Chapter 1
Theory of Heusler and Full-Heusler
Compounds

Tosif Galanakis

Abstract Spintronics/magnetoelectronics brought at the center of scientific research
the Heusler and full-Heusler compounds, since several among them have been shown
to be half-metals. In this introductory chapter we present a study of the basic elec-
tronic and magnetic properties of both Heusler families; the so-called semi-Heusler
alloys like NiMnSb and the full-Heusler alloys like CooMnGe (usual full-Heuslers),
Mn;CoAl (inverse full-Heuslers) and (CoFe)MnAl (LiMgPdSn-type full-Heuslers).
First-principles calculations are employed to discuss the origin of the gap which is
fundamental for the understanding of their electronic and magnetic properties. For
half-metallic Heusler compounds the total spin magnetic moment M, scales linearly
with the number of the valence electrons Z; in the unit cell. These simple rules con-
nect directly the magnetic to the electronic properties opening the way to engineer
new half-metallic alloys with “a la carte” magnetic properties such as the quaternary
half-metals, the so-called half-metallic antiferromagnets, magnetic semiconductors
or even the more exotic spin-gapless semiconductors. Finally, special topics like
exchange constants, defects, vacancies, surfaces and interfaces are being discussed.

1.1 Introduction

Half-metallic magnets attracted the last two decades a lot of attention due to their
possible applications in spintronics/magnetoelectronics [1, 2]. The addition of the
spin degree of freedom to the conventional electronic devices based on semicon-
ductors has several advantages like non-volatility, increased data processing speed,
decreased electric power consumption and increased integration densities [3-5]. In
the half-metallic materials the two spin bands show a completely different behav-
ior. The majority spin band shows the typical metallic behavior, and the minority
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spin band exhibits a semiconducting behavior with a gap at the Fermi level. The
existence of the gap leads to 100 % spin-polarization at the Fermi level and thus a
fully spinpolarised current should be feasible in these compounds maximizing the
efficiency of magnetoelectronic devices [6, 7]. Bowen et al. have observed such a
current in trilayers made up of half-metallic Lag 7Srg 3MnO3 as electrodes and SrO3
as a barrier [8].

The family of Heusler compounds, named after von Heusler [9], incorporates a
huge number of magnetic members exhibiting diverse magnetic phenomena like itin-
erant and localized magnetism, antiferromagnetism, helimagnetism, Pauli paramag-
netism or heavy-fermionic behavior [10—-17]. The first Heusler alloys studied were
crystallizing in the L2 structure which consists of 4 fcc sublattices (see Fig. 1.1).
Afterwards, it was discovered that it is possible to leave one of the four sublattices
unoccupied (C1y structure). The latter compounds are often called half- or semi-
Heusler compounds or simply Heuslers, while the L2; compounds are known as
full-Heusler compounds. The most-well known semi-Heusler compound is NiMnSb
[18]. In 1983 de Groot and his collaborators [19] showed using first-principles elec-
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Fig. 1.1 Schematic representation of the various structures of the semi- and full-Heusler com-
pounds. In all cases the lattice is consisted of 4 interpenetrating f.c.c. lattices. Note also that if all
atoms were identical, the lattice would be simply the b.c.c
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tronic structure calculations that this compound is in reality half-metallic, i.e. the
minority band is semiconducting with a gap at the Fermi level EF, leading to 100 %
spin polarization at Er. Other known half-metallic materials except the semi- and
full-Heusler alloys [20-24] are some oxides (e.g. CrO, and Fe304) [25], the mangan-
ites (e.g. Lag7Srp3MnO3) [25], the double perovskites (e.g. SroFeReOg) [26], the
pyrites (e.g. CoSy) [27], the transition metal chalcogenides (e.g. CrSe) and pnictides
(e.g. CrAs) in the zinc-blende or wurtzite structures [28—51], the europium chalco-
genides (e.g. EuN) [52], the diluted magnetic semiconductors (e.g. Mn impurities in
Sior GaAs) [53, 54] and the so-called do ferromagnets like CaAs [55]. Although thin
films of CrO; and Lag 7Srp.3MnO3 have been verified to present practically 100 %
spin-polarization at the Fermi level at low temperatures [25, 56], the Heusler alloys
remain attractive for technical applications like spin-injection devices [57], spin-
filters [58], tunnel junctions [59], or GMR devices [60, 61] due to their relatively
high Curie temperature compared to these compounds [10].

NiMnSb is the half-metallic semi-Heusler compound which attracted a lot of
experimental interest. Its half-metallic character in single crystals has been well-
established by infrared absorption [62] and spin-polarized positron-annihilation
[63, 64] experiments. Also high quality films of NiMnSb have been grown
[65—73] but contrary to single crystals they are not half-metallic [25, 74—77]; a maxi-
mum value of 58 % for the spin-polarization of NiMnSb was obtained by Soulen et al.
[25]. These polarization values are consistent with a small perpendicular magnetore-
sistance measured for NiMnSb in a spin-valve structure [78, 79], a superconducting
tunnel junction [59] and a tunnel magnetoresistive junction [80]. The loss of half-
metallicity in the NiMnSb thin films is due to the segregation of Sb and Mn atoms
to the surface, which is far from being perfect [81-84].

NiMnSb has attracted also considerable attention among theoreticians and sev-
eral first-principles calculations have confirmed its half-metallic character [85-90].
Larson et al. have shown that the C1, structure of NiMnSb is the most stable with
respect to an interchange of the atoms [91]. Orgassa et al. showed that a few percent
of disorder induce states within the gap but does not destroy the half-metallicity
[92]. Surfaces and interfaces with semiconductors have been found not to be half-
metallic [93-99] but Wijs and de Groot as well as Debernardi et al. proposed that at
some interfaces it is possible to restore the half-metallic character of NiMnSb [100,
101]. Finally, Kiibler calculated the Curie temperature of NiMnSb [102] which was
in excellent agreement with the experimental value of 770 K [10]. Doping in sim-
ilar semi-Heusler compounds can be employed to tune their magnetic properties
[103, 104].

Full-Heusler compounds were the first to be synthesized [105-107]. In a pio-
neering paper Kiibler et al. studied the mechanisms stabilizing the ferro- or the
antiferromagnetism in these compounds [108]. Japanese research groups were the
first to predict the existence of half-metallicity in the case of full-Heusler compounds
using ab-initio electronic structure calculations: Ishida and collaborators studied the
CoaMnZ compounds, where Z stands for Si and Ge [109-111], and Fujii and collab-
orators studied the Fe,MnZ compounds [112]. But Brown et al. [113] using polarized
neutron diffraction measurements have shown that there is a finite very small spin-
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down density of states (DOS) at the Fermi level instead of an absolute gap in agree-
ment with the ab-initio calculations of Kiibler et al. for the CooMnAl and CopMnSn
compounds [108]. Full-Heusler compounds became very popular for potential appli-
cations and several groups managed to grow CooMnGe and Co,MnSi thin films
[114-122]. Geiersbach and collaborators have grown (110) thin films of Co,MnSi,
CoaMnGe and Co,MnSn using a metallic seed on top of a MgO(001) substrate [123,
124] and studied also the transport properties of multilayers of these compounds
with normal metals [125]. But as Picozzi et al. and Galanakis et al. have shown
that the interfaces of such structures are not half-metallic [126-130]. Although,
the cubic structure and ferromagnetism in these compounds is particular stable
[131-133], it has been shown that defects and vacancies can lead to loss of the half-
metallic character [134—138], although a small degree of disorder may lead to half-
metallic ferrimagnetism instead of ferromagnetism [139, 140]. Finally, Kdmmerer
and collaborators managed to built magnetic tunnel junctions based on Co,MnSi
[141, 142]. Similar experiments have been undertaken by Inomata and collaborators
using CoyCrg gFep 4 Al as the magnetic electrode [143, 144].

In this chapter, we present a study of the basic electronic and magnetic properties
of the half-metallic Heusler alloys. Analyzing the ab-initio results using the group-
theory and simple models we explain the origin of the gap in both the semi- and full-
Heusler alloys, which is fundamental for understanding their electronic and magnetic
properties. For both families of compounds the total spin magnetic moment scales
with the number of valence electron, thus opening the way to engineer new half-
metallic Heusler alloys with the desired magnetic properties as the quaternary half-
metallic ferromagnets, the so-called half-metallic antiferromagnets, the magnetic
semiconductors including also the spin-gapless semiconductors.

