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Ettingshausen refrigeration is a promising solid-state refrigeration

technology that can be used in exploring the quantum state of

matters and superconducting materials, but its development is

greatly limited by the lack of high-performance polycrystalline

thermomagnetic materials. In this work, we report that the poly-

crystalline topological semimetal NbSb2 has a giant Nernst power

factor ((PF)N) of 1269 � 10�4 W m�1 K�2 under 9 T at 28 K and a

Nernst figure-of-merit (zN) of 28.5 � 10�4 K�1 under 9 T at 18 K,

both of which are record-high values among the polycrystalline

thermomagnetic materials. The observed high thermomagnetic

performance is mainly attributed to the large and unsaturated

Nernst thermopower under a high magnetic field. Due to the

diminished anisotropy, the polycrystalline NbSb2 has similar high

carrier mobility to the single-crystalline NbSb2 in the bc-plane,

yielding large Nernst thermopower in low temperature ranges.

Combining the excellent thermomagnetic performance and low-

cost and time-saving fabrication process, polycrystalline NbSb2 is a

very competitive candidate material for Ettingshausen refrigeration.

Introduction

A low-temperature environment is essential for the investigation of
quantum states of matter,1 superconducting materials,2 and space
science.3 Beyond the traditional compressor refrigerator based on
gaseous working substances, thermoelectric (TE) refrigeration
provides an alternative way to obtain a low-temperature
environment.4–7 When a current flows through the thermoelectric

(TE) device, the temperature at one end of the device can be
reduced. According to the working principle, TE refrigeration can
be divided into two categories, termed as Peltier refrigeration and
Ettingshausen refrigeration.8 Besides the electric current, the latter
one also needs the assistance of a magnetic field.

Compared with Peltier refrigeration, which has already
realized commercialization several decades before,4,5 the devel-
opment of Ettingshausen refrigeration is relatively slow. The
main reason is the lack of high performance thermomagnetic
materials with a high Nernst power factor ((PF)N = Syx

2syy,
determining the transverse pumping power, where Syx is the
Nernst thermopower and syy is the longitudinal electrical con-
ductivity) and large Nernst figure-of-merit (zN = Syx

2syy/kxx, deter-
mining the maximum temperature gradient that can be built
across the device, where kxx is the transverse thermal
conductivity).8 To maximize (PF)N and zN, the material for Etting-
shausen refrigeration requires electrons and holes possessing
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Broader context
The demand for thermoelectric applications at low temperatures is
heightened now by the exploration of quantum state of matters, quantum
information science, and space science. However, today good thermo-
electric and thermomagnetic materials in the low temperature range,
particularly at temperatures below the liquid nitrogen boiling point, are
still very rare. Discovering high performance thermoelectric and thermo-
magnetic materials below the liquid nitrogen temperature has become a
very active field worldwide. In this work, we demonstrate that polycrystal-
line NbSb2 has a giant Nernst power factor of 1269 � 10�4 W m�1 K�2

under 9 T at 28 K and a Nernst figure-of-merit of 28.5 � 10�4 K�1 under
9 T at 18 K. These values are not only the highest among the
polycrystalline thermomagnetic materials, but are also superior to
many single-crystalline thermomagnetic materials reported before.
More importantly, polycrystalline NbSb2 can be easily synthesized by
using a low-cost and time-saving fabrication process, which is more
competitive than the single-crystalline thermomagnetic materials for
the fabrication of an Ettingshausen refrigerator. This work provides a
new optional material for solid-state heat pumping below liquid nitrogen
temperature based on Ettingshausen refrigeration.
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nearly identical concentrations and high mobilities, which
greatly limit the scope of optional materials.9 Thus, for a long
time, the investigation of Ettingshausen refrigeration was limited
in a few thermomagnetic materials (e.g. Bi–Sb alloys10,11 and
In–Sb alloys12). The peak (PF)N and zN are about 324 �
10�4 W m�1 K�2 and 55 � 10�4 K�1 for single-crystalline Bi97Sb3

