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The Heusler compound CoTiSb was synthesized and investigated theoretically and experimentally with respect
to electronic structure and optical, mechanical, and vibrational properties. The optical properties were investigated
in a wide spectral range from 10 meV to 6.5 eV and compared with ab initio calculations. The optical spectra
confirm the semiconducting nature of CoTiSb, with a strong exciton absorption at 1.83 eV. The calculated
phonon dispersion as well as elastic constants verify the mechanical stability of CoTiSb in the cubic C1,
system. Furthermore, solid solution series of CoTi;_,M,Sb (M = Sc, V and 0 < x < 0.2) were synthesized
and investigated. The transport properties were calculated by all-electron ab initio methods and compared to
the measurements. The thermoelectric properties were investigated by measuring the temperature dependence of
electrical resistivity, Seebeck coefficient, and thermal conductivity. The thermal conductivity of the substituted
compounds was significantly reduced. Sc substitution resulted in a p-type behavior with a high Seebeck coefficient
of +177.8 uV/K (350 K) at 5% Sc substitution. This value is in good agreement with the calculations. Fully
relativistic Korringa—Kohn—Rostoker calculations in combination with the coherent potential approximation
clarify the different contribution of states in the (001) plane of the Fermi surface for Sc- or V-substituted

compounds CoTiggsM,Sb (M = Sc, V).
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I. INTRODUCTION

Heusler compounds with the general formula T T’ M (where
T and T’ are transition metals and M is a main group
element) and a 1:1:1 composition are ordered in C1,
structure that consists of an fcc lattice where three of the
four positions with highest symmetry (7;) in the primitive
cell are occupied and the fourth is left vacant. The properties
of these TT'M compounds depend strongly on the valence
electron concentration (VEC) or number of valence electrons
(N,) in the primitive cell, which determine the band structure
and accordingly the physical properties of the compounds. -2
Compounds with N, = 21, or 22 like NiMnSb, were suggested
to be halfmetallic ferromagnets.> Compounds with N, = 20
are not stable due to the localization of the Fermi level €
at states of the antibonding region.? In particular, compounds
with N, = 18 exhibit a closed shell type behavior with filled
bands (ay, t», e, 1) and therefore are found to be semimetals or
semiconductors.! Compounds containing heavy metals (Au,
Pt, Sb, or Bi) and a lanthanide element often exhibit a zero
band gap state. They are so-called gapless semiconductors.
That is, the band gap is closed through the touching of the
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valence and conduction bands at €. According to the earlier
electronic structure computations,4 several materials with a
zero direct gap at I' were predicted to be on the border-
line to topological insulators. From previous band structure
calculations and experimental studies, it is concluded that
numerous 18 VEC-Heusler systems based on /ight transition
metals (likewise CoTiSb or FeVSb) exhibit semiconducting
properties, with narrow band gaps in the density of states
(DOS)."2 The value of the gap in these compounds is related,
to a large extent, to the hybridization between d states of
the transition metals 7 and 7’ These narrow-band-gap
compounds were reported to exhibit excellent thermoelectric
properties®’ due to wide possibilities of modifying their
electronic properties by partial substitution or doping.

Since the first investigation as semiconductor by Kouacou
and coworkers,® CoTiSb has attracted a considerable interest
as a promising candidate for thermoelectric applications.
Up to today, there are more than thirty investigations
that are focused on CoTiSb-based compounds, concerning
band structure calculations, >392 synthesis,'? disorder,!*!
magnetism,'®2% and thermoelectric properties.?'° The best
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p-type thermoelectric properties for Heusler compounds
were achieved in CoSb-based materials.’** Recently, the
highest thermoelectric figure of merit ZT of 0.8 at
700°C was observed for the p-type Heusler compound
CoZr, sHf sSbo sSng ».3' These promising behaviors enhance
intensive theoretical and experimental studies of the CoTiSb
compound.

On the other hand, the study of the optical and mechanical
properties were reported as a useful method to investigate the
band gap*?>~3 and stability of some Heusler compounds.>®-3®
Most recent studies focused on the optimization of the
thermoelectric properties, such as nanostructuring to minimize
thermal conductivity, or partial atom substitution to decrease
electrical conductivity and/or increase the Seebeck coefficient.
Measurements of optical properties have been applied rarely
and investigations of mechanical properties have been ne-
glected, so far.

In the present study, the optical properties of CoTiSb
measured by spectroscopic ellipsometry and Fourier transform
infrared spectroscopy were investigated and compared to an
ab initio calculation. The stability of the compound was
studied by investigation of mechanical properties and phonon
calculations. The electronic structure of CoTiSb and Sc and
V substitution of Ti was investigated by means of hard
x-ray photoelectron spectroscopy (HAXPES) and compared
to the calculations. The influence of site disorder on the
electrical conductivity of CoTiSb was investigated by ab initio
calculations and compared to experiments. Furthermore, the
effect of Ti substitution by Sc and V on the thermoelectric
properties of the Heusler compounds CoTi;_,M,Sb (where
M = Sc,Vand 0 < x < 0.2) was investigated and compared
to theoretical predictions.

II. DETAILS OF THE CALCULATIONS

Electronic structure and optical and transport properties of
the compounds were calculated by the full potential linearized
augmented plane wave (FLAPW) method as implemented
in WIEN2k*® in combination with a modified version of
BOLTZTRAP*(for details see Ref. 41). The calculations were
performed in the semirelativistic mode by solving the Dirac
equation only for core states and neglecting spin-orbit interac-
tion for the valence states. The exchange-correlation functional
was taken within the generalized gradient approximation
(GGA) in the parametrization of Perdew, Burke, and Enzerhof
(PBE).** For integration, a 31 x 31 x 31 point mesh was
used resulting in 816 k points in the irreducible wedge of
the Brillouin zone. The energy convergence criterion was
set to 107> Ry and simultaneously the criterion for charge
convergence to 107’e~. Relaxed lattice parameters were used
in all calculations, the optimization of the volume resulted in
a = 5.8981 A for CoTiSb. Details of calculations are described
in Ref. 41.

