to the density of final states resulting
from the 3d and 4s holes. The spectra, consisting mainly of the L3 (2p3,2) and
Ly (2p12) white lines (see Fig. 7.15), reflect the high density of unoccupied states
resulting from the 3d electrons.

Figure 7.15 compares measured and calculated absorption spectra at the L3
edges of Cr, Fe and Co in Co,Crg ¢Feg 4 Al. The monochromator resolution was set
to 50 meV for the spectra in (a)—(c). The spectra (d)—(f) were calculated for L2
structures using a lifetime broadening of 136 meV. The measured white line at the
Cr edge is considerably wider compared to the calculated spectra whereas the width
of the Fe and Co white lines is comparable. This points on a shorter lifetime of the
holes at the Cr sites. Similarly, the measured L lines of Co and Fe hint on a slightly
larger lifetime broadening compared to the L3 edges. Overall it is found that the
spectra are governed by the lifetime broadening rather than by the experimental
resolution.

The experimental spectrum exhibits a prominent feature at the Co L3 line for
Co,Cro.¢Fep.4Al, in particular, which is shifted by about 4 eV with respect to the
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white line. This feature appears only as weak shoulder in the Fe spectrum. It is not
revealed in the measured Cr spectra what may be partially attributed to the higher
lifetime broadening. The same structure occurs in the simulated absorption spectra
and can be related to the structural properties. A similar feature is observed for
example in fcc Ni but not in bee Fe or hep Co. It reflects the onset of the high
lying sd-bands (see also Figs. 7.12, 7.13). Here, its occurrence is characteristic for
the highly ordered Heusler compounds. It vanishes for annealed and presumably
disordered samples [123]. However, no particular features giving advice on half-
metallic ferromagnetism are found in the absorption spectra what may partially be
due to the relatively large width of the lines.

Figure 7.15 shows also the measured and calculated XMCD spectra of at the
3d L-edges for CoyCrgeFeg4Al. The experimental XMCD spectra were taken at
300 K by switching a constant induction field of By = 4-0.73T (for field dependent
measurements see [97]). The angle of photon incidence was 70° with a degree of
circular polarisation of 85 %. The spectra (d)—(f) are calculated for parallel and
antiparallel orientation between magnetisation and photon spin. Size and shape of
the XMCD agree well at the Fe and Co edges comparing experiment (b), (c) and
calculation (e), (f). It is clearly seen from the spectra at the Co edges (c), (f) that the
structural feature does not contribute to the XMCD signal. The calculated Cr XMCD
(d) exhibits a splitting at the L3 edge that is not resolved in the experimental spectra.
However, the change of sign close to the L, edge is clearly visible in experimental
as well as theoretical spectra. Both, splitting and change of sign, are due to the
high density of majority states directly at the Fermi energy and the energetically
shifted high density of the minority d-states above the half-metallic gap (compare
Fig. 7.13).

In summary, results from spectroscopy experiments (XMCD) at quaternary
Heusler alloys Co,Cry_,Fe, Al were analysed in the light of ab-initio calculations.
Special attention was focussed on Co,Crg ¢Feg 4Al. The measured overall and site
specific magnetic moments are in accordance with the calculations, if disorder is
assumed. In particular, it was shown that Co-Cr disorder leads to the low magnetic
moment observed in Co,CrAl. It points on ferrimagnetic order with an antiparallel
alignment of part of the Cr moments in disordered alloys.

7.4.2 Coy(Mny_.Fe,)Al

The substitutional series CooMn;_,Fe, Al with 0 < x < 1 are isoelectronic to
Co,Crj—_yFe, Al with x > 0.5 while comparing the total number of valence elec-
trons. The total magnetic moment expected from the Slater—Pauling rule [17, 36, 37]
is (4...5) up for the Mn;_,Fe, compounds compared to (3...5) up for the
Cri_Fe, compounds if respecting the full range of iron concentration. This
point makes the two series attractive for comparative investigations. Studies of the
CooMnj_,Fe, Al series are less often reported (see [124, 125]) compared to the
Co,Cri_yFe, Al (see Sect. 7.4.1). In the CopMnj_,Fe, Al series investigated here
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Fig. 7.16 Spin resolved
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a B2 structure is observed. This is very often the case in the Al containing Heusler
compounds [40].

The SPRKKR method with CPA was used for the calculations reported in the
following. The calculations were performed using the lattice parameters set for the
L2y structure to [126]: ar2, (x) = (5.754 — 0.051x) A according to Vegard’s law as
found from a linear fit of the experimental data. The value for the B2 structure is a/2
due to the reduced CsCl type cell. An optimisation of the lattice parameter for the
disordered structure would be very time and resource consumptive without bring-
ing more insight in the problem. Due to thermal expansion (measurement at room
temperature) the experimental lattice parameter will not correspond to the one in the
ground state, anyway. Therefore, the use of the experimental lattice parameters was
preferred.

Figure 7.16 displays the calculated spin resolved total DOS of Coy(Mn;_,Fe,)Al
with x =0, 0.5 and 1. Comparing the densities of the L2 structure with that of the
B2 structure the smearing of the structures is obvious. Such smearing is typical
for systems with a random distribution of atoms. The minority density exhibits in
all cases a deep valley at the Fermi energy (¢r). This distinct minimum is typical
for compounds following the localised part of the Slater—Pauling curve [36, 37].
The Fermi energy is pinned in that minimum and the increasing number of va-
lence electrons (while going from Mn to Fe) is filling majority states. The electronic
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structure of those compounds is already well discussed above and in the litera-
ture [17, 37, 39, 127, 128], therefore a further discussion is omitted here.

Figure 7.17(a) displays the calculated dependence of the total magnetic moments
of Cop(Mn;_,Fe,)Al on the Fe concentration x. The results for the B2 and L2,
structures are compared to the Slater—Pauling behaviour. The magnetic moments
increase in both cases linearly with the Fe content. The magnetic moments are
slightly higher for the L2; structure compared to B2. For both cases, the total mag-
netic moment is higher compared to the one calculated from the Slater—Pauling rule
(m =4 4 x), if assuming half-metallic ferromagnetism. The overall behaviour still
follows a general Slater—Pauling law for systems with localised moments, that is, an
increase of the magnetic moment with an increasing number of valence electrons.
The deviation is, indeed, expected from the electronic structure as reported above.
It should be noted that the total magnetic moments are considerably higher than the
spin moments due to the additional orbital magnetic moments (m1yy = mg + m;). An
inspection of the site resolved magnetic moments reveals that the orbital magnetic
moment resides mainly at the Fe atoms (m; &~ 0.058 up). Overall, the magnetic
moments behave very similar independent of the structure, L21 or B2.

Figures 7.17(b), (c) display the calculated hyperfine fields at the transition metal
sites for the B2 and L2, structures. For the L2 structure, both hyperfine fields at
the 4a site (Mn, Fe) increase with increasing iron content. On the other hand, the
hyperfine field at Fe stays rather constant in the B2 structure. Both constituents ex-
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hibit higher hyperfine fields in the B2 structure compared to L2;. More interesting
is the behaviour of the hyperfine field at the Co sites. It exhibits a clear maximum
with the change of the iron content. For both structures, the maximum appears at an
iron concentration of about 50 %. The Co atoms exhibit for low Fe concentration
(x <0.7) lower hyperfine fields in the B2 structure compared to L21, differing from
Mn and Fe. The similar behaviour of the two structure types makes it obvious that
there is no direct relation between the hyperfine fields and the half-metallic char-
acter of the compounds. A detailed comparison with experiments [126], however,
reveals that the CPA approach does not provide a complete description of the hyper-
fine fields, since it calculates them only for a mean surrounding medium but cannot
distinguish different neighbours. The supercell approaches impose another problem,
namely it results in one or more hyperfine fields for a very particular set-up of the
environment and, moreover, it implies some artificial periodicity and symmetry. On
the other hand, two extensions that might help to overcome the problems at least
partially are proposed [126].

7.4.3 Coy(Mnqi_,Fe,)Si

This series spans the region between two very attractive Heusler systems. The first
one, Co,MnSi, exhibits a large half-metallic band gap (about 0.4 eV) and a very high
Curie temperature (985 K) [74, 129-131]. The second, an even more interesting
system, Co,FeSi, exhibits a Curie temperature of about 1100 K and a very high
magnetic moment of 6 wp in the primitive cell [26, 27, 104]. It was shown that the
complete substitutional series CooMnj_,Fe, Si crystallise in the Heusler type L2
structure with a high degree of structural order [39]. Also confirmed was a Slater—
Pauling behaviour (see [17, 36, 130]) of the magnetic moment ranging linearly from
5 up to 6 up with increasing Fe concentration x. However, both ordered edge
systems are unstable as half-metallic ferromagnets due to proximity of the Fermi
energy to the band gap edges [132]. This situation can be stabilised by selecting the
intermediate alloys with the Fermi energy set in the middle of the band gap.

As was mentioned in Sect. 7.2 the adequate description of electronic structure for
Coy(Mn_,Fe,)Si series requires correct incorporation of local correlation effects
which was carried out here by the so-called LDA+DMFT approach [60]. This is
discussed in detail in the Chapter “Correlation and chemical disorder in Heusler
alloys: a spectroscopical study” by J. Mindr et al. Figure 7.18 shows the calculated
density of states using LDA4+DMFT [60]. A clear shift of the Fermi energy across
the band gap is observed that leads to the increase of the magnetic moment with
increasing Fe concentration as shown in Fig. 7.19.

Figure 7.19 compares calculated and measured magnetic moments. The values
calculated in the LDA+U approach [44, 132] follow strictly the Slater—Pauling val-
ues. From Fig. 7.19 a noticeable increase of the magnetic moments in analogy to
the Slater—Pauling curve within the whole range of concentrations is observed.

The behaviour of the minority spin band gap was investigated in detail in [132]
by LDA+U calculations within FLAPW formalism [44]. It is seen from Fig. 7.18
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Fig. 7.18 Spin resolved density of states of CooMnSi, CopMng sFe( 5Si and Co,FeSi calculated
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that the minority density of states is shifted with respect to the Fermi energy such
that ey moves from the top of the minority valence bands at low x to the bottom
of the minority conduction bands at high x. In general, from both studies [60, 132]
it can be concluded that the additional electrons affect both majority and minority
states. The largest gap in the minority states is found for Co,MnSi. The size of
the gap decreases with increasing Fe content x. At the same time, the position of
the Fermi energy is moved from the top of the valence band to the bottom of the
conduction band. It is also seen that the compounds with x = 0 and 1 are on the
borderline to half-metallic ferromagnetism, as the Fermi energy just touches the top
of the valence band or the bottom of the conduction band. The thermally most stable
half-metallicity is expected at about x = 0.5.
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Fig. 7.20 Spin resolved density of states of CoaFeAl;_,Si, for x =0, 0.5, and 1 calculated using
LDA+U

7.4.4 CoyFe(Al1_ySiy)

The electronic structure of the substitutional series of the quaternary Heusler com-
pounds CosFeAl;_,Siy was investigated by means of FLAPW band structure cal-
culations using the LDA and LDA+U approximations [40]. It was found that the
CoyFeAl;_, Si, series of compounds exhibits half-metallic ferromagnetism if using
the LDA+U scheme. Moderate Coulomb-interaction parameters of less than 2 eV
were used. For the two end-members, CooFeAl and Co,FeSi, the Fermi energy is
close to the band edges of the minority states. The high densities at those band
edges make the half-metallic character of both compounds rather unstable at finite
temperatures above 0 K. This might be one reason explaining the low tunneling
magnetoresistance ratio found in those compounds at room temperature.

