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ATOMIC DISORDERING AND ELECTRON
BAND STRUCTURE IN THE HEUSLER ALLOY CoTiSb

With the help of the Linearized Augmented Plane Wave (LAPW) method, the role of some
structural types of CoTiSb alloy in the formation of its energy, spatial, spectral, and spin
characteristics has been clarified. The ground state of CoTiSb alloy, which is characterized
by the highest cohesive energy, is found to be realized in the case where atoms and vacancies
are arranged like in the C1b* phase. Transitions to the L2; and B2° phases with different
arrangements of alloy components in their crystal lattices are accompanied by the emergence
of high-energy metastable states. CoTiSb alloy in the ground state is a nonmagnetic insu-
lator. The metastable phases transform into metals with spin-polarized electron states and
magnetic moments mainly localized at cobalt atoms.
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1. Introduction

CoTiSb alloy was first synthesized in work [1]. At
present, it is a classical representative of half-Heusler
compounds, which are characterized by a certain
combination of magnetic, transport, optical, mag-
netooptical, superconducting, and other important
properties. With the help of those compounds, the
topologic insulators and the so-called half-metallic
state of a solid can be implemented. The latter
has an uncompensated spin density of band elec-
trons at the Fermi level, which is an important
property required in technologies aimed at the cre-
ation of materials for spintronics. The cubic modi-
fication is the most typical of them. This modifica-
tion is most often imagined in the form of four face-
centered crystal lattices penetrating one another. The
composition of those alloys is predominantly de-
scribed by the formula VABC, where V stands for
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an atomic vacancy, A and B are metals, and C is a
nonmetal.

A bright feature of the Heusler phases consists
in the capability for their composition components
to migrate over all four mentioned fcc sublattices,
which substantially manifests itself in the Heusler
phase properties [2]. This migration is described by
arbitrary values for the occupation numbers of the
sites in those sublattices with respect to the com-
ponents of indicated alloys. Evidently, this circum-
stance will result in the infinite number of struc-
tural types characterized by different combinations
in the arrangement of atoms and vacancies. However,
if the allowed occupation numbers are confined
to the set (O,%,l), forty-two independent struc-
tural types can be formed in the cubic modifica-
tion of half-Hausler alloys. Mathematically, they are
defined by the corresponding matrices of popula-
tion parameters (see below) for the sites in the
crystal sublattices under discussion [3]. According
to the conclusions of work [3], information about
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those matrices can be obtained from diffraction mea-
surements.

Some problems concerning interrelations between
atomic disorderings and the properties of half-Heusler
alloys were considered in a number of works (see,
e.g., works [2,4-7]). However, those publications con-
tain only scarce information on CoTiSb alloy. In par-
ticular, some mutual exchanges of atoms transform
the alloy from the semimetallic (this is obviously a
false statement, at least for temperatures exceeding
113 K [8, 9]) non-magnetic state into the metallic
one [4]. The statement about the influence of possi-
ble atomic disordering on the resistive and thermo-
electric properties of this alloy subjected to various
conditions of a thermal treatment [7] also turned out
poorly substantiated.

Therefore, in that work, where band structure cal-
culations were mainly used, a separate model problem
was considered. It concerns the role of some atomic
disorderings (structural types) in CoTiSbh alloy in the
formation of the energy, spatial, spectral, and spin
characteristics of this compound.

2. Calculation Procedure

In this work, we will calculate the electron band
structures for CoTiSb alloy in its three structural
modifications. The modifications differ from one an-
other by the arrangement of atoms and vacan-
cies in the crystal lattice. Each modification corre-
sponds to a definite structural type. Each type is
defined in the general form by means of a ma-
trix of occupation numbers for four fcc sublattices
(o, B, 7, 0), which mutually penetrate one another
(Fig. 1) [3]:

ay g ap ¢
Bv Ba Be Bc
W YA B Yo |
oy 0a 0B Oc

Here, for example, the quantity vp means the prob-
ability of population (the occupation number) of the
~-sublattice by component B, and dy the site popu-
lation in the §-sublattice by vacancies V. In our spe-
cific case of CoTiSb alloy, the components are va-
cancies (component V), Co (component A), Ti (com-
ponent B), and Sb (component C). Three structural
types (phases, modifications) defined by the matrices
of occupation numbers [3] were chosen for calcula-
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Fig. 1. Unit cell formed by four fcc sublattices (a, 3, v, 9)
that mutually penetrate one another 3]

tions, namely:

C1b* L29 B2°
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The values of structure-amplitude factors, which
were calculated on the basis of those matrices, can be
compared with their corresponding values that are
determined from diffraction data. In such a way, we
can establish which of the CoTiSb alloy phases is re-
alized in the synthesized specimens with the highest
probability. It turned out [3] that, in the case of Co-
TiSb alloy, the C1b* phase is realized with the highest
probability, whereas the formation of the L2;® struc-
ture has a low probability. The highest probability
for the structure-amplitude factor of the B2° phase is
that it does not to correspond to experimental obser-
vations, which means that the researched alloy cannot
exist in the B2¢ modification.

In this work, in order to simplify the calculation
procedure for the examined phases, the positions of
alloy components were assigned by means of their
multiplication, by using the symmetry operations for
a simple cubic lattice P. Note that in the framework
of the standard group-theory approach to the classifi-
cation of crystalline solids, the arrangement of atoms
in the C1b* phase in the symmetry of P lattice cor-
responds to the cubic system with the space group
F-43m (No. 216) [9]. In this work, this coincidence
was used as one of the criteria of that the procedure
selected for the calculation of the electron band struc-
ture in the analyzed phases with the use of P lattice
is correct.

The band structure calculations were performed,
by using the Linearized Augmented Plane Wave
(LAPW) method [10] with the generalized gradient

107



V.N. Uvarov, N.V. Uvarov, S.A. Bespalov et al.

1,04

F-43m

0,51

0,01

1,04

0,54 A
0,0-_/‘/

E, eV

Fig. 2. Total electron densities of states in CoTiSb alloy in its
F-43m and C1b® modifications normalized to the height of the
corresponding main maximum. Zero energy values correspond
to the Fermi level position

approximation (GDA) of the electron density (see
work [11]). While calculating the parameters of the
electron band structure, a spin-polarized variant of
this method was applied [12]. There is no informa-
tion in the literature concerning the values of the
parameter a for the cubic lattices in the L2;% and
B2¢ modifications. Therefore, they were calculated by
minimizing the total energy of the CoTiSb alloy spa-
tial structure [12]. In so doing, the data obtained ex-
perimentally [9] for the F-43m configuration, which

Optimized values of the parameter a
for a unit cell in various structural types
of CoTiSb compound

Structural type F-43m Clb® L2;,® B2¢
a, A 5.8934 5.8007 | 5.9343 | 6.2123
5.8825*

* Experiment [9].
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was optimized together with the structure of the alloy
concerned in the C1b® modification (it was done to
implement the same approach in calculations), were
taken as the initial values for the.parameter a.

The results obtained are quoted in Table. They tes-
tify that the optimized value of the parameter a for
the F-43m structural type differs from the experimen-
tally measured one only by 0.18%.

As was expected, the optimized values of the pa-
rameter a for the F-43m and C1b* modifications
practically coincide. The total electron densities of
states calculated for those structures are also iden-
tical (Fig. 2). Both those facts testify now that the
structure modeling with the use of P lattice for the
researched phases is a proper procedure.

The muffin-tin (MT) radii for the atomic spheres
were chosen to minimize the dimensions of region II
between the spheres in the C1b* modification, which
has the smallest volume of the unit cell. For all spatial
configurations and all atoms, these radii amounted
to 2.18ag, where ag = 5.2918 x 10~!! m is the Bohr
radius. While calculating the indices of the electron
band structure for all structural modifications of Co-
TiSb compound, 172 points were used in the irre-
ducible part of their Brillouin zones. The APW-+lo
bases were used to approximate the wave functions of
3d electrons in all atoms, and the LAPW ones for the
wave functions of other valence electrons. The prod-
uct of the MT sphere radius R,,; and the wave vector
maximum for plane waves Ky,.x was chosen to equal
seven. The maximum values of the quantum number
were selected to equal [ = 10 for the partial waves
in the spheres and [ = 4 in the calculation of non-
muffin-tin matrix elements.

