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ABSTRACT: Polycrystalline samples of CoAsSb were pre-
pared by annealing a stoichiometric mixture of the elements at
1073 K for 2 weeks. Synchrotron powder X-ray diffraction
refinement indicated that CoAsSb adopts arsenopyrite-type
structure with space group P2,/c. Sb vacancies were observed
by both elemental and structural analysis, which indicate
CoAsSb g3 composition. CoAsSb was thermally stable up to
1073 K without structure change but decomposed at 1168 K.
Thermoelectric properties were measured from 300 to 1000 K
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on a dense pellet. Electrical resistivity measurements revealed that CoAsSb is a narrow-band-gap semiconductor. The negative
Seebeck coefficient indicated that CoAsSb is an n-type semiconductor, with the maximum value of —132 V/K at 450 K. The
overall thermal conductivity is between 2.9 and 6.0 W/(m K) in the temperature range 300—1000 K, and the maximum value of
figure of merit, zT, reaches 0.13 at 750 K. First-principles calculations of the electrical resistivity and Seebeck coefficient
confirmed n-type semiconductivity, with a calculated maximum Seebeck coefficient of —87 yV/K between 900 and 1000 K. The
difference between experimental and calculated Seebeck coeflicient was attributed to the Sb vacancies in the structure. The
calculated electronic thermal conductivity is close to the experimental total thermal conductivity, and the estimated theoretical
zT based solely on electronic thermal conductivity agrees with experimental values in the high temperature range, above 800 K.
The effects of Sb vacancies on the electronic and transport properties are discussed.

B INTRODUCTION

Thermoelectric materials are of current interest due to the
green applications of the conversion of waste heat into usable
energy. Presently, almost 200 years after the initial discoveries
of the Seebeck and Peltier effects, scientists are still discovering
and improving thermoelectric materials. The performance of a
thermoelectric material is characterized by the dimensionless
figure of merit, zT = S?6T/k, where S is the Seebeck coeffi-
cient, o is the electrical conductivity, and « is the thermal con-
ductivity. Only a relatively few thermoelectric materials have
been well studied, and there are a large number of relevant semi-
conductor phases for which S and k have not been measured;
hence, the discovery of new structure types and compounds
with substantial zT is promising. Computational predictions are
becoming powerful tools in the discovery and design of new ther-
moelectric materials, even though it is still challenging to accu-
rately predict thermoelectric properties.' > In recent years, mach-
ine learning has also emerged as a useful technique to find pos-
sible thermoelectric materials, using databases of experimental
results and/or first-principles calculations.*™® Therefore, it is
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essential to develop this important area with new materials that
are thoroughly studied by both theoretical and experimental
techniques.

Transition metal pnictides are a rich class of thermoelectric
materials.” ™" A recent interesting example is the semicon-
ductor FeSb,, which has received extensive attention due to its
anomalously giant S of —45000 xV K™ at 10 K and other
exotic properties, which are still not fully understood.'*~*° FeSb,
crystallizes in the mineral marcasite-type (FeS,) structure with a
narrow band gap (0.1—0.3 €V) and a power factor (PF = S%)
larger than 2000 W K2 ecm™1.*'7** However, due to the large x,
its zT is very small (0.005 at 12 K). The thermoelectric prop-
erties of FeSb, have been improved, but only to a small degree
via substitutions of other elements on the Fe or Sb site.”" '
Considering that FeAs, is of the same structure type and shows
a similarly large PF,'* we set out to substitute half of the Sb in
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FeSb, with As to lower k and improve zT by minimizing the
phonon contributions. However, numerous efforts to synthesize
FeAsSb by both solid state and chemical vapor transport reac-
tions have failed to yield the targeted phase. Because of the simi-
larity of the crystallographic and electronic structure of FeSb, and
CoPn, (Pn = As, Sb), investigations were directed to CoAsSb.
CoPn, have been reported with arsenopyrite-type (FeAsS)
structure, which is very similar to marcasite type (Figure 1).*>*
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Figure 1. Crystal structures of CoAsSb with marcasite-type (a, b) and

arsenopyrite-type structures (c, d). Color code: Co = red and As/Sb =
black in (a, b); Co = red, As = black, and Sb = green in (¢, d).