1.2 Semi-Heusler Compounds

1.2.1 Band Structure of Semi-Heusler Compounds

We will start our discussion from the semi-Heusler compounds and more precisely
from NiMnSb which is the most studied representative of the half-metallic semi-
Heuslers [19]. Figure 1.2 shows the density of states (DOS) of NiMnSb in a non-spin-
polarized calculation and in a calculation correctly including the spin-polarization.
Given are the local contributions to the density of states (LDOS) on the Ni-site, the
Mn-site and the Sb-site. The calculations have been performed using the Vosko, Wilk
and Nusair parametrization [145] for the local density approximation (LDA) to the
exchange-correlation potential [146, 147] to solve the Kohn-Sham equations within
the full-potential screened Korringa-Kohn-Rostoker (FSKKR) method [148, 149].
In the non-magnetic case the DOS of NiMnSb has contributions from 4 different
bands: Each Sb atom with the atomic configuration 5525 p> introduces a deep lying
s band, which is located at about —12eV and is not shown in the figure, and three
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Fig. 1.2 Atom-resolved density of states (DOS) of NiMnSb for a non-magnetic (left) and ferro-
magnetic (right) calculation. The zero energy value corresponds to the Fermi level Er

p-bands in the regions between —5.5 and —3eV. These bands are separated by
a deep minimum in the DOS from 5 Ni d bands between —3 and —1eV, which
themselves are separated by a sizeable band gap from the upper 5 d-bands of Mn.
Since all atomic orbitals, i.e. the Ni d, the Mn d and the Sb sp orbitals hybridize
with each other, all bands are hybrids between these states, being either of bonding
or antibonding type. Thus the Ni d-bands contain a bonding Mn d admixture, while
the higher Mn d-bands are antibonding hybrids with small Ni d-admixtures. Equally
the Sb p-bands exhibit strong Ni d- and somewhat smaller Mn d-contributions. This
configuration for NiMnSb is energetically not stable. The Fermi energy lies in the
middle of an antibonding band and the Mn atom can gain considerable exchange
energy by forming a magnetic moment. Therefore the spin-polarized results show
a considerably different picture. In the majority (spin 1) band the Mn d states are
shifted to lower energies and form a common d band with the Ni d states, while
in the minority band (spin |) the Mn states are shifted to higher energies and are
unoccupied, so that a band gap at Er is formed separating the occupied d bonding
from the unoccupied d-type antibonding states. Thus NiMnSb is a half-metal, with a
band gap at EF in the minority band and a metallic DOS at EF in the majority band.
The total magnetic moment, located mostly at the Mn atom, can be easily estimated
to be exactly 4 pp. Note that NiMnSb has 22 valence electrons per unit cell, 10 from
Ni, 7 from Mn and 5 from Sb. Since, due to the gap at Ef, in the minority band
exactly 9 bands are fully occupied (1 Sb-like s band, 3 Sb-like p bands and 5 Ni-
like d bands) and accommodate 9 electrons per unit cell, the majority band contains
22 — 9 = 13 electrons, resulting in a moment of 4 xp per unit cell. Notice that the
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Fig. 1.3 DOS of XMnSb compounds for X = Ni, Pd, Pt and Co, Rh, Pd

compounds with 18 valence electrons like CoTiSb and FeVSn are well-known to be
stable semiconductors [13-15].

As representative examples of the semi-Heuslers we will shortly discuss the elec-
tronic structure of the XMnSb compounds, with X being an element of the Co or
Ni columns in the periodic table. These compounds are known experimentally to
be ferromagnets with high Curie temperatures ranging between 500K and 700K
for the Co, Ni, Pd and Pt compounds, while the Curie temperatures of the Ir and
Rh compounds are around room temperature [10]. All six compounds (see Fig. 1.3)
present a minority-spin band energy gap. As above Sb p states occupy the lowest
part of the DOS shown in the figure, while the Sb s states are located ~12 eV below
the Fermi level. For all compounds under study the Fermi level is within the gap
with the exception of PAMnSb and IrMnSb where it is close to the band edge. The
DOS of all compounds is characterized by the large exchange-splitting of the Mn d
states which is around 3 eV. This leads to large localized spin moments at the Mn
site, the existence of which has been verified also experimentally [150, 151]. The
localization of the spin magnetic moment stems from the fact that although the 3d
valence electrons of Mn are itinerant, the spin-down electrons are almost excluded
from the Mn site. In Table 1.1 we present the calculated spin magnetic moments at
the different sites for all the compounds under study.

The total spin magnetic moment in pp is just the difference between the number
of spin-up occupied states and the spin-down occupied states. As explained above,
the number of occupied spin-down states is given by the number of spin down bands,
i.e. 9, so that the number of occupied spin-up states is 22 — 9 = 13 for NiMnSb and
the isovalent compounds with Pd and Pt, but 21 — 9 = 12 for CoMnSb, RhMnSb
and IrMnSb and 20 —9 = 11 for FeMnSb, provided that the Fermi level stays within
the gap. Therefore one expects total moments of 4 p for Ni-, Pd- and PtMnSb, 3
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Table 1.1 Calculated spin magnetic moments in g for the XMnSb compounds using the FSKKR
method

m*P" (1 g) X Mn Sb Void Total
NiMnSb 0.26 371 —0.06 0.05 3.96
PdMnSb 0.08 4.01 —0.11 0.04 4.02
PtMnSb 0.09 3.89 —0.08 0.04 3.94
CoMnSb —0.13 3.18 —0.10 0.01 2.96
RhMnSb —0.13 3.57 —0.14 0.00 3.29
IrMnSb —0.19 3.33 —0.11 —0.00 3.02
FeMnSb —-0.70 2.72 —0.05 0.02 1.98

The total spin magnetic deviate from the ideal integer values due to the due to problems with the
Cmax cutoff [259] (The experimental lattice constants [10] have been used)

up for the compounds with Co, Rh and Ir and 2 up for FeMnSb. In general, for a
total number Z, of valence electrons in the unit cell, the total moment M; is given by
M; = Z, — 18, since with 9 electron states occupied in the minority band, Z, — 18 is
just the number of uncompensated electron spins. The local moment per unit cell as
givenin Table 1.1 is close to 4 g in the case of NiMnSb, PAMnSb and PtMnSb, which
is in agreement with the half-metallic character (or nearly half-metallic character in
the case of PAMnSb) observed in Fig. 1.3. We also find that the local moment of Mn
is not far away from the total number of 4 g although there are significant (positive)
contributions from the X-atoms and a negative contribution from the Sb atom. For
the half-metallic CoMnSb and IrMnSb compounds the total moment is about 3 up.
Also the local moment of Mn is reduced, but only by about 0.5 ©p. The reduction
of the total moment to 3 pp is therefore accompanied by negative Co and Ir spin
moments. The hybridization between Co and Mn is considerably larger than between
Ni and Mn being a consequence of the smaller electronegativity difference and the
larger extend of the Co orbitals. Therefore the minority valence band of CoMnSb
has a larger Mn admixture than the one of NiMnSb whereas the minority conduction
band of CoMnSb has a larger Co admixture than the Ni admixture in the NiMnSb
conduction band, while the populations of the majority bands are barely changed.
As a consequence, the Mn moment is reduced by the increasing hybridization, while
the Co moment becomes negative. The table also shows that further substitution of
Fe for Co leads also to a half-metallic alloy with a total spin magnetic moment of 2
up as has been already shown by de Groot et al. in [152].

1.2.2 Origin of the Gap

The inspection of the local DOS shown in Fig. 1.2 for the ferromagnet NiMnSb
shows that the DOS close to the gap is dominated by d-states: in the valence band
by bonding hybrids with large Ni or Co admixture and in the conduction band by
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Fig. 1.4 Schematic illustration of the origin of the gap in the minority band in semi-Heusler alloys
and in compound semiconductors: The energy levels of the energetically lower lying bonding
hybrids are separated from the energy levels of the antibonding hybrids by a gap, such that only the
bonding states are occupied. Due to legibility reasons, we use d/, d2 and d3 to denote the dyy, dyx
and d; orbitals, respectively, and d4, d5 for the d,2, dxz,yz orbitals

the antibonding hybrids with large Mn admixture. Thus the gap originates from
the strong hybridization between the d states of the higher valent and the lower
valent transition metal atoms. This is shown schematically in Fig. 1.4. Therefore the
origin of the gap is somewhat similar to the gap in compound semiconductors like
GaAs which is enforced by the hybridization of the lower lying As sp-states with
the energetically higher Ga sp-states. Note that in the C1;,-structure the Ni and Mn
sublattices form a zinc-blende structure, which is important for the formation of the
gap. The difference with respect to GaAs is than only, that 5 d-orbitals, i.e. 3 #p4
and 2 ¢, orbitals, are involved in the hybridization, instead of 4 sp3-hybrids in the
compound semiconductors.