Figure 7.20 shows the spin resolved density of states of CopFeAl;_,Si, for
x =0,0.5, and 1. For x &~ 0.5, the calculations predict that the Fermi energy is
located in the middle of the gap of the minority states. This behaviour will make
CoyFeAlp 5Sip 5 stable against temperature variations.

7.5 Other Heusler Compounds Exhibiting Half-Metallic
Ferromagnetism

So far, only the properties of Heusler compounds based on Co, were considered.
However, there exist also half-metallic ferromagnets in the remaining large group
of Heusler compounds with 2:1:1 stoichiometry. For example, Galanakis et al. [17]
have proposed half-metallic ferromagnetism in Rhy-based compounds. However,
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Table 7.10 Properties of Heusler compounds with A» = Mnj, Fes, Ira, Ruz. Shown are com-
pounds that exhibit half-metallic ferromagnetism or at least a band gap in one of the spin densities.
Negative gap values are used if there is an indirect overlap of bands. SM is used for a semi-metal
like band gap, CF for completely compensated half-metallic ferrimagnet, and HF for Type I half-
metal. (For explanation of the other quantities see Tables 7.2 and 7.4.) Experimental values are
taken from Refs. [91, 135-146]

Compound Ny dexp Mexp Meale ma mp AE Type
Mn; VAl 22 5.897 1.82 1.99 1.52 —0.95 0.32 HF
MnsAl 24 5.804 0.00 —1.42 2.84 0.55 CF
Mn3Ga 24 5.823 0.01 1.54 —3.03 0.17 CF
Mn;3Si 25 5.722 1.00 —0.88 2.69 0.62 HF
Fe,TiAl 23 5.879 0.95 0.67 —0.28

Fe, VAL 24 5.761 0 —0.04 SM
Fe,VGa 24 5.782 0 —-0.20 SM
Fe, VSi 25 5.675 0.81 0.55 —-0.17

FepMnAl 26 5.816 2.00 —0.31 2.62 0.39 HF
Fe,MnSi 27 5.671 2.33 3.00 0.20 2.63 0.63 HF
Ir,MnAl 28 6.025 4.00 0.28 3.42 0.37 HF
Ruy;MnGe 27 5.985 3.8 3.03 —0.01 3.00 0.13
Ru;MnSi 27 5.887 3.00 0.02 2.92 0.10
Ruy;MnSn 27 6.217 3.08 —0.06 3.21 0.14
Ru;MnSb 28 6.200 4.4 4.02 0.22 3.55 0.28

only the compounds RhoMnC with C = Ge, Sn, or Pb (with Ny = 29) crystallise in
the required L2 structure [133, 134]. In the calculations, these compounds turned
out to exhibit a magnetic moment of about 4.7 up in good agreement with the
experiment but incompatible to half-metallic ferromagnetism and a band gap did
not appear in either of the spin densities.

From the remaining group of known Heusler compounds, half-metallic ferro-
magnetism was only found in Mn containing compounds (see Table 7.10). Mn; VAl
one of the few Heusler compound exhibiting a gap in the majority density of states,
unlike the other Heusler compounds. The reason is that Mn; VAl has only 22 va-
lence electrons, that is, less than 24, therefore, the completely filled bands appear in
the majority states. Indeed, fixing the number of occupied states in the spin channel
exhibiting the gap has the result that the other channel has to have less electrons
occupied. This is expressed in the Slater—Pauling rule where m becomes virtually
negative if Ny < 24. It should be noted that Mn3Si exhibits in experiments a com-
plicated magnetic behaviour close to anti-ferromagnetism [135], this might destroy
the band gap.

The DOs type structure is the binary derivative of the L2; Heusler structure.
Mn3 Al and Mn3Ga are, besides of Mn3Si and many others, two of the binary com-
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pounds reported to order in the same space group as Heusler compounds. Both have
zero total magnetic moments and thus are half-metallic completely compensated
ferrimagnets. It should be firmly emphasised that they are not antiferromagnets due
to a completely different symmetry. This phenomenon is discussed in detail in [106].

Inspecting the Fe,-based compounds, one finds also some cases of half-metallic
ferromagnets or at least a behaviour close to it. Overall, the Fe, based compounds
exhibit in experiments a complicated magnetic behaviour (see References in Ta-
ble 7.10). The 23 valence electron compound Fe,TiAl is an interesting case of a
ferrimagnet with a near gap-like behaviour. The lowest majority conduction band
at the X-point is calculated to be only 300 meV above the highest valence band
at I and the bands overlap by only 10 meV, what might lead to peculiar transport
properties [136].

The magnetic moments of Fe, TiAl, Fe,MnAl and Fe, VSi are in agreement with
a Slater—Pauling like behaviour. The Fe,-based compounds with 24 valence elec-
trons show no magnetic moment, in agreement to the Slater—Pauling rule. The elec-
tronically similar C'1; compounds with 18 valence electrons, like CoTiSb [147], are
usually semiconductors [148, 149]. However, clear indication for a semiconducting
ground state was not indicated in the calculations for the Heusler compounds with
24 valence electrons. Here, only some behaviour close to semi-metallic was found
(see Fig. 7.21). Despite the fact of a different symmetry in L2 and C 1, compounds,
this might also point on an underestimation of electron—electron correlation by GGA
for L2; compounds. Some Fe;-based compounds exhibit at least bands without di-
rect overlap in the Brillouin zone, whereas the iso-electronic compounds CoyScC
(C = Al, Ga) exhibit touching bands at the I" and X points. The remaining two
Fe;,-based compounds exhibit a gap in the minority band structure. The calculations
predict Fe,MnAl to be a half-metallic ferrimagnet with an antiparallel orientation
of the spins at the Fe and Mn sites. Fe,MnSi is a Type I half-metallic ferromagnet.

A further family of Heusler compounds studied here is based on Ruj. They all
have a gap in the majority states being located above ¢ . Therefore, they are Type I11
half-metals, at best. Note that the A atoms—here Ru—carry negligible spin mo-
ments in the compounds with Ny = 27. In all cases, the Mn moment is large and
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mainly responsible for the total magnetic moment. On the other hand, some of the
Ru; compounds were recently reported to exhibit antiferromagnetism [137]. In that
case the half-metallicity will be lost. The reason for the antiferromagnetic ground
state may be found in on-site correlation at the Mn atoms, which was not respected
here.

Ir,MnAl is another 5d-based Heusler compounds exhibiting half-metallic be-
haviour in the GGA calculations. The Fermi energy of this material is just at the
top of the valence band. In the present study, there was no compound found from
other Niy, Cujy, or Pd,-based Heusler compounds that exhibits half-metallic ferro-
magnetism. Most of those are paramagnetic or regular ferromagnets without any
gap and independent of the valence electron concentration.

It is interesting to note that all Heusler compounds predicted to be half-metallic
ferromagnets contain Mn when Co; is replaced by other elements. The Mn atoms
may replace either the Co atoms on A positions or the second transition metal on
the B position. In the latter case, the Mn atoms carry a magnetic moment of about
3 up. The same is true for the CooMnC compounds where the Mn atoms also carry
a magnetic moment of about 3 pp. A very interesting case is the MnoCoM (M = Al,
Ga, Sb) series that was not mentioned above because it adopts the inverted Li; AgSb
structure and not the regular Heusler CupMnAl structure. Actually, this seem to be
the only Heusler-like 2:1:1 compounds that exhibit half-metallic ferrimagnetism in
the F 43m symmetry [150]. Summarising all these observations, there exist two
classes of half-metallic Heusler compounds. First the Co,-based compounds with
the magnetic moment located dominantly in the (100)-like planes and second the
Mn compounds with a strongly localised moment at the B site.

7.6 Compensated Ferrimagnets

In the quest for creating magnetic random access memory following the semicon-
ductor roadmap (20 nm node in 2010), spin momentum transfer is considered
to be the likely mechanism for switching the magnetisation of the so-called free
magnetic layers storing the bit information in each storage cell [151]. In 1996,
Berger [152] and Slonczewski [153] predicted the possibility of current induced
magnetic switching processes. A few years after the theoretical predictions several
groups verified the effect experimentally and started initial investigations of those
processes in GMR-devices [154—-158]. Later, spin transfer switching was also ob-
served in magnetic tunnel junctions (MTJ) [159, 160]. MTIJs are suggested to be
better suited for devices than GMR-elements based on metallic multilayers because
of a large tunneling magnetoresistance (TMR) ratio and a small spin transfer switch-
ing current.

One of the critical issues for applications is the current density needed for stable
switching using the spin transfer torque mechanism. At present, this current den-
sity is order of 2-3 MA cm~2 [161, 162]. New materials are needed to achieve a
stable switching at significant lower values. Such materials must have a high spin



7 Theory of the Half-Metallic Heusler Compounds 157

polarisation, a high Curie temperature and a low magnetic moment. Furthermore,
the direction of the magnetisation must be thermally stable at room temperature. It
is evident that compensated ferrimagnets are suitable materials. They exhibit a high
stability against thermal switching at moderate coercitive fields. Ochiai et al. [163]
have demonstrated that a synthetic antiferromagnetic layer used for exchange bi-
asing of the free layer is able to reduce the critical current density. In principal,
the result is a local (layer-wise) ferrimagnetic order. A reduction of the switching
current density by one order of magnitude was also observed if applying exchange
biasing to the fixed layer [164]. Both effects suggest that an enhancement of the spin
transfer effect may also be reached in real ferrimagnets, although the situation of the
spin moments may be more complicated [165].

7.6.1 Half-Metallic Completely Compensated Ferrimagnets

One of the prospective completely compensated half-metallic ferrimagnets (HM-
CCF) is Mny 5V (551 or Mna(Mng 5V 5)Si. The prediction was based on the super-
cell approach [104]. It is not clear a priori, however, whether the properties are kept
when the Mn and V atoms are randomly distributed on one of the lattice sites.

Here, the electronic structure of Mn,(Mng 5V 5)Si was calculated in the local
spin density approximation (LSDA) using KKR-CPA. The self-consistent electronic
structure calculations were carried out using the spin polarised relativistic Korringa—
Kohn—Rostocker method (SPRKKR). The CPA method was used to model the
statistic distribution of Mn and V on a common site of the L2 crystalline struc-
ture. The first Mn atom was set on the 8¢ Wyckoff position, the second Mn atom
was placed together with the V atom on the 4a position and Si was finally placed
on the 4b position of the cell with F m3m symmetry. The calculations were per-
formed using the parameterisations of the exchange-correlation functional as given
by Vosco, Wilk and Nussair [13] (VWN) as well as the generalised gradient approx-
imation (GGA) in the form given by Perdew et al. [21] (PBE). The CPA tolerance
was set to 10™* and the energy convergence criterion to 107>, f-states were in-
cluded in the basis of all atoms. 832 irreducible k-points of a 22 x 22 x 22 mesh
were used for integration. The density of states was calculated for the same number
of k-points from the Greens function by adding a small imaginary part of 0.002 Ry
to the energy. For smaller values, the band gaps may become better visible, how-
ever, at the same time the DOS becomes much more noisy. The magnetic phase
transition temperatures were calculated from the Heisenberg exchange integrals J;;
as described in detail by Liechtenstein [166] for LSDA calculations. The cluster size
was set to 4.2 times the lattice parameter resulting in overall 1156 ij combinations
of the exchange coupling parameter J;; for each atom.

