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Electronic structure and thermopower of Ni(Ti,sHf,s)Sn and related half-Heusler phases
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In this paper we investigate the electronic structure and the thermopower for Ni(Tiy sHfj 5)Sn and related
half-Heusler compounds. Two different methods have been used to calculate the electronic structure, i.e., full
potential linearized augmented plane wave method for ordered compounds and the Korringa-Kohn-Rostoker
method within the coherent potential approximation for disordered alloys. We show that these methods give
very close results if comparing the density of states obtained in both cases. Moreover, no peculiarities in the
band structure have been revealed upon alloying the parent compounds and therefore the large value of the
thermopower reported experimentally for Ni(Tij sHf 5)Sn with respect to NiTiSn or NiHfSn, does not have an
origin in the electronic structure behavior. The thermopower calculations performed for different half-Heusler
compounds rather suggest that the carrier concentration itself could be predominantly responsible for the large
thermopower in Ni(Ti, sHfy 5)Sn as well as in other half-Heusler phases. Therefore, the large negative values
of the Seebeck coefficient are not limited to some specified half-Heusler semiconductors but seem to be the

rule for the n-type samples with moderately low carrier concentrations.
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I. INTRODUCTION

Half-Heusler phases are well-known compounds studied
for their wide variety of physical properties including
magnetism,! half-metallic ferromagnetism,” and shape
memory effect.> Due to the fact that many 18-valence elec-
tron half-Heusler systems are narrow band gap semiconduc-
tors (see e.g.*?), they were also examined for the generation
of thermoelectricity.®” In order to get the best efficiency of
the thermoelectric material one should maximize the figure
of merit ZT=S%¢T/k, where S, o, and « represent ther-
mopower, electrical, and thermal conductivity, respectively.
Unfortunately, the half-Heusler systems were established to
have quite important thermal conductivity « and not suffi-
ciently large thermopower S to compete with the “state of
art” thermoelectric materials.® Interestingly, a very large ther-
mopower (about —300 «V/K) has been reported”!? in half-
Heusler alloys with the general formula Ni(Ti,Zr,Hf)Sn, con-
taining Hf and/or Zr atoms substituted on Ti-site. This large
S value is much greater than the thermopower values cur-
rently measured for NiTiSn and NiHfSn parent compounds
(about —150 uV/K, see, e.g., Ref. 9). An understanding of
these phenomena could be of great interest from the applica-
tion point of view, since the thermopower appears squared in
the figure of merit. Note, that substitution with isoelectronic
elements can also be beneficial for the thermal conductivity
due to the atomic mass defects (without substantial modifi-
cations of electronic properties).

Hence, the goal of this paper was to search for the origin
of the thermopower enhancement in the disordered half-
Heusler materials.

At first sight, such behavior could arise from some pecu-
liarities in the electronic structure because of the quite dif-
ferent nature of d orbital for Ti and Hf, which are known to
play a decisive role in the binding of these compounds (see
Sec. II and Refs. 11 and 12). However, as will be shown in
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Sec. 11, this is not the case in NiTiysHf,sSn. In Sec. III the
calculated thermopower will be presented, as a function of
carrier concentration, for NiTiSn, NiZrSn, NiHfSn,
NiTij sHf 5Sn, being in good agreement with available ex-
perimental data. Then, this supports the suggestions that the
large values of Seebeck coefficients might be the rule for
half-Heusler systems with low carrier concentration and with
a microstructural state with as few secondary phases as pos-
sible. We believe that these indications should have some
importance for the optimization of the thermoelectric prop-
erties in half-Heusler compounds.

II. ELECTRONIC STRUCTURE FOR NiTi, sHf, sSn

A large thermopower has been reported for NiTiSn-based
half-Heusler alloys, if the Ti atoms are partly replaced with
Hf or both with Hf and Zr atoms. We call these alloys with
the general formula Ni(Ti,Zr,Hf)Sn.