The gap in the half-metallic C'1;, compounds is normally an indirect gap, with the
maximum of the valence band at the I" point and the minimum of the conduction
band at the X-point. For NiMnSb we obtain a band gap of about 0.5 eV, which is
in good agreement with the experiments of Kirillova and collaborators [62], who,
analyzing their infrared spectra, estimated a gap width of ~0.4eV. As seen already
from Fig. 1.3 the gap of CoMnSb is considerable larger (~1eV) and the Fermi level
is located at the edge of the minority valence band.

As it is well-known, the local density approximation (LDA) and the generalized
gradient approximation (GGA) strongly underestimate the values of the gaps in
semiconductors, typically by a factor of two. However, very good values for these
gaps are obtained in the so-called GW approximation of Hedin and Lundqvist [153],
which describes potential in semiconductors very well. On the other hand the minority
gap in the half-metallic systems might be better described by the LDA and GGA since
in these system the screening is metallic.
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1.2.3 Role of sp-Elements

While the sp-elements are not responsible for the existence of the minority gap, they
are nevertheless very important for the physical properties of the Heusler alloys and
the structural stability of the C1, structure, as we discuss in the following.

While an Sb atom has 5 valence electrons (5s2, 5 p3), in the NiMnSb compound
each Sb atom introduces a deep lying s-band, at about —12eV, and three p-bands
below the center of the d-bands. These bands accommodate a total of 8 electrons
per unit cell, so that formally Sb acts as a triple charged Sb>~ ion. Analogously, a
Te-atom behaves in these compounds as a Te?>~ ion and a Sn-atom as a Sn*~ ion.
This does not mean, that locally such a large charge transfer exists. In fact, the s-
and p-states strongly hybridize with the transition-metal d-states and the charge in
these bands is delocalized and locally Sb even looses about one electron, if one
counts the charge in the Wigner-Seitz cells. What counts is that the s- and p-bands
accommodate 8 electrons per unit cell, thus effectively reducing the d-charge of the
transition-metal atoms.

This is nicely illustrated by the existence of the semiconducting compounds
CoTiSb and NiTiSn. Compared to CoTiSb, in NiTiSn the missing p-charge of the
Sn atom is replaced by an increased d charge of the Ni atom, so that in both cases
all 9 valence bands are occupied.

The sp-atom is very important for the structural stability of the Heusler alloys. For
instance, it is difficult to imagine that the half-metallic NiMn and PtMn alloys with
zinc-blende structure actually exist, since metallic alloys prefer highly coordinated
structures like fcc, bee, hep ete. Therefore the sp-elements are decisive of the stability
of the C'1, compounds. A careful discussion of the bonding in these compounds
has been recently published by Nanda and Dasgupta [154] using the crystal orbital
Hamiltonian population (COHP) method. For the semiconductor FeVSb they find that
while the largest contribution to the bonding arises from the V-d — Fe-d hybridization,
contributions of similar size arise also from the Fe-d — Sb-p and the V-d — Sb-p
hybridization. Similar results are also valid for the semiconductors like CoTiSb and
NiTiSn and in particular for the half-metal NiMnSb. Since the majority d-band is
completely filled, the major part of the bonding arises from the minority band, so
that similar arguments as for the semiconductors apply.

Another property of the sp-elements is worthwhile to mention: substituting the
Sb atom in NiMnSb by Sn, In or Te destroys the half-metallicity [20]. This is in
contrast to the substitution of Ni by Co or Fe, which is documented in Table 1.1.
The total moment of 4 pp for NiMnSb is reduced to 3 pp in CoMnSb and 2 up in
FeMnSb, thus preserving half-metallicity. In NiMnSn the total moment is reduced
to 3.3 up (instead of 3) and in NiMnTe the total moment increases only to 4.7 up
(instead of 5). Thus by changing the sp-element it is rather difficult to preserve the
half-metallicity, since the density of states changes more like in a rigid band model
[20].
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1.2.4 Slater-Pauling Behavior

As discussed above the total moment of the half-metallic C 1, Heusler alloys follows
the simple rule: M; = Z; — 18, where Z; is the total number of valence electrons. In
short, the total number of electrons Z; is given by the sum of the number of spin-up
and spin-down electrons, while the total moment M, is given by the difference

Zi=N++N, , Mi=Ny—N, — M, =2, —2N, (1.1)

Since 9 minority bands are fully occupied, we obtain the simple “rule of 18 for
half-metallicity in C1, Heusler alloys

M, =27, —18 (1.2)

the importance of which has been recently pointed out by Jung et al. [155] and
Galanakis et al. [20]. Itis a direct analogue to the well-known Slater-Pauling behavior
of the binary transition metal alloys [156—158]. The difference with respect to these
alloys is, that in the semi-Heusler alloys the minority population is fixed to 9, so that
the screening is achieved by filling the majority band, while in the transition metal
alloys the majority band is filled with 5 d-states and charge neutrality is achieved
by filling the minority states. Therefore in the transition-metal alloys the total spin
magnetic momentis given by M; = 10— Z;. Similar rules with integer total moments
are also valid for other half-metals, e.g. for the full-Heusler alloys like Co,MnGe
with L2; structure. For these alloys we will in Sect. 1.3.2 derive the “rule of 24”:
M; = Z; — 24, with arises from the fact that the minority band contains 12 electrons.
For the half-metallic zinc-blende compounds like CrAs the rule is: M; = Z; — 8,
since the minority As-like valence bands accommodate 4 electrons [28-30]. In all
cases the moments are integer.

In Fig. 1.5 we have gathered the calculated total spin magnetic moments for the
semi-Heusler alloys which we have plotted as a function of the total number of
valence electrons. The dashed line represents the rule M; = Z; — 18 obeyed by these
compounds. The total moment M, is an integer quantity, assuming the values 0, 1, 2,
3,4 and 5 if Z, >18. The value 0 corresponds to the semiconducting phase and the
value 5 to the maximal moment when all 10 majority d-states are filled. Firstly we
varied the valence of the lower-valent (i.e. magnetic) transition metal atom. Thus we
substitute V, Cr and Fe for Mn in the NiMnSb and CoMnSb compounds using the
experimental lattice constants of the two Mn compounds. For all these compounds
we find that the total spin magnetic moment scales accurately with the total charge
and that they all present the half-metallicity.

As a next test we have substituted Fe for Mn in CoMnSb and NiMnSb, but both
CoFeSb and NiFeSb loose their half-metallic character. In the case of NiFeSb the
majority d-states are already fully occupied as in NiMnSb, thus the additional electron
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Fig. 1.5 Calculated total spin moments for all the studied semi Heusler alloys. The dashed line
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3.85 pup, PAMnSb 3.95 pp, PtMnSb 4.14 up and finally CoTiSb non-magnetic

has to be screened by the minority d-states, so that the Fermi level falls into the
minority Fe states and the half-metallicity is lost; for half-metallicity a total moment
of 5 up would be required which is clearly not possible. For CoFeSb the situation is
more delicate. This system has 22 valence electrons and if it would be a half-metal,
it should have a total spin-moment of 4 p as NiMnSb. In reality our calculations
indicate that the Fermi level is slightly above the gap and the total spin-moment is
slightly smaller than 4 5. The Fe atom possesses a comparable spin-moment in both
NiFeSb and CoFeSb compounds contrary to the behavior of the V, Cr and Mn atoms.
Except NiFeSb other possible compounds with 23 valence electrons are NiMnTe
and NiMnSe. We have calculated their magnetic properties using the lattice constant
of NiMnSb. As shown in Fig. 1.5, NiMnSe almost makes the 5 up (its total spin
moment is 4.86 wp) and is nearly half-metallic, while its isovalent, NiMnTe, has a
slightly smaller spin moment. NiMnSe and NiMnTe show big changes in the majority
band compared to systems with 22 valence electrons as NiMnSb or NiMnAs, since
antibonding p-d states, which are usually above Ef, are shifted below the Fermi
level, thus increasing the total moment to nearly 5 up.
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1.3 Full Heusler Compounds

1.3.1 Electronic Structure

The second family of Heusler alloys, which we discuss, are the full-Heusler alloys. We
consider in particular compounds containing Co and Mn, as these are the full-Heusler
alloys that have attracted most of the attention. They are all strong ferromagnets with
high Curie temperatures (above 600 K) and except the Co,MnAl they show very
little disorder [10]. They adopt the L2; structure shown in Fig.1.1. Each Mn or
sp atom has eight Co atoms as first neighbors, sitting in an octahedral symmetry
position, while each Co has four Mn and four sp atoms as first neighbors and thus
the symmetry of the crystal is reduced to the tetrahedral one. The Co atoms occupying
the two different sublattices are chemically equivalent as the environment of the one
sublattice is the same as the environment of the second one but rotated by 90°. The
occupancy of two fcc sublattices by Co (or in general by X) atoms distinguishes the
full-Heusler alloys with the L2 structure from the semi-Heusler compounds with
the C1; structure, like e.g. CoMnSb, where only one sublattice is occupied by Co
atoms and the other one is empty. Although in the L2; structure, the Co atoms are
sitting on second neighbor positions, their interaction is important to explain the
magnetic properties of these compounds as we will show in the next section. Finally,
it should be noted that orbital magnetism in these compounds plays a minor role and
thus can be neglected when discussing their magnetic properties [159].