The calculation of the electronic structure of disordered
or substituted compounds is more demanding compared to
the pure compounds because of noninteger site occupancies
accompanied by the loss of periodicity of the crystalline
structure. One approach is the use of supercells with a large
number of sites. This allows to model vacancies by removal
of atoms in the supercell or antisite disorder by changing
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the positions of selected atoms. Substituted compounds may
be described by exchanging kinds of atoms on fixed sites.
A drawback is that the calculations can be performed only
for fractional types of site occupancies (x = i/n, i < n) that
depend on the total number of sites (n) in the supercell.
In the present work, two alternative approaches were used
that allow for nonrational site occupancies x. One is the
virtual crystal approximation (VCA) that can be performed
within the FLAPW method. In the VCA, the atoms are
replaced by “virtual” elements that have different (noninteger)
nuclear charges and numbers of valence electrons. It is suited
for small amounts (x < 1) of substituted atoms that are
(neighboring) in the same row of the periodic table of elements.
The other method used here—and allowing to replace “real”
element—is the coherent potential approximation (CPA) that
can be performed within the Korringa—Kohn—Rostoker (KKR)
Green’s function method. In the CPA, the random array of real
on-site potentials is replaced by an ordered array of effective
potentials and thus it describes the behavior of an atom in
a mean-field environment. The CPA is suited for any site
occupation 0 < x < 1. The disadvantage of both VCA and
CPA is that they do not include the local environment effects
such as preferential ordering or lattice relaxations around the
impurity site.

The electronic structure of substitutionally disordered
CoTij_ M,Sb (where M =Sc, V and 0 < x < 0.2) was
calculated by means of the VCA. The substitution of Ti by
an amount x of Sc or V results in a reduction or an addition by
x e~ because the difference in the valence electrons of those
atoms is 1. Therefore the charge and number of electrons
at the Ti site (4¢c) of CoTiSb was set to (22 & x) ¢~ to model
the Co(Ti;_,M,)Sb (M = Sc, V) solid solutions. It should
be noted that the VCA method has the drawback that it is
not element specific. This means that the result would be
the same for CoTi+,Sb or any suitable substitution by other
elements resulting in the same valence charge. The resulting
band structure is also an approximation as it is absent in real
solid solutions with random site occupation and thus a missing
periodicity of the crystalline structure.

Furthermore, the electronic structure calculations of Co-
TiSb with antisite disorder and substituted CoTi;_,M,Sb
(where M = Sc, Vand 0 < x < 0.2) have been performed by
means of the fully relativistic KKR method in combination
with the CPA as implemented in the MUNICH-SPRKKR
program package.*® The calculations were performed in the
fully relativistic mode by solving the Dirac equation for
core and valence states. The k-integration mesh was set
to a size of 28 x 28 x 28 during the self-consistent cycles
(1128 k points in the irreducible wedge of the Brillouin
zone). The gradient correction of the PBE-functional was
switched off for the vacant site to avoid numerical instabilities
caused by low charge densities. The Co atoms are placed on
the 4a Wyckoff position, the Ti atoms are placed together
with the M atoms on the 4c position, and the main group
element Sn is finally placed on the 4d position. The swap-
type disordered CoTiSb [here Co(Vci_,Ti,)(Ti;—,Vc,)Sb]
compound was also treated using the CPA method by placing
a fraction of x vacancies (Vc) on the regular Ti site (4c) and
simultaneously the swapped Ti part (1 — x) on the 4b Wyckoff
position.
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III. EXPERIMENTAL DETAILS

The solid solution series CoTi;_,M,Sb (M = Sc, V and
x =0,...,0.2) was prepared by arc melting. To compensate
the loss of the Sb during arcmelting an excess of 5% Sb was
used. The ingots were wrapped in tantalum foil and annealed
at 900 K for 10 days under argon in quartz ampules. The
annealing was followed by slow cooling to room temperature.
The ingots were cut to disks and polished for investigations of
composition, optical properties, and electronic structure.

The crystalline structure, homogeneity, and composition
of the samples were checked by x-ray diffraction (XRD) and
energy-dispersive x-ray (EDX) spectroscopy. Powder XRD
revealed single phases with C1,, structure for all compounds.
The powder XRD experiments were performed by using a
Siemens D5000 diffractometer with Cu K, radiation, A =
1.5418 A, in Bragg geometry. A scanning electron microscope
(SEM) (Jeol JSM-6400) equipped with an EDX detection
system was used to proof the quality and the distribution
of the constituent elements at the surface. The samples
were measured in vacuum with a residual pressure of about
3.0 x 10~® mbar. The primary electron beam had an energy of
20 keV and the EDX detector was mounted at an angle of 35°
to the sample surface normal.

The optical investigations were performed using a spec-
troscopic ellipsometer (Horiba Jobin Yvon, UVISEL) in the
energy range 0.6-6.5 eV and Fourier transform infrared (FTIR)
spectrometer (Bruker, Vertex 70v) for 6 meV-1 eV. All optical
investigations were carried out at room temperature. The
ellipsometry data were measured at incidence angles of 60°
and 70°. The dielectric function of CoTiSb was obtained from
the ellipsometry spectra by eliminating of surface roughness
using a 5.2-nm-thick surface layer of an effective medium
with 50% of voids. The infrared reflectivity was measured at
an incidence angle of 11°.