The cohesive energy was calculated as the differ-
ence between the total energy of the corresponding
CoTiSb phase and the sum of the total energies of
the atoms that composed that phase but moved away
from each other by an “infinite” distance. The atoms
were determined in accordance with the recommen-
dations of work [13].

The polarization degree P of Fermi electrons was
determined by the formula [14]

_ Dy (Er) = D, (Er)
Dy (Er) + D, (Ep)
where D; (Ew) and D) (Er) are the total electron

densities of states at the Fermi level (Er) with the
spins directed upward and downward, respectively.

P
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3. Discussion of the Results Obtained

As one can see from the results depicted in Fig. 3,
the states with both close (with a difference of a few
thousandths of electronvolt) and considerably differ-
ent values of cohesive energy can be realized in the
system of mentioned spatial configurations. The for-
mer expectedly include the F-43m and C1b® phases,
as well as the compositions of the structural types
L2:* and B2¢. At the same time, the transition from
the C1b® phase to the L21® one is accompanied by a
drastic (1.024 eV) increase of the cohesive energy. As
a result, the L2,* and B2¢ phases can be regarded as
metastable, energetically highly excited states, which
cannot be realized in practice. The transition from
the ground state into a highly excited one results in
the loosening of interatomic chemical bonds, which
gives rise to the growth of the parameter a, especially
large at the transition into the B2¢ phase.

The variations in the component arrangement over
the crystallographic positions of CoTiSb alloy man-
ifest themselves in the total electron densities of
states, which are shown in Fig. 4. In order to find
a “true” (corresponding to the experiment) distribu-
tion of states among them, the photoelectron spec-
trum of CoTiSb compound [15] is also exhibited. Its
c-peak is superimposed with the corresponding com-
ponent in the total electron density of states obtained
for the C1b® modification. This procedure of match-
ing between the photoelectron spectra and the total
electron density of states on the basis of their charac-
teristic peaks is standard (see, e.g., works [16,17]). A
mismatch obtained between the Fermi level positions
that were determined either experimentally on the
scale of valence electron binding energies (Ej) or with
the help of band structure calculations is caused by
the fact that the excited states (a vacancy in the fi-
nal state of the photoionization process) reveal them-
selves in the experimental case, whereas the calcula-
tion concerns the ground state of the compounds and
gives underestimated values for the Fermi level ener-
gies. In our case, the indicated mismatch between the
Fermi level positions amounted to 1.12 eV. As to the
distributions of other electron densities in the L2:¢
and B2¢ phases, they are coupled with the previous
one by their Fermi levels.

From Fig. 4, it follows that the energy distribu-
tion of valence electrons corresponding to the atomic
configuration of the C1b% structural type maximally
correlates with the experiment. In particular, the en-
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for various atomic configurations of CoTiSb compound
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Fig. 4. Photoelectron spectrum (upper panel) of CoTiSb alloy
[15] and total densities of valence electron states in its various
structural modifications (indicated in the figure). Zero energy
values correspond to the Fermi level position
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Fig. 5. Atomic magnetic moments M and polarization de-
gree P of electron states in various structural modifications of
CoTiSb alloy. pp is the Bohr magneton

ergy positions of peaks ¢, d, and e in the photo-
electron spectrum coincide with their counterparts
in the electron state distribution. At the same time,
the positions of bright components a and b in the
experimental spectrum correspond to humps in the
density of states. The calculations also testified to
a non-magnetic character (see below) of the C1b?®
phase. Furthermore, in this phase, there exists a di-
rect minimum energy gap of 1.087 eV at point I' of
the Brillouin zone, which separates occupied and free
electron states from one another. According to the
results of other band structure calculations, the mag-
nitude of this gap falls within an interval from 0.95
[8,18] to 1.06 eV [15].

The revealed correlation between the calculation
and experimental results testifies, first, that the pro-
posed calculation procedure is correct; second, that
the ground state of the researched compound is re-
ally realized in the atomic configuration of the C1b®
structural type; and, finally, that the determination
of atomic configurations in the ground state with the
use of band structure calculations can be useful in
the researches dealing with the spatial structure in
atomically disordered compounds.