The total density of states of Mny(Mng 5V(.5)Si—as shown in Fig. 7.22(a)—
seems to exhibit not a real gap but only a pseudo gap in one of the spin directions.
There are several reasons to explain this observation. First, the KKR method uses
Greens functions to calculate the DOS by adding a small imaginary part to the en-
ergy. This smears out the density similar to a convolution with a Cauchy Lorenzian
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Fig. 7.22 Electronic
structure of

Mny(Mng 5Vo.5)Si. The
calculations were performed
using SPRKKR with PBE
parameterisation of the
exchange-correlation
functional. The total DOS
(a) is given for the primitive
cell, the partial densities
(b)—(e) are given per atom
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(compare the work of Ebert and Schiitz on the half-metallic PtMnSb [167]). Sec-
ond, the spin—orbit interaction couples the majority and minority spin states. Thus
the minority spin states at the Fermi energy are intrinsically coupled in relativistic
methods to majority spin states. The mixing of the inseparable spin states results
thus always in a small remaining minority DOS at the Fermi energy. Therefore a
real gap in only one spin direction cannot exist as solution of the Dirac equation
(see also [68]). Finally, the random distribution of Mn and V on the same position
destroys the periodicity results also in a continuous spread of the states. In addition,
the missing periodicity excludes, of course, the calculation of a band structure.
Nevertheless, the DOS reveals clearly the HMCCF character of Mny(Mng s
Vo.5)Si. This results are in agreement with the findings reported in Ref. [104], even
when using a more realistic statistically distribution of Mn and V on the 4a position.
Additionally, the partial DOS reveals that the gap in the minority DOS is defined by
the states of the Mn atoms located on the 8c position. This coincides with previous
calculation for various Heusler compounds, as in most cases, the gap is dominated
by the states arising from the atom on the 8c site [25]. The calculated magnetic
moments of Mn,(Mng 5V 5)Si are listed in Table 7.11. A summation of the site
specific magnetic moments yields the result that they sum up to zero total moment,
as expected for a completely compensated ferrimagnet. The small part missing in
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Table 7.11 Magnetic properties of Mnz(Mng 5V 5)Si. The calculations were carried out by
means of SPRKKR-CPA using VWN and PBE parameterisation of the exchange-correlation po-
tential. All magnetic moments are given in pp. The total moments are given per primitive cell. The
site specific spin mg and orbital m magnetic moments are given per atom. T¢ is the calculated
temperature of the magnetic phase transition

Site VWN PBE

mg my, mg mp,
Mn (8¢) —0.7117 —0.01482 —0.8685 —0.01547
Mn (4a) 2.5925 0.00728 2.8825 0.00843
V (4a) 0.3459 —0.0036 0.4944 —0.00522
Mot 0.0 0.0
Tc 153K 262 K

the table is found at the Si atoms and caused by hybridisation of Si p states with
transition metal d-states. The distribution of the magnetic moments on the certain
sites in principle follows the distribution as reported in Ref. [104]. Differences are
due to the fact that the present work uses space-filling Wigner—Seitz cell integration,
whereas the moments in Ref.[104] were calculated for non-overlapping muffin-tin
spheres. The partial density of states (see Fig. 7.22(c)) clearly reveals the highly lo-
calised electrons at —2.6 €V in the Mn (4a) e, orbital, in agreement with the Kiibler
rule.

The calculation of the electronic structure using SPKKR (CPA) revealed a mag-
netic phase transition temperature of 153 K (see Table 7.11). The calculation of
correct magnetic phase transition temperatures is difficult, as there is no expression
for the temperature dependence of the exchange correlation functional. Thus mag-
netism at finite temperatures cannot be expressed with the same accuracy as for
T =0 [166], leading to inexactness in the results of calculated magnetic phase tran-
sition temperatures. The Heisenberg integrals Jy found in the calculations amounts
to 24.330 meV for Mn (8c), —17.675 meV for Mn (4a) and 14.848 meV for V (4a) if
using the VWN exchange-correlation functional. The transition temperatures given
in Table 7.11 were, however, calculated from the largest value of the determinant
of the J;; matrix. The largest exchange coupling parameter 7;; = J;;/ kg was found
between Mn atoms on the 4a site with —913 K. This value is reduced due to the
nearly vanishing value of the V atoms on the same site, resulting in an average of
—223 K. All other integrals between the transition metal atoms have values of about
100 K. The higher T¢ found in the PBE calculation emerges mainly from a consid-
erably higher interaction between the Mn atom in 8c position with the Mn and V
atoms in the 4a position (average equivalent of 200 K).

In summary, it was found that the results of the electronic structure calcula-
tions do not depend upon a particular method for the electronic structure calcu-
lations and in particular not on the parameterisation of the exchange-correlation
functional. The general shape of the DOS is the same as reported for full symme-
try potential calculations with supercells [104]. That is the KKR-CPA calculations
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also confirm the completely compensated half-metallic ferrimagnetic character of
Mn,(Mng 5V 5)Si even for the case of Mn-V disorder on the 4b Wyckoff position.

7.7 Summary and Conclusions

Ab-initio calculations have been used to examine the electronic structure of A, BC
Heusler compounds that exhibit half-metallic ferromagnetism. The examination re-
vealed two classes of half-metallic Heusler compounds. First the Coj-based com-
pounds with the formation of dominant bonds and magnetic moments located in the
(100)-like planes containing the Co atoms and second the Mn compounds with a
strong localised moment at the B site. This suggests the occurrence of two concur-
ring mechanisms being responsible for the half-metallic ferromagnetism in Heusler
compounds.

It has been found that the half-metallic properties in Coy BC Heusler compounds
are dominated by the presence of C atoms. According to the results described here,
nearly all Cop BC compounds will be half-metallic ferromagnets even if no localised
magnetic moment is formed. The magnetic moment carried by the Co and B atoms
is restricted by the C atoms even though they do not directly contribute to the mag-
netic properties. The influence of the valence electron concentration on the total and
partial magnetic moments was investigated in detail. It is found that the Cop BC
compounds fulfil the Slater—Pauling rule, whereas other compounds may exhibit
pronounced deviations from a Slater—Pauling type behaviour. The findings were
supported by an analysis of the site resolved occupancy of the d states and their
symmetry. Further, it was found that the minority band gap shows a trend to de-
crease with increasing lattice parameter. It increases with stronger hybridisation as
found from an analysis of the Al and Si containing compounds.

The inclusion of electron correlation in the form of LDA4U or LDA+DMFT
on top of the LSDA and GGA approximations, does not destroy or produce a half-
metallic gap. Its effect is to enlarge the gap if it is already present and to shift the
minority bands with respect to majority bands or the Fermi energy. The use of effec-
tive Coulomb parameters in the order of distinctly below 2 eV is able to explain the
magnetic moments of all compounds if compared to experiments. The remaining
question, however, namely whether ¢f is located in reality inside of the gap of the
minority states or outside has to be answered by suitable experiments.

In summary, it was shown that state-of-the-art ab-initio calculations are a suitable
method to explain the electronic and magnetic structure of Heusler compounds and
to predict new half-metallic ferromagnets in this class of compounds.
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Chapter 8
Electronic structure of complex oxides

Alexander I. Lichtenstein

Abstract This work discusses the electronic structure magnetic properties and
metal—insulator transition in transition metal oxides (TMO). The unique feature
of these compounds related to the fact that the spin, charge and orbital degrees of
freedom plays an important role in all physical properties. While the local den-
sity approximation is quite reasonable for the electronic structure of a metallic ox-
ide, the additional Hubbard-like correlation is important for the energy spectrum
of insulating magnetic oxides. The LDA+U method was proven to be a very effi-
cient and reliable tool in calculating the electronic structure of systems where the
Coulomb interaction is strong enough to cause localization of the electrons. It works
not only for nearly core-like 4 f-orbitals of rare-earth ions, where the separation of
the electronic states on the subspaces of the infinitely slow localized orbitals and
infinitely fast itinerant ones is valid, but also for such systems as transition metal
oxides (NiO). The main advantage of LDA+U method over model approaches is
its “first principle” nature with a complete absence of adjustable parameters. At the
same time, all the most subtle and interesting many-body effects (such as spectral
weight transfer, Kondo resonances, and others) are beyond the LDA+U approach.
The LDA+DMFT method seems to be effective and useful to describe the dynam-
ical character using the self-energy instead of the effective exchange-correlation
potential acting on the electrons. The results for metal-insulator transition in com-
plex transition metal oxides demonstrate that the dynamical mean field theory gives
an opportunity to unify the many-body theory with the practice of first-principle
calculations of the electronic structure and properties for real materials.

8.1 Introduction

Complex oxides systems are the most common class of materials, including iron-
stone and red oxide film, Fe,O3 as well as magnetite, FezO4, which naturally exists
in the brain cell of a tun-fish as a half-metallic surface and helps to navigate in the
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ocean along the magnetic parallel probably using the GMR-effect [1, 2]. Recently,
so-called colossal magnetoresistent manganites, La;_, Sr,MnO3, have attracted a
lot of attention [3]. Finally, one of the most interesting discoveries of the last decades
related with the high-temperature superconductivity in cuprates, Lsj_, SryCuOy,
so-called LSO (by J.G. Bednorz and K.A. Miiller) [4] was also related with tran-
sition metal oxides, and many other oxides such as YBCO (YBa,;Cu307), BISCO
(BipSrpCaCu,0g) [5].

The wide class of oxide materials, so-called Mott-insulators, are very impor-
tant from the physics point of view: they are famous antiferromagnetic insulators,
MnO, CoO and NiO, which cannot be described from the standard band theory.
The ferromagnetic metallic oxides also exists and EuO represents a classical case of
metal—insulator transition under oxygen deficiency. Another famous example of ox-
ide systems with the metal-insulator transition are the well-known V,03 and Ti» O3
crystals showing under some conditions an unusual paramagnetic M-I transition
without influence of magnetically ordered low-temperature insulating phase.

A common feature of all these transition metal oxides is the existing of well lo-
calized 3d-orbitals with the strong Coulomb interactions between the d-electrons.
These electrons are responsible for all unusual electronic properties of oxide sys-
tems and strong chemical bonding due to a large hybridization with oxygen 2p-
orbitals. A large variety of interesting properties of complex oxide materials related
to the delicate balance between chemical bonding, which try to delocalized the d-
electrons and Coulomb interaction which tends to localize magnetic d-electrons.

In this Lecture we will discuss effects of electron—electron interactions on the
electronic structure, magnetic behavior and insulating properties of complex transi-
tion metal oxides (TMO).

First neutron scattering investigation of magnetic oxide MnO by C.G. Shull and
co-workers in 1951 [6] support Néel’s idea on the antiferromagnetic ordering. The
corresponding theoretical models for insulating and magnetic behaviors of such
transition-metal oxides (NiO as a prototype) with partially filled d-shells have been
developed later by N.F. Mott, P.W. Anderson, and J.H. van Vleck [7].

Recently, interest has grown in the heterogeneous ferromagnetic materials, such
as thin-film transition metals multilayers which display so-called giant magnetore-
sistance (GMR) [2] and used in the new generation of MR read-head devices. In
connection to this discovery, it has become recognized that some 3d transition-metal
oxide, possess even larger room-temperature magnetoresistivity associated with a
paramagnetic—ferromagnetic phase transition in a small magnetic field. Such an ef-
fect, called the colossal magnetoresistance (CMR) [3], is the result of a unique type
of metal-insulator transition (MIT) in these oxides. The CMR-compounds are the
manganite perovskite T1_,D,MnO3 where T is a trivalent lanthanide cation (e.g.
La) and D is a divalent, alkaline-earth cation (e.g. Ca, Sr, Ba). For the end member
of the dilution sites, LaMnO3z and CaMnOs3, the ground state is antiferromagnetic
(AF) as in MnO. In a certain range of doping, x &~ 0.2-0.4, the ground state is fer-
romagnetic (FM), and the paramagnetic-to-ferromagnetic transition is accompanied
by a sharp drop in resistivity p(T). This phenomenon has been known to exist in
manganites since 1950. In addition to the FM-states, there is another type of col-
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Fig. 8.1 Metal-insulator Uit
phase diagram with the two
routes for the metal-insulator
transition (MIT): The
filling-control (FC-MIT) and Metal Metal
bandwidth-control (BC-MIT)
FC-MIT

BC-MIT
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lective state with orbital and charge order, typically observed for x > 0.3. The new
interest come in connection with GMR-success and supported by a rich possibility
of the bandwidth-controlling MIT, related with the geometrical factor of lattice dis-
tortion (different doping-size cations, which change a so-called electron-correlation
strength U/t [8], the average Coulomb energy over effective hopping parameter);
as well as filling-control of MIT due to different concentrations of the divalent ions.
Such an unique possibility of artificially controlling magnetic and electrical proper-
ties (Fig. 8.1) could lead to a new class of artificially designed materials [9].