Transport and specific heat measurements were performed
by means of a physical properties measurement system
(PPMS; Quantum Design). For transport measurements, sticks
of 2 x 2 x 8 mm® were cut from the ingots. For the specific
heat measurements, small sample pieces of approximately
8 mg were used. The temperature was varied from 1.8 to 350 K.
All measurements were performed at a residual pressure of
about 9.0 x 107> mbar in the PPMS chamber.

For the HAXPES measurements the sample sticks were
fractured in situ in the ultrahigh vacuum (UHV) chamber be-
fore each measurement to avoid contamination when exposed
to air. The sticks were identical to those used for the transport
measurements. The HAXPES experiments were performed
at beamline BL15XU* of SPring-8 (Japan). The photon
energy was fixed at 5.9534 keV using a Si 111 double crystal
monochromator and the 333 reflection of a Si channel-cut
post monochromator. The photoelectrons were analyzed and
detected by means of a hemispherical analyzer (VG Scienta
R4000). The overall energy resolution (monochromator plus
analyzer) was set to 140 meV, as verified by spectra of the
Au valence band at the Fermi energy (¢r). The angle between
the electron spectrometer and photon propagation is fixed at
90°. A near-normal emission angle (6 ~ 2°) was used for
electron detection. The measurements were taken at a sample
temperature of 20 K.
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FIG. 1. (Color online) Crystalline structure of CoTiSb. (a) The
x-ray diffraction data and results of the Rietveld refinement for
ordered and partially disordered CoTiSb. The data were taken at
room temperature using Cu K, radiation. (b) The primitive cell of
CoTiSb in the C1,, structure. The light sphere in the center represents
the vacancy.

IV. RESULTS AND DISCUSSION

A. Structure and composition

The experiments revealed that pure CoTiSb samples have
the correct 1:1:1 stoichiometry and the C1, structure. Fig-
ure 1(b) shows the primitive cell of cubic face centered CoTiSb.
The C1,, structure exhibits a vacant site (Vc) in the 40 Wyckoff
position [the light sphere in the center at (%, %, %)]. Co, Ti, and
Sb occupy the 4a, 4d, and 4c Wyckoff positions at (0,0,0),
(%, %, %), and (}1, }1, }T), respectively. The space group is F 43m
and the primitive cell as well as the vacant and all three
occupied Wyckoff positions have 7, point group symmetry.
A Rietveld refinement of the x-ray powder diffraction of
CoTiSb is shown in Fig. 1(a). The refinement has the lowest
R value (£2.7%) when assuming a 3.7 % swap of Ti atoms
into the vacant position Vc. Assuming other types of antisite
disorder resulted in considerably larger R values. The lattice
parameter determined from powder XRD is dex, = 5.884 A.
The observed value is in good agreement with those reported
previously.>!8 It is slightly smaller (0.2%) compared to the
optimized lattice parameter as is typical for calculations using
GGA. The difference is too small to have a noticeable impact
on the result of the calculations reported in the following.

Figure 2(a) shows a SEM micrograph of polished CoTiSb
recorded over a large area. No evidence of other phases or
faults (as for example cracks or inclusions) was observed.
The compositional homogeneity checked by the corresponding
EDX line scan is show in Fig. 2(b). A uniform distribution
of the elements consistent to the microstructure is observed.
The results of the quantitative chemical analysis are presented
in Table I. CoTiSb shows a 1:1: 1 composition within the
experimental uncertainty.

B. Electronic Structure and Optical Properties

Figure 3 compares the band structure of pure CoTiSb to the
cases of electron lack and excess at the Ti site calculated in
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FIG. 2. (Color online) EDX measurement of CoTiSb. (a) SEM
micrograph and (b) intensities of characteristic x-ray emission of Ti
K,, Sb L,, and Co K, along the line scan.

VCA. The topmost valence band at €y of the semiconducting
pure CoTiSb (x = 0) has f, character at the I point that has
T, symmetry. It is followed by d bands of ¢ (—1.56 eV) and
bands of # (—2.39 eV) character. The low lying a; states
are found below —9.4 eV and are separated from the higher
lying bands by the sp hybridization gap that is typical for
Heusler compounds. The pure CoTiSb exhibits an indirect
I'-X band gap of about 1.06 eV, whereas the optical gap at
I' is considerably larger (1.83 eV). Both, topmost valence
band and lowest conduction band appear very low dispersing
with a bandwidth of ~150 meV in the I'-L direction and
thus allow easily for direct optical transitions at energies of
about 1.8 eV.

The variation of the number of valence electrons results
in an emptying or filling of the valence or conduction bands,
respectively. The result is a shift of the €7 into the valence
(x < 0) or conduction (x > 0) bands. Due to the high density
of states already close to both band edges this energy shift is
only small. At a doping level of x = 0.1, € is located about
110 meV below or 115 meV above the valence or conduction
band edges. The gap is kept with the same size when adding or
removing electrons and the change of the electronic structure
appears to be of rigid-band type, that is, no major changes
in the dispersion are observed here when using the VCA
approach.

The optical properties of pure CoTiSb are presented in
Fig. 4. The spectral dependence of the complex permittivity
& =&, +i¢g; is shown in Fig. 4(a). The dominant feature of
those spectra is a strong absorption peak at 1.80 eV. This value

TABLE I. Chemical composition of CoTiSb.