Like FeSb, CoPn, are small-band-gap semiconductors.**
At high temperature, both CoAs, (800 K) and CoSb, (644 K)
convert to marcasite.”>*® The thermal transport properties have
been reported with larger 2T values (~0.1) than that of FeSb,.”*
With possible lower k, CoAsSb was expected to exhibit better
thermoelectric properties compared to CoPn,. Moreover, Siegrist
and Hulliger mentioned CoAsSb with a S = —180 4V K™ in their
study of CoPn, (Pn = As, Sb) at high temperature.’® CoAsSb
was later discovered in nature as the mineral oenite, but there
was no detailed study of its synthesis, structure, or thermo-
electric properties.”’

In this article, we report that arsenopyrite-type CoAsSb can
be synthesized by conventional solid state techniques. The
structural, magnetic, and thermoelectric properties above and
below room temperature have been investigated. Comparison
of the results of the experiments and first-principles calcu-
lations of the electronic and thermoelectric properties of CoAsSb
is also reported.

B MATERIALS AND METHODS

Starting Materials and Synthesis. The target phase was pre-
pared by conventional solid state methods with cobalt (99.5 wt %,
Alfa Aesar), arsenic (99.99 wt %, Alfa Aesar), and antimony powders
(99.999 wt %, Alfa Aesar). Elements were mixed in the ratio of
Co:As:Sb = 1:1:1, ground thoroughly, and pressed into a pellet. The
pellet was loaded into an alumina crucible inside a silica tube which
was sealed under vacuum (<1072 mbar). The ampule was heated in a
furnace at 1073 K for 2 weeks and then cooled over the course of 6 h.
All sample preparations were carried out in an Ar-filled glovebox with
0O, and H,0 concentration below 1 ppm.

Laboratory and Synchrotron Powder X-ray Diffraction (PXD
and SPXD). Samples were measured in the 26 range from 10° to 80°
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and collected for 1 h on a Bruker D8 Advance diffractometer (Cu Ka,
A = 1.5418 A) with a SOL-X solid state detector. Room temperature
SPXD (4 = 0.414 532 A) was collected in the 26 range from 0.5° to
50° at the 11-BM beamline at the Advanced Photon Source (APS) of
Argonne National Laboratory. Rietveld refinement of the collected
data was carried out with the FullProf package.*®

Magnetic Measurements. Magnetic properties were measured
on a polycrystalline sample with a Quantum Design SQUID MPMS-
XL magnetometer. Field-cooled (FC) and zero-field-cooled (ZFC)
magnetizations were measured between 1.8 and 300 K in a direct-
current applied field of 0.5 T. Field dependence of magnetization
measurements was performed at 1.8 K with the applied field varying
from 0 to 7 T.

Consolidation of Powder. A Dr. Sinter Lab Jr. SPS-211Lx spark
plasma sintering (SPS) system (Sumitomo, Tokyo, Japan) was used
to consolidate the bulk powder sample (about 1.4 g) into a dense
pellet in a 12.7 mm high-density graphite die (POCO) under vacaum
(<10 Pa). The temperature was increased from room temperature to
700 °C in 4 min. Once the temperature reached 700 °C, the force
loaded increased from 3 kN to approximately 8 kN. After 10 min of
dwelling at 700 °C, the pressure was released, and the depressurized
samples were cooled to room temperature. The geometrical sample
density was larger than 91% of the theoretical density.

Thermogravimetric Analysis (TGA) and Differential Scan-
ning Calorimetry (DSC). A powder sample of about 30 mg was
loaded into an alumina crucible in an SDT Q600 TA Instruments and
measured between room temperature and 1000 °C at a heating and
cooling rate of 10 °C/min under argon flow. The remaining powder
after the measurement was analyzed by PXD.

