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ABSTRACT: Thermoelectric materials have been widely explored
for the potential applications in power generation and refrigeration
fields. High thermal conductivity (∼500 W/m K) of single-crystal
FeSb2 limits the application in cryogenic cooling. In this work, the
FeSb2 single crystal has been synthesized by the self-flux method.
The rocking curve results reveal that the single crystal possesses
quite high crystallinity. The micromorphology image shows that
the single crystal is pyknotic without observable pores or cracks.
Surprisingly, the thermal conductivity is reduced by 2 orders of
magnitude compared with the previous reports, which can be
attributed to the enhanced phonon scattering by the defects and
impurities. Furthermore, the magnetic field can further suppress the thermal transport by reducing the phonon mean-free path. The
maximum suppression rate of the thermal conductivity reaches 14% at 60 K when the magnetic field varies from 0 to 9 T. In this
work, we have prepared the FeSb2 single crystal with low thermal conductivity, and the magneto-suppressed thermal transport
strategy can be applied to other thermoelectric materials.

■ INTRODUCTION
The thermoelectric material, which can realize the inter-
conversion between waste heat and electricity directly, has
attracted widespread attention due to the promising
applications for power generators and cryogenic cooling
devices.1−6 The thermoelectric efficiency mainly depends on
the dimensionless thermoelectric figure of merit: ZT = S2σT/κ,
where S, σ, and T refer to the Seebeck coefficient, electrical
conductivity, and the absolute temperature, respectively.7,8 S2σ
is defined as the power factor.9 κ is the thermal conductivity,
which mainly includes the lattice thermal conductivity κL and
the carrier thermal conductivity κc.

10,11 The high-performance
thermoelectric materials should possess a high power factor
and low thermal conductivity at a specific temperature.12

Unfortunately, the coupling between these thermoelectric
parameters (S, σ, and κc) makes it challenging to obtain high-
performance thermoelectric materials.13 Usually, there are two
major strategies to improve the ZT value.14 One method is to
optimize the power factor through modulating carrier
concentration with chemical doping,15 band engineering,16

resonant levels,17 and energy barrier filtering.18 The other
approach emphasizes the reduction in thermal conductivity
through alloying,19 all-scale hierarchical architectures,20

especially for nanostructuring.21−23 Recently, magnetic inter-
actions and spin fluctuation effects have been considered for
improving thermoelectric properties.24−28

Strongly related FeSb2, as a narrow gap semiconductor,
possesses many fantastic phenomena at the low temperature.29

FeSb2 single crystals prepared by the self-flux method have

been reported with supernormal physical properties. Petrovic
et al.30 found the anisotropy and large magnetoresistance effect
in the FeSb2 single crystal. Hu et al.31 reported that the FeSb2
single crystal possesses a giant mobility of ∼105 cm2/V s at 8
K. Bentien et al.32 observed a colossal Seebeck coefficient
∼−45,000 μV/K at 10 K and a power factor with the record
high value of ∼2300 μW/cm K2 at 12 K. Although single-
crystal FeSb2 possesses the ultrahigh Seebeck coefficient and
excellent power factor in the cryogenic range, the ZT value is
still quite low because of the unexpectedly high thermal
conductivity.33,34 Recently, meritorious research studies have
been devoted to reduce the thermal conductivity, but mainly
focused on the polycrystalline FeSb2. For instance, Cu
nanoparticles of ∼5 nm as a modulation dopant were
introduced in the nanostructured FeSb2, resulting in a
reduction of thermal conductivity by Cu/FeSb2 interfaces.35

Zhao et al. found that reducing the grain size can significantly
suppress the thermal conductivity, and an ultralow thermal
conductivity of 0.34 W/m K was achieved at 50 K.36 These
studies mentioned above mainly introduced nanocomposites
into polycrystalline FeSb2 to reduce thermal conductivity.
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However, the research on reducing the thermal conductivity of
the FeSb2 single crystal is rarely reported, especially for
magneto-suppressed thermal conductivity. In this work, high-
quality FeSb2 single crystals were prepared by the self-flux
method. The initial composition and the purity of starting
materials are different from the previous reports,32,34 which can
result in the discrepant thermoelectric properties due to the
defects and impurity effects.37 Additionally, magneto-thermo-
electric properties were investigated systematically, and we
found that the magnetic field can further suppress the thermal
conductivity in the case of impairing electrical transport
performance slightly. This work provides a magneto-sup-
pressed thermal conductivity strategy for other thermoelectric
materials.