The electronic structure of NiTijsHf,sSn has been inves-
tigated in details and taken as a model case, since within all
Ni(Ti,Zr,Hf)Sn samples this composition was expected to ex-
hibit the largest differences with respect to the well-known
NiTiSn and NiHfSn compounds. Since the thermopower has
been found much smaller (about —150 wV/K) for the end-
point compounds’ some electronic structure peculiarities
might give rise to a strong increase of thermopower. Once
the chemical composition has been specified our model sys-
tem is not fully defined. In fact, the analysis performed in
Ref. 9 does not reveal its crystal structure. We can therefore
consider two extreme descriptions for this system: a fully
ordered (FO) compound where exactly two of four Ti atoms
per unit cell are substituted by Hf atoms, but also a fully
disordered (FD) alloy, where Hf atoms are distributed ran-
domly on the Ti sites with two Hf atoms per unit cell only on
average. The electronic structure of NiTij,sHf,sSn has then
been calculated in both cases.

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.045121

CHAPUT et al.

FIG. 1. (Color online) Cubic (black) and tetragonal (yellow) cell
for the half-Heusler system. The dashed atoms belong to the planes
(101) and (112); see text.

A. Fully ordered (FO) compound

A unit cell of the FO compound is shown in Fig. 1. While
perfectly ordered half-Heusler compounds NiTiSn and Ni-

HfSn have cubic symmetry with space group F43m (black
cell in Fig. 1), our FO model system is tetragonal and be-

longs to the space group P4m2 (shown with a yellow cell in
Fig. 1).

The electronic structure of this compound was calculated
using the full potential linearized augmented plane wave
(FLAPW) WIEN2k program.'? The self-consistency cycle
was achieved with 1000 k points in the Brillouin zone. The
exchange-correlation potential was computed in the general-
ized gradient approximation (GGA) approach using the
Perdew-Burke-Erzenhof functional.' The unit cell has been
optimized employing the relation c¢=+2a. In our notation c is
the lattice parameter of the cubic cell or equivalently the ¢
axis for the tetragonal cell, and «a is the lattice parameter in
the basal plane of that cell. At equilibrium we found
c=11.452 a.u.; the value can be compared to those for
NiTiSn and NiHfSn. The computed lattice parameters are
then reported in Table I together with those previously
calculated'? and the experimental data.

A good agreement was found, since for NiTiSn and Ni-
HfSn our results are of order of 1% larger than the experi-
mental values. The small differences with Ref. 12 might be
attributed to a different choice of muffin-tin radius

TABLE I. Lattice parameter and band gap E, for NiTiSn, Ni-
HfSn and NiTi, sHf, sSn.

c(a.u.)
present c(a.u.) c(a.u.)
calculation ~ Ref. 12 experiments®  E, (eV)
NiTiSn 11.271 11.261 11.187 0.45
NiHfSn 11.589 11.572 11.463 0.39
NiTigsHfpsSn ~ 11.452 - - 0.46

4Refs. 11 and 12.
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FIG. 2. (Color online) Density of states for NiTiSn, NiHfSn, and
FO NiTiOAstO.SSn.

(R,;=2.2 a.u. in all present calculations) since the other pa-
rameters were taken to be the same. We see also that
NiTig sHf 5Sn almost obeys Vegard’s law indicating a con-
tinuous change through the substitution of Ti by Hf.

