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A recent experimental paper by Du et al. [Phys. Rev. Lett. 123, 076602 (2019)] had shown colossal values
of thermopower at 40 K. The Seebeck coefficient values decrease with the application of magnetic field. We
found that the colossal Seebeck coefficient is due to carrier correlation and large increase in effective mass.
The reduction of thermopower with magnetic field is explained by including spin-orbit interaction terms in our
calculations. By tuning atomistic magnetic moment, the power factor of thermoelectric materials can be further
optimized. We have shown that a 107 times increase in power factor is possible by increasing magnetic field.
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I. INTRODUCTION

Thermoelectric materials play a key role in reducing envi-
ronmental pollution by converting heat energy to electrical en-
ergy and are attractive for renewable power generation [1,2].
Efficiency of a thermoelectric material is given by a dimen-
sionless quantity known as the figure of merit (ZT), which is
defined as ZT = SZI‘(’T , where S is the Seebeck coefficient, o is
the electrical conductivity, « is the total thermal conductivity,
and 7 is the absolute temperature. Thus a good thermoelectric
material must have higher electrical conductivity and low
thermal conductivity. Though at temperatures above 500 K,
higher figure of merit has been achieved in third generation
thermoelectrics [3,4], efficiencies in the temperature range
5-250 K are still relatively poor. Thermoelectricity is also
needed below room temperature for the thermoelectric cool-
ing mechanism which is used in next-generation refrigerating
technologies. At such temperatures, for high figure of merit,
the thermoelectric power factor must be large. Chalcogenides
of cobalt (Co) have been identified as promising materials
for thermoelectric applications due to their high Seebeck
coefficient and high electrical conductivity [5-7]. Out of all
chalcogenides of cobalt, CoSbS has been seen to show ZT
values of 0.40 at 800 K [8]. Moreover, higher ZT values have
also been reported for optimized CoSbS based materials [9].
A recent work by Du et al. [10] reporting high thermopower
value at 40 K encouraged this theoretical work.

Herein, we report the effect of including spin-orbit interac-
tion terms on the thermoelectric power factor of CoSbS by
using Boltzmann transport equations. This work shows the
origin of high thermopower at low temperature and also the
reason for the reduction in Seebeck coefficient values with
magnetic field. A further high power factor can be achieved
by tuning the atomistic magnetic moment with the applied
magnetic field at cryogenic temperatures.
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II. THEORETICAL METHODS

The electronic properties of CoSbS were investigated
by density functional theory (DFT) simulations using the
Vienna ab initio simulation package (VASP) [11] based on
the projector augmented wave method (PAW) [12,13] with
a plane-wave basis set and periodic boundary conditions.
The exchange correlation energy was calculated using the
Perdew-Burke-Ernzerhof (PBE) functional [14]. The cut-
off energy for the plane wave basis was set to 350 eV
with an energy convergence threshold of 1073 eV. All the
atoms were relaxed until the forces on them were less than
0.001 eV/A. The lattice structure of CoSbS belongs to
the Pbca space group with lattice parameters a = 5.833 A,
b=5.966 A, and ¢ = 11.691 A obtained after relaxation.
Spin-orbit coupling (SOC), which is an effect that couples
the orbital and spin degrees of freedom in the system, was
also included in the simulations via an L-S term, where L is
the angular momentum and S is the spin. The inclusion of the
spin-orbit coupling term adds an additional term Hsoc o & - L
to the Hamiltonian that couples Pauli spin operator ¢ with an-
gular momentum operator L. As a relativistic correction, SOC
acts predominantly in the immediate vicinity of the nuclei,
such that it is assumed that contributions of Hsoc outside the
PAW spheres are negligible. In VASP, SOC is calculated via
nonlinear magnetism terms and it only works for PAW poten-
tials. Magnetic moments of 0.0ug, 0.1up, 0.2up, and 0.5ug
were given for the cobalt atoms using noncollinear SOC
calculations. The electronic band structures along a path con-
necting characteristic points in the Brillouin zone with the in-
clusion of SOC for different magnetic moments are shown in
Fig. 1.

The electrical transport properties were calculated in
a temperature range of 5 K to 400 K using the Boltz-
mann transport equations as implemented in BoltzTraP2 [15]
using the constant relaxation time approach and also by
including the temperature dependent relaxation time due to
electron-phonon scattering.
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FIG. 1. Electronic band structure of CoSbS (a) without SOC and atomistic magnetic moment 0.0xp and (b) with atomistic magnetic

moment 0.1u3 (¢) 0.2up, and (d) 0.5up.

In the relaxation time approximation, the thermoelectric
coefficients are expressed as [15]
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In the above equations, X(e, T') is the transport distribution

function, which can be obtained by summing over electron
bands (b) and integrating over the Brillouin zone as X(¢, 7)) =

% > v,f’krb,kS(e — €px), V(e) is the component of the
group velocity of each carrier in the transport direction, €p
is the energy of that electronic state, 75 is its total relaxation
time, e is the electronic charge, T is the temperature, and u is
the chemical potential.