Atom Co Ti Sb

Fraction 1.01 £0.03 1.00 £ 0.03 0.99 + 0.03
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FIG. 3. (Color online) Band structure of CoTiSb with (22 £+ x) e~
(x = 0,0.1). The calculations were performed using FLAPW with
VCA. The irreducible representations of the states at I are marked
in (c).

is in perfect agreement with the direct band gap at I" and the
distance between the flat valence and conduction bands in the
I'-L direction as shown in Fig. 3(b). For energies below 1.8 eV,
the optical absorption (g;) quickly drops to zero, as expected
for semiconductors when the photon energies become smaller
than the gap size. The experimentally determined spectra are
compared with the results of the ab initio calculations. The
main features are well reproduced. The position and strength
of the optical absorption peaks for energies above 2 eV, namely,
ataround 3.2 and 5.0 eV, agree well between experimental data
and the ab initio calculations.

The wide range infrared reflectivity is presented in Fig. 4(b),
measured from 10 meV (far infrared) to 1 eV (near infrared).
The dominant feature is a strong absorption peak at about
34 meV, where the reflectivity changes abruptly from 100%
to 30%. There is also one small absorption peak observed at
about 28 meV [see inset in Fig. 4(b)].
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FIG. 4. (Color online) Optical properties of CoTiSb. (a) compares
the calculated and measured real ¢, and imaginary ¢; parts of
the permittivity, and the infrared reflectivity is shown in (b). Red
dashed lines show positions of resonance peaks. Bottom inset in
(b) is imaginary part of the permittivity in the infrared region. The
calculations in (a) were performed using FLAPW.
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In order to describe the reflectivity in detail, the following
contributions to the permittivity are used for a fit of the data:

3
£ = foo + D+ Y EGL.j- (1)

Jj=1

The term e, describes the shift of the real part of the
permittivity due to photon absorption at higher photon en-
ergies. The Drude term originates from the presence of free
electrons: epp(E) = E2D/(—E2 —iyFE), where Ep and y are
the plasma and damping energies, respectively. The fit provides
a rather week Drude term with Ep =250 meV and y =
223 meV. This corresponds to a quasistatic conductivity of
o = (E}g0)/(yh) = 3.8 x 10° Sm™!. This rather low optical
conductivity reflects the semiconducting nature of CoTiSb (g
is the vacuum permittivity and 7 is the Planck’s constant). The
last three terms &g, ; correspond to resonant phonon vibrations
and are described using Gauss-Lorentzian (Voigt) oscillators.*
The dominant peak at Ep; = 32.1 meV and two minor
peaks at Epp = 33.1 meV and Ej, = 28.7 meV describe
the main features of the infrared spectra [bottom inset in
Fig. 4(b)]. The fit reveals that those absorption peaks are very
sharp, with quality factors of Ey/y > 100. The peaks originate
from absorption of optical phonons (compare Fig. 8). Similar
absorption peaks were observed at photon energies of 16.7 and
23.8 meV in PtYSb* or at 15.3 and 21.1 meV in NiHfSn.**

C. Hard x-ray valence band photoelectron spectroscopy

The electronic structures of CoTiSb, CoTig 95S¢.05Sb, and
CoTipoVo.1Sb were investigated by HAXPES. The spectra
were taken at 20 K sample temperature with an excitation
energy of about 6 keV. Figure 5 compares the calculated
total and partial DOS of CoTiSb to the measured valence
band spectra. The valence band spectrum with five maxima
exhibits the typical structure of Heusler compounds with C1,,

16 ———— ——
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FIG. 5. (Color online) Total and partial density of states (a) and
(c) and valence band spectra (b) of CoTiSb. The excitation energy
was fixed to 5.9534 keV. The DOS was calculated by FLAPW. The
in-gap states are marked by the shaded area in (d).

PHYSICAL REVIEW B 86, 045116 (2012)

structure.!1#14647 In the present work, those states are clearly
and much better resolved compared to previous investigations
of the valence band of CoTiSb.!""!° Cause is the much higher
resolution (AE = 140 meV) of the high brilliant photon
source at SPring-8.

All major structures observed in the spectrum are in well
agreement to the calculated DOS (see also Fig. 3 for the
irreducible representations of the states at the I" point). The low
lying maximum at about —11.5 eV below €y arises from a; (s)
states localized at the main group element Sb. Compared to the
partial DOS, the peaks at —1.6, —2.3, and —4.0 eV arise mainly
from different d states with #, or e character located at Co and
Ti. The peaks at about —6.9 eV arises mainly from #, (p) states.
The peaks close to €5 are sharper, as those lying farther away
from €. This is due to the lifetime broadening that increases
with increase of the binding energy. Furthermore, the intensity
ratios of the peaks are different from the calculated DOS. This
deviation arises from the different partial cross sections of the
s, p and d states located at different atoms. Both cross section
and lifetime effects are discussed in more detail in Ref. 11.

A large amount of states inside of the semiconducting gap
is obvious from Fig. 5(d). In Sec. IV A, the evidence for a
Ti<>Vc type antisite disorder of about 4% was found by XRD.
As reported previously,'>*! the occupation of the vacant site of
the C1, structure by one of the constituents while keeping the
1:1: 1 stoichiometry leads to the occurrence of in-gap states.
KKR-CPA calculations were performed to explain and analyze
the influence of Ti<>Vc antisite disorder on the electronic
structure. The results for 5% swap of Ti atoms into the vacant
site at fixed, ideal 1 : 1 : 1 stoichiometry are shown in Fig. 6.
The details for other types of antisite disorder are explained in
Appendix A.