■ RESULTS AND DISCUSSION

Crystal and Electronic Structures. Figure 1a shows the
crystal structure of FeSb2 with the space group Pnnm.38 The
FeSb6 octahedra share corners obliquely extending along the
ab-plane, and Fe−Sb bond distances are equal in-plane. The
other four Fe−Sb bond distances are distinct from the bond in
the ab-plane. Moreover, the FeSb6 aligns edge-sharing
octahedra linearly along the orthorhombic c-axis.39 Figure 1b
presents the density of states of FeSb2. The calculation results
show that the Fe 3d-state and Sb-5p state play a major role on
either side of the Fermi level, especially for the Fe 3d-state

reaching a maximum. In the energy range from −12 to −6 eV,
the Sb-5s state is predominant in the total density of states.
The narrow energy gap is localized directly on the Fermi level,
which indicates that FeSb2 is the 3d-state semiconductor.40

Crystal Characterization and Orientation. Figure 2a
shows the scanning electron microscopy (SEM) image of the
single-crystal FeSb2, which is magnified 20k times under high
vacuum. It is obvious that the single crystal has fewer pores or
cracks on the surface, indicating that the sample synthesized by
the self-flux method is relatively condensed. The inset is the
selected area for energy-dispersive X-ray spectroscopy (EDX)
measurement. Subsequently, the corresponding elemental
mapping images are shown in Figure 2b, which indicates that
Fe and Sb elements distribute in the FeSb2 homogeneously.
Figure 2c presents the EDX spectrum of the square area (inset
in Figure 2a), and it is clear that only Fe and Sb elements are
detected and the atomic ratio is slightly off the nominal
stoichiometric ratio of FeSb2, which can be ascribed to the fact
that the intrinsic point defects have been formed under the Sb-
rich condition. In order to crossly validate the existence of
point defects, the electron probe microanalysis (EPMA) was
performed and the average value of 10 points was adopted.
The average values of the atomic ratio for Fe and Sb are 32.84
and 67.16%, respectively, which can further confirm the
formation of point defects.

Figure 1. (a) Crystal structure of FeSb2, and the octahedron is formed by the Fe atoms and the six Sb atoms. (b) Density of states of FeSb2, and the
Fermi level is indicated by a dashed line.

Figure 2. (a) SEM image, and the inset shows the selected area for element scanning. (b) Mapping images of Fe and Sb elements. (c) EDX
spectrum with weight and atomic percentage.
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The X-ray diffraction (XRD) pattern of the FeSb2 single
crystal is well detected, as shown in Figure 3a. The magnitude

of the (101) peak intensity reaches 105, indicating that the
single crystal possesses high crystallinity and is preferentially
oriented along the (101) plane. The similar orientation
character has been reported by Sun et al.41 The low-intensity
Sb peak is observed and marked by an asterisk, which can be
ascribed to the existence of a small amount of Sb precipitates
in the sample.42 Figure 3b shows the morphology image of the
FeSb2 single crystal. It is clear that the single crystal has a large
size and exhibits the metallic luster. To determine the
orientation of the single crystal, the sample was detected by
the high-resolution XRD (HRXRD). Figure 3c shows the
rocking curve of the single crystal (200) peak, and the
magnitude of the peak intensity reaches 104 with a full-width at
half-maximum (fwhm) of 0.046°. Figure 3d exhibits the (040)
diffraction peak near 56.1°, in which the peak intensity is 1
magnitude higher than that of the (200) peak. The fwhm of
the (040) peak is 0.023°, which is only half of the (200) peak.
Figure 3e shows the rocking curve of the (003) peak, in which
the fwhm is 0.038°. The narrow fwhm of rocking curves
illustrates that the single crystal possesses quite high
crystallinity. Additionally, the crystal orientation and the lattice
parameters can be determined according to the diffraction
data. Figure 3f exhibits the abstract image of the single crystal.