under 1 T at 115 K, respectively.10

Recently, the investigation of Ettingshausen refrigeration
was rejuvenated due to the great progress achieved in topological
semimetals.13–15 A series of topological semimetals have been
reported with high thermomagnetic performance, such as
Cd3As2,16 ZrTe5,17 PtSn4,18 Mg2Pb,19 NbSb2,20 and WTe2.21 Some
of them exhibit superior (PF)N to the Bi–Sb alloys, such as 425 �
10�4 W m�1 K�2 for single-crystalline Mg2Pb under 10 T at
30 K,19 3800 � 10�4 W m�1 K�2 for single-crystalline NbSb2

under 5 T at 25 K,20 and 3 W m�1 K�2 for single-crystalline WTe2

under 9 T at 11.3 K.21 The maximum zN of thermomagnetic
materials was boosted up to 265 � 10�4 K�1 for single-crystalline
WTe2 under 9 T at 11.3 K.21 However, all these high (PF)N and zN

are achieved in single crystals, in which the preparation methods
are usually time-consuming and expensive. Furthermore, the
crystal sizes are usually small, which greatly limit the real
application of Ettingshausen refrigeration. In contrast to single
crystals, the polycrystals can be easily prepared into large bulks by
using simple and low-cost preparation methods, which are more
suitable for real application. However, currently the investigation
on polycrystalline thermomagnetic materials is very rare.22–25

Particularly, as shown in Fig. 1, the (PF)N and zN of the reported
polycrystalline thermomagnetic materials are much lower than
those of single-crystalline thermomagnetic materials. Discovering
the polycrystalline thermomagnetic materials with high (PF)N and
zN has already become an important task for the investigation of
Ettingshausen refrigeration.

In this work, we report the discovery of a colossal (PF)N of
1269 � 10�4 W m�1 K�2 under 9 T at 28 K and a high zN of
28.5 � 10�4 K�1 under 9 T at 18 K in polycrystalline NbSb2, both
of which are record-high values in polycrystalline thermom-
agnetic materials (Fig. 1). The excellent performance of poly-
crystalline NbSb2 is caused by the nearly identical electron and
hole concentrations near the Fermi level, ultrahigh mobilities
close to 1 m2 V�1 s�1, and a strong phonon-drag effect in
low temperature ranges. This work provides a novel potential
candidate material for Ettingshausen refrigeration.

Results and discussion

Polycrystalline NbSb2 was fabricated by using the solid-state
reaction and spark plasma sintering technique. Fig. 2a shows
the powder X-ray diffraction pattern of polycrystalline NbSb2.
All diffraction peaks can be indexed belonging to the centro-
symmetric monoclinic structure (space group C2/m) of NbSb2

(the inset in Fig. 2a). Backscattered electron (BSE) image
(Fig. 2b) and energy dispersive X-ray spectroscopy (EDS) map-
ping (Fig. 2c and d) indicate that Nb and Sb are homogeneously
distributed inside the matrix, confirming that the prepared

polycrystalline NbSb2 is phase pure. Fig. 2e shows that the grain
sizes are about several micrometers. No obvious orientation is
observed. Such high homogeneity and isotropy provide the
basis for the accurate measurement of thermomagnetic perfor-
mance in this work.

Fig. 3a shows the temperature dependence of the Seebeck
thermopower Sxx of polycrystalline NbSb2 under different
magnetic fields B. In the absence of a magnetic field, the Sxx

of polycrystalline NbSb2 below 100 K is almost zero. This is
consistent with the band structure of NbSb2, with the schematics
shown in the inset of Fig. 3a. The Fermi level crosses both the
valence and conduction bands, demonstrating a typical feature of
semimetals. Above 100 K, the Sxx decreases linearly with increas-
ing temperature, reaching �20 mV K�1 at 300 K. When the
magnetic field is applied, the Sxx below 100 K is significantly
enhanced, while that above 100 K is only slightly increased. Similar
temperature-dependence and magnetic field-dependence have been
also observed in single-crystalline NbSb2,20 indicating that the grain
boundary has little influence on the Sxx.