The electron-phonon scattering rate is given by [16]
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where kg is the Boltzmann constant, 77 is the lattice temper-
ature, p is the density of the medium (6.93 gcm*3), u, is the
velocity of sound in the medium (4292 ms™!), and Ep, is the
deformation potential which is taken to be 38 eV as calculated
by Lie et al. [6].

The effective mass as a function of temperature is calcu-
lated using [17]

2m*(T, wkgT
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1

where n(T, u) is the carrier concentration, 7 is the temper-
ature, and 7.y is the effective reduced chemical potential
calculated from the Seebeck coefficient given by [18]
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where A is the scattering exponent whose value is set to 1/2.
Fi4, are the Fermi functions given by
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The force calculations were done in the 2 x 2 x 1 su-
percell using a 2 x 2 x 1 k-point mesh. Displacements with
an amplitude of 0.01 A are used for calculating forces with
VASP in order to obtain interatomic force constants. Frozen
phonon approach is adopted for extracting the force constants
as implemented in the program PHONOPY [19]. Spin-orbit
coupling (SOC) was included via an L-S term and magnetic
moments of 0.0up, 0.2up, and 0.5up were given for the
cobalt atoms. Figure 2 shows the phonon band structures thus
obtained for CoSbS without SOC and by including SOC with
magnetic moments.

III. RESULTS AND DISCUSSION

As shown in Fig. 1(a), the valence band has flatter regions
at I' point, which are responsible for higher Seebeck coeffi-
cient of the compound at low temperature due to the descent
of holes from valence band maxima (VBM) to I'" point.
The strength of the spin-orbit coupling shows up indirectly
in the calculated quantities as the magnetic moments are
varied. SOC influences band-edge energies by splitting the
atomic orbital energy. As we increase the magnetic moments
(up > 0), the strength of the spin-orbit coupling increases
which leads to splitting of the band energies and shifting
of valence band maxima (VBM) towards conduction band
minima (CBM) along I'-Y and I'-Z directions. This shifting
of VBM towards CBM leads to reduction in energy band gap
with increasing magnetic moment. CoSbS has a band gap of
0.33 eV, which reduces to 0.22 eV on application of 0.1ug
magnetic moment. Magnetic moment of 0.5u5 decreases the
band gap to 0.0 eV.

Temperature dependant electrical conductivity (o) and
Seebeck coefficient (S) by using the electron phonon scat-
tering rate given by Eq. (4) are shown in Figs. 3(a) and
3(b), respectively. Seebeck coefficient shows a peak at
1.86 mV/K at 40 K as compared to the experimentally re-
ported [10] value of 2.5 mV /K at the same temperature. This
peak consistently appears at 40 K for the atomic magnetic
moments 0.1up and 0.2up and a slight shift is observed
for 0.5up moment at Co position. Though in experimental
investigation by Du et al. [10], CoSbS was found paramag-
netic, a high magnetic field induced a magnetic moment in
Co atom. This atomistic magnetic moment induces a strong
spin-orbit coupling which has a significant contribution on the
thermoelectric properties of CoSbS. At the temperature 40 K,
for atomistic magnetic moment ug = 0.5, there is less than
two times reduction in the Seebeck coefficient and a 108 times
enhancement is observed in the electrical conductivity value.
Thus our relaxation time model based on deformation poten-
tials and band energies gives results closer to experimental
values. We did not observe large change in carrier concen-
tration and electron relaxation time with temperature and pp
[Figs. 4(a) and 4(b)]. At 300 K, the carrier concentration is
of the order of ~10'® cm~ and it decreased to ~10'3 cm™3
below 100 K.

At 40 K, effective mass shows an increment to 5.4 from
free electron mass. This higher effective mass is a strong
indication of carrier correlations and heavy valence band as
indicated by Du ef al. [10]. We also observe large variation of
chemical potential (1) with magnetic moment [Fig. 4(d)]. The
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FIG. 2. Phonon band structure of CoSbS (a) without SOC and
atomistic magnetic moment 0.0utp and (b) with atomistic magnetic
moment 0.2up and (c) 0.5up.

chemical potential is very low for u = 0.0up and it slowly
increases with application of magnetic moment. The diffusion
of holes from VBM (valence band maxima) to the lower
valence band decreases with application of magnetic moments
due to large energy splitting, which explains the reduction
in the peak value of the Seebeck coefficient with magnetic
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FIG. 3. Variation of (a) electrical conductivity and (b) Seebeck coefficient, with temperature for CoSbS (without SOC) and by applying
magnetic moments 0.1up, 0.2, and 0.5 along with experimental values [10] (the black circles represent experimental value corresponding
to O T field and the red triangles represent experimental values corresponding to 9 T field) using electron-phonon scattering rate.

field [Fig. 3(b)] and change in effective mass of the carrier
[Fig. 4(c)].