It can be seen that the angle between the a-axis and the top of
the solid arrow on the (101) plane is 61.4°. Simultaneously, an
angle of 28.6° is observed between the end of the solid arrow
and the c-axis. On the other detected (110) plane, the angle
between the b′-axis and the end of the dashed arrow is 52.5°.
Then, the complete rectangular coordinate system can be
established after shifting the b′-axis to the b-axis position. The
lattice parameters can be calculated according to the HRXRD
data as follows: a = 5.8296 Å, b = 6.5512 Å, c = 3.1980 Å, and
α = β = γ = 90°, which is in reasonable agreement with the
result reported earlier.43

Thermoelectric Properties. Considering the anisotropy
of the FeSb2 single crystal, the (101) plane was used for
thermoelectric property measurement, and the magnetic field
was perpendicular to the (101) plane throughout the
measurement process (Supporting Information, Figure S1).
Figure 4a exhibits the temperature dependence of the Seebeck
coefficient. The absolute values of the Seebeck coefficient
increase first and then decrease with the increased temperature.
Additionally, the Seebeck coefficient values decrease slightly
with the increase in magnetic field. The maximum Seebeck
coefficient reaches −183 μV/K at 30 K with a magnetic field of
0 T, which is much lower than that of the previous report.32,44

The comparisons of the Seebeck coefficient can be observed in
Supporting Information, Figure S2a. The obvious diversity can
be ascribed to the fact that the intrinsic point defects in the
sample enhance the phonon scattering and weaken the
phonon-drag effect significantly.45,46 Additionally, owing to
the fact that the purity of starting materials is lower than that of
previous reports,32,34 the influence of impurity effects can be
another reason for the reduction of the Seebeck coefficient.37

The approximation of Tmax ≈ θD/10 is consistent with the
Seebeck coefficient measurement.46 The Tmax is the temper-
ature (30 K) at which the Seebeck peak occurs, and the θD
refers to the Debye temperature (327 K, provided in the
thermal conductivity discussion). The inset shows the variation
of the Seebeck coefficient measured from 10 to 300 K. The
sign of the Seebeck coefficient changes at around 150 K,
indicating that the major carrier changes from electrons to
holes. A similar phenomenon has been reported by Kieslich et
al.47 A room temperature Seebeck coefficient ∼20 μV/K is
obtained at different magnetic fields, which is slightly lower
than the reported value (∼26 μV/K).46

Figure 4b shows the electrical conductivity versus temper-
ature curves at different magnetic fields. The electrical
conductivity is relatively low at the low temperature, which
can be attributed to the low carrier concentration (Supporting
Information, Figure S3). The electrical conductivity increases
constantly with the increased temperature, which indicates that
the FeSb2 single crystal exhibits the semiconductor behavior.29

The resistivity ρ (inverse of the electrical conductivity) is
higher than that of the previous reports (Figure S2b in
Supporting Information),32,34,37 which may be ascribed to the
enhancement of the carrier scattering by the defects and
impurities, and then results in the decrease in carrier mobility.
The electrical conductivity decreases slightly as the magnetic
field increases, which demonstrates that the sample possesses a
positive magnetoresistance effect.48 Besides, the identical trend
of electrical conductivity indicates that the conductive
mechanism is almost unchanged after introducing the magnetic
field. To further understand the conductive mechanism, the
resistivity data have been fitted by two models in different
temperature regions, as shown in the inset of Figure 4b. In the

Figure 3. (a) XRD pattern of single-crystal FeSb2. (b) Morphology
image of single-crystal FeSb2 prepared by the self-flux method. (c−e)
Rocking curves of single-crystal FeSb2 with (200), (040), and (003)
peaks. (f) Abstract image with the definite directions.
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temperature range from 10 to 40 K, the conductive mechanism
is well fitted with the adiabatic small polaron hopping (SPH)
model, which can be explained by the expression: ρ = ρ0T
exp(EA/kBT).