Thermal Conductivity. Thermal diffusivity (D) data were col-
lected from 300 to 1000 K on a dense pellet obtained from SPS with
a Netzsch LFA-457 laser flash apparatus. The pellet surface was
polished and coated with graphite. The measurement was conducted
under dynamic argon atmosphere with a flow rate of S0 mL/min.
Thermal conductivity was calculated with the equation k. = D X
p X C,, where p is the density and C, is the heat capacity. Room-
temperature density was measured by the geometric method. The C,
was estimated from the Dulong—Petit law.

Seebeck Coefficient and Electrical Resistivity. A Linseis
LSR-3 unit was employed to measure S, and p.,, via a four-probe
method from 325 to 1000 K under a helium atmosphere on a bar-
shaped sample. The sample, the thermal diffusivity of which was pre-
viously measured, was cut into a 12 mm bar using a Buehler diamond
saw and polished into a 2.24 X 1.25 X 12.62 mm® bar before measure-
ment. The probe distance was 8 mm, and a thermal gradient of 50 K
was applied. S, Pexpr and Kyopa VS temperature data were fit to sixth-
order polynomial functions to calculate zT values.

Transport Properties below Room Temperature. The low-
temperature transport properties were measured on a 2 X 2 mm
square, cut from a consolidated 12.7 mm pellet (>91% dense), from
10 to 400 K with the commercial multipurpose Physical Properties
Measurement System (PPMS, Quantum Design). The Sexp and Kiogal
were measured with the thermal transport option.

Hall Measurements. The room-temperature Hall coefficient was
measured in a Quantum Design physical property measurement
system (PPMS) with a four-probe ac method. The Hall coefficient
was extracted from the difference between positive and negative field
between 9 and —9 T. Platinum leads (0.002 in.) were connected to
the bar with silver paste (Wellie-Store). Carrier concentration was
calculated by the equation Ry = —1/ne using the average of Ry from
the maximum positive and negative magnetic fields.

Chemical Analysis. Elemental analyses of the prepared samples
were performed with a Zeiss Sigma field emission scanning electron
microscope (SEM) with Oxford energy dispersive X-ray spectroscopy
(EDX).

Theoretical Calculations. First-principles calculations based on
density functional theory (DFT) were performed for CoAsSb with the
full-potential linearized au§mented plane wave method as implemented
in the WIEN2k package.®” The muffin tin radii were chosen to be the
2.26, 2.15, and 2.35 Bohr radii for Co, As, and Sb, respectively, and
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the cutoff parameter R K. was 7.0. The transport properties including
Saalo Pealo and K. were computed with the BoltzTrap package.40 Local
density approximations (LDA) were used for the exchange-correlation
functional. The semiclassical Boltzmann theory as implemented in the
transport code BoltzTrap was used to compute the transport coefficients
with a dense 47 X 43 X 47 k-mesh of the entire Brillouin zone.
Convergence test for the k-mesh confirmed that the dense 47 X 43 X 47
k-mesh is sufficient to calculate the transport coefficients. DFT relaxa-
tion was also performed based on the experimental structure. The
resultant lattice parameters are a = 6.22918, b = 6.14171, c = 6.26213 A,
and f = 116.17°. The modified Becke—Johnson (mBJ) exchange
potential method was utilized in the DFT relaxed structure to estimate
the band gap more precisely. The other computational parameters used
in the mBJ method are the same as in the local density approxi-
mations.*'

B RESULTS AND DISCUSSION

Crystal Structure and Thermal Stability. Similar to the
synthesis of CoPn, (Pn = As, Sb), CoAsSb was prepared by
conventional solid-state methods. The PXD pattern of CoAsSb
is similar to those of CoPn,, but shifts according to unit cell
change. Because CoPn, adopt arsenopyrite-type structure at room
temperature, but under§o transition to marcasite-type structure
at higher temperature,®”° CoAsSb was expected to exhibit either
marcasite or arsenopyrite-type structure. These two structure
types are closely related as shown in Figure 1.