For magnetic moment 0.1, the Seebeck coefficient drops
to 1.5 mV/K at 40 K, which further reduces to 1.2 mV/K
for 0.5up. A peak shift from 40 K to 30 K is seen for
0.5up. When calculated without SOC and with small mag-
netic moments, the electrical conductivity [Fig. 3(a)] increases
with temperature showing semiconducting behavior. For
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magnetic moment 0.5up, the effect of SOC is significant as
the band gap reduces to 0.0 eV and the material starts show-
ing metal-like properties, with conductivity decreasing with
temperature.

The Seebeck coefficient is also calculated with a con-
stant relaxation time (CRTA) as per BoltzTraP [18] as seen
in Fig. 5. Energy and temperature independent relaxation
time (r = 10~" s) is used for CRTA calculations. A very
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FIG. 4. Variation of (a) carrier concentration, (b) relaxation time, (c) effective mass, and (d) chemical potential, with temperature for
CoSbS (without SOC) and by applying magnetic moments 0.1ug, 0.21p, and 0.5u5.
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FIG. 5. Variation of Seebeck coefficient with temperature for
CoSbS (without SOC) and by applying magnetic moments 0.1z,
0.2up, and 0.5up along with experimental values [10] (the black
circles represent experimental value corresponding to O T field and
the red triangles represent experimental values corresponding to 9 T
field) for constant relaxation time.

significant contrast is observed in CRTA calculation. The
Seebeck coefficient has a p-type to n-type transition at
T = 30 K, whereas no such transition is observed in experi-
ment and theoretical calculation with energy dependent relax-
ation time (,.,;,). Hence our modeled relaxation time based on
deformation potentials and band energies gives results closer
to experimental values [10].

Figure 6 shows the variation of power factor (S20) with
temperature for two temperature ranges (5-100 K and 100-
400 K). It is seen that the power factor when calculated with-
out SOC and magnetic moments 0.1up and 0.2up increases
with temperature.

At 5 K the power factor (S%¢) s 3.18 x 1075 W cm 'K 2
(Fig. 6), which increases to 55.31 uWcm™'K~2 at 400 K
without magnetic field or without SOC calculations. For
magnetic moment 0.2up, there is an increase in the power
factor by about one order of magnitude compared to 0.1up or
without the SOC case. At 5 K, for magnetic moment 0.5,
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FIG. 6. Variation of power factor with temperature for temper-
ature scales (a) 5 K to 100 K and (b) 100 K to 400 K, for CoSbS
(without SOC) and by applying magnetic moments 0.1up, 0.2up,
and 0.5up.

the power factor is 4.97 x 10? W cm~'K~2, which is ~107
times higher than that for without SOC and ~10° times higher
than that for 0.245. However, beyond 100 K, the power factor
starts to decrease rapidly and there is a crossover at around
200 K for pup = 0.5. The power factor for 0.5up becomes
24.1 uW cm~'K=2 at 400 K, much lower than that without
SOC value. Hence, though the higher magnetic moment or
field can increases the power factor at cryogenic temperatures,
a magnetic moment of 0.2up is more useful above room
temperature. This variation of power factor is directly related
to the temperature dependence of the Seebeck coefficient and
electrical conductivity with magnetic field.

As seen from phonon dispersion plots (Fig. 2), SOC has
no significant effect on the phonon properties. At a very high
magnetic moment u = 0.5up, almost no change in acoustic
mode is observed. There is a very small shift in the optical
mode. So there will be no effect of spin-orbit coupling on the
lattice thermal conductivity, although there is a large effect on
the power factor at lower temperatures.

IV. CONCLUSION

In conclusion, we report the theoretical calculation of low
temperature electrical properties of CoSbS with the effect of
including spin-orbit coupling terms on the electronic struc-
ture. Here, we show a high Seebeck coefficient at cryogenic
temperatures which is in qualitative agreement with exper-
imental values [10]with a peak of 1.86 mV/K at 40 K.
The increase in Seebeck coefficient is explained in terms
of carrier concentration and strong carrier correlations. The
reduction of the Seebeck coefficient with magnetic field is
due to the relativistic effect induced by atomistic magnetic
moment in the structure. The electrical conductivity calcu-
lation with SOC and 0.5up atomistic magnetic moment on
Co atoms shows a metal-like behavior due to a strong effect
on inclusion of spin-orbit coupling terms and a larger shift
of VBM towards CBM leading to closure of the energy
band gap. The power factor calculations show that, though
higher magnetic moment included by SOC (0.5up) gives a
huge power factor of the order of ~10%> uWcm ™ 'K=2 at
cryogenic temperatures, it rapidly decreases above 100 K.
Large enhancement in power factor may be possible in the
cryogenic range by tuning the atomic moment of Co. Spin-
orbit coupling with magnetic moment at the Co site has no
effect on the phonon dispersion of CoSbS. Therefore, thermal
properties will not be affected by the external magnetic field,
although there is a large effect of it on the power factor at
lower temperatures. This work calls for further investigation
of electrical properties of CosbS by application of magnetic
field.
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