Fig. 3b shows the temperature dependence of the Nernst
thermopower Syx of polycrystalline NbSb2 under different magnetic
fields B. Under each magnetic field, the absolute value of Syx firstly
increases with the increase of temperature, reaching a peak around
21 K, and then decreases for higher temperature. Likewise, with the
increase of magnetic field, the Syx is monotonously increased, which
can be more intuitively reflected in Fig. S2 (ESI†). Under the same
magnetic field and temperature, the Syx of polycrystalline NbSb2 is
smaller than that of single-crystalline NbSb2. For example, the Syx of
polycrystalline NbSb2 is 396 mV K�1 under 9 T at 21 K, which is 36%

Fig. 1 (a) Comparisons of the (a) Nernst power factor (PF)N and (b) Nernst
figure-of-merit zN of polycrystalline NbSb2 and some typical thermomag-
netic materials reported before.10,16–21,23–28 The maximum (PF)N and zN of
each thermomagnetic material are used in the figures.

Communication Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 7

:4
4:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee01450a


This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 3753–3759 |  3755

lower than that of single-crystalline NbSb2 (616 mV K�1) under the
same conditions.20 Thus, the grain boundaries in polycrystalline
NbSb2 lead to decreased Syx.

To obtain the Nernst power factor (PF)N, a longitudinal
electrical conductivity syy is required. Under a magnetic field,
the motion of the carriers is deflected by the Lorentz force. The
motion of the carriers is subject to the influence from other
directions. In this case, the syy of polycrystalline NbSb2 can be
described as29

syy ¼
rxx

rxx2 þ ryx2
(1)

where rxx is the transverse electrical resistivity and ryx is the Hall
resistivity. In the absence of magnetic field, the rxx of polycrystal-
line NbSb2 increases with increasing temperature, which is con-
sistent with the semimetal feature of NbSb2 (Fig. S3a, ESI†). When
the magnetic field is applied, the rxx is significantly enhanced,
particularly below 100 K, indicating the existence of a strong
magnetoresistance effect. The ryx shown in Fig. S3b (ESI†) is
negative over the entire temperature range, indicating that the
dominant carriers are electrons in polycrystalline NbSb2. Under
the same magnetic field and temperature, |ryx| is much smaller

than rxx, indicating that the contributions of electrons and holes
in the electrical transports are close. Fig. 3c shows the calculated
syy for polycrystalline NbSb2. The temperature-dependence and
magnetic field-dependence are similar to those of single-
crystalline NbSb2, but the value is slightly lower than that of
single-crystalline NbSb2 under the same magnetic field and
temperature. For example, the syy of polycrystalline NbSb2 is
0.65� 106 S m�1 under 9 T at 21 K, which is 20% lower than that
of single-crystalline NbSb2 (0.81 � 106 S m�1) under the same
conditions.20

Based on the Syx and syy, the (PF)N of polycrystalline NbSb2 is
calculated and plotted in Fig. 3d. Due to the significantly
enhanced Syx, the (PF)N is also greatly increased upon applying
magnetic field. When B = 9 T, the peak (PF)N of polycrystalline
NbSb2 is 1269 � 10�4 W m�1 K�2 at 28 K. Likewise, Fig. S4
(ESI†) shows that the (PF)N tends to become saturated above 9 T,
and thus further increasing the magnetic field will not signifi-
cantly increase the (PF)N. The peak (PF)N of polycrystalline NbSb2

is a very exciting result since it is a record-high value among the
polycrystalline thermomagnetic materials (Fig. 1a and Fig. S5,
ESI†). Actually, this value is even higher than most single-
crystalline thermomagnetic materials, such as single-crystalline
Bi97Sb3,10 Cd3As2,16 ZrTe5,17 PtSn4,18 Mg2Pb,19 and TbPtBi28