A band structure is not longer defined in disordered or
substituted systems with random site occupancies due to the
lack of periodicity. However, the density of states and the
Bloch spectral function can still be calculated by Green’s
function methods. The antisite disorder causes a broadening
of the initial band dispersion as is seen from the Bloch spectral

(a)
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G e K. e Co
= — Ti
=
83|
>
N —
5 Tr=-.
S -<, -
m ) >
2 3
Density of states n(E) [eV"]
(b

Electron momentum k&

FIG. 6. (Color online) Electronic structure of CoTiSb with 5%
Ti<> Vc antisite disorder. (a) Bloch spectral function in the A (I — X)
and A (I' — L) directions. (b) shows the accompanied total and partial
density of states calculated for the full Brillouin zone.
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FIG. 7. (Color online) Valence band spectra of substituted
CoTiSb. (a) shows the valence bands of CoTigg5Scy¢sSb and
CoTip9Vy.1Sb in the range of the d states and (b) the energy range
close to € on an enlarged view (CoTiSb is included for comparison).

function in comparison to the initial band structure. The
course of the major features is the same for the KKR-CPA
and the FLAPW-VCA calculations, in particular, there are no
mentionable differences in the energies between valence and
conduction states. Different from the original band structure,
now one recognizes states in the initial band gap that are found
around the I" point and thus are strongly localized as expected
for impurity states. The states exhibit a low dispersion but are
found over a rather wide band of energies inside of the initial
semi-conducting band gap. The orbital momentum analysis of
the DOS reveals that those in-gap states have d character. It is
interesting to note that the in-gap states below € are to a large
amount localized at the Co atoms, whereas those above € are
to a larger amount localized at both Ti atoms in the original 4d
as well as the vacant 4b position [see Fig. 6(b)]. That is, they
are split of from the former valence or conduction band edges.

Figure 7 compares the measured valence band spectra of the
Sc (CoTig.955¢p.05Sb) and V (CoTig9 V(.1 Sb) substituted com-
pound. Structures similar to those of pure CoTiSb are observed
also for the substituted compounds. A remarkable shift of the
peaks towards the Fermi energy € is obtained for Sc substi-
tution, whereas for V substitution a shift away from € is ob-
served. It is explained by the depletion or filling of states in the
valence band when substituting Ti (3d 2457%) by Sc (3d 1452y or
V (3d34s?%). In fact, e is changed or—equivalently—the bands
move towards or away from € that is here the reference energy.

For a pure semiconducting compound the Fermi-energy
is located at 7 = 0, by definition, at the highest occupied
state that is the top of the valence band. Any small deviation
8 — =0 in the number of electrons will shift the Fermi energy
in the spectra. Creation of holes (6 < 0), indeed, keeps €r
very close to the top of the valence band. In contrast, creation
of electrons (6 > 0) will cause a jump of € to the bottom
of the conduction band. From Figs. 5 and 7(b), it is evident
that the CoTiSb sample is electron doped. Independent on
the occurrence of in-gap states, €y is obviously located at
the bottom of the conduction band. Substitution by V and
thus further electron doping results in a only small shift of
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the steep onset of the d bands by about 150 meV as is
expected from the VCA calculations. From the spectrum of
CoTip9Vy.1Sb, it is seen that the in-gap states survive the V
substitution. The substitution by Sc and thus hole doping leads
seemingly to much more drastic changes. Here, the onset of
the d band jumps by about 1 eV towards zero and no in-gap
states are recognized. This change of the spectrum is caused
because the Fermi energy falls now into the valence band. The
in-gap state, if still existing, may stay unoccupied and thus
can not be detected anymore by photoelectron spectroscopy.
A comparison to the calculations for Sc substitution with
simultaneous antisite disorder (see Appendix B) hints that
such a scenario is rather improbable as it would keep the
Fermi energy inside of the band gap. It seems that the Sc
substitution leads to a stabilization of the structure and reduces
the probability of antisite disorder.

The electron filling and depletion is also seen from the shift
of the major maxima in the spectra of the V and Sc substituted
samples. The average shift is AE = 1.03 £0.03 eV. The
differences in the spectra taken from CoTipoV(Sb and
CoTig.955¢0.05Sb thus confirm that the size of the band gap is
in the order of 1 eV in agreement to the ab initio calculations.

D. Vibrational and mechanical properties

The vibrational properties of CoTiSb were calculated by
means of PHONON*® on the basis of the results from WIEN2k.
The primitive cell containing three atoms was enlarged to a
cell with 12 distinguished atoms to calculate the Hellmann-
Feynman forces for the phonon analysis. For these calcula-
tions, a force convergence criterion of 107* Ryay, Bl was used
in addition to the energy convergence criterion. Figure 8 shows
the calculated phonon dispersion #v(g) and the accompanied
density of states g(w) of CoTiSb. As expected for C 1, structure
with three atoms in the primitive cell, the phonon dispersion
exhibits nine branches, three acoustic one longitudinal (LA)
and two transversal (TA)] and six optical branches. A gap of
about 4.4 meV between the acoustic and the optical branches
is observed, due to the differences in the atomic masses of the
atoms. The energies of the optical phonons at the I point are
28.4 and 32.2 meV, in perfect agreement with the absorption
lines observed in the experiment as shown in Fig. 4(b).
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5 E » .
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2 PF fia A : z
2 10F 3 .
o o ]
'J: - -
= st/ /TA ] ;
0 ] o ) | ) ]
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FIG. 8. (Color online) Phonon dispersion (a) and corresponding
phonon density of states (b) of CoTiSb.
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TABLE II. Mechanical properties of CoTiSb. Calculated elastic
constants ¢;; as well as the modulus are given in GPa; Poison’s ratio
(v) and elastic anisotropy (A,) are dimensionless quantities.

