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The electronic structure and transport properties of half-heusler compound CoVSn are systemati-
cally studied by combining first-principles electronic structure calculations and Boltzmann transport
theory. The band structure at the valence band edge is complex with multiple maxima derived from
hybridized transition element d states. The result is a calculated thermopower larger than 200
µV/K within a wide range of doping concentration and temperatures for heavily doped p-type
CoVSn. The thermoelectric properties additionally benefit from the corrugated shapes of the hole
pockets in our calculated isoenergy surfaces. Our calculated power factor S2σ/τ (with respect to
an average unknown scattering time) of CoVSn is comparable to that of FeNbSb. A smaller lat-
tice thermal conductivity can be expected from the smaller group velocities of acoustical modes
compared to FeNbSb. Overall, good thermoelectric performance for CoVSn can be expected by
considering the electronic transport and lattice thermal conductivity.

PACS numbers: Computational Physics, Condensed Matter Physics

I. INTRODUCTION

Thermoelectric devices can directly convert thermal to
electrical energy and have many applications such as re-
frigeration and power generation through waste-heat re-
covery. The performance of a thermoelectric material is
characterized by a dimensionless figure of merit ZT by
the following expression:

ZT =
S2σT

κe + κl

. (1)

Here, S is the Seebeck coefficient or thermopower, σ is
the electrical conductivity, T is the absolute tempera-
ture, κe is the electronic thermal conductivity, and κl

is the lattice thermal conductivity. Seebeck coefficient
is decreased as the carrier concentration n is increased,
while σ behaves in the opposite way. Therefore, in or-
der to get high power factor (S2σ), there is the compro-
mise between large Seebeck coefficient and high electri-
cal conductivity1,2. The electrical conductivity can be
expressed by σ = neµ, where n is carrier concentration
and µ is carrier mobility. Notice that an important fac-
tor that affects carrier mobility is the carrier effective
mass, which is directly determined by the band structure
properties of thermoelectric materials.
Unlike thermoelectric materials such as (Bi,Sb)2Te3

3,4,
Pb(Te,Se)3,4 and SnSe5 with band edges states consisted
of s and p states, there is another class of thermoelectric
materials, half-heusler alloys, which have flat band edge
states because of the more localized d orbitals of transi-
tion metal constituents6. The heavy band is not favorable
for carrier mobility due to the resulting large effective
mass, while it is beneficial to thermopower as discussed in
Ref7. Half-Heuslers are ternary compounds, ABC (space
group F 4̄3m), which consist of a late transition metal, an
early transition metal and one main group element like

group IV or V. Here, we only consider the semiconduct-
ing half-heusler alloys with 18 valence electrons8.

Large power factor and low thermal conductivity are
essential to high ZT . Half-Heusler (HH) type thermo-
electric materials like n-type ZrNiSn9, p-type ZrCoSb10

and p-type FeNbSb11 have attracted particular attention
due to their high temperature stability and good thermo-
electric performance resulting from high power factor at
high temperature9–15. The high ZT of 1.5 was reported
in p-type FeNb1−xHfxSb alloy at 1200 K12. The reported
power factor ranges from 4.3 to 5.5×10−3 Wm−1K−2 at
popt of ∼2×1021 cm−3 at 800 K for FeNb1−xHfxSb

12.
This is in contrast to the power factor of only 1.4×10−3

Wm−1K−2 for p-type SnSe with ZT of 2.0 around 773
K5. It is therefore clear that the drawback of HH ther-
moelectric materials is their high thermal conductivity.
For example, for FeNb0.88Hf0.12Sb at 1200 K, the total
thermal conductivity is approximately 4 Wm−1K−112,
while for hole-doped SnSe, the total thermal conductiv-
ity is about 0.55 Wm−1K−15. Therefore, in order to raise
ZT of HH compounds higher, it is important to further
optimize the properties of HH compounds those already
studied or find new HH compounds with lower thermal
conductivity and/or higher power factor.

In this work, the electronic properties of half-heusler
compound CoVSn are studied within density functional
theory, followed by its transport properties by Boltzmann
transport theory. The phonon dispersion are also studied
by lattice dynamics calculation. The group velocities of
acoustical branches for several typical half-heusler ther-
moelectric materials are calculated. This provides qual-
itative information regarding the lattice conductivity in
relation to CoVSn. We show the potential of CoVSn
as a good performance thermoelectric material based on
calculated material properties.
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FIG. 1: Calculated band structure together with density of
states (DOS) of CoVSn using MBJ with SOC. The Fermi level
is set to zero.