(Fig. 1a and Fig. S5, ESI†), and thermoelectric materials, such
as Bi2Te3-based alloys,30,31 AgSbTe2,32 TaSiTe4,33 and Ag2S-based
materials.34–36

The high (PF)N of polycrystalline NbSb2 is mainly contrib-
uted by the large Syx. Although the peak Syx of polycrystalline
NbSb2 is lower than the single-crystalline NbSb2, it is still much
higher than most thermomagnetic materials reported before,
such as 124 mV K�1 for polycrystalline NbP under 9 T at 140 K,23

127 mV K�1 for polycrystalline Mg3Bi2 under 13 T at 13.5 K,24

125 mV K�1 for single-crystalline Cd3As2 under 3 T at 350 K,16

45 mV K�1 for single-crystalline PtSn4 under 9 T at 10.3 K,18

Fig. 2 (a) Powder X-ray diffraction pattern for polycrystalline NbSb2. The
inset shows the crystal structure of NbSb2. (b) Backscattered electron (BSE)
image and (c) and (d) energy dispersive X-ray spectroscopy (EDS) mapping
performed on polycrystalline NbSb2. (e) Cross-section image of fractured
polycrystalline NbSb2.

Fig. 3 Temperature dependences of (a) Seebeck thermopower Sxx,
(b) Nernst thermopower Syx, (c) electrical conductivity syy, and (d) Nernst
power factor (PF)N for polycrystalline NbSb2 under different magnetic
fields. The inset in (a) represents the schematics of the band structure of
NbSb2 near the Fermi level.
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200 mV K�1 for single-crystalline Mg2Pb under 10 T at 30 K,19

and 225 mV K�1 for single-crystalline TbPtBi under 14 T at
240 K.28 One main reason for the large Syx is originated from its
unsaturated behavior under a high magnetic field. As shown in
Fig. S2 (ESI†), the Syx linearly increases with increasing magnetic
field, without showing obvious deflection even under 9 T.

When both the electrons and holes take part in electrical
transports, the Syx can be expressed as37

Syx ¼
sexxs

h
xx me þ mhð ÞB
sexx þ shxx
� �2 Sh

xx � Se
xx

� �
(2)

where se
xx and sh

xx are the electrical conductivity contributed by
electrons and holes, Se

xx and Sh
xx are the Seebeck thermopower of

electrons and holes under the magnetic field, me and mh are
electron mobility and hole mobility, respectively. ne (or nh) and
me (or mh) can be estimated by using the two-carrier model to fit
the measured rxx(B) and ryx(B)38

rxxðBÞ ¼
1

e

nhmh þ nemeð Þ þ nhme þ nemhð ÞmemhB2

nhmh þ nemeð Þ2þ nh � neð Þ2me2mh2B2
(3)

ryxðBÞ ¼
B

e

nhmh
2 � neme

2
� �

þ nh � neð Þme2mh2B2

nhmh þ nemeð Þ2þ nh � neð Þ2me2mh2B2
(4)

Fig. S6 (ESI†) plots the rxx(B) and ryx(B) for polycrystalline
NbSb2 under different temperatures and magnetic field. At
low temperatures (below 100 K), rxx(B) varies with the magnetic
field B by a factor of 2 and ryx(B) also significantly deviates off
linearity as B increases, which is consistent with the scenario
described using eqn (3) and (4) when mB c 1. At high tempera-
tures (above 100 K), the rxx(B) and ryx(B) exhibit weak magnetic
field dependence since the decreased carrier mobility at high
temperatures reduces the contribution of the nonlinear terms in
eqn (3) and (4). The fitted ne and nh of polycrystalline NbSb2 are
very close in the whole temperature range (Fig. 4a). A similar
phenomenon was also observed in single-crystalline NbSb2.20