Ci1 Ci2 Cay B E G v A,

259 84 93 142 224 91 0.24 1.06

The mechanical stability of thermoelectric materials is re-
quired to reach high efficiency and reliability of thermoelectric
modules. Therefore the mechanical properties of CoTiSb were
investigated. Details of the calculations have been reported in
previous work.*® The values of the calculated elastic constants
¢ij, bulk modulus B, Young’s modulus E, rigidity modulus G,
Poison’s ratio v, and elastic anisotropy A, are listed in Table II.
The values of the calculated elastic constants as well as the
elastic anisotropy A, being close to unity satisfy the criteria
for mechanical stability of CoTiSb in the cubic system.*

The elastic anisotropy A, = 2c44/(c11 — c12) is close to
unity that means that Young’s modulus E(#) exhibits a
spherical distribution. For A, < 0 or A, — oo, the crystal
would not be stable in the cubic structure as one of the
Born-Huang criteria for stability (c1; —cj2 > 0 or cqq > 0)
is violated.*® For A, > 1, one finds that E(#) is highest along
the space diagonal ({111)-type directions) whereas it is highest
along the cubic axes ((001)-type directions) for 1 > A, > 0.

Figure 9(a) compares the temperature dependence of the
measured specific heat C(T') to the calculated lattice specific
heat C(T). Below 100 K, C(T) agrees well with C(T),
where at higher temperature the measured specific heat
C(T) is higher than C.(T), due to the contribution from
electrons in the experimental C (7). Both curves increases with
increasing temperature and reach a value of about 9 kp at high
temperatures as expected from the Dulong-Petit law.

The Debye temperature ®%1¢ or @5 is found by fitting
the calculated or measured specific heat to the Debye model,
respectively. The results are shown in Fig. 9(b). The Debye
temperature calculated from C,(T) is @%ﬂc = 396.8 K in the
high-temperature limit (7 > 100 K). This value is in good

agreement with ®}” = 396.2 K obtained from the measured
specific heat C(T).
9 T T T T 800
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FIG. 9. (Color online) Specific heat (a) and Debye temperature
(b) of CoTiSb. C(T) is the measured specific heat and C,(T) is the
calculated lattice specific heat.
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FIG. 10. (Color online) Calculated dependence of the electrical
conductivity o of CoTiSb on different types of disorder. § is the
number of swapped atom to the vacant position 4b. (b) shows the
density of states at € (the Co-Vc swap is given for comparison).
The calculations were performed using KKR with CPA.

E. Transport properties

Due to the vacancy in the crystalline structure, Cl,
Heusler compounds are sensitive to antisite disorder, which
may have a strong influence on the electronic structure, and
consequently on the physical properties.'”!*#150 Therefore
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FIG. 11. (Color online) Temperature dependence of electrical
resistivity p(T"), Seebeck coefficient S(T"), and thermal conductivity
K(T) of COTISb, COTi()_gS SCo_Ossb, and COTi()_gV()_] Sh.
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TABLE III. Thermal conductivity «, Seebeck coefficient S,
electrical conductivity o, and figure of merit ZT of CoTi,_,M,Sb
(M = Sc, V) at 350 K.

M x[%] «[WK'm'] S[uVK'] o[10°Sm~'] ZT
Sc 20 6.6 4 26.1 19105
Sc 5 2.4 178 73 0.034
Sc 2 35 131 15.5 0.027

0 13 -35 20 0.001
Vo1 45 —367 25 0.012
vV 5 4.7 —163 6.7 0.013
V10 52 —183 5.7 0.013

the electrical conductivity o of different kinds of disorder in
CoTiSb was calculated using KKR-CPA. The antisite disorder
was modeled within CPA (details of the electronic structure
for the substituted compounds including additional antisite
disorder are explained in Appendix B). Figure 10(a) shows the
calculated conductivity o of disordered CoTiSb by swapped
Sb or Ti atoms into the vacant position 4b. The density of
states at the Fermi energy is drawn in the inset as function
of the disorder level §. The Co-Vc swap causes less states
in the gap at €r, a noticeable conductivity was only found for
8 > 5%. It is interesting to note that the Sb swap causes a faster
increase of the conductivity compared to Ti, even though the
density of states at the Fermi energy behaves opposite. The
horizontal line at about 20 x 10> Sm~' shows the measured
conductivity of CoTiSb. For a disorder of 3.7% (as found from
the refinement of the XRD data), the measured conductivity is
in well agreement to the Ti<>Vc swap.

Figure 11 compares the temperature dependence of electri-
cal resistivity p(T'), Seebeck coefficient S(7'), and thermal con-
ductivity «(T) of pure CoTiSb to the substituted compounds
CoTig.955¢.05Sb and CoTig9Vg.1Sb. The electrical resistivity
of the substituted compounds exhibits a semiconducting-type
behavior and decreases with increasing temperature. The
thermal conductivity x(7") of CoTiSb is high and exhibits a
maximum at about 60 K, which is typical for well ordered

(a) 5% Sc

X

450.0
420.7
3913
362.0
3327
3033
274.0
244.7
2153
186.0
156.7
127.3
98.00
68.67
39.33
10.00
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compounds. By Sc or V substitution, a reduction of «(T) by
about 30% is observed (see Table III). This reduction is caused
by impurity scattering of phonons at the substituted atoms.

The Seebeck coefficient S(T') of CoTiSb is negative with a
value of —35 ©V/K at room temperature. This value is lower
compared to the previously reported Seebeck coefficients.
Concerning previous works, the measured Seebeck coefficient
and electrical conductivity of CoTiSb show mutually incon-
sistent values from —40 up to —265 uV /K for S (see Refs. 27
and 21), and from 1 x 10°to 3 x 10° S/m for o (see Refs. 21
and 29). It is worthwhile to note, however, that both S(7") and
o(T) depend strongly on the synthesis procedures and post
fabrication heat treatments.

