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We report on giant thermopower of S = 2.5 mV/K in CoSbS single crystals: a material that shows
strong high-temperature thermoelectric performance when doped with Ni or Se. Changes of low-
temperature thermopower induced by a magnetic field point to the mechanism of electronic diffusion of
carriers in the heavy valence band. Intrinsic magnetic susceptibility is consistent with the Kondo-
insulatorlike accumulation of electronic states around the gap edges. This suggests that giant thermopower
stems from temperature-dependent renormalization of the noninteracting bands and buildup of the electronic

correlations on cooling.
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Thermoelectric materials convert heat into electric power
and vice versa, which is attractive for power generation and
greenhouse gas emissions reduction [1]. Even though
efficient thermoelectrics are also needed for applications
below room temperature, progress in cryo-thermoelectric
materials discovery has been modest [2]. In a cryogenic
environment, there are two major differences when com-
pared to high-temperature automotive or solar applications.
Because the temperatures of interest are small, for a high
figure of merit ZT = (S%6/x)T, where S is thermopower
and o and k are electrical and thermal conductivities, the
thermoelectric power factor (S¢) must be large. In addi-
tion, electronic correlations cannot be neglected [3,4].
Therefore, FeSb,-like electronic systems [5,6] with the
largest thermopower and thermoelectric power factors
known to date [7,8] could be essential materials for future
thermoelectric cryodevices.

The thermopower of FeSb, reaches colossal values of up
to —45 mV /K [7]; however, the physical mechanism is not
well understood. From the Mott formula, S = —[(zkz)?/
3e]T(0Ino/OE)|g,, and so values on the order of S~

—[(#%kg)/3e€][T/Tr] ~ 10 uV/K are to be expected for the
diffusion mechanism in metals where states at the Fermi
level take part in the conduction process [9]. In semi-
conductors, the electronic contribution to thermopower
scales with the distance from the Fermi level in units of
kgT and with its fractional contribution to the total current.
Therefore, semiconductors have typically larger diffusion
thermopower when compared to metals; however, com-
monly observed values are still in the hundreds of microvolts
per kelvin range [10]. Whereas there are arguments against
the phonon drag in FeSb, [11,12], recent studies suggest
nearly ballistic phonons dragging massive electrons to
enhance thermopower up to |S| = 27 mV/K in high-purity
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FeSb, single crystals [13]. In order to make progress and
enable predictive materials design, it is important to discover
new materials with high thermoelectric parameters and with
tunable physical properties.

Ternary crystal structures offer higher tunability when
compared to binary compounds such as marcasite FeSb,
[14]. Recently, it was shown that CoSbS [15] could be a
high-temperature thermoelectric material due to several
positive factors that work simultaneously to enhance its
thermoelectric performance [16]. Combined linearized
augmented plane wave theoretical and experimental studies
confirmed this to be the case, unveiling additional features
in the electronic structure such as substantial band degen-
eracy near edges, flat dispersions throughout the entire
Brillouin zone, and a large density of states rising rapidly
around the gap [17]. Co;_,Ni,SbS and CoSbS_ X,
(X = Se, Te) showed a figure of merit ZT = (0.5-0.62)
in the (730-900) K range and a high power factor [18-20].
Moreover, even higher values of ZT > 1 at 600 K have
been predicted by density functional theory in optimized
CoSbS-based materials [21].

Here, we unveil the low-temperature thermoelectric
properties of CoSbS and report S = 2.5 mV/K at 40 K.
In contrast to FeSb,, where the mechanism of colossal § is
still controversial, we show that such large values can be
explained by the electronic diffusion in the heavy valence
band. Our results imply a Kondo-insulatorlike scenario of
the electronic correlations buildup associated with the
thermopower peak; the intrinsic magnetic susceptibility
can be understood within a model of metallic spin para-
magnetism, albeit with a large low-temperature renorma-
lization of the noninteracting bands [22,23].