In the marcasite-type structure (space group Pnnm), CoPng
octahedra share corners in the orthorhombic ab-plane, with
equal in-plane Co—Pn bond distances, which is distinct from the
two equal Co—Pn bond distances perpendicular to the plane.
Thus, each CoPng4 octahedron is distorted. CoPng octahedra
form linear chains via edge-sharing along the orthorhombic
c-axis. In the Pnnm space group, Co occupies the special position
(0, 0, 0), while As and Sb atoms are disordered on the same
site (x, y, 0). In the arsenopyrite-type monoclinic structure
(space group P2,/c), the three-dimensional (3D) arrangement
of CoPng octahedra is the same as in marcasite, but with ordered
As and Sb. In arsenopyrite, Co, As, and Sb each occupies dif-
ferent general sites at (x, y, z) of P2,/c. The CoPng4 octahedra
are distorted differently than in marcasite, with six different
Co—Pn bond distances.

In the PXD pattern of arsenopyrite a few extra weak peaks
are expected relative to those of marcasite structure due to its
lower symmetry (Figure S1). Rietveld refinement of the SPXD
pattern indicated that the data is best fit with arsenopyrite-type
structure (Figure 2).

The indices (111) and (102) are forbidden in marcasite Prnm.
Data analysis also indicates about 2.58(3) % CoAs as impurity
in the sample. The refined unit cell parameters of CoAsSb are
a = 6.23704(6), b = 6.13276(4), ¢ = 6.21963(6) A, and V =
212.648(3) A%, which are in reasonable agreement with those
of CoAs, (a = 5.9106(5), b = 5.8680(6), c = 5.9587(5) A, and
V = 185.06(3)) and CoSb, (a = 6.5077(3), b = 6.3879(4), c =
6.5430(3) A, and V = 240.91(2)).">*’ Refinement of each
atom site reveals that the Sb site occupancy is 0.883(1), which
leads to the chemical composition of CoAsSbygg;. The Sb site
can also be refined as a mixed Sb/As position (0.7Sb/0.3As)
with full occupancy; however, this model is contradicted by the
EDX results. The CoPng octahedron is distorted with Co—As
distances of 2.377(1), 2.347(2), and 2.389(2) A and Co—Sb
distances of 2.528(2), 2.531(2), and 2.575(1) A. The angles of
As—Co—As (90.8°, 95.6°, and 106.3°) and Sb—Co—Sb (84.8°,
87.8°, and 86.9°) are not equal to 90°. Other refined param-
eters for both phases are given in Table S1.
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Figure 2. Rietveld refinement of synchrotron powder X-ray diffraction
pattern of CoAsSb (space group P2,/c) with wavelength A =
0.414 532 A. Red circles are the observed pattern, black line is the
calculated pattern, vertical green bars are the Bragg positions expected
for CoAsSb and CoAs, and the blue line is the difference between
observed and calculated patterns.

The CoAsSb composition was also determined by EDX
microanalysis of powder particles of mainly ~100 ym on a
scanning electron microscope (Figure S2). In each particle, Co,
As, and Sb elements are homogeneously distributed (Figure 3),
with the molar ratio of Co:As:Sb close to 1:0.97:0.87, in
agreement with results obtained from Rietveld refinement. For
the sake of simplicity, the composition ratio of 1:1:1 will be
assumed in the discussions that follow.

The stability of the CoAsSb phase was determined by ther-
mogravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) between room temperature and 1273 K under argon
flow. CoAsSb is thermally stable below 1073 K without any phase
transition or melting (Figure 4); however, the sample mass
drops as the temperature increases from 1073 to 1273 K. The
endothermal peak shown in the DSC curve at 1168 K indicates
decomposition. The PXD pattern of the sample after TGA-DSC
experiment was identified as CoAsysSbys (Figure S3). This
behavior is different from those of CoAs, and CoSb,, which
display a structural transition at 800 and 644 K, respectively.