The absolute value of S(7') increases for V substitution.
When substituting Ti by Sc the Seebeck coefficient reverses its
sign such that the compound becomes p type in full agreement
with the expectations from the calculations (see Fig. 13).
Table III summarizes the behavior of thermal conductivity,
Seebeck coefficient, electrical conductivity, and figure of merit
of CoTi;_, M, Sb at 350 K with different amounts (x) of Sc and
V substitution. At high Sc substitution (20%), the compound
becomes metallic, as expected, and S(7) decreases rapidly.
The electrical conductivity of Sc substituted CoTiSb is higher
that of the V substituted one, in contrast to the NiTiSn system.*!

However, such differences in the properties depend crit-
ically on the element occupying the 7 and 7’ sites in the
compounds, which play the main role in the behavior of
the electronic band dispersion of the topmost valence or
lowest conduction bands. To clarify the influence of the
electronic structure on the electronic transport properties,
the Fermi surfaces of CoTiggsMgosSb (M = Sc, V) were
calculated using KKR-CPA. As mentioned above a band
structure is not defined in nonperiodic structures but only
the Bloch spectral function. The latter allows to project the
number of states onto the Fermi surface. Figures 12(a) and
12(b) compares parts of the KKR-CPA Fermi surfaces in
the I'-X type planes of CoTig.95Scp.05Sb and CoTig .95 Vo.05Sb,
respectively. These correspond to Fermi surface cross- sections
in the (001) plane. The random site occupation leads to a

(b) 5% V

y u

-

Flectron momentum 4

FIG. 12. (Color online) Cut through the Fermi surfaces of CoTig.gsM0sSb for M = Sc (a) and V (b) in the (001) plane obtained from
KKR-CPA calculations. The color (gray) scale corresponds to the number of states crossing the Fermi energy.
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FIG. 13. (Color online) Calculated and measured Seebeck coef-
ficient S(T') of electron and hole doped CoTiSb. The values are given
for T = 300K . The calculations were performed by Boltztrap using
the results of the VCA electronic structure.

smearing of the states that cross the Fermi surface. The Fermi
surface is populated around the I' point for Sc substitution,
whereas the population is largest around the X point for
V substitution. One clearly has only one hole pocket at I'
for Sc but several electron pockets around X and K (M)
for V for the different types of substitution. This difference
indicates the importance of the band shapes and explains
the high value of the measured electrical conductivity for
the Sc substituted compound compared to the measured low
values for V substitution. It is also clear that the Seebeck
coefficient will not follow the simple approximation of the
Mott equation®'>? where it depends only on the change of the
number of carriers through the logarithmic derivative of the
density of states at €.

The Seebeck coefficient was additionally calculated in VCA
approach for different substitution as described in Sec. II.
Figure 13 compares the measured and calculated Seebeck
coefficients of Sc and V substituted CoTiSb at 7 = 300 K.
The calculated Seebeck coefficient of CoTiSb is positive,
whereas it is negative in the measurements. This difference in
the sign is a direct consequence of the observed in-gap states
that are not included in the calculations. For the substituted
compounds, the general variation agrees qualitatively with the
calculation. For 5% Ti substitution by Sc as well as V, the size
and sign of the measured Seebeck coefficient agree well with
the calculated values. This demonstrates that the influence
of the in-gap states on the thermoelectric properties can be
neglected at high substitution level.

F. Magnetoresistance

The magnetoresistance (MR) of the Sc substituted com-
pound was measured in addition to the transport properties.
A remarkable effect was found for CoTig95Sc05Sb as seen
from Fig. 14 that shows the measurement at three different
temperatures. At room temperature, the MR is low and exhibits
a week quadratic dependence on the applied magnetic field. At
low temperature, the MR increases considerably and reaches
a value of about 27% at a induction field of 9 T. Such
a behavior may be the result of the impurity states in the
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FIG. 14. (Color online) Magnetoresistance of CoTigg5Sco.0sSb
measured at different temperatures.

hole pockets of the Fermi surface (see Fig. 12) created by
the substitution. Ferromagnetic doping of CoTi;_,M,Sb by
M = Cr or Fe was already reported in previous work.!
CoTig.955¢0.05Sb is, indeed, not ferromagnetic, but interesting
for magnetoelectronics because of the high magnetoresistance
without magnetic stray fields. This makes the compounds
suitable for spintronics or multifunctional devices.

V. SUMMARY

The Heusler compound CoTiSb was synthesized and
investigated by experiments and first-principles calculations.
The optical properties of CoTiSb were measured and compared
to ab initio calculations. The complex permittivity shows a
strong absorption peak at 1.83 eV that is in perfect agreement
with the calculated size of the direct band gap at the I'
point. The optical absorption quickly drops to zero at lower
energies, as expected for semiconductors when the photon
energies become smaller than the gap size. The wide-range
infrared reflectivity measurements exhibit strong absorption
at a photon energy of 34 meV and weakly at 28 meV. These
energies are in well agreements to the calculated energy of
the optical phonons at the I" point. The calculated vibrational
and mechanical properties of CoTiSb prove the mechanical
stability of the compound in the cubic C1, structure.