Single crystals of CoSbS were grown by heating starting
materials first at 500 °C for 6 h and then to 1000 °C. Crystals
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FIG. 1. (a) Powder XRD pattern and refinement. Data are
shown by +, and fitting and difference curves are given by red
and green solid lines, respectively. (b) Crystal structure of CoSbS.
(c) and (d) Resistivity vs temperature for CoSbS crystals with
current along different crystalline axes, revealing semiconductor
behavior with different temperature regions of activated transport.
(e) Anisotropic magnetic susceptibility vs temperature for a
CoSbS crystal in a magnetic field of 1 T. Inset shows average
magnetization. (f) Heat capacity for CoSbS crystals; inset shows
low-temperature region.

were decanted at 650°C after the slow-cooling process.
They were oriented and polished along principal crystallo-
graphic axes for four-probe resistivity and thermal transport
measurements. Magnetic, transport, and thermal mea-
surements were carried out in Quantum Design PPMS-9
and MPMS-5XL. In thermoelectric measurement, the mag-
netic field is applied along the b axis, whereas the tempe-
rature gradient is along the a axis. Synchrotron powder
x-ray diffraction (XRD) data were taken at NSLS2 beamline
28-ID-1.

The powder x-ray diffraction pattern confirms that single
crystals crystallize in a Pbca space group with refined lattice
parameters a = 0.58357(1) nm, b = 0.59499(1) nm, and
¢ = 1.16563(2) nm [Fig. 1(a)] [15]. The space group is
similar to pyrite and marcasite, where each cation is
octahedrally coordinated with six nearest neighbor anions
[Fig. 1(b)]. In CoSbS, each octahedron shares an edge with
one neighboring octahedron and corners with ten additional
neighboring octahedra. The element analysis performed

using an energy-dispersive x-ray spectroscopy in a JEOL
LSM-6500 scanning electron microscope indicated CoSbS
composition.

Temperature-dependent resistivity is rather anisotropic
[Figs. 1(c)-1(D]; p. > p.p at low temperature. There
is a similar activated behavior in the temperature of p =
poexp(A/2kgT) over limited temperature ranges. The
activated behavior in the 200 < T < 300 K range gives
A =0.23-0.25(1) eV. At low temperatures of 10 K <
T < 20 K, we detect an additional small gap of A,z =
1.30(1) eV. Temperature dependence of the resistivity is
consistent with a lightly doped semiconductor: impurity-
band conduction with a 1.30 meV gap dominates at low 7,
and intrinsic conduction with A = 0.24(2) eV dominates
at high T [24].

CoSbS shows paramagnetic magnetic susceptibility
[Fig. 1(e)], which is consistent with the low spin state of
Co*" [25]. Whereas the anistropy in the p(7T) is significant,
x(T) shows much less anisotropy. The low-temperature tail
could come from paramagnetic impurity effects, i.e., some
residual imperfections and off-stoichiometry similar to
FeSi and FeSb, [5,26]. We fit the average low-temperature
magnetization y,, = % (xa +xb +xc) [5] using Curie law
x = xo + ¢/T [Fig. 1(e) inset] to obtain the Curie constant
associated with spin of 3/2 Co”*. The fraction of Co** is
1.6%. The intrinsic impurity-free magnetic susceptibility
of CoSbS will be discussed later. The heat capacity of
CoSbS crystals [Fig. 1(f)] shows the electronic specific-
heat coefficient y from C/T = pT?> +y is y(T - 0)~
1.4(1) x 107* J/mol K2, as expected for a semiconductor.
The Debye temperature is 426(2) K, which implies an
average sound velocity of v, = 3700 m/s [27].