49 When the temperature is above 40 K, the
conductive mechanism is more consistent with the thermal
activation (TA) model, which can be expressed by the formula:
ρ = ρ0 exp(EA/kBT),

50 where EA refers to the energy difference
between the intermediate and initial states, and the EA values

of SPH and TA models are 4.23 and 8.28 meV, respectively. kB
is the Boltzmann constant, and ρ0 is the pre-exponential factor.
Figure 4c exhibits the power factor as a function of the
temperature. It is obvious that the power factor increases first
and then decreases with the increase in temperature. A
maximum power factor (10.26 μW/m K2) is obtained at 45 K
with a magnetic field of 0 T, which is lower than the record
high value reported by Bentien et al.32 (shown in Supporting

Figure 4. Temperature-dependent thermoelectric properties of single-crystal FeSb2: (a) Seebeck coefficient S; (b) electrical conductivity σ; the
inset shows the fitting results of ln ρ − T−1 and ln ρ/T − T−1 at 0 T; (c) power factor S2σ; and (d) thermal conductivity κ.

Figure 5. (a) Temperature-dependent lattice thermal conductivity κL, the inset shows the carrier thermal conductivity κc. (b) Specific heat per mole
FeSb2 as a function of temperature, the inset shows the Debye model fitting in the low-temperature range. (c) Phonon mean-free path vs
temperature below 50 K. (d) Variation of ZT vs the temperature.
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Information, Figure S2c). The relationship between the
thermal conductivity and the temperature is depicted in Figure
4d. The maximum thermal conductivity is only 4.39 W/m K at
60 K with a magnetic field of 0 T, which is 2 orders of
magnitude smaller than that of the single crystal reported in
previous research studies (Supporting Information, Figure
S2d).32,34 The low thermal conductivity is originated from the
enhanced phonon scattering by the defects and impurities.
Furthermore, it is noteworthy that the thermal conductivity
can be further suppressed with the increase in the magnetic
field, and the maximum suppression rate of the thermal
conductivity is 14% at 60 K when the magnetic field varies
from 0 to 9 T.
To explore the effect of the magnetic field on thermal

conductivity, the κc and κL were investigated in detail.
According to the Wiedemann−Franz law, the κc can be
calculated using the equation: κc = LσT, where L is the Lorentz
number (2.44 × 10−8 WΩ K−2).32 As shown in the inset of
Figure 5a, the κc decreases as the magnetic field increases. Due
to the fact that the magnitude order of the κc is quite low, it
illustrates that the κ is mainly contributed by the κL.

47

Subsequently, the κL can be obtained from κ by subtracting the
κc, as shown in Figure 5a. To further explore the effect of the
magnetic field on the κL, the heat capacity was measured at 0
and 9 T. Figure 5b only shows the heat capacity at 0 T due to
the fact that heat capacity hardly changes under different
magnetic fields in the entire temperature range. The classical
Dulong Petit value 3NR = 74.8 J/mol K is marked by the
dotted line, where N is the number of atoms per formula unit
and R refers to the gas constant.51 The inset depicts the fitting
curves in low-temperature data using the Debye model, which
can be expressed by Cp/T = γ + βT2, where γ is the electronic
specific heat coefficient and β is a constant containing a factor
of the θD. According to the fitting results, the θD can be
calculated using the formula: θD = (12π4NR/5β)1/3.52 In the
FeSb2 sample prepared by the self-flux method, the θD is
calculated at 327 K, which is lower than the value of previous
research.51 Then, a sound velocity ν of 2973 m/s is evaluated
from θD/ν = h/kB[(3dNNA)/(4πM)]1/3, where h is the Planck
constant, NA is Avogadro’s number, d is the density, and M is
the molar mass. According to the phonon velocity and the
constant-volume specific heat CV, the phonon mean-free path
lph can be calculated using lph = 3κL/νCV.