In Fig. 1.6 we have gathered the spin-resolved density of states (DOS) for the
CoaMnAl, CooMnGa, CooMnSi and CooMnGe compounds calculated using the
FSKKR. Firstly as shown by photoemission experiments by Brown et al. in the case
of CooMnSn [160] and verified by our calculations, the valence band extends around
6 eV below the Fermi level and the spin-up DOS shows a large peak just below the

T ‘ ‘ T ‘ T ‘
41 | -+ I 1
i i l |
S 0 : |
< - I T I 1
‘3’3 a4l Co,MnAl : _| Co,MnSi : N
8 | . | . | | . | ] | .
a8 1 ‘ 1 ‘ 1 ! 1 ‘ ‘ ‘ 1 ‘
0 4= | -+ I 1
o | 1 I ]
Q -\
0 r |
i | 1 | i
4 |- Co,MnGa : -} Co,MnGe : _
| | 1 | | 1
6 -3 0 3 -6 -3 0 3
E-E_(eV)

Fig. 1.6 Total DOS for the Coo,MnZ compounds with Z = Al, Si, Ge, Sn compounds
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Table 1.2 Calculated spin magnetic moments in up using the experimental lattice constants (see
[10]) for the CooMnZ compounds, where Z stands for the sp atom

m P () Co Mn V4 Total
CoyMnAl 0.77 2.53 —0.10 3.97
CoyMnGa 0.69 2.78 —0.09 4.06
CoyMnSi 1.02 2.97 -0.07 4.94
CorMnGe 0.98 3.04 —0.06 4.94
CoyMnSn 0.93 3.20 —0.08 4.98

Fermi level for these compounds. Although Ishida et al. [109, 110] predicted them to
be half-metals with small spin-down gaps ranging from 0.1 to 0.3 eV depending on
the material, our previous calculations showed a very small DOS at the Fermi level, in
agreement with the ASW results of Kiibler et al. [158] for Co,MnAl and Co,MnSn.
However a recalculation of our KKR results with a higher ¢-cut-off of €px = 4
restores the gap and we obtain good agreement with the results of Picozzi et al. using
the FLAPW method. The gap is an indirect gap, with the maximum of the valence
band at I" and the minimum of the conduction band at the X-point. In the case of
the full-Heusler alloys each Mn atom has eight Co atoms as first neighbors instead
of four as in CoMnSb and the hybridization effect is very important decreasing even
further the Mn spin moment to less than 3 up except in the case of Coo,MnSn where
it is comparable to the CoMnSb compound. The Co atoms are ferromagnetically
coupled to the Mn spin moments and they posses a spin moment that varies from
~0.7 to 1.0 pp. The Co moment is large and positive and arises basically from two
unoccupied Co bands in the minority conduction band, as explained below. Therefore
both Co atoms together can have a moment of about 2 wp, if all majority Co states
are occupied. This is basically the case for CooMnSi, Co,MnGe and Co,MnSn (see
Table 1.2). In contrast to this the sp atom has a very small negative moment which is
one order of magnitude smaller than the Co moment. The negative sign of the induced
sp moment characterizes most of the studied full and semi Heusler alloys with very
few exceptions. The compounds containing Al and Ga have 28 valence electrons and
the ones containing Si, Ge and Sn 29 valence electrons. The first compounds have a
total spin magnetic moment of 4 ;5 and the second ones of 5 up which agree with the
experimental deduced moments of these compounds [161, 162]. So it seems that the
total spin magnetic moment, M;, is related to the total number of valence electrons,
Z;, by the simple relation: M; = Z, — 24, while in the semi-Heusler alloys the total
magnetic moment is given by the relation M; = Z; — 18. In the following section
we will analyze the origin of this rule.
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Fig. 1.7 Schematic illustration of the origin of the gap in the minority band in full-Heusler alloys.
Due to legibility reasons, we use d/, d2 and d3 to denote the d,y, dy, and d_, orbitals, respectively,
and d4, d5 for the d,», dxz,yz orbitals

1.3.2 Origin of the Gap in Full-Heusler Alloys

Since, similar to the semi-Heusler alloys, the four sp-bands are located far below the
Fermi level and thus are not relevant for the gap, we consider only the hybridization of
the 15 d states of the Mn atom and the two Co atoms. For simplicity we consider only
the d-states at the I” point, which show the full structural symmetry. We will give here
a qualitative picture, since a thorough group theoretical analysis has been given in
[21]. Note that the Co atoms form a simple cubic lattice and that the Mn atoms (and the
Ge atoms) occupy the body centered sites and have 8 Co atoms as nearest neighbors.
Although the distance between the Co atoms is a second neighbors distance, the
hybridization between these atoms is qualitatively very important. Therefore we
start with the hybridization between these Co atoms which is qualitatively sketched
in Fig.1.7. The 5 d-orbitals are divided into the twofold degenerate d,2, d,>_»
and the threefold degenerate dyy, dyyx, d;x states. The e, orbitals (72, orbitals) can
only couple with the e, orbitals (#2, orbitals) of the other Co atom forming bonding
hybrids, denoted by e, (or 124) and antibonding orbitals, denoted by e, (or t1,). The
coefficients in front of the orbitals give the degeneracy.

In a second step we consider the hybridization of these Co-Co orbitals with the
Mn d-orbitals. As we show in the right-hand part of Fig. 1.7, the double degenerated
eg orbitals hybridize with the d,» and d,>_ > of the Mn that transform also with the
same representation. They create a doubly degenerate bonding e state that is very
low in energy and an antibonding one that is unoccupied and above the Fermi level.
The 3 x 1,4 Co orbitals couple to the dyy, yx,.x of the Mn and create 6 new orbitals,
3 of which are bonding and are occupied and the other three are antibonding and
high in energy. Finally the 2 x ¢, and 3 x #1,, Co orbitals can not couple with any of
the Mn d-orbitals since none of these is transforming with the u representations and
they are orthogonal to the Co ¢, and f, states. With respect to the Mn atoms these
states are therefore non-bonding. The t, states are below the Fermi level and they
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are occupied while the e, are just above the Fermi level. Thus in total 8 minority
d-bands are filled and 7 are empty.

Therefore all 5 Co-Mn bonding bands are occupied and all 5 Co-Mn antibonding
bands are empty, and the Fermi level falls in between the 5 non-bonding Co bands,
such that the three #1,, bands are occupied and the two e, bands are empty. The
maximal moment of the full Heusler alloys is therefore 7 pup per unit cell, which is
achieved, if all majority d-states are occupied.