Hall resistivity p,, in a magnetic field [Figs. 2(a) and
2(b)] is not linear, confirming the presence of multiband
electronic transport [17]. In a two-carrier system, the Hall
coefficient is

Ry = pyy/H = polay + poH?) /(1 + p3H?),

where a, = fiuy + fopa: fo = (fipa + fopy)up2; and
B3 = (fipz + fom1)?, where py = p(uoH = 0);

_ |”ilh‘|
Z'”i,“i|

fi

is the f factor; and n; and y; are individual carrier band
concentrations and mobilities [28]. From the model, we
obtain both carrier band concentrations and mobilities
[Figs. 2(c) and 2(d)]. Different from the conventional
electrons or holes that are associated with a continuous
energy band, ‘“carrier” denotes a set of carriers with
identical mobility corresponding to only one energy and/
or one degenerate energy level in the model. Carriers in
the low mobility band are denoted as carrier 1 and, in
the high mobility band, are denoted as carrier 2. In the
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FIG. 2. (a) and (b) Hall resistivity (p,,) vs magnetic field at

different temperatures with current along the a axis. Solid lines
are fits using the two-band model. (c) Carrier concentration and
(d) Hall mobility as functions of temperature. + denotes the hole
carriers, and-denotes the electron carriers. Squares represent
carrier 1 and circles represent carrier 2, as delineated in the text.

high-temperature range where the intrinsic conduction
dominates (7" > 180 K), both carrier 1 and carrier 2 are
holelike; whereas in the temperature range where extrinsic
conduction dominates, carrier 1 is holelike and carrier 2 is
electronlike. At 300 K, the concentration of carrier 2
(n, ~ 10" cm™?) is about one order of magnitude larger
than carrier 1 (n; ~ 10'® cm™3). Room-temperature carrier
concentration values are similar to the values observed in
narrow-gap Kondo semiconductors FeGa; and Ce;Bi Pty
[29,30]. There is a sharp decrease of the carrier 2 concen-
tration below 200 K to n, ~ 103 at 2 K. At the same time,
the n; increases by about one order of magnitude, keeping
the total carrier concentration unchanged. Another differ-
ence between the two carrier types is in the Hall mobility.
The mobility of carrier 2 (u,) is one to several orders larger
than the mobility of carrier 1 (u;) below 250 K. Above
200 K, the intrinsic conduction dominates and the con-
duction of the accepter band occurs with low mobility.
Carrier 2 comes from the intrinsic carriers and extrinsic
carriers in the valence band, and carrier 1 is the extrinsic
carrier in the impurity band. The crossover of n; and n,
could possibly be explained by the freezing of extrinsic
carriers into the accepter band about 0.5 meV above the
valence-band edge [Figs. 1(c) and 1(d)].

Thermopower S(7') shows a peak at 40 K [Fig. 3(a)]; its
sign is consistent with low-temperature Hall data below
300 K, and the curve is very similar to that of FeSb, crystals
[7,13]. Having in mind the dominant carrier type in the

temperature region of thermopower enhancement, we
consider the single-degenerate parabolic band [11,31]:

s(r) = = ko ksT <r+§>. (1)

3 e e 2

Within the free-electron approximation, the Fermi energy
ep is ep = h?/2m*(3n/8x)*/3> whereas m* = m, where
my is the free-electron mass, and n could be estimated from
the Hall effect. The carrier scattering parameter is usually
between —0.5 and 1.5. Here, it is assumed to be —%;
however, fit results do not critically depend on the r value.
Notably, to describe the observed peak in S(7), an
enhancement factor of 6.5 in the m* from the free-electron
mass is required. This points to the strong electronic
correlations and a relatively heavy valence band. The fitted
line is shown in Fig. 3(a) as a green solid line. We can
exclude the phase transition contribution to thermopower
because CoSbS shows neither a metal insulator [Fig. 1(c)]
nor a crystal structure change [Fig. 3(b)] at 40 K. The
thermopower peak arising from the spin-fluctuation mecha-
nism in semiconductors occurs at temperatures of the long-
range or the short-range magnetic order [32,33]. Because
CoSbS does not show any magnetic order, the spin-
fluctuation mechanism of thermopower enhancement is
unlikely.