II. METHODS

Our electronic structure calculations are performed
using the linearized augmented-plane-wave (LAPW)
method16 as implemented in the WIEN2K code17.
The volume of half-heusler compounds studied here
is obtained using the Perdew-Burke-Ernzerhof (PBE)
generalized-gradient approximation (GGA)18. The op-
timized lattice constant of 5.828 Å for CoVSn is used in
all our calculations except phonon calculation. The band
gap is important for thermoelectric properties. We cal-
culate the electronic structure using the modified Becke-
Johnson (MBJ) potential19. This potential gives im-
proved band gaps for simple semiconductors and insu-
lators as compared to standard density functionals19,20.
Our transport coefficients are calculated using Boltz-
mann theory within the constant scattering time ap-
proximation (CSTA)21 as implemented in the BoltzTraP
code22 based on the electronic structure obtained with
the MBJ potential. This method has been used success-
fully to calculate the thermopower of many thermoelec-
tric materials23,24. The spin-orbit coupling is considered
in current electronic structure and transport calculations.
Well converged basis sets defined by a cutoff RTmax=9.0
for the plane-wave vector plus local orbitals for the semi-
core states are used. Here, kmax is the plane-wave cutoff,
and R is the sphere radius. For Co, Sn and V, the ra-
dius are taken as 2.37, 2.37 and 2.31 bohr respectively.
A k -point sampling of 8×8×8 is used for total energy
calculations. A much denser k -point mesh 48×48×48 is
is used for transport calculations and good convergence
has been achieved.

III. RESULTS AND DISCUSSION

Our calculated band structure together with the den-
sity of states for CoVSn using the MBJ potential is shown
in Fig. 1. The states close the valence band edge are
mainly contributed by transition metal elements Co and
V, and further analysis show that there are mainly d or-
bitals (not shown here) as discussed before. Between the

energy 0 and -0.25 eV, the density of states increases
very quickly, which will lead to large thermopower. As
for the band structure, our calculated band gap (W-X)
for CoVSn is 0.85 eV. The valence band maximum is at
W point, which is only slightly higher than L point about
6 meV. We also notice that the band maxima at Γ and
X point is only 0.14 and 0.31 eV lower than that of W
point, respectively.

Therefore this compound shows converged bands at the
W and L points, which is a feature that has been asso-
ciated with thermoelectric performance.25 Furthermore
both of these points have degenerate or near degenerate
bands at the maximum, which can lead to additional en-
hancement of the power factor. It also leads to complex
shaped bands which is also favorable for thermoelectric
performance. These band structure effects - in particu-
lar the band degeneracy, complex band shapes, and band
convergence are critical to the transport properties of this
material. The conductivity at fixed Seebeck coefficient
- a key parameter for a useful thermolectric - is there-
fore substantially enhanced relative to that of a single
isolated parabolic band extremum similar to the certain
IV-VI thermoelectric semiconductors with complex elec-
tronic structures26.

The importance of increased band degeneracy is also
demonstrated in Bi2Te3

27 and SnSe5 systems. Further
insight also can be obtained from the isoenergy surface
of CoVSn, as presented in Fig. 2. The four isoenergy
surfaces in the top panel of Fig. 2 correspond to four
bands across the energy of VBM-0.15 eV. The first two
isoenergy surfaces with pockets at L point are close to el-
lipsoids, while the last two have deviations from spherical
or ellipsoidal shapes, particularly the last one with obvi-
ous corrugated shape26. We also notice that at Γ point,
the pocket becomes larger and larger and the shape of
the pocket becomes more and more complicated. In the
bottom panel of Fig. 2, the four isoenergy surfaces corre-
sponding to four bands across the energy of CBM+0.15
eV are shown. The first two pockets have some deviations
from spherical or ellipsoidal shapes, while the last two are
close to ellipsoids. The thermopower can be enhanced
from the deviations of isoenergy surface from spherical
or ellipsoidal shapes, and the greater the deviation, the
greater the enhancement27. Therefore, the better ther-
mopower of p-type than that of n-type doped CoVSn
can be expected according to our above discussions and
will be confirmed by our thermopower calculations in the
following.