53 Figure 5c shows the
variation of the lph in different magnetic fields at 10−50 K. The
maximum lph (310 nm) is obtained at 10 K with a magnetic
field of 0 T, which is much smaller than that of the previous
report.54 It can be attributed to the fact that the defects and
impurities in the sample enhance the scattering of phonons,
then reducing the lph significantly. Moreover, the lph can be
further suppressed by the magnetic field. Especially, the
suppression is more obvious in the low-temperature region.
The maximum suppression rate of the phonon mean-free path
achieves 14.4% at 10 K when the magnetic field varies from 0
to 9 T. Figure 5d shows the variation of ZT values with
different magnetic fields below 100 K. Although the κ is
reduced significantly and further suppressed by the magnetic
field, the ZT value is not enhanced due to the decrease in the
Seebeck coefficient and electrical conductivity with the
increased magnetic field.

■ CONCLUSIONS
In this work, a high-quality FeSb2 single crystal was synthesized
by the self-flux method. The crystal characterization and

magneto-thermoelectric properties have been investigated
systematically. The XRD results indicate that the FeSb2 single
crystal is highly oriented along the (101) plane. The rocking
curves suggest that the single crystal possesses high
crystallinity, and the SEM analysis demonstrates that the
sample is relatively condensed. The thermal conductivity
decreases significantly due to the enhanced phonon scattering
by the defects and impurities. Moreover, the thermal
conductivity can be further suppressed by 14% at 60 K when
the magnetic field varies from 0 to 9 T. Although the thermal
conductivity is reduced significantly and further suppressed by
the magnetic field, the ZT value is not enhanced due to the
slight decrease in the Seebeck coefficient and electrical
conductivity with the increased magnetic field. Future efforts
will be desired to improve the ZT value of the FeSb2 single
crystal through enhancing the power factor to realize the
cryogenic cooling application.

■ EXPERIMENTAL SECTION

Preparation and Characterization. The FeSb2 single
crystal was fabricated by mixing Fe (chunks, 99.98%) and Sb
(grains, 99.99%) according to the stoichiometric ratio
Fe0.09Sb0.91 in a vacuum quartz ampule. The sealed ampule
was heated to 1373 K with a rate of 3.6 K/min and held at the
temperature for 10 h. Then, the quartz ampule was cooled to
923 K in 3 h, subsequently increased to 1033 K in 1 h. After
that, the furnace was slowly cooled to 933 K in 100 h. Finally,
the FeSb2 single crystal was separated from the Sb flux by
centrifugation. The crystal phase was checked using the XRD
(Rigaku SmartLab) with Cu Kα radiation. Moreover, the
HRXRD (Bruker D8 Discover) was utilized for crystalline
orientation. The surface topography was observed by SEM
(FEI Inspect F50), which was equipped with the EDX (Oxford
Inca X-act). Furthermore, the EPMA (JXA-8230) was
executed to quantify the accurate content of each element in
the sample. The thermoelectric properties were measured in
the thermal transport option by the physical property
measurement system (PPMS-9, Quantum Design).

Computational Details. To understand the electronic
structure of the FeSb2 crystal, the first-principle calculations
based on the density functional theory were performed by the
Vienna Ab initio Simulation Package (VASP).55 The local
density approximation plus U was employed to calculate the
electronic structure due to the Hartree-type Coulomb
interaction.56 The interaction between the core ion and
valence electrons was described by the projector augmented
wave method.57 A plane-wave cutoff energy of 500 eV was set,
and a 5 × 5 × 10 k-point mesh was adopted for sampling the
Brillouin zone. A convergence energy of 10−6 eV was used, and
the maximal force of each atom was relaxed to less than 0.01
eV/Å.
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