8.2 Spin, Charge and Orbital Degrees of Freedom

Let us discuss first the important ingredients for the electronic structure of such
compounds. The variety of phases with the different magnetic, conducting and lat-
tice properties suggest that both the spin, charge and orbital degrees of freedom play
an important roles in their unique physical behavior. There are not many materials
in nature where all these different quantum variables are coupled together and could
be changed on the very small energy scale.

The spin degrees of freedom define a magnetic ordering in the oxides and are
couples by pure quantum exchange interactions. Starting from classical Heisenberg—
Dirac—van Vleck theory of exchange interactions, we can write the effective ex-
change Hamiltonian for non-degenerate case in the Heisenberg form:

— —
Hex=-2) "J;j Si'§ (8.1)
ij

here _S)l- is the spin operator for site i, and J;; are exchange integrals. A positive
sign of J;; corresponds to the ferromagnetic exchange interaction, while negative
sign related to the antiferromagnetic one. It is easy to understand the source of ferro-
magnetic exchange interactions, starting from the total electron—electron Coulomb
interactions (in atomic units e =m = h = 1):

1 . + A+
Hm=75 ) (71— ki ¢ ciocio
ijkloo’
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Fig. 8.2 The Anderson U
kinetic exchange interaction ﬂg A\ A T AE

where |i) is an orthogonal localized basis set for the site i, o is the spin index and c;
(cig) are the fermionic creation (annihilation) operators for electrons with the spin
o on the site i. Taking into account the “exchange” part of the Coulomb interactions
with k = j and [ =i (the so-called “potential” exchange interactions):

A
Jij = {ijl—1ji)
r2
and using the following definition of the local spin-operator:

— 1
=Yt T
S —5 Cio 0 0o'Cio’
0,0

in terms of the Pauli matrices & = (0x,0y,07), one could obtain the Heisenberg
exchange Hamiltonian (8.1).

In order to realize the principal mechanism of the antiferrimagnetic exchange in-
teractions we consider a simple non-degenerate half-field Hubbard model (Fig. 8.2)
with only two parameters: hopping integral, ¢, and on-site Coulomb interactions, U':

H = Z lij (C;;ng + Cj_gcia) +U annii

i,j,o i
where the Hubbard parameter U is defined through the total energy differences:
U=E(@™"™)+E@" ") -2E(d")

In the limit of strong Coulomb interaction U > W = 2z¢ (z is the number of the
nearest neighbors) there is one electron per atom in the half-field case. There are
additional exchange interactions in the second order perturbation theory with the
coupling parameters:

27,
U
After P.W. Anderson this type of interaction is called “kinetic” exchange. It is
related to the lowering of the total energy for the antiferromagnetic state due to
virtual hopping (Fig. 8.2). These processes are forbidden in the ferromagnetic state
due to the Pauli principle.
In a magnetic oxide like MnO, the main mechanism of antiferromagnetic cou-

pling is the so-called superexchange interactions via oxygen 2 p-states, since Mn-
atoms are separated by oxygen. The simplest “180-degree” Mn—O-Mn superex-

Jij=— (8.2)
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Fig. 8.3 The mechanism of
superexchange interactions

02p th
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change path was shown in Fig. 8.3 and corresponds to the p—d model Hamiltonian:

0 + + +
Hpa =¢4 chmcdic —Ipd Z (CdioCpio + ijacdia)

i,o i,j,o

+UdZn,~¢ni¢+Upan¢nN
i J

where U), is the oxygen Coulomb energy and the charge-transfer energy defined as
E(dn+1£) _ E(dn)

here L means a hole in the anion band, n is the number of d-electrons.
In this case the exchange interactions appear in the fourth order of perturbation

theory:
2t4 1 2 8.3
_—( + 2A+U), ) (8.3)

if A > U, we neglect the second term in parentheses and could rewrite this superex-
change interaction like the Anderson kinetic exchange (8.2) with the effective d—d
hopping integrals via Oy, states equal to tyy = t}% /A

To understand the diverse physical properties of magnetic oxides from a uni-
fied point of view it is important to clarify the systematics of different metallic
and insulating compounds as function of the main parameters: Coulomb correla-
tions, U, bandwidth, W, and charge transfer energy, A. These parameters depend
on the chemical environment and can be calculated from the electronic structure.

The simple ionic picture of 3d-transition metal oxides Me>* 0>~ results in the
insulating behavior only for MgO and CaOr. For ScO, TiO the metallic behavior
is related with the large d-bandwidth: U < W. In this situation splitting between
d-states due to Coulomb correlation is smaller than the bandwidth due to effective
Me-O-Me hopping and the system is metallic for partially filled d-band (Fig. 8.4).
On the other hand the oxide like MnO, NiO are insulators and N.F. Mott, was the first
who suggested that it is due to the strong correlation: U > W. Let us consider the
simple lattice model with a single electron orbital on each site. Two electrons sitting
on the same site would feel a large Coulomb repulsion (Fig. 8.2). This interaction
splits the d-band into two: the lower band is formed from electrons which occupied
an empty site and the upper one from electrons which occupied a site already taken
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Fig. 8.4 Scheme of metal Metal: Mott Insulator:
and correlated Mott-insulator .
o U<W m U>Ww
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> ‘ >
W E U E
Fig. 8.5 The scheme of
charge transfer insulator
m
Z

by another electron. With the one electron per site the lower band (so-called lower
Hubbard band) would be full and upper one (so-called upper Hubbard band) would
be empty if the bandwidth is not very large (U > W, Fig. 8.4). This type of insulator
from the partially occupied d-shell is called Mott-insulator.

In reality, photoemission experiments show that most of the magnetic oxides like
MnO, NiO etc. are so-called charge-transfer insulators [10], where top of the valence
band is predominantly of O3, character, while the bottom of the empty conducting
band has mainly the Mes, character as in the upper Hubbard band. The correspond-
ing theoretical parameter range should be U > A > W and is schematically shown
in Fig. 8.5, according to Zaanen—Sawatzky and Allen theory [10]. The general phase
diagram in U-A-W space (W) is a metal d-bandwidth, and W, is a ligand—oxygen
bandwidth) is present on Fig. 8.6. We first discuss the insulating part of this diagram.
For U > A the band gap is of p—d type and the anion or ligand p-band is located
between the lower and upper Hubbard bands. This gap is a charge transfer gap and
the corresponding compounds (NiO, FeO, LaMnQO3 etc.) are charge transfer insula-
tors. In this case band gap is proportional to A. If U < A, on other hand, the band
gap is of the d—d type and it is called Mott—Hubbard gap while the corresponding
compounds (such as V,03) are called Mott—Hubbard insulators. It has a band gap
of the magnitude ~ U. The straight line U = A separate the Mott—Hubbard and the
charge transfer regimes. The diagram also contains a metallic region near the A-
axis (d-metal as TiO, YTiO3) or near U-axis (p-metal as V,Os). This classification
scheme is very useful for oxides material science; more examples one could find in
the recent review article [9].
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Fig. 8.6 The Zaanen— . .
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Since the magnetic oxides contain transition metal d-ions, the orbital degrees
of freedom also play an important role in all physical properties. Because the 3d-
orbital has the angular momentum L = 2, it has fivefold degeneracy. In the transition
metal compounds 3d-ion is surrounded by octahedral complex of the ligand-oxygen
ions (Fig. 8.7). In the cubic crystal field, fivefold atomic d-level splits into the lower
threefold degenerate #,, states and twofold degenerate e, states. In the perovskite
structure, the MeOg octahedra are a main chemical “block” of the lattice and the e,
orbitals, which pointed in the direction to the ligand atoms, hybridize much better
with oxygen than the #,, orbitals and has a larger bandwidth. If the crystal has the
orthorhombic distortions like in CMR-compound LaMnO3, then the e, orbitals split
into the x> — y? and 3z — r? states while the 1hg orbitals states split into the yz, zx,
and xy states.

In general, the relevant electronic orbitals for light transition metals are different
from heavy ones. In compounds with the light transition metal elements, such as
Ti, V, and Cr, the f, bands are important, while in magnetic oxides with the heavy
transition-metal ions such as Co, Ni, and Cu, the 7, bands are fully occupied and
located far below the Fermi level, therefore the most important orbitals are the e
ones. If the degenerate #,¢- or e,-orbitals are partially filled, it normally leads to the
crystal distortion due to cooperative Jahn—Teller effect and results in orbital ordered
superstructure.

In magnetic insulators, the spin and orbital degrees of freedom could be cou-
pled via the exchange (superexchange) interactions and therefore, magnetic struc-
ture can be strongly dependent on the orbital ordering [11]. We consider the simplest
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Fig. 8.8 The Kugel- Superexchange for @ g states
Khomskii model for double

2t 2t2 _
AE=0 AE=-EI AE:-l-J AE= 0l

case of the double degenerate e ;, configurations or so-called Kugel-Khomskii model

(Fig. 8.8). Two e, orbitals x (which stands for x2 — y?) and z (for 3z2 — r2) could
be described by the spin s = 1/2 operator as well as pseudospin T = 1/2 opera-
tor, where 1, = +1/2 corresponds to z-state and T, = —1/2 corresponds to x-state.
Different orbital and spin configurations for two atoms with the degenerate e, or-
bitals shown on Fig. 8.8, together with the total energy changes due to the kinetic
exchange interaction. The most energetically stable configuration is the last one
with the ferromagnetic spin and antiferromagnetic orbital ordering. It has the lower
transfer energy excitation equal to (U-I), instead of U as for non-degenerate or
antiferromagnetic cases. This is a consequence of the inter-atomic Hund exchange
interactions (I). The general spin—orbital exchange Hamiltonian for doubly degen-
erate e, case can be written as follows [11]:

—— ——
Hox==2) 11 8; Sj+ LT T +45(S SH(TT)) (8:4)
ij

where J1 = —(2:2/U)(1 —1/U) and Jo = —Q2t>/UY(1 + I/ U), for U > I.

We have discussed some model approaches to the electronic structure of mag-
netic oxides. In the next section we turn to a more quantitative electronic-structure
scheme.

8.3 Correlated Electronic Structure Scheme

8.3.1 LDA+U Method

The proper description of the electronic structure for the complicated materials like
LaMnOs3 is a hard many-electron problem. The most successful “first-principle”
method is the density functional theory [12, 13] within the Local (Spin-) Den-
sity Approximation (L(S)DA), where the exchange-correlation potential is approxi-
mated by the homogeneous electron gas model. The LDA has proved to be very effi-
cient for the extended systems, such as large molecules and solids [14]. For strongly
correlated materials like NiO, application of LDA is problematic. Such systems usu-
ally contain transition-metal or rare-earth metal ions with partially filled d- (or f-)
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shell. When applying to transition-metal compounds the LDA method with orbital-
independent potential one has as a result the partially filled d-band with metallic
type of the electronic structure and itinerant d-electrons. This is definitely a wrong
answer for the late-transition-metal oxides where d-electrons are well localized and
there is a sizable energy separation between occupied and unoccupied subbands
(lower Hubbard band and upper Hubbard band in a model Hamiltonian approach).