The doping dependence of the thermopower is shown
for various temperatures in Fig. 3. The thermopower
is isotropic since the crystal structure of CoVSn is cu-
bic. For p-type, one notes that the thermopower is bet-
ter than that of n-type, as a function of carrier concen-
tration for all temperatures. This originates from the
band structure difference between the bands near VBM
and CBM as depicted in Figs 1 and 2. Both for n-
and p-type, for all temperatures, CoVSn display a wide
range of carrier concentration where the thermopower
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FIG. 2: Calculated isoenergy surfaces for CoVSn near VBM
and CBM. There are four bands across the energy of VBM-
0.15 eV as shown in the top panel, as is CBM+0.15 eV shown
in the bottom panel. The high symmetry k points like L, W
and X are marked.
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FIG. 3: Calculated Seebeck coefficient as a function of car-
rier concentration for CoVSn for p-type and n-type doping.
The horizontal dashed line indicates a thermopower magni-
tude of 200 µV/K, generally the minimum necessary for a
high-performance thermoelectric.

is large than 200 µV/K. For p-type, at 1000 and 1200
K, the highest thermopower is 470 and 390 µV/K, at
concentration of 1.2×1020cm−3 and 3.3×1020cm−3, re-
spectively. For n-type, at 1000 and 1200 K, the highest
thermopower is -390 and -320 µV/K, at concentration of
1.9×1020cm−3 and 5.6×1020cm−3, respectively. Notice
that at the same temperature like 1000 or 1200K, the
highest thermopower for p-type is higher than that of
n-type at a relatively lower carrier concentration. Gen-
erally, for most materials, optimum performance typi-
cally occurs at carrier concentrations above those where
the maximum thermopower occurs. As we mentioned
before, for half-heusler alloys, in order to get a high per-
formance thermoelectric, the optimum carrier concentra-
tion is around 1021cm−312. One notes that at high tem-
perature 1000 and 1200 K, up to 4×1021cm−3, the ther-
mopower for CoVSn is still higher than 200 µV/K. There
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FIG. 4: Calculated thermopower for CoVSn at some fixed
concentrations as a function of temperature.
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FIG. 5: Calculated power factor S2σ/τ for CoVSn and
FeNbSb at some fixed temperatures as a function of carrier
concentrations.

is also clear bipolar effect for both n- and p-type at high
temperature, where is well below the optimal carrier con-
centration regime.
To make the temperature dependence of thermopower

more clear, the temperature dependence results at four
fixed hole concentrations are present in Fig. 4. For con-
centrations 5.0×1020cm−3 and 1.0×1021cm−3, the high-
est thermopower are about 390 and 340 µV/K, at tem-
perature 1050 and 1150 K, respectively, while for con-
centration 2.0×1021cm−3 and 3.0×1021cm−3, the ther-
mopowers are approximately 286 and 252 µV/K at 1200
K.
The power factor S2σ/τ (with respect to an average

unknown scattering time) at 1000, 1100 and 1200 K for
p-type doping is shown in Fig. 5. Our calculated power
factor S2σ/τ for FeNbSb is also plotted for comparison.
The plot depicts comparable behavior for FeNbSb and
CoVSn, with a little smaller for the latter. For example,
at 1000 K and 1.0×1021, our calculated S2σ/τ for CoVSn
and FeNbSb are 10.5 and 13 (in unit of 1011W/(K2ms)),
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FIG. 6: Calculated phonon dispersion and phonon density of
states for CoVSn.

respectively.
For a good thermoelectric material, the thermal con-

ductivity, especially lattice part kl, which is determined
by the lattice dynamics, must be low. We performed
lattice dynamics calculations for CoVSn using the PBE
functional18 for the exchange correlation potential and
the projector augmented wave (PAW) method28 as im-
plemented in the Vienna ab initio simulation package29.
A 2×2×2 k -point grid in a 3×3×3 supercell containing
81 atoms is used, along with an energy cutoff of 500 eV.
The optimized lattice constant is 5.806 Å here for phonon
dispersion calculation. Our calculated phonon dispersion
together with phonon density of states is shown in Fig.
6. There are three acoustical branches and six optical
branches since 3 atoms are in the primitive cell. There is
a gap between acoustical and optical modes. For acous-
tical modes, Sn dominates in the density of states since
it is the heaviest element among Co, V and Sn. Co and
V contribute most to the optical modes.
Phonon acoustic branches dominate lattice thermal

conductivity since they have greater energy dispersion
and therefore a broader distribution of phonon velocities,
while the optical branches have quite weak energy dis-
persion and therefore the velocity is low and make small
contribution to lattice thermal conductivity30. Since low
sound speed is important for a reduced kl, it is natu-
ral to search thermoelectric materials with small slope of
acoustical modes.
In the following, in order to make a comparison

with other good half-heusler thermoelectric alloys like
FeNbSb, ZrNiSn and ZrCoSb, the group velocities of
acoustic modes are calculated and collected in Table I,
which mainly determines the lattice thermal conductiv-
ity. Two directions Γ-X ((001)) and Γ-L ((111)) along
with transverse acoustical (TA) branch and longitudinal
acoustical (LA) branch are considered. Notice that TA
branches are degenerate in Γ-X and Γ-L directions. For
CoVSn, the TA and LA sound speeds are 2573, 5709,
3136 and 5116 m/s, respectively, along above two direc-
tions. FeNbSb, its TA and LA sound speeds are 2940,
5997, 3503 and 5361 m/s, respectively, and for ZrCoSb,
its TA and LA sound speeds are 2854, 5780, 3365 and

TABLE I: Calculated group velocities of acoustical modes
along Γ-X and Γ-L directions. The unit is m/s.