1.3.3 Slater-Pauling Behavior of the Full-Heusler Alloys

Following the above discussion we will investigate the Slater-Pauling behavior and
in Fig. 1.8 we have plotted the total spin magnetic moments for all the compounds
under study as a function of the total number of valence electrons. The dashed line
represents the half metallicity rule: M; = Z; — 24 of the full Heusler alloys. This
rule arises from the fact that the minority band contains 12 electrons per unit cell:
4 are occupying the low lying s and p bands of the sp element and 8 the Co-like
minority d bands (2 x ey, 3 X 124 and 3 X 11,,), as explained above (see Fig. 1.7). Since
7 minority bands are unoccupied, the largest possible moment is 7 wp and occurs
when all majority d-states are occupied.
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Fig. 1.8 Calculated total spin moments for all the studied full Heusler alloys. The dashed line
represents the Slater-Pauling behavior. With open circles we present the compounds deviating from
the SP curve. Some experimental values for bulk systems near the SP curve from [10]: Co,MnAl
4.01 pup, CooMnSi 5.07 up, CooMnGa 4.05 up, CooMnGe 5.11 up, CopMnSn 5.08 up, CoyFeSi
5.9 up, Mny VAI —1.82 pp and finally Fe; VAl non-magnetic
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Overall we see that many of our results coincide with the Slater-Pauling curve.
Some of the Rh compounds show small deviations which are more serious for the
Co,TiAl compound. We see that there is no compound with a total spin magnetic
moment of 7 up or even 6 pp. Moreover we found also examples of half-metallic
materials with less than 24 electrons, Mn; VGe with 23 valence electrons and Mn; VAl
with 22 valence electrons. Firstly, we have calculated the spin moments of the com-
pounds Co, YAl where Y = Ti, V, Cr, Mn and Fe. The compounds containing V, Cr
and Mn show a similar behavior. As we substitute Cr for Mn, which has one valence
electron less than Mn, we depopulate one Mn spin-up state and thus the spin moment
of Cris around 1 pp smaller than the Mn one while the Co moments are practically
the same for both compounds. Substituting V for Cr has a larger effect since also
the Co spin-up DOS changes slightly and the Co magnetic moment is increased by
about 0.1 up compared to the other two compounds and V possesses a small moment
of 0.2 up. This change in the behavior is due to the smaller hybridization between
the Co atoms and the V ones as compared to the Cr and Mn atoms. Although all
three Coy VAL, CoyCrAl and CopMnAl compounds are on the SP curve as can be
seen in Fig. 1.8, this is not the case for the compounds containing Fe and Ti. If the
substitution of Fe for Mn followed the same logic as the one of Cr for Mn then the
Fe moment should be around 3.5 wp which is a very large moment for the Fe site.
Therefore it is energetically more favorable for the system that also the Co moment
is increased, as it was also the case for the other systems with 29 electrons like
CorMnSi, but while the latter one makes it to 5 up, CooFeAl reaches a value of
4.9 up. In the case of Co,TiAl it is energetically more favorable to have a weak
ferromagnet than an integer moment of 1 up as it is very difficult to magnetize the Ti
atom. Even in the case of the Co, TiSn the calculated total spin magnetic moment of
1.78 up (compared to the experimental value of 1.96 pp [163]) arises only from the
Co atoms as was also shown experimentally by Pendl et al. [164], and the Ti atom is
practically nonmagnetic and the latter compound fails to follow the SP curve.

As a second family of materials we have studied the compounds containing Fe.
Fe, VAl has in total 24 valence electrons and is a semi-metal, i.e. nonmagnetic with a
very small DOS at the Fermi level, as it is already known experimentally [165—168].
All the studied Fe compounds follow the SP behavior as can be seen in Fig. 1.8. In
the case of the Fe,CrAl and Fe;MnAl compounds the Cr and Mn atoms have spin
moments comparable to the Co compounds and similar DOS. In order to follow
the SP curve the Fe in FeyCrAl is practically nonmagnetic while in Fe;MnAl it
has a small negative moment. When we substitute Si for Al in Fe,MnAl, the extra
electron exclusively populates Fe spin-up states and the spin moment of each Fe
atom is increased by 0.5 up contrary to the corresponding Co compounds where
also the Mn spin moment was considerably increased. Finally we calculated as a test
Mn; VAl and Mn;, VGe that have 22 and 23 valence electrons, respectively, to see if
we can reproduce the SP behavior not only for compounds with more than 24, but
also for compounds with less than 24 electrons. As we have already shown Fe, VAl is
nonmagnetic and Co; VA, which has two electrons more, has a spin moment of 2 g.
Mn; VAl has two valence electrons less than Fe; VAL and its total spin moment is
—2 pp and thus it follows the SP behavior [169]; negative total spin moment means
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that the “minority” band with the gap has more occupied states than the “majority”
one.

As we have already mentioned the maximal moment of a full-Heusler alloy is
seven g, and should occur, when all 15 majority d states are occupied. Analogously
for a semi-Heusler alloy the maximal moment is 5 ;p. However this limit is difficult
to achieve, since due to the hybridization of the d states with empty sp-states of
the transition metal atoms (sites X and Y in Fig. 1.1), d-intensity is transferred into
states high above Er, which are very difficult to occupy. Although in the case of
semi-Heusler alloys, we could identify systems with a moment of nearly 5 up, the
hybridization is much stronger in the full-Heusler alloys so that a total moment of
7 up seems to be impossible. Therefore we restrict our search to possible systems
with 6 up, i.e. systems with 30 valence electrons, but as shown also in Fig. 1.8, none
of them makes exactly the 6 pp. CooMnAs shows the largest spin moment: 5.8 pp.
The basic reason, why moments of 6 wp are so difficult to achieve, is that as a result
of the strong hybridization with the two Co atoms the Mn atom cannot have a much
larger moment than 3 pp. While due to the empty e, -states the two Co atoms have no
problem to contribute a total of 2 5, the Mn moment is hybridization limited. Recent
calculations employing the Hubbard U have shown that Co,FeSi is susceptible of
being a half-metal with a 6 . p total spin magnetic moment [170]. Further calculations
by Tsirogiannis and Galanakis, using the on-site Coulomb parameters from [171],
have shown that the result depends strongly on the choice of the functional accounting
for the double term in these hybrid methods [172].

1.4 Inverse Full-Heusler Compounds

Except the usual full-Heusler compounds studied in Sect. 1.3 there exist also the so-
called inverse full-Heusler compounds. The latter compounds have also the chemical
formula X, YZ but in their case the valence of the X transition-metal atom is smaller
than the valence of the Y transition metal atom. As a consequence, the inverse Heusler
compounds crystallize in the so-called XA or X, structure, where the sequence of
the atoms is X-X-Y-Z and the prototype is Hg, TiCu [173]. Several inverse Heuslers
have been studied using first-principles electronic structure calculations in literature
[173-183]. In all cases the XA structure is energetically preferred to the L2 structure
of the usual full-Heusler compounds where the sequence of the atoms is X-Y-X-Z.
The latter has been also confirmed by experiments on Mn;CoGa and Mn;CoSn
films as well as Co doped Mn3Ga samples [184—187], but experiments on MnyNiSb
revealed that the actual arrangement of the atoms at the various sites can be influenced
by the preparing method [188]. Inverse Heuslers are interesting for applications since
they combine coherent growth on semiconductors with large Curie temperatures
which can exceed the 1000K as in the case of Crp,CoGa [189].

In [190], extensive first-principles calculations have been presented on the inverse
full-Heusler compounds having the chemical formula X, YZ where (X = Sc, Ti, V,
Cr or Mn), (Z = Al, Si or As) and the Y ranged from Ti to Zn. Several of these
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Fig. 1.9 Calculated total spin moments for several inverse Heusler compounds studied in [190].
The dashed lines represent the three variants of the Slater-Pauling behavior for these compounds

compounds have been identified to be half-metallic magnets. The appearance of
half-metallicity is associated in all cases to a Slater-Pauling behavior of the total
spin-magnetic moment. It was shown that when X is Sc or Ti, the total spin magnetic
moment per formula unit (or unit cell) in up follows the rule M; = Z; — 18 where
Z; is the total number of valence electrons in the unit cell. When X = Cr- or Mn, the
variant followed by M; is M; = Z; — 24, and when X = V the form of the Slater-
Pauling rule was found to be material specific. The occurrence of these rules can be
explained using simple hybridization arguments of the transition metal d-orbitals.
In fact, when X is Cr or Mn the situation is similar to the usual Heusler compounds
discussed above, but when X is Sc or Ti, the Fermi level in the minority-spin band
structure is located below the non-bonding #1,, states discussed in Sect. 1.3 leading to
the other variant of the Slater-Pauling rule. In Fig. 1.9 we present for several inverse
Heusler compounds the calculated total spin-magnetic moment in up per formula
unit as a function of the total number of valence electrons. Finally, a third variant of
the Slater-Pauling rule occurs, as shown in [190], when X is Cr or Mn and Y is Cu
or Zn. In this case Cu or Zn d-states are completely occupied being in energy below
the X d-states, and the half-metallic compounds follow a M; = Z; — 28 rule.