In Fig. 2 and Fig. 3 we show density of states (DOS) and
energy bands FE(k) for NiTiSn, NiHfSn, and FO
NiTi, sHfj s5Sn. A detailed explanation of the electronic struc-
ture in NiTiSn can also be found in Refs. 11, 12, and 15. At
first sight, DOSs for all three compounds look quite similar.
The s states of Sn are located about 0.6 Ry below Ej. At the
Fermi level we found a gap opened by hybridization between
d states of Ni and Ti or Hf. The d states below E. comes
essentially from Ni d orbitals, whereas those above Ej are
mainly due to Ti d or Hf d orbitals. The only important
difference between these compounds (Fig. 2) comes from the
location of d-like states with respect to Ep. In NiTiSn and
NiTij sHfj) 5Sn Ti-d and Hf-d states are located about 0.09 Ry
above the gap, whereas Hf-d states go up to 0.15 Ry in
NiHfSn. This presumably results in a smaller energy gap for
NiHfSn (see Table I). Such behavior can be explained from
the fact that orbitals are much more localized for Hf than for
Ti. To support our suggestion, the maps of electron densities
have been plotted (Fig. 4) along planes going through the
same crystallographic position both in cubic (along 101
plane) and tetragonal (along 112 plane) structures. The hy-
bridization is therefore stronger between Ni and Ti than be-
tween Ni and Hf in both cases. Consequently, this leads to
the band gap shrinking in NiHfSn, since the states near the
conduction band edge are still of Ni-d character.

Looking at the band structure for FO NiTij sHfj, sSn, as
illustrated in Fig. 3, it may be surprising that a direct gap at
I' point appears, unlike the well-established indirect gap in
the cubic NiTiSn and NiHfSn (Fig. 3). This comes simply
from the folding of bands when going from cubic to tetrag-
onal cell, since the I'X vector of the cubic cell belongs to the
reciprocal lattice of the tetragonal cell.

B. Fully disordered (FD) compound

In the next section the results of the thermopower calcu-
lations will be presented for NiTiSn, NiHfSn, and
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FIG. 3. Energy bands for NiTiSn, NiHfSn, and FO NiTi, sHf,, 5Sn.

NiTig sHfj 5Sn using the electronic structure obtained for per-
fectly ordered compounds. In order to verify if such elec-
tronic structure approximation is satisfying for Ni(Ti,Hf)Sn
alloys, we have also performed electronic structure calcula-
tions assuming that the compounds are fully disordered. The
charge self-consistent Korringa-Kohn-Rostoker (KKR)
method within the coherent potential approximation (CPA)

has been then applied to compute density of states in the
half-Heusler NiTi,_ Hf Sn with x=0.0, 0.25, 0.50, 0.75, and
1. The KKR-CPA calculations have been done in the same
way as for other half-Heusler phases'® (more details about
the KKR-CPA methodology can be found in Refs. 17 and
18). The obtained DOS are quite close to those shown in Fig.
2 and therefore they have not been reproduced. However, in
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FIG. 4. (Color online) Isodensity plot for NiTiSn, NiHfSn, and
FO NiTi, sHf, sSn. The unit is e/a.u.?

Fig. 5 we zoom on the energy window near the conduction
band that is relevant to the electron concentrations which are
taken into account in the thermopower calculations (next
section). We see from the KKR-CPA results that the DOS
slope (Fig. 5) increases more or less continuously when the
concentration of Ti atoms increases from 0O to 1. This char-
acterizes well a virtual crystal behavior. A similar tendency is
observed in the periodic FLAPW calculations (Fig. 6).

So in our cases, similarities between FLAPW and KKR-
CPA results would indicate that the electronic properties of
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FIG. 5. KKR-CPA density of states calculated in FD

NiTi,_Hf Sn.

investigated materials are only weakly sensitive to the par-
ticular choice of the crystal structure description. This al-
lowed us selecting the most convenient structure to calculate
the transport coefficients.

III. THERMOPOWER

In the previous section we have seen that the larger ther-
mopower observed in NiTijsHf, sSn does not originate from
electronic structure anomalies with respect to the end-point
compounds. This is also supported by direct calculations of
the thermopower.

Looking at experimental data of electron transport prop-
erties reported for different half-Heusler semiconducting
phases, we can notice a remarkable diversity of the measured
thermopower values (even for nominally the same material,
see Table II). As suggested by Uher et al. in Ref. 6, the
measured thermopower significantly depends on the way the
samples have been obtained. For example, as the annealing
time increases, the amount of the secondary phases (presum-
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FIG. 6. FLAPW density of states for NiTiSn, NiHfSn and FO
NiTig sHfy 5Sn (the same energy range of energy as in Fig. 5
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TABLE II. Experimental (at room temperature) thermopower
and carrier concentration for investigated half-Heusler alloys. ny is
specified per cell of Ni,A,Sn,, where A=Ti, Zr, or Hf.