Magnetic Properties. Magnetic measurements of the
CoAsSb powder sample were carried out under a magnetic
field of 0.5 T. The magnetic properties of CoAsSb differ from
the diamagnetic behavior observed in CoPn,."> As shown in
Figure S, the value of magnetic susceptibility is positive, which
indicates that CoAsSb is not diamagnetic. The field-cooled
(FC) and zero-field-cooled (ZFC) curves completely overlap
throughout the entire temperature range. The low temperature
x is dominated by a large increase below about 30 K presum-
ably related to impurities. It is also worth noting that there is
a pronounced nonlinear shoulder in the low-temperature
susceptibility below about 20 K, which suggests interaction
effects in the impurity contributions. A small magnetization is
observed in the isothermal magnetization curves as a function
of field (inset of Figure S); the sharp decrease of magnetization
with increasing temperature corroborates that the low-temperature
tail (below ~20 K) is due to a small percentage (<«1%) of
impurities (Figure S4). This behavior suggests that there is no
obvious magnetic ordering in CoAsSb and that it is likely to be
Pauli paramagnetic. The inverse magnetic susceptibility as a
function of temperature (Figure SS) does not obey the Curie—
Weiss law.

Thermoelectric Properties above Room Temper-
ature. The electrical resistivity (pexp) measured from 300 to
1000 K on a dense pellet decreases with increasing temperature
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Figure 3. Energy-dispersive X-ray (EDX) mapping of a CoAsSb particle.
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Figure 4. TGA-DSC measurement of CoAsSb between 298 and 1273 K.
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Figure S. Field-cooled (FC) and zero-field cooled (ZFC) magnetic
susceptibilities of CoAsSb as a function of temperature with the
applied magnetic field of 0.5 T. Inset shows the magnetization as a
function of field measured at 1.8 and 50 K.

(Figure 6). This is typical semiconductor behavior, similar
to that of CoAs,, but unlike that of CoSb,, which becomes
metallic at high temperature.” The Pexp 18 7.35 m€2-cm at 300 K
and decreases to 0.72 mQ-cm at 1000 K; both values are close
to borderline metal/semiconductor behavior and suggest a
very narrow band gap in CoAsSb. From 300 to 750 K, the p,,,
of CoAsSb is between that of CoAs, (50—2 mQ-cm) and
CoSb, (0.6—1 mQ-cm).** For a semiconductor, the thermal
activation energy, E,, can be calculated from the Arrhenius
equation: In p =In p, + E,/kpT, where p, is the preexponential
factor, kg is the Boltzmann constant, and T is the temperature.
In the plot of In p versus of 1/T (K™'), two temperature ranges
of 975—575 and 475—325 K can be fit linearly, which output
E, equal to 0.123(2) and 0.062(1) eV, respectively. The E, is
related to the band gap energy E, with E, = Eg/ 2; hence, the
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Figure 6. Electrical resistivity as a function of temperature and a plot
of In p (mQrcm) vs 1/T (K™') with linear fitting of the data (inset).
The dots are experimental data, and the line is the sixth-order
polynomial fit of the data.

corresponding approximate E, are in the range of 0.256(4) and
0.124(4) €V.