The lattice thermal conductivity is usually treated using a
Debye approximation [34]:

kB kB 3 /GD/T T )C4€x
K, = 2\ 7 — < dx, 2
L™ 2n%, <fl> 0 (eX—1)2 x (2)

where x = Aw/kyT is dimensionless, @ is the phonon
frequency, kp is the Boltzmann constant, 7 is the Plank
constant, @p, is the Debye temperature, v, is the velocity of
sound, and 7. is the relaxation time. The overall relaxation
rate 7' can be determined by combining different scatter-
ing processes

=5 4l 4o

14

=7 Aw* + Bo?Te /T, (3)

where 7, 7p, and 7, are the relaxation times for boundary
scattering, defect scattering, and Umklapp processes,
respectively. The adopted values of the parameters are A =
3.0x 107 s3and B = 6.2 x 107! sK~!, and the phonon
mean free path at low temperature in the boundary
scattering regime is L = 6.6 x 107> m. It should be noted
[inset (a2) in Fig. 3(a)] that x(T') values are smaller when
compared to FeSb,, which is probably due to the enhanced
defect and Umklapp scattering processes of high-momen-
tum phonons [7].

Next, we discuss the mechanism of giant thermopower in
detail. It is instructive to evaluate the contribution of the
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FIG. 3. (a) Thermopower of CoSbS crystal with the temper-

ature gradient along (100) measured below 300 K. (b) Powder
XRD patterns from room temperature to 10 K taken in 10 K steps
below 90 K and 30 K steps above 90 K. There are no new
reflections in the temperature range of thermopower rise,
indicating the absence of the structural transition. Insets: (al)
low-temperature thermopower and fit using single-band model
(see text), and (a2) thermal conductivity for the same crystal and
the corresponding phonon mean free path (MFP). Green line
shows fitting of thermal conductivity.

phonon drag. First, we note that the electronic contribution
to «(T) using the Wiedemann-Franz law is negligible;
i.e., the phonon xp(T) and total x(7') are indistinguishable.
The phonon-drag thermopower is directly related to the
phonon mean free path [, by S, = pv,l,/uT [35,36],
where the f parameter describes the relative interaction
strength of the electron (or hole) and phonon with
0 < f < 1, and u is the mobility of the hole in the valence
band. Because k = C,v,l,/3 [37], we estimate the phonon
mean free path /, to be about 0.7 ym at the maximum
thermopower and 53 pm at 2 K [Fig. 3(a) inset (a2)], which
is consistent with the Callaway model. This is several orders
of magnitude smaller when compared to not only FeSb, but
also to typical materials with a phonon-drag thermopower
mechanism, such as Ge [11,38]. Together with the obser-
vation that S(7) and x(7) are maximized at different
temperatures [Fig. 3 insets (al,a2)], present data strongly

suggest that the phonon-drag mechanism is not dominant in
CoSbS. Furthermore, the maximum S value decreases from
25 mV/Kin0Tto 1.7 mV/Kin9T [Fig. 3 inset (al)]. This
confirms the importance of electron diffusion in giant low-
temperature thermopower in CoSbS, and it calls for the
investigation of the m* enhancement origin.

By subtracting impurity susceptibility from the measured
x(T), we obtain the intrinsic magnetic susceptibility
[Fig. 4(a)]. There is a rise of paramagnetic spin susceptibility
with temperature increase that can be explained with a
narrow-band—small-gap model [22] with a pileup of states
in the two narrow bands of width W, separated by an energy
gap of E, = 2A [inset in Fig. 4(a)]. This model has been
successfully applied to point to Kondo-insulatorlike physics
in correlated electron semiconductors FeSi and FeSb, [6,23].