S (wV/K) ny Ref.
NiTiSn -142 9
NiTiSn -270 0.000 83 19
NiTiSn -318 20
NiZrSn -167 0.021 6
NiZrSn -171 0.0103 6
NiZrSn -210 0.0024 6
NiZrSn -176 9
NiZrSn -520 47107 21
NiHfSn -124 9
NiTi, sHf, sSn -281 9
NiTiy sHfy sSn -250 20
NiTi 5(Zry sHfy 5)o.5Sn -325 10

ably metallic) decreases, leading to a larger thermopower.
One may expect that the experimental conditions could also
be the reason for the large difference between the ther-
mopower of NiTiSn and NiTi, sHf|, ;Sn. But the question is if
we should attribute these differences to an averaging of the
thermopower between two different ordered phases, or to a
drastic change in the scattering mechanism, or simply to the
number of conducting electrons? In real systems, these phe-
nomena are certainly connected, but it would be useful to
know which aspect is the most significant for future ther-
mopower optimization in this family of compounds.

To this end, the thermopower has been calculated for
NiTiSn, NiTiysHf,sSn, and NiHfSn. The isoelectronic
NiZrSn compound has also been considered, since a number
of experimental data exist in the literature. The experimental
results are shown in Fig. 7 for the cases where both ther-
mopower and electron carrier concentration data from Hall
measurements (see Table II) are available. For other cases
only the thermopower values have been reported.

The thermopower was evaluated at room temperature us-
ing the computational method recently applied to calculate
electron transport coefficients in CoSb; based skutterudites.?
Since the theoretical background has been presented there,??
we only briefly comment how the thermopower is derived.
First, the electronic structure obtained in Sec. II A was used
to calculate the transport function

2
= q N
o(E) = ;E TinV 0 sn NE = Epy), (1)
kn

which is the central quantity in the electron transport calcu-
lations. In fact, this function contains all needed information
for the investigated system as electron velocities vy, relax-
ation times 7;,, and energy levels Ey,,.

Next, the Onsager coefficients L;;, defining main transport
coefficients as electrical conductivity o, thermopower S, Hall
concentration ny, and Lorenz factor L, are obtained from the
following expression:
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FIG. 7. (Color online) Calculated and experimental ther-
mopower at room temperature. When not specified the relaxation is
considered as constant. The dependence of the thermopower with
the electron concentration is obtained by varying the chemical po-
tential in Eq. (1) and using n=[#def,(e)g(e). Note that in the upper
panel the NiZrSn and NiTiSn (A=const) curves respectively repre-
sented as red dotted and black dashed-dotted line are very close.

i+j-2
L,,:de(E_—“) ' %E(E), 2)
q M

where the chemical potential u derivation of the Fermi-Dirac
function f, also appears. In particular, the thermopower is
calculated from the well-known relation

1
S=—L7L 3
7Ll (3)

st (i
= T(f ded(e) §,U«> deqa(s)(s ) o) (4)

The most important steps of the applied procedure are
sketched in Fig. 8 but more explanations are given in Ref.
22.
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FIG. 8. (Color online) The general scheme of the electron trans-
port coefficients calculations. Note that only thermopower is ana-
lyzed in the present work.

Two particular cases have accounted for the present ther-
mopower calculations:

(i) The constant relaxation time approximation
(7=const); in this case the thermopower S becomes indepen-
dent on 7 since the relaxation time cancels in Eq. (4).

(ii)) The constant mean free path approximation
(N=mw,=const), which is in fact equivalent to the impurity
scattering approach.