The Seebeck coefficient, S.,, is negative from 300 to 1000 K,
which indicates that CoAsSb is an n-type semiconductor
(Figure 7a). At 300 K, the Sexp is =98 uV/K and increases to a
maximum absolute value (—132 yV/K) at 450 K. Based on this
maximum Sy, value, the band gap is estimated to be ~0.12 eV,
which is in reasonable agreement with the range of 0.256(4)
and 0.124(4) eV obtained from fitting the resistivity data.**
The absolute value of S, decreases with increasing temper-
ature, reaching —69 uV/K at 1000 K. This result is consistent
with a previous brief report of CoAsSb, where S, is —180 4V/K
at room temperature.”® This value of Sexp 18 also similar to that of
CoAs, (—200, —27 4V /K), which is also a n-type semiconductor.
CoSb, was reported to be a p-type semiconductor with a much
lower a value (24 uV/K) and exhibits a transition from p-type
to n-type semiconductor.” The room-temperature carrier
concentration of CoAsSb, obtained from the PPMS data is
approximately 4.1 X 10" cm™, and the Hall measurement is
consistent with electrons as the dominant carriers. The value
of the carrier concentration is between that of CoAs, (2.8 X
10'® cm™3) and CoSb, (1.3 X 10 cm™3).** The room temper-
ature electrical conductivity (6) of CoAsSb was obtained from
the Linseis LSR-3 data, and the room temperature mobility
(u), calculated from & = ney, was found to be 20.7 cm?/(V s).
This y is much lower than that of CoAs, (45.5 cm?/(V's)) and
CoSb, (72.3 cm?/(V s)).>* The carrier concentration is not
affected by disorder; therefore, it was expected to fall between
the two end compounds. The mobility, however, is affected
by disorder; a 50/50 substituted sample will have maximum
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configurational disorder, and hence the observed lower mobility
of CoAsSb is expected.

The total thermal conductivity, Ky, of CoAs, and CoSb,
decreases with increasing temperature in the arsenopyrite
phase and then increases at 800 and 644 K, respectively, when
the phase transition to marcasite occurs.>*® However, the Ky
of CoAsSb only decreases slightly from 300 to 370 K and then
steadily increases with increasing temperature to reach the maxi-
mum (6.0 W/(m K)) around 1000 K (Figure 7b). The absence
of any obvious slope change in the k data confirms the absence
of any structural transition in CoAsSb.

The total thermal conductivity of CoAsSb, calculated as Koy
=D X p X C,, where the thermal diffusivity (D) is measured as
temperature change, density (p) is the room temperature value
(7.421 g/cm?), and heat capacity (C, = 293.42 J/(kg K)) is
estimated from the Dulong—Petit law, is between 2.9 and
6.0 W/(m K), which is smaller than those of CoAs, (5—
12 W/(m K)) and CoSb, (6—13 W/(m K)). The electronic
thermal conductivity, k.o is calculated based on the Wiedemann—
Franz equation, k. = LT/p, where L is the free Lorentz number,
2.44 X 1078 W-Q-K 2 (Figure S6). The free electron Lorenz value
was also used for calculating the .. of CoAs, and CoSb,.”* The
corresponding lattice thermal conductivity (k) is calculated
by subtracting K. from Ko (Figure S6). The value of &y, is
between 2.58 and 2.85 W/(m K), much smaller than those of
CoAs, (4—12 W/(m K)) and CoSb, (4.5-8.5 W/(m K)).**
This is as expected since the formation of a solid solution
between similar-type materials decreases phonon scattering via
mass fluctuations on different crystallographic sites. In addition,
the vacancies on Sb sites in the structure may also contribute to
lowering the k. The power factor, PF = §*/p, increases with
increasing temperature and remains constant ~7.2 yW/ (em K?)

4211

above 550 K and achieves a maximum (7.5 gW/(cm K?)) at
775 K (Figure 8a). The calculated zT shows a similar trend as
the PF below 750 K: with increasing temperature it reaches a
maximum, 0.13, at 750 K (Figure 8b). Above 750 K, the zT
value slightly decreases to 0.124 at 1000 K. The zT values in
the high temperature range are overall higher than that of
CoAs, (~0.1 at 900 K) or CoSb, (~0.05 at 900 K)** and
much higher than that of FeSb, (0.005).”