There were several attempts to improve on the LDA scheme for strongly corre-
lated systems. One of the most popular approaches is the Self Interaction Correc-
tion (SIC-LDA) method [15]. It reproduces quite well the localized nature of the
d-electrons in transition metal compounds, but SIC one-electron energies are usu-
ally in strong disagreement with spectroscopy data and for transition metal oxides
occupied d-bands are located too much below the oxygen valence band.

The standard Hartree—Fock (HF) method is also appropriate for describing Mott
insulators with spin- and orbital-symmetry broken states. However, a serious prob-
lem of the Hartree—Fock approximation is the unscreened nature of the Coulomb
interaction used in this method. The bare value of Coulomb interaction parameter
U is rather large (15-20 eV) while screening in a solid leads to much smaller values,
8 eV and less [16]. Due to the neglecting of screening, the HF energy gap values are
a factor of 2-3 larger than the experimental values.

The best way of addressing this problem is so-called GW-approximation [17],
which may be regarded as a Hartree—Fock method with a frequency- and orbital-
dependent screening of the Coulomb interaction. Unfortunately GW-method is com-
putationally heavy and even with modern powerful computers any calculations for
complex systems are practically impossible. The most successful and computa-
tionally simple scheme for magnetic oxides and other correlated materials is the
so-called LDA+U method [18], where the frequency-dependent screened GW-
Coulomb potential is approximated by statically screened Coulomb parameter U.

The main idea of LDA+U method [17, 18] is to separate electrons into two
subsystems: localized d- or f-electrons for which Coulomb d—d correction should
be taken into account and delocalized s-, p-electrons which could be described by
using LDA orbital-independent one-electron potential. Let us consider a d-ion as
an open system with a fluctuating number of d-electrons. If we suggest that the
Coulomb energy of d—d interactions as a function of total number of d-electrons
N =) n; given by the LDA is a good approximation (but not the orbital energies),
then the correct formula for this energy is E = UN (N — 1)/2. Let us subtract this
expression from the LDA total energy functional and add a Hubbard like term (ne-
glecting for a while exchange and non-sphericity). As a result we have the following
functional:

1
E:ELDA—UN(N—I)/2+§UZn,~nj (8.5)
i#]j
The orbital energies ¢; are derivatives of (8.5) with respect to orbital occupations n;:

1
£i=3E/8ni=5LDA+U<§—n,-> (8.6)
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This simple formula shifts the LDA orbital energy by —U /2 for occupied orbitals
(n; = 1) and by +U /2 for unoccupied orbitals (n; = 0) as in the atomic limit of the
Hubbard model.

The LDA+U orbital-dependent potential [17] gives upper and lower Hubbard
bands with the energy separation between them equal to the Coulomb parameter U,
thus reproducing qualitatively the correct physics for Mott—Hubbard insulators. To
construct a realistic computational scheme, one needs to define in a more general
way an orbital basis set and to take into account properly the direct and exchange
Coulomb interactions inside a partially filled d-atomic shell in “rotationally invari-
ant” form [19].

We need to identify the region in space where the atomic characteristics of the
electronic states have largely survived (‘atomic spheres’), which is not a problem for
atleast d- or f-electrons. Within these atomic spheres one can expand in a localized
orthonormal basis |inlmo) (i denotes the site, n the main quantum number, / the
orbital quantum number, m the magnetic number and o spin index). Although not
strictly necessary, let us specialize to the usual situation where only a particular nl
shell is partly filled. The density matrix is defined by

1 [Er
ny = —;/ Im G?nlm,inlm’(E) dE 8.7)
where G¢, . (E) = (inlmo|(E — ﬁ)_l linlm’c) are the elements of the Green

function matrix in this localized representation, while H will be defined later on.
In terms of the elements of this density matrix {n°}, the generalized LDA+U func-
tional [17] is defined as follows:

EMPATUT 50 (6), {n )] = EXSPA[0° ()] + EV[{n°}] = Eac[{n°)] (8.8)

where p° (r) is the charge density for spin-o electrons and E LSDA[ 5o ()] is the
standard LSDA functional. Equation (8.8) asserts that the LSDA suffices in the ab-
sence of orbital polarizations, while the latter are driven by

EY[{n}] = % Z {m,m"|Vee|m',m"" 0, n 3 ,

{m},o

+ ((m, m" | Vee|m',m"”") — (m, m" | Vee |m"” ,m' )0, n%m} (8.9)
where V,, are the screened Coulomb interactions among the n! electrons. Finally,
the last term in (8.8) corrects for double counting (in the absence of orbital polar-
izations, (8.8) should reduce to E-SPA) and is given by

Euac[{n°}] = %UN(N -1- %J[NT(NT —1)+NY (N =1)]  (8.10)

where N = Tr(n® ,) and N = N' + NV. U and J are screened Coulomb and

mm
exchange parameters [16].
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In addition to the usual LDA potential, we find an effective single particle poten-
tials to be used in the single particle Hamiltonian:

H= ﬁLSDA+Z|inlmo)V,Zm,(inlm’a| (8.11)

mm’

o 2 : " rm\. —o
me’ = {(m’ m ’V"" ’m »m >nm”m’”
{m}

+ ((m, m" | Voo |m’, m") = (m, m" | Voo |m”’, m'\n% '}

1 , 1
—U(N—§>+J(N —5) (8.12)

The V,,.’s remain to be determined. We again follow the spirit of LDA+U by as-
suming that within the atomic spheres these interactions retain largely their atomic
nature. Moreover, it is asserted that LSDA itself suffices to determine their values,
following the well-tested procedure of the so-called supercell LSDA approach [16]:
the elements of the density matrix n; . have to be constrained locally and the sec-
ond derivative of the LSDA energy with respect to the variation of the density matrix
yields the wanted interactions. In more detail, the matrix elements can be expressed
in terms of complex spherical harmonics and effective Slater integrals F* as

(m,m”|Vee’m’,m/”> = Zak(m,m’,m”,m”’)Fk (8.13)
where 0 <k <2/ and

I " ///
ak(m,m ,m',m") =

4 | qu ’l ///)

For d-electrons one needs FO, F2, and F* and these can be linked to the Coulomb
and Stoner parameters U and J obtained from the LSDA-supercell procedures via
U =F%and J = (F? 4 F*)/14, while the ratio F2/F* is to a good accuracy con-
stant ~0.625 for 3d elements [17].

The new Hamiltonian (8.11) contains an orbital-dependent potential (8.12) in the
form of a projection operator. This means that the LDA+4U method is essentially
dependent on the choice of the set of the localized orbitals in this operator. That
is a consequence of the basic ideology of the LDA+U approach: the separation of
the total variational space into a localized d-orbitals subspace, with Coulomb in-
teraction between them treated with a Hubbard type term in the Hamiltonian, and
the subspace of all other states for which local density approximation for Coulomb
interaction is regarded as sufficient. The arbitrariness of the choice of the localized
orbitals is not as crucial as might be expected. The d-orbitals for which Coulomb
correlation effects are important are indeed well localized in direct space and retain
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their atomic character in a solid. The experience of using the LDA+U approxima-
tion in various electronic structure calculation schemes shows that the results are
not sensitive to the particular form of the localized orbitals.

Due to the presence of the projection operator in the LDA+U Hamiltonian (8.11)
the most straightforward calculation scheme would be to use atomic-orbitals type
basis sets, such as the LMTO (Linear Muffin—Tin Orbitals) [20]. However, as soon
as localized d-orbitals are defined, the Hamiltonian in (8.11) can be realized even in
schemes using plane waves as a basis set, such as pseudopotential methods.

8.3.2 LDA+DMFT: General Considerations

The natural generalization of LDA+U scheme for the local dynamical effects use
the recently developed efficient many-body approach—the dynamical mean-field
theory (DMFT) [21-23]. The DMFT-scheme map the interaction lattice models onto
quantum impurity models (Fig. 8.9) subject to a self-consistency condition [24]).
The resulting many-body multi-orbital impurity problem can be solved by various
rigorous approaches (Quantum Monte Carlo, exact diagonalization etc.) or by ap-
proximated schemes such as Iterated Perturbation Theory (IPT), local Fluctuating-
Exchange (FLEX) approximation, or Non-Crossing Approximation (NCA) [24]).

In this section we describe LDA+DMFT approach for the electronic structure
calculations. The method was first applied to La;_, Sr, TiO3 [25] which is a classi-
cal example of strongly correlated metal. A general formulation of LDA+DMFT,
including the justification of the effective impurity formulation in multi-band case,
has been discussed in Ref. [26].

In order to describe the LDA+DMFT scheme, we start from the Hamiltonian
of (8.8) where the LDA part was taken from a first-principle LMTO tight-binding
method [20, 27] and interaction part is reduced to density—density correlation:

~ AT ~
Himro = E (8itm, jirm’ €i1 Ritmo + titm, jirm' €1y € j1im's) (8.14)
ilm,jl'm’ o

(i is site index, Im are orbital indices).

As we have mentioned above, the LDA one-electron potential is orbital inde-
pendent and Coulomb interaction between d-electrons is taken into account in this
scheme in an averaged way. We generalize this Hamiltonian for the explicit local
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Coulomb correlations with the additional interaction term for correlated i/ shell:

Hint:% Z U,lnlm/nimonim/fo
ilmm'c
£5 Y U i nimonin (8.15)
ilm#m'o

where i is the site index and m is the orbital quantum numbers; o =7, | is the
spin projection; ¢, ¢ are the Fermi creation and annihilation operators (n = cTc¢);
e and ¢t in (8.14) are effective one-electron energies and hopping parameters ob-
tained from the LDA in the orthogonal LMTO basis set. To avoid the double-
counting of electron—electron interactions one must at the same time subtract the
averaged Coulomb interaction energy term, which is present in LDA. In the spirit of
LDA+U scheme we introduce new 82 where d—d Coulomb interaction is excluded:

1 1 1
820 = &4y — U(nd - E) + §J<nj - 5) (8.16)

where U and J are the average values of U,,,s and J,,, s matrices and ng is the
average number of d-electrons.
The screened Coulomb and exchange vertex for the d-electrons are defined as

Upmy = (mm’ | Voo (xr — 1) |mm’), Ty = (mm'|Vee (r — 1) [m'm)

Then a new Hamiltonian will have the following form:

H = H° + Hin
. .. L (8.17)
H" = Z ((Silm,jl’m’ Ei1 Nilmo + tilm,jl’m’cilmgcjl’m’a
ilm,jl'm’ .o

In the reciprocal space matrix elements of the operator H” are

1 1 1
Hy g ) = i (K) = Sqim g/ Sgtigly [U (”d - 5) - §J<”Z - 5)}
(8.18)

(g is an index of the atom in the elementary unit cell).