The Pauli susceptibility of an itinerant electron system
with N(E) density of states is

W) 2 ET)

dE, 4
cband OE ( )

x(T) = =2u3
where pp is the Bohr magneton, and f(E,u,T) =
(exp[(E — pu)/kgT) + 1)1, The factor of two in the equa-
tion is due to the holes in the valence band that contribute to
x in the same way as electrons in the conduction band.
Taking N(E) = Np/W and p = W + A, where p is the
number of states or cells and N is the number of unit cells,
we obtain

NP exp(pA)[1 —exp(pa)
HE W 1 + exp(BA) {1 + explf(A + W

x(T)= i +Xe-
(5)

By fitting the magnetic susceptibility data [Fig. 4(a)], we
obtain W/kyz =75 K and A/kyz = 37 K. Using the same
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FIG. 4. (a) Intrinsic low-temperature y(7) obtained by sub-

traction of the Co?t impurity Curie-Weiss tail. Red line shows
fitting by a narrow-band—small-gap model (see text). Fitting
parameters are listed. (b) Contribution to heat capacity from spin
transition calculated by parameters obtained from magnetic
susceptibility.
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parameters obtained from the magnetization fit, we have
calculated the spin state transition contribution to specific
heat of Cp = (OU/OT), with U given by the contribution
from the valence and conduction bands:

U /WNp EdE
Jo Wexp[f(E-W-=A)]+1
/2W+2A Np EdE (©)
wioa Wexp[f(E-W-A)]+1"

The calculated heat capacity [Fig. 4(b)] shows a clear
Schottky peak around 30 K, which is expected for a two-
level electronic system separated by a narrow gap; however,
the phonon contribution is dominant in the measured
temperature range [Figs. 1(f) and 4(b)]; i.e., the phonon
heat capacity dwarfs the Schottky peak contribution. We
note that the difference between low-temperature energy
gaps extracted from p(7) and y(T') could be explained by
invoking the existence of the smallest indirect energy gap
relevant for low-temperature transport, but not for y [39].
Hence, magnetic properties indicate that the giant increase
in low-temperature thermopower comes from the Kondo-
insulatorlike low-temperature distortion in the density of
the electronic states [40]. This is further supported by the
rather low carrier mobility [Fig. 2(d)], which is comparable
to values found in rare earth hybridization compounds and
FeSi [41,42]. The low mobility of carriers implies a high
effective band mass and calls for detailed photoemission
studies.

In mixed anion compounds FeSbP and FeAsP related to
FeSb,, the size of the band gap is related to a rotation angle
6 of the Fe-centered octahedron around the z axis [14].
Because the Co(Sb, S), octahedra exhibit relatively large
rotation displacements when compared to Fe(Sb,P/As),
due to corner sharing, a larger intrinsic band gap could be
favored by the local crystallographic arrangement. The
thermal conductivity of CoSbS is large, and electrical
conductivity is much too low for a competitive thermo-
electric material. However, because the transition metal
character dominates near the band edge in density func-
tional theory (DFT) calculations, alloying on the Sb or S
atomic site may improve electrical conductivity; and it may
be more effective in thermal conductivity reduction when
compared to bulk nanostructuring methods due to very low
sound velocity anisotropy [17].

Summary.—We have evaluated the low-temperature
thermoelectric properties of CoSbS: a material that shows
high thermoelectric performance above room temperature.
Here, we show that CoSbS single crystals also exhibit giant
thermopower at cryogenic temperatures. The mechanism of
thermopower enhancement involves buildup of the elec-
tronic correlations on cooling; consequently, giant thermo-
power could be explained within the model of diffusive
correlated electrons. Our work calls for further investiga-
tion of the Kondo-insulatorlike electronic correlations that

develop at low temperature and for the relation of the
diffusive thermopower to the 0.50 meV gap absent in DFT
calculations [17]. The question of how giant diffusion
thermopower in CoSbS is related to electronic structure and
impurity states is an interesting subject for future study.
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