The corresponding thermopower results obtained in the
entitled half-Heusler systems are collected in Fig. 7. The
dark blue (gray) area presents the results obtained within
A=const, where the upper limit corresponds to NiHfSn and
the lower one to NiTiSn. The light blue (gray) area illustrates
the results gained within 7=const, where (as in the previous
case) the upper limit corresponds to NiHfSn and the lower
one to NiTiSn. Noteworthy, the results for NiZrSn and
NiTiSn (A=const) are nearly identical. In Fig. 7 the ther-
mopower curve corresponding to NiTiysHfysSn is also
shown and is found slightly above the NiTiSn curve. In both
approximations the curves computed for NiTi, sHf, sSn and
NiZrSn belong to the area bordered upward by the NiHfSn
curve and downward by the curve for NiTiSn. In this case
the thermopower behaviors agree with expectations from the
simple considerations: Ti d states are located closer E than
the Hf d states, the slope of the density of states in the
vicinity of E is smaller in the case of Hf than for Ti (see Fig.
5) and therefore the thermopower follows more or less the
DOS modifications. Moreover, the concentration dependent
Seebeck coefficient variations are very close for NiZrSn and
NiHfSn. An important observation (in Fig. 7) is that the ex-
perimental thermopower changes strongly with the carrier
concentration n. These variations are well reproduced by the
calculations and much better than fitted with the free electron
curves. This shows that the carrier concentration n should be
regarded as an important factor when optimizing the ther-
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mopower of half-Heusler alloys, since the S(n) variation
alone is sufficient to reproduce quite well the experimental
value of S, when both thermopower and carrier concentration
data are available. One can also conclude from Fig. 7 that the
details of the scattering mechanism are less important than
the carrier concentration. However, as expected, these curves
suggest that we start from a A=const regime as the carrier
concentration increases.

These results can also be helpful to understand the uncon-
ventionally large values reported for the thermopower of
Ni(Ti,Hf)Sn and Ni(Ti,Zr,Hf)Sn alloys in Refs. 9 and 10. In
fact, our calculations suggest that the electron carrier concen-
tration could be at the origin of these large values (see Table
I0) as it is the case for NiTiSn compounds produced in Ref.
19. Even if there is no direct proof of this conclusion for all
Ni(Ti,Zr,Hf)Sn alloys, since the electron concentration has
not been measured there, we do hope that the theoretical
results will motivate further experimental investigations.
Strictly speaking, the above-mentioned discussion can only
be applied to Ni(Ti,Hf)Sn alloys since this case was consid-
ered in the calculations. In Ni(Ti,Zr,Hf)Sn alloys, Zr atoms
could give additional effects. However, we have shown that
NiTi Hf,_.Sn follows a virtual crystal behavior, mainly due
to the fact that Ti and Hf are isoelectronic. Since Zr is also
isoelectronic to these atoms, a virtual crystal behavior is also
expected for Ni(Ti,Zr,Hf)Sn alloys. The discussion above
should therefore also be valid but there is still no carrier
concentration measurement available in this case.

IV. CONCLUSIONS

We have shown using different electronic structure calcu-
lations (FLAPW and KKR-CPA), applied to extreme crystal-
lographic approximations (FO and FD), that there is no un-
usual behavior of electronic structure in Ni(Ti,Hf)Sn alloys
that could explain the marked enhancement of
thermopower®!? with respect to NiTiSn and NiHfSn.

On the other hand, the thermopower calculations within
two different approximations for electron scattering
(7=const and A=const) have evidenced that the electron car-
rier concentration n can give itself such a large negative ther-
mopower for the lowest carrier concentration. This might be
an explanation for the large value of the thermopower in
Ni(Ti,Hf)Sn alloys as well as for NiTiSn compound reported
in Ref. 19. However, this conclusion has still to be checked,
since the Hall concentration has not been reported for these
alloys. Moreover, the theoretical results give also some in-
sights into the thermopower measurements,'” which also in-
spired this work. These authors'® reported very high ZT
value based on a large value of the thermopower. Following
the above-mentioned discussion (Sec. III) the variations of
the thermopower presented in Fig. 2 of Ref. 10 could be
attributed to variations of the carrier concentration.
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