In the local, frequency dependent dynamical mean-field theory the effect of
Coulomb correlation is described by self-energy operator X (iw). The inverse Green
function matrix is defined as

G—]

glm,q'Um’ (k, l(l)) =iw+ n— H(?lm,q/l/m’(k) — Sql,q’l’(sql,idld Em’m/(ia)) (819)

where u is chemical potential, and the local Green function obtained via integration
is over the Brillouin zone:

o |
Gt () = 5 [ K Gy k. i) (8.20)

(Vp is the volume of the Brillouin zone).
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A so-called bath Green function which defines a hybridization with the surround-
ing crystal in the effective Anderson model and preserves the double-counting of the
local self-energy is obtained by a solution of the effective impurity problem [24]:
g i) =G (i0)+Z (i) (8.21)

m, n,m

In the simplest case of massive downfolding to the d-orbitals problem, we could
incorporate the double counted correction in the chemical potential x obtained self-
consistently from the total number of d-electrons

1 .
=Y " Gliw,) = Ny (8.22)

iwy

here w, = (2n 4+ 1)& T are the Matsubara frequencies for temperature T = ﬂ_l
(n =0, x1,...). Further, one has to find the self-energy X, (iw) in terms of the
bath Green function G, (iw) and use it in the self-consistent LDA4+DMFT loop
(8.20), (8.21).

8.3.3 The Quantum Monte Carlo Solution of Impurity Problem

Here we describe at first the most rigorous way to solve an effective impurity prob-
lem using the multi-band Quantum Monte Carlo (QMC) method [28, 29]. In the
framework of LDA+DMFT approach it was used first in Ref. [30] for the case of fer-
romagnetic iron. In this method the local Green functions is calculated for the imag-
inary time interval [0, 8] with the mesh 1y =[A7,l=0,...,L — 1,and At = 8/L
B = % is the inverse temperature) using the path-integral formalism [24].

The multi-orbital DMFT problem and general cluster DMFT scheme can be re-
duced to the general impurity action (see Fig. 8.9):

B B B
S:—f d‘r/ dtr’ E c?(t)gjj(t—f/)cj(-c/)_l_%/ dt E ni(t)U;ijn;(1)
0 0 . 0 A
i,J iJ

where i = {m, o'} are orbital (site) and spin. Without spin—orbital coupling we have
G =97 oo

The auxiliary fields Green-function QMC use the discrete Hubbard—Stratanovich
transformation were introduced by Hirsch [31]

1 1
expy —AtU;j|nin; — E(ni +nj)|= > Z exp{AijSij(ni —nj)}
S,'j:il

where S;;(t) are the auxiliary Ising fields for each pair of orbitals and time slice

with the strength
At
Ajj = arccosh |:exp(7 U,-j>}
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Using Hirsch transformation one can integrate out fermionic fields in the path
integral [24] and resulting partition function and Green function matrix have the
following form:

1 ~
Z=ry > det[G(8i)]
Sij(7)
11

g1 L
Z oNrL

Z 6(5”) det[/GLl (S!])]

Sij(t)

where N is the number of Ising fields, L is the number of time slices, and G (Sij)
is the Green function in the auxiliary Ising fields:

Gl () =9"+ Ai8ij8:v

A= (¥ =1)
Vi(r) = Z AijSij(T)oij
J(#0)

here we introduce the generalized Pauli matrix:

I e TR AN
U1, i

For efficient calculation of the Green function in arbitrary configuration of Ising
fields G;;(S) we use the following Dyson equation [31]:

G =[1+1-6)(""-1]"c

The QMC important sampling scheme allowed us to integrate over the Ising
fields with the abs(det[G -1 (8i;j)]) as a stochastic weight [24, 31]. For a single spin-
flip §;;, the determinant ratio is calculated as follows:

det[G1/det[G'] = RiRj — Ry
Ri=1+[1-Gji(r,1)]Ai(r)
Ri=1+[1-Gjj(xr,D]A;()
Rij = Gij(t,1)A;(0)Gi(r, 7) Ai(T)
and the Green function matrix updated in the standard manner [24, 31]:

G i (t1,7) = G j,(t1, 12) + [Giyi (11, T) — 8;,i87,,£ | Ai (T) /R, (1) G, (T, T2)

i1j2

Gih(t1, 1) = Gj ,, (1, @) + [G] (71, T) = 8y 82,1 ] A (D) /R, ()G, (z, T2)

i1j2
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Using the output local Green function from QMC and input bath Green functions
the new self-energy is obtain via (8.21) and the self-consistent loop can be closed
through (8.20). The main problem of the multi-band QMC formalism is the large
number of the auxiliary fields sfn - For each time slice / it is equal to M (2M — 1)
where M is the total number of the orbitals which gives 45 Ising fields for the
d-states case and 91 fields for the f-states. Analytical continuations of the QMC
Green functions from the imaginary time to the real energy axis can be done within
the maximum entropy method [32].

8.3.4 Cluster LDA+DMFT Scheme

When considering the effects like charge-ordering or d-wave superconductivity
which involves explicitly the electronic correlations on different sites, a cluster gen-
eralization of the LDA+DMFT scheme would be necessary. The most natural way
to construct this generalization is to consider the cluster as a “super-site” in an ef-
fective medium (for simplicity, consider here the case of two-site cluster). Then the
crystal supercell Green function matrix can be written as

Gk, i) =[(io+p) *1—hk) — Z(iw)]”"

where hyg(K) is the effective hopping matrix, Xyg(iw) is the self-energy matrix of
the N-site supercell dimension which is assumed to be local, i.e. k-independent, and
W is the chemical potential.

In the cluster version of the DMFT scheme, one can write the matrix equation
for a bath Green function matrix ¢ which describes effective interactions with the
rest of the crystal:

9 N iw) =G iw) + T(iw) (8.23)

where the local cluster Green function matrix is equal to Geg(iw) = ) ) G (K, iw),
and the summation runs over the Brillouin zone of the lattice.

The most efficient ways to solve the cluster-impurity problem is to use the general
matrix-QMC scheme described above. This scheme corresponds to so-called “free
cluster” approach (Fig. 8.10) [33, 34]. Alternatively, periodic modification of the
DMFT in the k-space or so-called “dynamical cluster approximation” [35, 36] can
be used.
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8.4 Mott-Hubbard Insulators

We will review now the applications of these new methods and computational
schemes to real correlated materials.

8.4.1 Electronic Structure of Transition Metal Oxides

The advantages of the simultaneous treatment of the localized and delocalized elec-
trons in the LDA+4-U method and especially in the LDA+DMFT approaches are
seen most clearly for the transition metal compounds, where 3d-electrons, while re-
maining localized, hybridize quite strongly with other orbitals. Late-transition metal
oxides, for which LSDA results strongly underestimate the energy gap and magnetic
moment values (or even give qualitatively wrong metallic ground state for the insu-
lators CoO and CaCuQ,), are well described by the LDA+U [17].

As already mentioned, sometimes it is necessary to take into account also the
intra-atomic Coulomb interaction on the oxygen sites to have a satisfactory agree-
ment with the experimental data. Here we present the results of such calculations for
transition metal oxides [37]. The important part of the LDA+U calculation scheme
is the determination of Coulomb interaction parameters U and J in (8.12): Coulomb
parameter U, for p-orbitals of oxygen, Uy for transition metals ion and Hund’s
parameter J for d-orbitals of transition metals. To get U; and J one can use the
supercell procedure [16] or the constrained LSDA method [38], which are based
on calculation of the variation of the total energy as a function of the local occupa-
tion of the d-shell. We took the values of Coulomb parameters (Uy; ~ 7-8 eV and
J ~0.9-1 eV) from the previous LDA+U calculation [18]. The problem is how to
determine the Coulomb parameter U),.

Due to the more extended nature of the O(2p) Wannier states in comparison
with transition metal d states, the constrained occupation calculations cannot be
implemented as easy as for the d-shell of transition metals. Nevertheless, several
independent and different techniques were used for this purpose previously by dif-
ferent authors. McMabhan et al. [39] estimated the value of U, in high-T; related
compound La;CuOy4 using the constrained LDA calculation where only atomic-
like O(2p)-orbitals within oxygen atomic spheres were considered instead of the
more extended Wannier functions. The corresponding value of the Coulomb inter-
action parameter U, was obtained as 7.3 eV. This value can be considered as the
upper limit of the exact U,. The LDA calculations gave the estimation that only
75 % of Wannier function density lies in the oxygen atomic sphere so that renor-
malized value of Coulomb interaction parameter for oxygen Wannier functions is
U, =(7.3) x (0.75)> = 4.1 eV [39].

Later Hybertsen et al. [40] suggested the scheme to calculate U, which consists
of two steps: (i) via constrained-density-functional approach one can obtain the en-
ergy surface E(Ng, Np) as a function of local charge states and (ii) simultaneously
extended Hubbard model was solved in mean-field approximation as a function of
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Fig. 8.11 LayCuOy4 DOS calculated by the LDA+U (left column) and the LDA+U“+P) (right
column) methods [37]. (On all figures the total DOS is presented per formula unit, the DOS of
particular states are per atom. Fermi energy corresponds to zero.)

local charge states Ny and N,. Corresponding Coulomb interaction parameters were
extracted as those which give the energy surface matching the microscopic density-
functional calculations results [40]. The obtained values for U, are 3-8 eV, depend-
ing on the parameters of calculations. Another way to estimate U), is to use Auger
spectroscopy data, where two holes in O(2 p)-shell are created in the excitation pro-
cess. Such fitting to the experimental spectra gave the value of U, =5.9 €V [41]. In
the LDA+U @*P) calculations [37] the value U » =6¢eV was used.

Comparison between the LDA+U (left column) and the LDA+U “@*P) (right
column) calculated density of states (DOS) of NiO, MnO and LayCuQy4 is pre-
sented in Figs. 8.11, 8.12, 8.13. For all compounds one can see that the main dif-
ference between the LDA+U@*P) and the LDA+U calculated densities of states
is the increased energy separation between the oxygen 2p and transition metal 3d
bands. The larger value of “charge transfer” energy (O(2p)-Me(3d)) (Me = Ni,
Mn, Cu) leads to the enhanced ionicity and decreased covalency nature of the elec-
tronic structure: the unoccupied bands have more pronounced 3d character and the
admixture of oxygen states to those bands becomes weaker.
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Fig. 8.12 MnO DOS calculated by the LDA+U (left column) and the LDA+U“+P) (right col-
umn) methods [37]
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Fig. 8.13 NiO DOS calculated by the LDA+U (left column) and the LDA+U “+P) (right column)
methods [37]

The ground state is correctly described both by LDA+U and LDA+U @+P) cal-
culations as antiferromagnetic insulator for all compounds. The values of energy
gaps and spin magnetic moments are presented in Table 8.1 (see the discussion of
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Fig. 8.14 DOS calculated by the LDA+U (dashed line) and the LDA+U “*P) (solid line) Ni(3d)
and Mn(3d) in comparison with superimposed XPS and BIS spectra [42]

experimental data in [37]). One can see that the values obtained in the LDA+U (d+p)
calculations are in general in better agreement with experiment than the LDA+U
calculated values. While the increasing of the energy gap values with applying U,
correction was obviously expected with the increasing of “charge transfer” energy
in the compounds belonging to the class of “charge transfer” insulators [10], the
increasing of the magnetic moments values is a more complicated self-consistency
effect due to the increased ionicity in the LDA+4U ?*+P) calculations compared with
the LDA4-U results.

In Fig. 8.14 the DOS obtained by LDA+U“*?) and LDA+U calculations for
MnO and NiO compounds are compared with the superimposed XPS and BIS spec-
tra corresponding to the removal of an electron (the occupied bands) and addition
of an electron (the empty bands), respectively. The better agreement with the ex-
perimental data of position of the main peaks of unoccupied band relative to the
occupied one is the direct confirmation of the importance of taking into account
Coulomb interactions in oxygen 2 p-shell.