Thermoelectric properties including S and k., were also
measured below room temperature (Figure S7a). However, a
different measurement setup was used as discussed in the
Materials and Methods section. Unlike for FeSb,, there is no
evidence of any abnormal behavior of the S at low temperature.
The S is also negative below 300 K, and the absolute value
increases as the temperature increases, which is in agreement
with the trend shown in the high temperature range between
300 and 450 K (Figure 7a). Similar to the K,y observed above
room temperature, the k., measured below room temperature
increases as a function of increasing temperature (Figure S7b).
The data above 250 °C is attributed to the emissivity of the sample
at high temperatures.*” The maximum value is 1.9 W/(m K) at
300 K, which is close to the value measured in the high tem-
perature range. At low temperature, the p was not recorded
accurately by a two-probe method; the data therefore is not
presented here.

Theoretical Calculations. From local density approxima-
tions (LDA), CoAsSb is a semimetal with a clear dip at the Fermi
level in the density of states. The density of states around the dip
is mostly contributed by the Co states (Figure 9b). Two bands
of mainly Co d-character cross the Fermi level, resulting in two
small Fermi pockets: one of electron-type is centered at the
Y point, and the other of hole-type is near to both the
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Figure 9. Electronic band structure and density of states plots for
CoAsSb calculated with LDA.

H and Y points, but not crossing the H—Y line as shown in the
band structure (Figure 9a). LDA calculations indicate that
there is a direct band gap around 80 meV between these two
bands at the Y point.

The calculated semimetal is different from the semicon-
ductor observed in the electric resistivity experiment. However,
calculation is carried out on stoichiometric CoAsSb without
considering Sb vacancies, while the measurement is carried out
on CoAsSbggs. The observed semiconducting behavior may
be due to the disordered Sb vacancies. The theoretical calcu-
lation using LDA here serves as a rough guidance and under-
estimates the band gap in CoAsSb that leads to semimetallic
behavior. However, with a more advanced DFT calculation,
the mBJ exchange potential method, a band gap of 0.074 eV is

obtained (Figure S8), which is consistent with the band gap of
0.12—0.25 eV based on the electrical resistivity data. It is worth
noting that the band gap is only obtained with the DFT relaxed
structure with the lattice parameters, a = 6.22918, b = 6.14171,
¢ = 626213 A, and B = 116.17° (i.e., relative to the refined
experimental data: a = 6.23704(6), b = 6.13276(4), ¢ =
6.21963(6) A, and B = 116.6396(4)°).

The electrical resistivity was calculated (p.,.) by choosing a
relaxation time, 3.6 X 107, to match the experimental value
around 800 K (Figure 10a). The p,. decreases as the temper-
ature increases, which is similar to the experimental data, but
with a more gradual slope. Thus, p, is smaller than p.,, below
800 K. The computed Seebeck coefficient (S_,) has a negative
sign in the measured temperature range, with a maximum value
as large as about —87 uV/K, not far from the S,,, of =130 uV/K
(Figure 10b). However, this maximum appears at higher tem-
perature in the calculation than in the measurements. The S,
agrees better with S, in the high temperature region, above
800 K. The difference between S, and S, may be due to the
nonstoichiometry of the Sb content, which is not considered in
the theoretical calculation.

Based on the values of p,. and S, the PF can be plotted as
shown in Figure 10c. Between 300 and 1000 K, the PF increases
almost linearly with increasing temperature and reaches the
maximum value of 8.2 yW/(cm K?), close to the experimental
value (7.2 uW/(cm K?)). The k.. was also calculated with the
BoltzTrap package (Figure S9), and it shows a similar trend as
the experimental k), and the calculated value of k. is some-
what larger than the experimentally determined k4. Using the
calculated k. as the calculated K, one can estimate the zT,
which increases with increasing temperature and reaches a
maximum (0.118) above 850 K and which agrees well with the
experimental value of 0.12. When ki, (not calculated here) is
also considered in the calculation, then the estimated zT value
is expected to be much smaller than the experimental value.
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Figure 10. Calculated resistivity (a), Seebeck coefficient (b), powder factor (c), and zT (d) values as a function of temperature.
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The overestimated k.. and underestimated zT are likely due
to the underestimation of the band gap by LDA.