110

It is no surprise that the energy distributions of
the total density of valence electron states for the
L2:% and B2¢ phases substantially differ from the
previous one. Mismatches are observed not only in
the energy positions of density components and their
shapes, but also in their presence exactly at the Fermi
level. Really, if the C1b% composition is an insulator
with a zero density of valence electrons at the Fermi
level, the other two compositions transform into met-
als with a state density of 9.94 state/eV for the L2;*
phase and 15.64 state/eV for the B2¢ one. Note that
the overestimated value of the total density of states
obtained for valence electrons at the Fermi level for
the B2¢ phase testifies again to the extreme instabil-
ity of this phase and the impossibility of its synthesis.

The transformation to metastable modifications of
the examined alloy is accompanied by the spin polar-
ization of their electron states, which is illustrated in
Fig. 5. One can see that the polarization degrees P
for the L.2,% and B2¢ phases substantially differ from
zero. The zero polarization is typical of the ground
state modifications F-43m and C1b®. In turn, transi-
tions between metastable phases change the sign of P.

The polarization of electron states substantially af-
fects the formation of magnetic moments at the atoms
in separate phases of CoTiSb alloy. From Fig. 5, it fol-
lows that the F-43m and C1b* phases of the ground
state are really non-magnetic [18]. At the same time,
atoms in metastable formations acquire magnetic mo-
ments. The corresponding values of magnetic mo-
ments at cobalt atoms turn out anomalously large and
change their sign at the transition from a metastable
phase to the other one. The variations of magnetic
moments at titanium and antimony atoms are less
considerable, and those moments themselves are close
to zero.

4. Conclusions

The ground state of CoTiSb alloy with the largest
cohesive energy is realized in the C1b® phase. Tran-
sitions to the L2:% and B2¢ phases with different ar-
rangements of alloy components in their crystal lat-
tices are accompanied by the emergence of metastable
high-energy excited states. CoTiSb compound is a
non-magnetic insulator in the ground state, whereas
the metastable phases are transformed into metals
with spin-polarized electrons and the magnetic mo-
ments mainly localized at cobalt atoms.
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ATOMHE PO3VIIOPIIKYBAHHS
TA EJIEKTPOHHA BYIOBA CIIJIABY
XOWCJIEPA CoTiSb

Peszmowme

3a J0MOMOroIo JIHIHHOrO METOLY HMPUEAHAHUX ILIOCKUX XBUJIb
(JITIITX) BUSIBJIEHO POJIb JESIKUX CTPYKTYPHUX THIIB CIJIABY
CoTiSb y dopmyBamHi #0ro €eHepreTUIHEX, IIPOCTOPOBUX, CIIE-
KTPaJbHUX i CHIHOBUX XapaKTepUCTUK. BcTaHOBIIEHO, 1IIO HOTO
OCHOBHHUII CTaH 3 HANOIIBIINM 3HAYEHHSIM KOIe3iifHOI eHepril
peaJiisyeTbCsl y pa3i po3TallyBaHHsI aTOMIB i BakaHCiil, xapa-
krepHoro gy Clb%-dasu. Ilepexin no L21%-, B2¢-da3 3 inmmum
TIOJIO?KEHHAM KOMIIOHEHTIB CIJIaBY B MO0 KPUCTAJIIUHI I'paTii
CYyIPOBOJKYETHCSI BUHUKHEHHSIM €HEPIeTHYIHO BHCOKO30Y12Ke-
Hux MeTacTabinbumx cramiB. Coosyka CoTiSb B ocmoBmOMY
cTaHi € HeMarHiTHUM i30JIITOPOM, MeTacTabijibHI da3u mepe-
TBOPIOIOTHCSI HA METAJIH 3 CIIH-IIOJISPH30BAHUMU €JIEKTPOHHU-
MU CTaHaMH i MAarHiTHUMHA MOMEHTAMU, JIOKAJIi30BaAaHUMU IIepe-
BaXXHO Ha aTOMaX KOOAJIbTY.
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