It is instructive to compare the results of the LDA+-U calculations for NiO with
the first-principle “Hubbard I’ approach [26]. First of all, to describe Mott insulators
in LDA+U approach (as well as in SIC approach) it is necessary to assume mag-
netic and (or) orbital long-range order [17]. In LDA+DMEFT it is possible to con-
sider the paramagnetic Mott insulators in the framework of ab initio calculations.
Moreover, it is possible to obtain not only the Mott—Hubbard gap in the electron
spectrum but also satellites and multiplet structure. The following effective Slater
parameters, which define the screened Coulomb interaction in d-shell for NiO, have
been used: FO=8.0eV, F2=8.2¢V, F*=52¢V [18]. We have started from the



8 Electronic structure of complex oxides 187
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non-magnetic LDA calculations in the LMTO nearly orthogonal representation [27]
for experimental crystal structures of NiO. The minimal basis set of s, p, d-orbitals
for NiO corresponds to 18 x 18 matrix of the LDA Hamiltonian / (k). The occupa-
tion number for correlated electrons are 8.4 electrons in the d-shell of Ni. Using the
corresponding atomic self energy for Ni-atom the total DOS for NiO has been cal-
culated. In Fig. 8.15 we compare the paramagnetic LDA results with HIA scheme.
It is well known that paramagnetic LDA calculations cannot produce the insulating
gap in nickel oxide: the Fermi level is located in the middle of the half-filled e,
bands [17]. In the HIA approximation there is a gap (or pseudogap in Fig. 8.15 due
to temperature broadening) of the order of 3.5 eV even in this “nonmagnetic” state.
This gap and the satellites at —5 and —8 eV are related to the structure of atomic
Green function shown in the lower panel of Fig. 8.15.

8.4.2 Exchange Interactions in Transition-Metal Oxides

The values of the intersite exchange interaction parameters Jex depend on the pa-
rameters of the electronic structure in a rather indirect implicit way. The developing
of the good calculating scheme for exchange parameters is very important because
the ab-initio calculation is often the only way to describe the magnetic properties
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Table 8.1 Calculated and
experimental values of energy
gaps (eV), spin magnetic

LDA+U  LDA4UYtP  Experiment

moments (1p) and intersite ~ LapCuOy  E; 0.7 2.0 2.0
exchange interaction up 045 0.68 0.60
parameters Jex (meV) Tox 829 ~100.9 —136
MnO E, 3.8 4.5 3.6,3.8
up 451 4.59 4.58,4.79
J&o 54 —54 —4.8,-54
JZ  —93 -5.1 -5.6, 5.9
NiO E, 1.8 2.8 40,43
UB 1.50 1.64 1.64,1.77
Ji -08 —0.2 —1.4
J2,  —232 —19.4 —19.0

of complicated compounds such as, for example, “spin-gap” systems [43]. Recently
Solovyev and Terakura [44] did a very through analysis of the exchange interac-
tion parameters for MnO calculated using different methods of electronic structure
calculations. They used the positions of the Mn(3d)-spin-up and Mn(3d)-spin-down
bands relative to the oxygen 2 p states as adjustable parameters to fit the values of ex-
change interaction for the nearest and second Mn-Mn neighbors. Their results gave
nearly the same splitting between Mn(3d)-spin-up and Mn(3d)-spin-down states as
in standard LDA+U calculations (10.6 eV') but the position of those states relative
to the oxygen band was shifted approximately on 3 eV up relative to the LDA+U
case. It is practically the same as we have in our LDA+U @*P) calculations, because
with U, = 6 eV the shift of the position Me(3d)-band relative to the oxygen O(2p)-
band is equal to U, /2 =3 eV.

Comparison between LDA+U and LDA+U “*7) calculated Jex parameters and
experimental data is presented in Table 8.1. Jox were calculated from the Green
function method as second derivatives of the ground state energy with respect to
the magnetic moment rotation angle [19, 30, 45-48] as was described above. Again
one can see that in general the LDA+U “*P) gives better results than the LDA+U,
especially for the MnO compound.

The change in the electronic structure, due to the U-corrections affect the su-
perexchange interactions (see e.g. (8.3)). It is useful to compare the spin-wave spec-
trum for different U with experimental one for NiO (Fig. 8.16). We can see the
improvement of theoretical spin-wave dispersion in magnetic oxide compare with
the standard LSDA calculations, which overestimate exchange excitations by factor
of three [49]. For reasonable value of U = 9-13 eV, theoretical spin-wave spectrum
in the LDA+4U scheme agree quite well with the experimental one.
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Fig. 8.16 The spin-wave
spectrum of NiO as a function
of U compared with LDA
result and experiment.
Reprinted figure with
permission from Ref. [49].
Copyright (1998) by the
American Physical Society
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8.4.3 Orbital Magnetism: CoO

As we mention already at the beginning, novel phenomena caused by strong cou-
pling among spin, orbital and lattice degrees of freedom are the central issue in the
physics of transition-metal compounds for the last few years. One of the modes,
when this coupling is mediated by the relativistic spin—orbit (S—O) interaction leads
to the orbital magnetism, which is manifested in the magnetocrystalline anisotropy,
magneto-optical effects, magnetic X-ray circular dichroism, etc. Due to the quench-
ing effects in the crystal field, the orbital moments are expected to be well localized
in the spherical potential region near atomic nuclei, and well described in terms of
site-diagonal elements of the one-particle 10 x 10 density matrix in the basis of
atomic-like (3d) orbitals n,,, = (y1|a(r,1')|y2) as (f) =Trs, (Eﬁ), where L is the
orbital angular momentum operator, y = {s, m} is the joint index including spin (s)
and azimuthal (m) counterparts, and Trg; denotes the trace over all s and m. The
matrix 7 = ||ny,,, |l generally consists of both spin-diagonal and spin-non-diagonal
elements. The latter can be due to the S—O interactions or a non-collinear magnetic
order.

In the rotationally invariant LDA+U scheme, one needs to include S—O interac-
tion in the LDA functional and change correlated terms to the spin-density matrix
form [50]:

. 1
Eyln]= B Z(UVIVSVZW = Uyipsyay) My, (8.24)
{r}

It was shown that the renormalization can be described by retaining the atomic-like

. . 1
form for the electron—electron (e—e) interactions Uy, y,y,yy = (m1m3|m |momy) X

851558555, With the screened effective Slater integrals FO, F2, and F*. If the orbital
populations are integer (0 or 1), 7% = /i holds. Then, an analog of two Hund’s rules
can be derived from Eyg[n]: first, the s-dependent occupation is driven by J; sec-
ond, the m-dependent occupation is driven by B = ﬁ(9F 2 _ 5F%). This is the
atomic picture. In solids, however, the local orbital populations are fractional and
shall be treated as independent variational degrees of freedom.

Let us illustrate this scheme for the rock-salt oxide CoO, where the orbital mo-
ment is not necessarily quenched in the % filled #;, manifold [51]. The antiferro-
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Fig. 8.17 Relaxation to the new magnetic equilibrium after turning on the S—O interaction in CoO:
Orbital moment (full line) and deviations of spin (white squares) and orbital (black squares) mag-
netic moments from the [001] axis. The inset shows trajectories of the spins attached to magneti-
cally different Co sites in the plane (110). Open and filled arrows correspond to the initial and final
states. After reaching the equilibrium, a small tetragonal distortion c/a = 0.988 has been turned
on at the point shown by the arrow. Reprinted figure with permission from Ref. [50]. Copyright
(1998) by the American Physical Society

magnetic spin order additionally lowers the cubic symmetry of CoO to the trigonal
one, resulting in complicated anisotropy effects.

The results of our numerical calculations are shown on Fig. 8.17. We start with
a self-consistent LDA+U solution without S—O interaction where spins can take an
arbitrary direction and there is no orbital moment. With turning on the S—O interac-
tion, a typical relaxation process to the new equilibrium state as a function of itera-
tion steps is shown in Fig. 8.17, where weused U =8¢V, J =1eV and B=0.1J,
suggested by the constraint-LSDA calculations. On approaching the equilibrium, the
orbital moment grows at the Co site and is stabilized between two high-symmetry
directions [001] and [111], causing a similar reorientation of the spin counterpart.
The orbital instability is directly related with the appearance of the band gap in CoO.
Once the band gap opens when U varies in the wide range from 2.2 to 8§ eV, the or-
bital moment becomes well localized and the angle 6 is stabilized between —29°
and —35°. On the contrary, U = 0 closes the band gap, and aligns magnetic mo-
ments parallel to the cube diagonal. Finally, the magnetostriction is responsible for
the tetragonal deformation in CoO in the direction c¢/a < 1 which further enhances
the orbital magnetic moment (Fig. 8.17).

8.4.4 Transition Metal Perovskite: LaMeQO3

The transition metal perovskite LaMeQO3 presents an interesting group of magnetic
oxide with very rich properties accompanying the metal—insulator transition and re-
lated to CMR-phenomena. Traditionally ferromagnetism in the mixed manganite
system Laj_,D,MnO3 (D = Ca, Sr, and Ba) for 0.2 < x < 0.4 is related to the
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Fig. 8.18 The crystal and
antiferromagnetic structure of
perovskite LaMnO3

Fig. 8.19 Upper panel:
Orbital ordering along c¢ axis
and in a-b plane of
orthorhombic LaMnO3
lattice. Shaded orbits denote
occupied e, states of

3x2 —r2 and 372 — 12
symmetry, and orbits with
broken lines denote empty eg
states of the y? — z2 and

x2 — 22 symmetry. Local
displacements of the oxygen
atoms are shown by arrows.
Lower panel: Schematic
position of the f244, 24| and
eg+ band split by Jahn—Teller
distortion in the LDA
calculations. Reprinted figure
with permission from

Ref. [52]. Copyright (1996)
by the American Physical
Society

DOS (arbitrary units)

Energy (eV)

“double-exchange” model of Zener: Mn3*—O-Mn**, while antiferromagnetism of
the undoped system, x = 0, corresponds to Anderson superexchange (Fig. 8.18).
The ferromagnetic sign of the double-exchange interactions is easy to understand in
connection with Kugel-Khomskii exchange in degenerate e, state (Fig. 8.8), since
Mn3* ion is exactly double degenerate tg’ e; case. The recent investigation shows
that the crystal distortion (Table 8.2) also plays an important role in magnetic and
electronic properties of manganites. In order to see how the crystal distortion (due
to cooperative Jahn—Teller effect for orbital degenerate e}; of Mn3* ion) related to
insulating properties, we show in Fig. 8.19 the scheme of the LDA-energy band in
orbital ordered state [52]. The crystal structure of LaMnO3 has two principal types
of distortion: the local tetragonal distortion of the oxygen atoms around each Mn-
site (the Jahn-Teller distortion) and small tilting of MnOg octahedra resulting in
the orthorhombic superstructure with four formula unit in the primitive cell. The
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Table 8.2 Crystal and

magnetic structure of some Compound Crystal structure Magnetic structure
complex oxides
LaTiO3 orthorhombic AFM-G
LaVOs3 monoclinic canted AFM
LaCrO3 orthorhombic AFM-G
LaMnO3 orthorhombic AFM-A
LaFeO3 orthorhombic AFM-G
LaCoO3 rhombohedral paramagnetic
LaNiO3 rhombohedral paramagnetic
LaCuO3 tetragonal paramagnetic

strength of the crystal distortion appears to be sufficient to split double degenerate
ey states around the Fermi level and create a band gap and the orbital ordering.
Moreover the calculated exchange interactions change the sign from ferromagnetic
in the undistorted lattice, to the proper antiferromagnetic in the orbital ordered or-
thorhombic crystal (Table 8.2).