Γ to X Γ to L

TA LA TA LA

CoVSn 2573 5709 3136 5116
CoSnNb 2847 5813 3330 5277
IrGeNb 3002 4991 2722 5251
FeNbSb 2940 5997 3503 5361
ZrCoSb 2854 5780 3365 5205
ZrNiSn 2868 5516 3150 5200

5205 m/s. Therefore, among CoVSn, FeNbSb and Zr-
CoSb, CoVSn has the smallest acoustic speeds. Based
on our above discussions, compared to FeNbSb and Zr-
CoSb, the conclusion that CoVSn material has good po-
tential for lowering thermal conductivity relative to the
other compounds since its sound speeds are smallest.
This is in accord with direct lattice thermal conductiv-
ity calculations31. Notice that Bi2Te3 has smaller lat-
tice thermal conductivity, which is in consistent with its
corresponding smaller sound speeds, compared to above
half-heusler alloys. For Bi2Te3, along Γ-L direction, the
sound speeds of TA and LA are 1395, 1728, and 2394
m/s, respectively, and along Γ-Z direction, the speeds
are 1774 and 1811 m/s27.
Experimentally Lue et al. has shown that CoVSn

can be produced, at least with partial atomic ordering
on the half-Heusler lattice. They successfully prepared
CoVSn in an RF induction furnace from elemental in-
gredients, while attempts by arc melting method were
not successful32. Another study of Ti1−xVxCoSb1−xSnx
found that x cannot be increased beyond 0.4, which in-
dicates that CoVSn cannot be synthesized by conven-
tional solid-state reaction33. Theoretically Carrete et

al. predicted CoVSn is both thermally and mechanically
stable31 while Zakutayev et al. predict CoVSn is not sta-
ble theoretically34, based on calculations using the fitted
elemental-phase reference energies method35. In a very
recent work, Ma et al. reported that almost all the exper-
imentally synthesized half-Heusler compounds lie on or
close to the convex hull, with hull distances between 0.0
and about 0.1 eV/atom. They selected 110 compounds
(experimentally reported and unreported), in which they
find that (shown Fig. 6 in Ref.36) that the vast majority
of the reported half-Heusler compounds that have been
experimentally synthesized lie on or close to the calcu-
lated convex hull-37 compounds are on the convex hull
(i.e., a hull distance of 0 eV/atom) and an additional
52 lie relatively close to it (i.e., a hull distance less than
about 0.1 eV/atom)36. They predicted that CoVSn is in
the half-heusler structure because its hull distance is only
0.012 eV/atom just above the convex hull36. We also did
stability calculations considering competing phases. Our
total energy calculations for the competing phases show
that CoVSn is thermodynamically stable with the PBE
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FIG. 7: Calculated phase diagram for CoVSn. The stable
region for CoVSn is shaded. The unit for chemical potentials
∆µCo and ∆µV is eV.

functional, which is shown in the shaded region in Fig. 7.
With careful control of growth conditions (which affects
the elemental chemical potentials ∆µ), the synthesis of
the single-phase CoVSn is possible. According to above
discussions, the method and condition that used in the
synthesis of CoVSn should be carefully controlled. In any
case it may be that CoVSn can be synthesized by non-
equilibrium ways, e.g. quenching via melt spinning or in

thin film deposition. Melt spinning is a method that was
used for other nanostructured thermoelectrics37,38.

IV. SUMMARY

The electronic structure and potential thermoelectric
performance of half-heusler alloy CoVSn are investi-
gated theoretically. A large thermopower is obtained for
CoVSn, particularly for the p-type doping. This origi-
nates from several close valence band maxima and corru-
gated shape in the isoenergy surface according to our cal-
culations. This type of complex band shape and degen-
eracy enables resolution of the conundrum posed by nor-
mally contradictory requirements of high thermopower
and high conductivity needed to obtain high ZT. Our
calculated power factor S2σ/τ for CoVSn can be compa-
rable to that of FeNbSb at the optimal carrier concen-
tration. A smaller group velocities of acoustical modes
for CoVSn indicates that the possibility of smaller lat-
tice thermal conductivity, which also good for the overall
thermoelectric performance.
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