Furthermore, the properties of the solid solution series
CoTi|_yM,Sb (M = Sc, V) were systematically studied.
The thermal conductivity of the substituted compounds is
effectively depressed (about 30%) by substitution of Ti by
Sc or V. A 5% Sc substitution resulted in a p-type behavior
with a high Seebeck coefficient of +177.8 uV/K at 350 K.
This value is in good agreement with the calculations. The
fully relativistic Korringa-Kohn-Rostoker (KKR) method in
combination with the coherent potential approximation (CPA)
was used to calculate the Fermi surface of CoTig.o5M(g5Sb
(M = Sc, V). The results showed that it is dominated by
hole pockets a the I" point for Sc and electron pockets at
the X and K points for V substitution. These differences
are responsible for the change of the transport properties of
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FIG. 15. (Color online) Electronic structure of CoTiSb with 5% M« Vc antisite disorder for M = Co (a), Ti (b), and Sb (c). The upper
panels (a), (b), and (c) show the Bloch spectral function in the high-symmetry directions A (I' — X) and A (I' — L). The bottom panels show
the accompanied total and partial density of states calculated for the full Brillouin zone.
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FIG. 16. (Color online) Bloch spectral function of CoTig.9sMg0sSb (M = Sc, V) in the A (I'-X) and A (I"-L) directions for M<>Ti (a) and
(c) and M=>Vc (b) and (d), respectively.

045116-10



ELECTRONIC STRUCTURE AND OPTICAL, MECHANICAL, ...

the compound for different type of substitution. A relatively
high magnetoresistance of about 27% at 2 K was observed
for CoTig.955¢0.05Sb. This makes the compounds a promising
candidate not only for thermoelectric applications, but also for
spintronics or multifunctional devices.
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APPENDIX A: CoTiSb ANTISITE DISORDER

In this appendix, some more details of the electronic
structure of disordered CoTiSb are discussed. It was implied
that the constituents swap partially into the vacant position of
the C'1, structure. In that case, the band structure is not longer
defined due to the loss of periodicity in systems with random
distribution of atoms. However, the Bloch spectral function
and density of states can still be calculated from the Green’s
function. Figure 15 compares the Bloch spectral function for
the two directions of highest rotational symmetry and density
of states in the vicinity of the Fermi energy if the different
types of atoms are swapped partially into the vacant site. For
all three cases, a swap of 5% of the atoms was assumed. The
results for other amounts between 1% and 10% are similar
and 5% is a good compromise to make all important features
easily visible. The compound may be written as CoOTiSb
with Co, Ti, or Sb placed on the Wyckhoff positions 4a, 4c,
or 4c and O is the Wigner symbol for the vacancy on the
4b position. The disordered compounds are then written as
(Coy_0,)(01_,Co,)TiSb and similar for the other cases to
assign that the filling of the vacancy at the 4b site results
in the creation of Co vacancies at 4a or similar on 4c or
4d for Ti or Sb swap that is Co(O;_,Ti,)(Ti;—Oy)Sb, or
Co(d;_,Sb,)Ti(Sb;_,,), respectively. Atoms or vacancies
on the same position are combined in brackets.

It is obvious from Fig. 15 that the different types of antisite
disorder have different effects on the electronic structure.
In all three cases, the compound becomes metallic with
different types of in-gap states that appear inside of the initially
semiconducting band gap. For Ti or Sb swap, the in-gap states
appear concentrated at the I" point creating a high density of
states at € . Co is considerably different, here the states appear
stronger at the X point and the Fermi energy falls in a region
with low density. This explains directly the differences in the
effect of the type of disorder on the conductivity as shown in
the main part in Fig. 10.

APPENDIX B: SUBSTITUTION WITH ANTISITE
DISORDER

In the main part it was reported that Ti tends to antisite
disorder and exhibits a small amount of swap into the vacant
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site. Principally, it can not be excluded that also part of
the substituted atoms is occupying the vacant site instead
of completely substituting the Ti. In general, this may lead
to complicated situations. Therefore simplified calculations
assuming that all substituted atoms occupy the vacant site
were carried out in order to explain the influence of that type
of disorder on the electronic structure and transport properties.
In this case, the removed Ti leaves some part of the Ti site
empty. Writing the compound as CoOJTiSb the two situations
are CoJ(Ti,_, M, )Sb and Co(OJ;_, M, )(Ti,_,0O,)Sb, where O
is the Wigner symbol for the vacancy and M = Sc or V.

Figures 16(a) and 16(c) show the Bloch spectral function if
Scor V substitute the Ti completely. The band gap is conserved
and the Fermi energy is shifted into the valence or conduction
band by the hole or electron doping, respectively. The situation
changes if the substituted atoms do not occupy the Ti position
but the vacant site. Even though one has still electron or hole
doping, the Fermi energy is not shifted across the former band
edges. Instead, the atoms in the vacant position lead again
to creation of in-gap states where € is pinned. As for the
disordered compound (see above), the states are localized close
to the I" point similar to the cases of Ti-Vc or Sb-Vc antisite
disorder. However, clear differences are observed comparing
Sc and V on the vacant site. For Sc, a splitting of the states at
€r is observed whereas a single state appears for V.
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FIG. 17. (Color online) Calculated density of states (a) and
corresponding conductivity o (b) of CoTi;_,M,Sb (M = Sc, V). It
was assumed that M substitutes Ti or occupies completely the vacant
site leaving part of the Ti site unoccupied.
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The obtained differences in the electronic structure should
also influence the transport properties. Figure 17 shows the
calculated electrical conductivity for the different cases. The
direct substitution results in a higher conductivity compared
to the case were the exchanged atoms occupy the vacant side.
The reason is not only the higher density of states at the Fermi
energy when it is shifted by the substitution into the valence or
conduction bands but also the differences in the type of states.
This becomes clear from the case of V where the in-gap states

PHYSICAL REVIEW B 86, 045116 (2012)

produce also a high density of states at €z but the conductivity
stays still small and comparable to the case of Sc.

The variation of the conductivity depending on the site
occupied by the substituted atoms is rather large. This may
explain the rather large differences in the measured conductiv-
ities reported in literature. Indeed, any type of antisite disorder
that appears together with the substitution used for electron or
hole doping will not only influence the electrical conductivity
but also the Seebeck coefficient.
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