Finally we discuss the general trends in the electronic structure of magnetic per-
ovskite oxides. On Fig. 8.20 we present the band structure of LaMeOj3 series (Me =
Ti, V, Cr, Mn, and Fe) calculated in the LSDA and LDA+U approaches with two
type of the U-corrections. The left panel corresponds to the U-corrections added
only to the localized 1, states of Me3t-ion, since the e, states in the perovskite
structure are much more delocalized [53]. The right panel corresponds to the stan-
dard LDA+U scheme with the U-corrections applied to all d-states. Since the U-
corrections to the #, states are much smaller due to the effective screening from e,
states: Uppg ~ (1 + (Sneg /8n,2g)U and general tendency of the local charge conser-
vation: 8n,, /dns,, <0, this LDA+U scheme (left panel in Fig. 8.20) is much closer
to the LSDA results. For LaMnOs3, on the other hand, both LDA+U methods give
similar electronic structure, because Mn>" ion has a large Hund splitting. Neverthe-
less, the LSDA method and the “Uy, . scheme” underestimate the value of the band
gap in comparison with the experimental gap value 1.1 eV.

8.5 Highly Correlated Metallic Oxides
8.5.1 Doped Mott Insulators

The LDA+DMEFT approach was successfully applied to study electronic structure
of correlated oxide with perovskite structure [54]. Transition metal perovskites have
been studied for decades because of their unusual electronic and magnetic properties
arising from narrow 3d bands and strong Coulomb correlations. The 3d' perovskites
are particularly interesting since, despite their lack of multiplet structure, similar
materials have very different properties: SrVO3 and CaVOj3 are correlated metals,
while LaTiO3 and YTiO3 are Mott insulators with gaps of, respectively, 0.2 and
1 eV [9].
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Fig. 8.20 Density of states for LaMeO3 perovskite obtained with LDA+Ut2g (left panel) and with
LDA+U (right panel) method. Dotted line in the left panel corresponds to LDA results. Position
of the Fermi level shown by vertical dashed line. Reprinted figure with permission from Ref. [53].
Copyright (1996) by the American Physical Society

In Fig. 8.21 we show the DMFT spectral functions together with the LDA total
DOS. For cubic SrVO3 we reproduce the results of previous calculations [55]: the
lower Hubbard band (LHB) is around —1.8 eV and the upper Hubbard band (UHB)
around 3 eV. Going to CaVOs;, the quasiparticle peak loses weight to the LHB,
which remains —1.8 eV, while the UHB moves down to 2.5 eV. These results are in
good agreement with photoemission data [9] and show that SrVO3 and CaVO3 are
rather similar, with the latter slightly more correlated. From the linear regime of the
self-energy at small Matsubara frequencies we estimate the quasiparticle weight to
be Z >~ 0.45 for SrVO3; and Z ~ 0.29 for CaVOs3. For a k-independent self-energy
as assumed in DMFT, this yields "’7*:% ~ 2.2 for SrVO3 and ~3.5 for CaVO3;, in
reasonable agreement with experimental values obtained from optical conductivity
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Fig. 8.21 LDA-+DMFT spectral function for different perovskite compounds at 7' = 770 K (thick
line) and LDA DOS (thin line). Reprinted with permission from Ref. [54]. Copyright 1998 by the
American Physical Society

(2.7 and 3.6). For LaTiO3 and YTiO3 the LHB is around —1.5 eV, in accord with
photoemission [9], but despite very similar bandwidths (W = 2.1 and 1.9 eV), the
gaps are very different, 0.3 and 1 eV, and this agrees with experiments. This result
shows that in 3d! systems the Mott transition and the gap-size depend not only on
U/ W, but on the full band structure.

Doping of LaTiO3 by a very small value of Sr (few percent) leads to the transi-
tion to a paramagnetic metal with a large effective mass. As photoemission spectra
of this system also show a strong deviation from the noninteracting electrons picture,
La;_,Sr,TiO3 is regarded as an example of strongly correlated metal. Photoemis-
sion spectroscopy of the early transition metal oxides provides a direct tool for the
study of the electronic structure of strongly correlated materials. A comparison of
the experimental photoemission spectra [56, 57] with the results obtained from LDA
and LDA+DMFT(QMC) [55] at 1000 K are shown in Fig. 8.22. To take into account
the uncertainty in U, we present the results for U = 3.2, 4.25 and 5 eV. All spectra
are multiplied with the Fermi step function and Gaussian-broadened with a broad-
ening parameter of 0.3 eV to simulate the experimental resolution [56, 57]. The
LDA band structure calculation clearly fails to reproduce the broad band observed
in the experiment at 1-2 eV below the Fermi energy [56, 57]. Taking the correla-
tions between the electrons into account, this lower band is easily identified as the
lower Hubbard band whose spectral weight originates from the quasiparticle band
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Fig. 8.22 Comparison of the ‘

experimental photoemission |- QMC, U=3.2 eV 7 \‘\
spectrum [56, 57], the LDA ——— QMC, U=4.25 eV [
result, and the QMC, U=5.0 eV ,/ ‘\
LDA+DMFT(QMC) e IDA I
calculation for LaTiO3 with [
6 % hole doping and different O Exp. ]

Coulomb interactions

U =3.2,425,and 5 eV.
Reprinted from Ref. [55] with
kind permission from
Springer Science+Business
Media

Intensity in arbitrary units

Energy (eV)

at the Fermi energy and increases with U. The best agreement with experiment con-
cerning the relative intensities of the Hubbard band and the quasiparticle peak and,
also, the position of the Hubbard band is found for U =5 eV. The value U =5 eV
is still compatible with the ab-initio calculation of this parameter. One should also
note that the photoemission experiment is sensitive to surface properties. Due to the
reduced coordination number at the surface, the bandwidth is likely to be smaller
and the Coulomb interaction to be less screened, i.e., larger. Both effects make the
system more correlated and, thus, might also explain why better agreement is found
for U =5 eV. Besides, the polycrystalline nature of the sample and, also, spin and
orbital [58] fluctuation, not taking into account in the LDA+DMFT approach, could
further reduce the quasiparticle weight.

The LDA+DMFT approach not only explains the existence of the lower Hubbard
band in doped LaTiOs3, but also, in contrast to LDA, reproduces the qualitative pic-
ture of the spectral weight transfer from the quasiparticle band to the lower Hubbard
band, the position of the lower Hubbard band, and the narrowing of the quasiparticle
band.

8.5.2 Metal-Insulator Transition in Ti»O3

The complicated electronic properties of TMO closely related with delicate balance
between electron—electron interactions and chemical bonding. Let us discuss the
general trends in competition correlation effects and hybridization (Fig. 8.23). In
the limit of weak Coulomb interactions there is strong bonding—antibonding split-
ting among the d-orbitals. In the opposite case, where the on-site electron—electron
interactions U is much stronger than d—d hybridization ¢;; the wave-function will be
localized with large renormalization of intersite hybridization and reduced bonding—
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Fig. 8.23 General trends in gjj[m)
correlated electronic
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antibonding splitting among the quasiparticle bands. In addition, there are non-
quasiparticle, so-called Hubbard bands: Lower-Hubbard (LH) and Upper-Hubbard
(UH) bands with the splitting of the order of Coulomb interaction U. Therefore
the strong interactions reduced the chemical bonding and otherwise in the limit of
strong bonding—antibonding splitting, the correlation effects largely reduced. Here
we discuss this competition of correlation effects and chemical bonding for the ex-
ample of Tio O3 [59].

The complicated electronic structure and the nature of the metal-insulator transi-
tion (MIT) in Ti; O3 and V,03 has been the object of intensive experimental and the-
oretical investigation over the past half century [9]. Recent progress in high-energy
photoemission spectroscopy [60] and correlated electrons dynamical-mean field the-
ory (DMFT) [24] has shed new light on the MIT in V,0Os. It has been shown that a
realistic description of the metallic and insulating phases of V,03 can be obtained
from the combination of a band structure scheme with the local electron—electron
interaction given from DMFT [61]. The correlation effects in Ti;O3 are less clear
but angle resolved photoemission experiment [62] shows a strong reduction of the
Ti 3d-bandwidth compared to band structure calculations. The important question
is related to the mechanism of the small, about 0.1 eV, semiconductor band-gap for-
mation. The generally accepted view is that the MIT is related to the decrease of the
c/a ratio in thombohedral Ti» O3 and the formation of a Ti—Ti pair along z-axis [63].
Below the broad (almost 250 K in width) MIT at around 470 K the Ti-Ti pair dis-
tance is seen to decrease without any change of the rhombohedral structure or the
formation of long-range antiferromagnetic order [64]. This is in contrast to the case
of V2,03 where the V-V pair distance increases within a monoclinic distortion in
the antiferromagnetic phase [9].

Ti»O3 has an «-Al,O3 corundum structure (Fig. 8.24) in the metallic and in-
sulating phases with two formula units per rhombohedral cell [65, 66]. Each Ti
atom is surrounded by the octahedron of oxygens leading to the large tzg—eg split-
ting. The trigonal distortion gives an additional splitting of 7, bands into ei,’ —aig
states and a1, subbands of Ti-Ti pair form strong bonding—antibonding counter-
parts (Fig. 8.24). In principle, the large decrease of the Ti—Ti distance could split
further an occupied single-degenerate a;, states from a double-degenerate eg states
of 1, subband and form the insulating d ! configuration of this Ti compound. Never-
theless, state of the art LDA calculations have shown that for reasonable Ti—Ti pair
distances Ti; O3 will stay metallic [67].
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Fig. 8.24 Left:
Rhombohedral unit cell of
Tip O3 corundum structure.
Titanium ions are indicated
by the red color, oxygens by
green, and the pair of Ti
atoms in z direction by blue.
Right is a schematic
representation of the 7,
splitting in Tio O3 (fop part)

In order to investigate the role of electron—electron interactions in the formation
of this insulating low-temperature phase one needs an accurate estimation of the
a1y and e, bandwidths in this complex structure [68]. For example a simple free
[Ti»09]'2~ cluster mean-field investigation can easily produce a gap due to drastic
underestimation of the a1, and e, bandwidths [69]. On the other hand a more accu-
rate band structure calculation within the unrestricted Hartree—Fock approximation
results in a large gap antiferromagnetic state [70]. Thus it is crucial to use both the
correct Green-function embedding of the Ti-Ti pairs as well as a more accurate
treatment of the electron—electron interaction.

The role of metal-metal pair formation and the “molecular” versus band pictures
of the electronic structure have attracted much attention in these compounds [71].
The combination of a strong on-site Coulomb interaction and the large anisotropy
between the hopping parameters in and perpendicular to the pair direction can fa-
vor a localized molecular-orbital picture of the insulating phase. However, realistic
tight-binding calculations for V,03 have shown the importance of long-range hop-
ping parameters [72]. It is also unclear how good an on-site approximation is for
the electron—electron interaction. Since the pair forms a natural “molecular like”
element in the corundum-type Tip O3 structure it might be expected that non-local
electron correlations are important in this system. Thus an approach which com-
bines pair and beyond pair hopping with non-local electron interactions would seem
to be ideal for this problem.

We apply the cluster DMFT (CDMFT) scheme [33, 34], which contains all the
physics of correlated pairs in crystals to determine the origin of the insulating phase
and the MIT in Ti»O3. A numerically exact multi-orbital Quantum Monte-Carlo
(QMC) scheme is deployed for the solution of the CDMFT problem and an accurate
first principles tight-binding parametrization used for the one electronic structure.
Our strategy here is to investigate the gap formation using single site [25, 26] and
cluster LDA+DMFT with only local correlations included. We then deploy the full
non-local CDMFT and in this way are able to directly elucidate the impact non-local
Coulomb interactions have on the physics. We show that the competition between
strong bonding within the Ti