To estimate the effect of Sb site vacancy on the electronic
structure and transport properties, the LDA rigid band approxi-
mation method was used. For the CoAsSbggg; composition,
the Sb deficiency shifts the Fermi level (E) 0.924 eV to lower
energy (Figure S10). In comparison with the transport prop-
erties of CoAsSb, the o, of CoAsSbygg; increases (Figure S11).
This is reasonable because the density of states at the Fermi level
increases; the carrier concentration probably also increases. The
Sealc still shows the feature of an n-type semiconductor, but with
a smaller value, which results in a smaller overall power factor.
The calculated k.. increases, and the lattice thermal conduc-
tivity ki, most likely will decrease. The estimated ki, is not
available because it is complicated and time-consuming to
achieve a reliable calculated k.. Therefore, it is difficult to pre-
dict how the zT value changes due to Sb vacancies. An experi-
mental study of Sb deficiency on FeSb, shows a positive effect;
thus, one may speculate that Sb deficiency will improve the ther-
moelectric properties of CoAsSb as well* In addition, the
transport properties as a function of chemical potential near
the Ep of CoAsSb at 300 K is calculated (Figure S12). The
conductivity increases when Eg shifts to either lower or higher
energy. The largest S and power factor are obtained when E. is
shifted about 0.1 eV to higher energy (Figure S12b,c). The K.
is not increased much within the range of 0.1 eV (Figure S12d);
hence, the thermoelectric properties of CoAsSb at 300 K can
be improved by proper electron doping.

Overall, the presented LDA calculations provide a good
starting point for further understanding and engineering the
thermal properties in CoAsSb and related materials. Further
investigations with advanced techniques beyond LDA would
improve quantitative agreement between theory and experiment.

B CONCLUSIONS

Polycrystalline CoAsSb was successfully synthesized at ambient
pressure at a relatively mild temperature of 1073 K. Structural
analysis with SPXD indicates that it adopts an arsenopyrite-
type structure instead of marcasite-type. Structural transition
from arsenopyrite-type to marcasite at high temperature was
not observed, which is different from the cases of CoPn, (Pn =
As, Sb). CoAsSb exhibits semiconducting electrical transport
with a very narrow band gap, much smaller than those of
CoPn,. The S,,, reaches a maximum of —132.42 uV/K at 450 K,
similar to that of CoAs, (—200, —27 uV/K), which is also an
n-type semiconductor. Because of the smaller x,, than those
of CoPn,, CoAsSb exhibits a higher zT value, with a maximum
of 0.13 at 750 K. First-principles calculations were performed
to elucidate the electronic structure. Many aspects of the measured
transport properties are captured by a simple Boltzmann transport
picture, and the deviations indicate that the band gap is likely
underestimated in the calculations. The overall estimated zT
value based on calculated Koy peyo and S is in agreement
with the experimental value in the high temperature range
above 800 K. Theoretical studies of the effect of Sb vacancies
on the transport properties indicate a larger k., smaller S,
and smaller PF. The thermoelectric performance of CoAsSb
could be improved by proper electron doping.

Compared to FeSb,, the Seebeck coeflicient and power
factor of CoAsSb are much smaller, but the zT value of CoAsSb
is significantly larger than that of FeSb, (zT = 0.00S at 12 K).
As demonstrated in this work, CoAsSb has a smaller k¥ com-
pared to that of CoPn,. Therefore, we expect that FeAsSb will
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show similar behavior and will also have a smaller k than that
of FeSb, and, hence, greatly improved thermoelectric proper-
ties than FeSb,. Our recent calculations also support this specu-
lation and indicate that FeAsSb may form at high pressure.”’
The synthesis of FeAsSb at high pressure is ongoing, and the
results will be reported in due course.
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