1.5 LiMgPdSn-Type Heusler Compounds

Except the usual and inverse full-Heusler compounds, another full-Heuslers family is
the LiMgPdSn-type ones; also known as LiMgPdSb-type Heusler compounds [191].
These are quaternary compounds with the chemical formula (XX")YZ where X, X’
and Y are transition metal atoms. The valence of X’ is lower than the valence of X
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atoms, and the valence of the Y element is lower than the valence of both X and
X'. The sequence of the atoms along the fcc cube’s diagonal is X-Y-X'-Z which is
energetically the most stable [192]. A few LiMgPdSn-type half-metallic compounds
have been studied [191, 193, 194]. Recent studied have been devoted to the study of
a large series of such compounds [195, 196].

More precisely in [196], first-principles electronic structure calculations have
been employed to study the electronic and magnetic properties of the 60 LiMgPdSn-
type multifunctional quaternary Heusler compounds. It was shown that most of the
compounds were half-metals obeying the same Slater-Pauling rule for full-Heusler
compounds, M; = Z, — 24, with only few exceptions. The driving force behind
the Slater-Paling rule was shown to be the same hybridization scheme as in full-
Heusler compounds. In Table 1.3, the calculated total and atom-resolved spin mag-
netic moments, for the case where X is Co, from [196] are presented.

Table 1.3 Calculated equilibrium lattice constant and spin magnetic moments in up for the
LiMgPdSn-type Heusler compounds, where X is Co, obeying the M; = Z, — 24 Slater-Pauling
rule using the FPLO method code [260, 261]

XXHYZ a(A) mX mX’ mY miotal Z
(CoCr)TiAl |5.95 -0.23 —2.15 0.28 —2.00 22
(CoV)TiSi | 5.90 —0.26 —1.67 —0.12 —2.00 22
(CoCr)VAl | 5.82 —0.34 —1.28 0.59 —1.00 23
(CoMn)TiAl |5.86 —-0.23 -1.03 0.23 —0.98 23
(CoCp)TiSi | 5.80 —0.21 —0.92 0.09 —1.00 23
(CoV)TiAs |5.97 —0.13 —0.90 —0.03 —1.00 23
(CoMn)CrAl | 5.71 0.66 —~1.09 1.50 1.00 25
(CoFe)VAl |5.73 0.61 0.51 —0.09 0.97 25
(CoMn)VSi |5.65 0.67 —0.05 0.38 0.97 25
(CoFe)TiSi |5.73 0.58 0.65 —0.19 1.00 25
(CoCr)VAs | 5.80 0.72 —0.41 0.68 1.00 25
(CoMn)TiAs | 5.83 0.62 0.54 —0.15 1.00 25
(CoMn)VAs |5.77 1.15 0.47 0.35 2.00 26
(CoFe)MnAl | 5.68 0.73 —0.18 2.59 3.00 27
(CoFe)CrSi | 5.61 1.00 0.33 1.79 3.00 27
(CoMn)CrAs | 5.75 1.06 —0.44 2.38 3.00 27
(CoFe)VAs | 5.78 1.05 1.19 0.75 3.00 27
(CoFe)MnSi | 5.60 0.79 0.55 2.81 4.00 28
(CoFe)CrAs |5.75 0.91 0.80 234 4.00 28
(CoFe)MnAs | 5.74 0.94 0.99 3.12 5.00 29

The total spin magnetic moment is given per formula unit (which coincides with the per unit cell
value)
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1.6 Disordered Quaternary Heusler Alloys

We proceed our study by examining the behavior of the so-called quaternary Heusler
alloys [22, 197-199]. In the latter compounds, one of the four sites is occupied by
two different kinds of neighboring elements like Co[Cri_,Mn,]Al where the Y
site is occupied by Cr or Mn atoms There is even the possibility of growing quin-
ternary Heusler compounds where also the D site is occupied by two species of
sp-atoms [200]. To perform this study we used the KKR method within the coherent
potential approximation (CPA) as implemented by H. Akai [54], which has been
already used with success to study the magnetic semiconductors [54]. For all cal-
culations we assumed that the lattice constant varies linearly with the concentration
x which has been verified for several quaternary alloys [10, 11]. To our knowledge
from the systems under study only Co,Crg ¢Fep 4 Al has been studied experimentally
[201-205].

We calculated the total spin moment for several quaternary alloys taking into
account several possible combinations of chemical elements and assuming in all cases
a concentration increment of 0. 1. The first possible case is when we have two different
low-valent transition metal atoms at the Y site like Coy[Crj_,Mn,]Al. The total spin
moment varies linearly between the 3 yp of CopCrAl and the 4 g of Coo,MnAl. In the
case of the Coy[Cr;_yFe,]Al and Cor[Mn;_,Fe,]Al compounds and up to around
x = 0.6 the total spin moment shows the SP behavior but for larger concentrations
it slightly deviates to account for the non-integer moment value of CoyFeAl. The
second case is when one mixes the sp elements, but as we just mentioned these
compounds also obey the rule for the total spin moments. The third and final case
is to mix the higher valent transition metal atoms like in [Fe;_,Co,]oMnAl and
[Rhi_,Co,]2MnAl alloys. In the first case the total spin moment varies linearly
between the 2 and 4 up of Fe;MnAl and CooMnAl compounds, respectively. Rh
is isoelectronic to Co and for the second family of compounds we find a constant
integer value of 4 up for all the concentrations. A special case is Mn VAl which
has less than 24 electrons and the total spin moment is —2 p. If now we mix Mn
and Co, we get a family of compounds where the total spin moment varies linearly
between the —2 up and the 2 up and for x = 0.5 we get the case of a paramagnetic
compound consisting of magnetic elements. Thus all the compounds obey the rule
M; = Z; — 24, showing the Slater-Pauling behavior regardless of the origin of the
extra charge.

As arule of thumb we expect, that for two half-metallic alloys like XYZ and X’ YZ
(or XY’Z, XYZ’), which both lay on the Slater-Pauling curve, also the mixtures like
X1-xX’xYZ lay on the Slater Pauling curve, with an average moment of < M; >
= (1-— )c)M,XYZ + xM,X’YZ. Howeyver, if these intermediate structures are stable,
is not guaranteed in particular if the parent compounds are not neighbors on the
Slater-Pauling curve.
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1.7 Half-Metallic Antiferromagnets

A special case for applications are the compounds made up from magnetic elements
with exactly 18 (in the case of semi-Heuslers) or 24, in the case of full-Heuslers,
valence electrons which should have a total zero spin magnetic moment in case of
half-metallicity. These alloys should be of special interest for applications since they
create no external stray fields and thus exhibit minimal energy losses [206]. In litera-
ture they are named either half-metallic fully-compensated ferrimagnets (HM-FCF)
[207] or half-metallic antiferromagnets (HMAs) which was the initial term used
by van Leuken and de Groot when studying the semi-Heusler compound CrMnSb
in 1995 [208]. The HMA character of CrMnSb has been also confirmed by cal-
culations made by Shaughnessy and collaborators [209]. Contrary to conventional
antiferromagnets here the compensation of the spin magnetic moments stems from
different magnetic sublattices, e.g. in CrMnSb Cr and Mn atoms have antiparallel
spin magnetic moments of about the same magnitude [208]. However, in contrast to
zero temperature limit in which the total magnetization vanishes, at finite tempera-
tures spin fluctuations induce a net magnetization in HMAs leading to a ferrimag-
netic state [210]. Except the semi-Heusler CrMnSb, also full-Heusler alloys with 24
valence electrons have been predicted to be HMAs including the Mn3zGa [207, 211,
212], CroMnZ (Z = P, As, Sb, Bi) alloys [173, 213, 214], the Co-doped Mn;VZ
(Z = Al, Si) half-metallic ferrimagnetic alloys [215] and the Cr-doped Co,CrAl
[216]. Heusler compounds are not the only family of alloys where the half-metallic
anitferromagnetism has been predicted. Potential HMA candidates include also the
double-perovskites [217-221], superlattice structures [222, 223], diluted magnetic
semicondutors [224, 225] and even Fe-based superconductors [226].

A special case of interest would be full-Heusler compounds where X and Y are of
the same chemical species. This may lead to an easier growth of these materials and
thus to enhanced properties of devices based on them. Moreover in this case we would
also avoid the degradation of the magnetic properties caused by impurities and atomic
swaps when the X and Y are of different chemical species like in Coo,MnSi [227]. The
cubic structure which results when X and Y are the same in full-Heusler is known
as the D03 structure. We mentioned in the above paragraph that Mn3Ga which has
24 valence electrons has been predicted to be a half-metallic antiferromagnet [207].
Several experiments have been lately devoted to the growth of high quality samples
of Mn3Ga alloy [212, 228, 229]. In [177], Li et al. have shown that also Mn3Al
which has 24 valence electrons is a HF-FCF and when Cr was substituted for Mn,
Cr3Al was found to have a total spin-magnetic moment of —3 wp in accordance
to the Slater-Pauling rule for half-metallic Heusler compounds. Doping of Mn3Al
with vanadium leads to the loss of half-metallicity [230]. In a recent publication
[189] it was shown that Cr3Se which has also 24 valence electrons is almost a
half-metal with an almost zero total spin magnetic moment. The Cr atoms in the
unit cell were antiferromagnetically coupled giving rise to ferrimagnetic behavior
and the estimated Curie temperature was as high as ~700 K. Thus this compound
is attractive for spintronics applications. Moreover the entire Cro4,Se family, with
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0 < x < 1, shows the half-metallic antiferromagnetic behavior [231]. We should
mention finally that one could envisage of growing a half-metallic antiferromagnet
by combing alternate layers of half-metallic ferromagnetic and ferrimagnetic Heusler
compounds as suggested in [232].

1.8 Magnetic Semiconductors

Magnetic semiconductors are compounds combining both the semiconducting behav-
ior with the magnetic properties. Such compounds can offer novel functionalities to
spintronic and magnetoelectronic devices, e.g. they can act as spin-filter materials.
Such materials can find application in magnetic tunnel junctions (MTJ). In usual
MT]Js the magnetic electrodes are separated by an insulating barrier and ballistic
transport is achieved through the tunnelling of the electrons via the barrier. The
alternative is to use a spin-filter material as the barrier and have metallic electrodes.
Then the probability for electrons tunnelling through the spin-filter barrier is different
for the two spin-directions and the flow of a spin-polarized current can be achieved
[233, 234]. Among Heusler compounds there are two families of compounds studied
recently which are magnetic semiconductors and can be used as spin-filter materials:
(1) (CoV)XALl with X being Ti, Zr or Hf which are ferromagnetic semiconductors
[235], and (ii) (CrV)XAl with X being Ti, Zr or Hf which are fully-compensated fer-
rimagnetic semiconductors [236]. The latter also combine magnetic semiconducting
behavior with zero magnetization leading to minimum energy losses in devices. In
Fig. 1.10 we present the total density of states for (CoV)TiAl and (CrV)TiAl where
the energy gaps in both spin-directions are present.

A special class are the so-called spin-gapless semiconductors. These materials
combine the properties of half-metals and magnetic semiconductors, and they are
actually magnetic semiconductors where there is an almost vanishing zero-width
energy gap at the Fermi level in the majority-spin direction and a usual energy
gap in the other spin-direction [237]. Spin-gapless semiconductors offer also novel
functionalists due to their unique properties: (i) the mobility of carriers is consider-
ably larger than in usual semiconductors, (ii) excited carriers include both electrons
and holes which can be 100 % spin-polarized simultaneously, and (iii) a vanishing
amount of energy is enough to excite majority-spin electrons from the valence to the
conduction band.

Although gapless-semiconductors are well known in literature [237], it was not
until 2008, that Wang proposed that the doping of PbPdO,, a gapless semicon-
ductor, with transition metal atoms would lead to a spin gapless semiconductor
[238, 239]. Experimental confirmation was offered in 2014 by Kim and collabora-
tors who studied pollycrystalline films of Mn and Co doped PbPdO; [240]. Among
Heusler compounds several have been identified to be spin-gapless semiconductors
[195, 196, 241, 242]. The main attention was given to MnyCoAl, an inverse full-
Heusler compound, due to its successful growth in the form of films. In 2008 Liu
and collaborators synthesized Mn; CoAl using an arc-melting technique and found
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Fig. 1.10 Total DOS per formula unit around the Fermi level for four magnetic semiconduc-
tors. (CrV)TiAl is a fully-compensated ferrimagnetic semiconductor, (CoV)TiAl is a ferromagnetic
semiconductor, and Ti;MnAl and Mn,;CoAl show a spin-gapless semiconducting behavior

that it adopted the lattice structure of inverse full-Heuslers with a lattice constant
of 5.8388 A and a total spin magnetic moment of 1.95 up per formula unit [174].
Electronic structure calculations yielded a ferrimagnetic state with a total spin mag-
netic moment of 1.95 up per formula unit and an antiparallel coupling between
the Mn nearest-neighboring atoms [174]. In 2011 Meinert and collaborators stud-
ied again theoretically this compound reproducing the calculated results of Liu et
al. and also studied the exchange constants revealing that magnetic interactions in
these compounds are short range direct interactions [243]. The breakthrough took
place in 2013, when Ouardi et al. identified the spin-gapless behavior of Mn,CoAl
and have confirmed it experimentally in bulk-like pollycrystalline films [244]. They
found an experimental lattice constant of 5.798 A, a Curie temperature of 720K
and a total spin magnetic per formula unit of 2 up at a temperature of 5 K [244].
Following this research work, Jamer and collaborators have grown thin films of
70nm thickness on top of GaAs [245], but these films were found to deviate from
the spin-gapless semiconducting behavior [246]. On the contrary films, grown on
top of a thermally oxidized Si substrate, were found to be spin-gapless semiconduc-
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tors with a Curie temperature of 550 K [247]. Ab-initio calculations of Skaftouros
et al. identified among the inverse Heusler compounds another four potential SGS
materials: TipCoSi, TioMnAl, Ti; VAs and Cr,ZnSi, with the latter three being also
fully-compensated ferrimagnets, and V3Al for which one V sublattice is not mag-
netic and the other two form a conventional antiferromagnet [241]. In Fig. 1.10 we
present the total density of states for MnyCoAl and Ti,MnAl presented in [241]. The
spin-gapless semiconducting character of TioMnAl was also confirmed by Jia et al.
[248]. Wollman et al. [249] confirmed the conclusion of Meinert et al. that direct
exchange interactions are responsible for the magnetic order in Mn; CoAl studying a
wide range of Mn,-based Heusler compounds and predicted a Curie temperature of
740K using the spherical approximation [250]. Skaftouros et al. discussed in detail
the behavior of the total magnetic moment in inverse Heusler compounds includ-
ing the spin-gapless materials [190]. Galanakis and collaborators have shown that
defects keep the half-metallic character of Mn;CoAl but destroy the spin-gapless
semiconducting character [251]. Finally, recent studies on the effect of doping of
Mn,CoAl with Co, Cu, V and Ti [252], as well as the anomalous Hall effect have
appeared in literature [253].

1.9 Special Topics

1.9.1 Exchange Constants and Curie Temperature

In [131] the exchange interactions are studied. In the case of semi-Heuslers, like
NiMnSb and CoMnSb, the dominant interaction is the indirect interaction between
the Mn atoms. Magnetic interactions are much more complex in the case of full-
Heusler compounds, like Cop,MnSi and Cop;CrAl. Now there are three magnetic
atoms in the unit cell and the ferromagnetic order is stabilized by the intersublattice
interactions between the Mn(Cr) and Co atoms and between Co atoms belonging
to different sublattices (see Fig. 1.1 for the structure) [131]. Contrary to the usual
full-Heusler compounds, where both direct and indirect exchange interactions are
present, the properties in the inverse Heusler compounds are dominated by short
range interactions [175, 249].

To calculate the Curie temperature in magnetic materials usually either the mean-
field (MFA) or the random-phase approximations (RPA) are employed. It has been
shown in the case of Heusler compounds that RPA is more adequate to estimate the
Curie temperature yielding values close to the experimental results [131]. The reason
is that MFA is the numerical average over the magnons (spin-waves) while RPA is
the harmonic average and thus in the latter the magnons with lower energy have a
more significant impact on the Curie temperature which represents more accurately
the experimental situation. In general Heusler compounds containing Mn atoms have
Curie temperature much higher than the room temperature [10].
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A cases of interest is the behavior of exchange constants upon doping. In [132], it
was shown that in the case of the semi-Heusler compounds, NiMnSb and CoMnSb,
the artificial shift of the Fermi level using a rigid band model results in a change in
the relative strength of the Ruderman-Kittel-Kasuya- Yosida (RKKY)-like ferromag-
netic and the superexchange antiferromagnetic interactions. The Curie temperature
takes its maximum value when the Fermi level is located exactly at the middle of
the minority-spin energy gap. This shift of the Fermi level in real systems can be
achieved either by substituting Cu for Ni or Co in NiMnSb/CoMnSb or by substitut-
ing Sb for Sn in AuMnSn. In both cases for large concentrations of Cu or Sb atoms
the superexchange antiferromagnetic interaction dominates over the RKKY-like fer-
romagnetic interaction and antiferromagnetism becomes the stable magnetic state
[103, 104].

1.9.2 Defects and Vacancies

Spin-orbit interaction is mixing the two spin-channels and thus no real half-metal
can exist. In reality, in Heusler compounds the effect of the spin-orbit coupling on
the minority-spin band gap can be neglected [254]. Even when heavy elements are
present like Sb in NiMnSb, the p-states of Sb are located low in energy and have
vanishing weight near the Fermi level. Thus in bulk Heusler compounds only defects
can affect their half-metallic character.

There are several derivatives of the initial ideal Heusler structures presented in
Fig. 1.1 due either to atomic swaps or disorder [ 133]. In the structures derived from the
occurrence of Co antisites in Coo,MnAl and Co, MnSi compounds the half-metallicity
is destroyed, while the Mn-Al(Si) swaps preserve the half-metallic character of the
parent compounds [133]. In both CopMnAl and Co,MnSi compounds when Fe or
Cr is substituted for Mn the half-metallicity is preserved [134, 135]. In the case of
Co,MnSi, when a surplus of Mn or Si atoms is present, like in the CooMny,Sij_y
compounds (with x ranging between —0.2 and 0.2), the half-metallicity is preserved
contrary to the CopMnj 4, Alj_, compounds where the half-metallicity is destroyed
[134, 135]. A very interesting case of defects occurs when Cr or Mn atoms substitute
Co atoms in CoyCrZ or Coo,MnZ compounds with Z being a sp-elements. The Cr
and Mn impurity atoms are antiferromagnetically coupled to the Co atoms as well
as to the Cr and Mn atoms sitting at the perfect C sites, and thus a half-metallic
ferrimagnetic state occurs [139, 140].

Vacancies are also a very common defect occurring during the growth of samples
of Heusler compounds. In the case of CoyCrZ or CooMnZ compounds when the
vacancy occurs at sites occupied by Co atoms the half-metallicity is destroyed con-
trary to vacancies at the Cr(Mn) or Z sites which leave the half-metallic character of
the parent compounds unaltered [136]. In [138] it was shown for several families of
Heusler compounds that the occurrence of vacancies at the A or C sites (see Fig. 1.1)
occupied by the higher-valent transition-metal atoms alters the local environment of
the atoms destroying the half-metallic character of the compounds under study.
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1.9.3 Surfaces and Interfaces

Surfaces of Heusler compounds have been found not be half-metallic. This is valid
irrespectively of the orientation of the surface and it is valid for both the semi-Heusler
compounds, as it was shown in the case of NiMnSb (111), (110) and (100) surfaces
[93-95], and the full-Heuslers like Coo,MnSn [129]. The loss of half-metallicity is
due to surface states pinned exactly at the Fermi level. A similar situation occurs
in the case of interfaces with semiconductors [96, 97] where also interface states
appear within the minority-spin energy gap. An interesting case occurs at interfaces
of full-Heusler compounds containing Cr. The large enhancement of the Cr moment
at the interface between a CrAl-terminated Co,CrAl(001) spacer and the InP(001)
semiconductor weakens the effect of the interface states, resulting in the high value
of the spin polarization at the Fermi level calculated in [128]. Finally, also the case of
interfaces between the full-Heusler compounds and magnetic binary compounds has
been studied. In cases where both magnetic spacers contain the same transition metal
atoms, like the case of Co,MnSi/CoPd multilayers, a high degree of spin polarization
at the interface is present [130].

1.10 Summary and Outlook

In this chapter we have given an introduction into the electronic structure and the
resulting magnetic properties of half-metallic Heusler alloys, which represent inter-
esting hybrids between metallic ferromagnets and semiconductors. Many unusual
features arise from the half-metallicity induced by the gap in the minority band, and
therefore the understanding of the gap is of central importance.

For the semi-Heusler alloys like NiMnSb, crystallizing in the C1; structure, the
gap arises from the hybridization between the d-wavefunctions of the lower-valent
transition metal atom (e.g. Mn) with the d-wavefunctions of the higher-valent tran-
sition metal atom (e.g. Ni). Thus the d-d hybridization leads to 5 occupied bonding
bands, which have a larger Ni and smaller Mn admixture. These states form the
valence band, being separated by a band gap from the conduction band which is
formed by five antibonding hybrids with a large Mn d- and a small Ni d-admixture.
The role of the sp atoms like Sb is very different. Firstly they are important for the
bonding, in particular for the stabilization of the C 1, structure. Secondly the sp atom
creates for each spin direction one s and three p bands in the energy region below
the d states which by hybridization can accommodate also transition metal electrons,
such that e.g. Sb formally acts like a Sb>~ and Sn as a Sn*~ anion. In this way the
effective number of valence d-electrons can be changed by the valence of the sp
elements.

Since the minority valence band consist of 9 bands, compounds with 18 valence
electrons like CoTiSb have the same density of states for both spin directions and
are semiconductors. More general, compounds with a total number of Z; valence
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electrons per unit cell are ferromagnets and have an integer total spin moment of
M; = Z; — 18, since Z; — 18 is the number of uncompensated spins. For instance,
NiMnSb has 22 valence electrons and therefore a total moment of exactly 4 up. This
relation is similar to the well known Slater-Pauling behavior observed for binary
transition-metal alloys and allows to classify the half-metallic C'1; Heusler alloys
into classes with integer moments between 0 and 5 pp. The maximum moment of 5
wp is difficult to achieve, since it requires that all majority d-sates are occupied.

In the case of the full-Heusler alloys like Co,MnGe, there are, in addition to the
Co-Mn bonding and antibonding d-hybrids, also Co states which cannot hybridize
with both the Mn and the Ge atoms and are exclusively localized at the two Co
sublattices. Thus in addition to the 5 Co-Mn bonding and 5 Co-Mn antibonding bands,
there exist 5 such “non-bonding” bands which are only splitted-up by the weaker Co-
Co hybridization into 3 occupied d states of 1, symmetry and 2 unoccupied e, states,
which are located just below and just above the Fermi level such that the indirect
gap in these materials is smaller than in the semi-Heuslers. Due to the additional 3
occupied #1,, cobalt bands, the full-Heusler alloys have 12 occupied minority bands
instead of 9in the case of the semi-Heusler compounds and their relation for the
total spin magnetic moment becomes M; = Z; — 24. Thus systems like Fe; VAl
with 24 valence electrons are semiconductors, Co, VAl (26 valence electrons) has
a total spin moment of 2 up, CoyCrAl 3 up, CooMnAl 4 up and finally Co,MnSi
which has 29 valence electrons has a total spin moment of 5 pp. The maximal total
spin moment for these alloys is 7 up, but as has been shown even the 6 up are
difficult to be achieved. Special cases of half-metallic full-Heuslers are the inverse
Heuslers, the LiMgPdSn-type Heuslers, the disordered quaternary ones (where at
one site there exist in a random way atoms of two different chemical species), the so-
called half-metallic antiferromagnets which have 24 valence electrons in the unit cell
and thus zero net magnetization and finally the magnetic semiconductors including
the Heusler compounds showing spin-gapless semiconducting behavior.

The existence of the minority gap is central for any application of half-metals in
spintronics, and thus it is of great importance to understand and control all mecha-
nisms that can destroy the gap. The spin-orbit interaction couples the two spin-bands
and induces states in the gap; however this effect is weak and the spinpolarization
remains in most cases as high as ~99 % [254]. There are, secondly, excitation effects
leading to states in the gap. In the simplest approach one can consider in the adi-
abatic approximation ‘“‘static spin waves”, which are superpositions of spin-up and
spin-down states. At higher temperatures spinwaves excitations will smear out the
gap [255, 256]. These excitations drive the system to the paramagnetic state above
the Curie temperature. At low temperatures the interaction of the electrons with
magnons leads to non-quasiparticle excitations in the minority gap above the Fermi
level [257]. Note that spin wave excitations lead to new states in the gap above and
below the Fermi level, whereas at low temperatures the non-quasiparticle states intro-
duce only additional states at and above Ef. Thirdly and most importantly several
kind of defects are expected to lead to states in the gap as discussed above [258].
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