This is consistent with the band structure of NbSb2, which shows
that the electron pocket and hole pocket near the Fermi level
have nearly the same volume. Likewise, the fitted me and mh of
polycrystalline NbSb2 are also very close in the whole temperature
range (Fig. 4b). In this case, eqn (2) can be simplified into

Syx ¼
�mB
2

Sh
xx � Se

xx

� �
(5)

where Syx is in proportional to B. This can well explain the
observed unsaturated behavior of Syx under a high magnetic
field for polycrystalline NbSb2.

Beyond the high magnetic field, eqn (5) indicates that the
high carrier mobility is also necessary for the large Syx. The me

and mh of polycrystalline NbSb2 are about 1.7 m2 V�1 s�1 and
1.2 m2 V�1 s�1 at 5 K, which are quite high values among those
for the reported thermomagnetic materials, such as Cd3As2

(me = 6.5 m2 V�1 s�1, mh = 0.5 m2 V�1 s�1 at 10 K)16, PtSn4 (me =
7.6 m2 V�1 s�1, mh = 7.6 m2 V�1 s�1 at 10 K),18 Mg3Bi2 (me =
0.48 m2 V�1 s�1, mh = 0.14 m2 V�1 s�1 at 15 K),24 and TbPtBi
(me = 0.3 m2 V�1 s�1, mh = 0.3 m2 V�1 s�1 at 20 K).28 Generally, it
is considered that the polycrystals have lower carrier mobility

than the single crystals due to the additional grain boundary
scattering to carriers. Interestingly, herein the polycrystalline
NbSb2 have similar me and mh with the single-crystalline NbSb2

in the bc-plane. This abnormal phenomenon is related to the
anisotropic transport properties of single crystalline NbSb2 at
low temperatures. Herein, we measured the angular depen-
dence of the resistivity r of single-crystalline NbSb2 under a
magnetic field to investigate the anisotropy. As shown in
Fig. S7a and b (ESI†), for the single-crystalline NbSb2, the angle
between the magnetic field and the normal to the bc-plane is
noted as y. When y = 01, the position of the magnetic field is
perpendicular to the bc-plane. This is the condition used to
measure the carrier mobility of single-crystalline NbSb2 in a
previous work.20 For the polycrystalline NbSb2, the angle
between the magnetic field and the direction of the sintering
pressure is noted as y. When y = 01, the position of the
magnetic field is parallel to the direction of the sintering
pressure. In the case that the carrier mobility is isotropic, the
measured angle dependence of r should possess a circle shape.

As shown in Fig. 4c, the measured angle dependence of r for
single-crystalline NbSb2 under 5 T or 9 T at 25 K has a typical
two-fold rotational symmetry, which is similar to the crystal

Fig. 4 (a) Carrier concentrations (ne and nh) and (b) carrier mobilities (me

and mh) of polycrystalline NbSb2. Angular dependence of electrical resis-
tivity r measured (c) along the b-axis of single-crystalline NbSb2 and (d) the
direction perpendicular the sintering pressure of polycrystalline NbSb2

under 5 T and 9 T at 25 K. (e) Temperature dependence of the difference
of Seebeck thermopower of electrons and holes (Sh

xx � Se
xx) for polycrystal-

line NbSb2 under different magnetic fields. (f) The difference of Seebeck
thermopower of electrons and holes related to the charge carrier diffusion
processes (Se

d � Sh
d) and phonons (Se

p � Sh
p) of polycrystalline and single-

crystalline NbSb2 at 5 T, respectively. The data of single-crystalline NbSb2

are included in (a), (b), (e), and (f) for comparison.20

Communication Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

ug
us

t 2
02

3.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 7

:4
4:

11
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ee01450a


This journal is © The Royal Society of Chemistry 2023 Energy Environ. Sci., 2023, 16, 3753–3759 |  3757

structure projection of NbSb2 in the ac-plane (the inset in
Fig. 2a). Under 9 T, the r at y = 01 is just 94 � 10�8 O m, which
is about 47% that at y = 751 or 2551 (198 � 10�8 O m). Since the
carrier concentration is isotropic, the anisotropic r indicates
that the carrier mobility of single-crystalline NbSb2 varies
considerably in the [010] crystal zone and that in the bc-plane
is much lower than those in other planes. In contrast, the
measured angle dependence of r in polycrystalline NbSb2 at
25 K is nearly a circle (Fig. 4d). At 9 T, the maximum r (143 �
10�8 O m at around y = 941 or 2741) is just about 1.09 times the
minimum r (131 � 10�8 O m at around y = 51 or 1851). This
indicates the carrier mobility in the polycrystalline NbSb2 has
weak anisotropy, which is consistent with the randomly dis-
tributed grains shown in Fig. 2e. Thus, the measured carrier
mobility of polycrystalline NbSb2 should simultaneously
include the contributions from all planes and grain bound-
aries. This can explain why the polycrystalline NbSb2 has a high
carrier mobility comparable with the single-crystalline NbSb2 in
the bc-plane.

Although the polycrystalline NbSb2 has similar carrier mobili-
ties to the single-crystalline NbSb2, it has lower (Sh

xx � Se
xx). As

shown in Fig. 4e, under 9 T, the peak (Sh
xx � Se

xx) of polycrystalline
NbSb2 is about 137 mV K�1, which is about 57% that of single-
crystalline NbSb2.20 The (Sh

xx � Se
xx) includes two parts, termed as

the (Sh
d � Se

d) related to the diffusion process of charge carriers and
the (Sh

p � Se
p) related to the phonon-drag effect.39 Fig. 4f shows the

(Sh
d � Se

d) and (Sh
p � Se

p) of the polycrystalline NbSb2, with
the calculation details shown in the Supplementary Information.
The former is comparable with that of single-crystalline NbSb2,
which is consistent with their similar carrier concentrations shown
in Fig. 4a. However, the latter is much lower than that of single-
crystalline NbSb2, indicating the weaker phonon-drag effect in
polycrystalline NbSb2. The phonon-drag effect is caused by the
interaction between the long-wavelength acoustic phonons and
the carriers on the Fermi surface.8 In polycrystals,40,41 due to the
grain boundary scattering, the relaxation time of the participating
long-wavelength phonons is reduced, leading to the suppressed
phonon-drag effect.

Fig. 5a and b show the temperature dependence and magnetic
field dependence of thermal conductivity kxx for polycrystalline
NbSb2. As the temperature increases, the kxx first increases, reach-
ing a peak around 35 K, and then decreases at higher temperature.
Upon applying a magnetic field, kxx shows obvious reduction,
especially below 30 K (Fig. 5a). This is caused by the suppressed
carrier thermal conductivity kc under magnetic field. The kc and
lattice thermal conductivity kl can be obtained by fitting the
measured kxx according to an empirical formula18,42,43

kxxðB;TÞ ¼ klðTÞ þ
kcð0;TÞ
1þ ZBs

(6)

where Z and s are the two factors related to the thermal mobility
and scattering mechanism, respectively. As shown in Fig. 5b, the
fitting results agree well with the experimental data. The fitting
parameters are shown in Table S1 (ESI†). The fitted kl values of
polycrystalline NbSb2 are plotted in the inset of Fig. 5a. The peak kl,
appearing around 50 K, is 57.1 W m�1 K�1, which is slightly lower

than that of the single-crystalline NbSb2 along the b-axis
(64.3 W m�1 K�1 at 25 K).20 At 300 K, the kxx is 23.5 W�1 m�1 K�1,
which is still much higher than the state-of-the-art materials
for Peltier refrigeration around room temperature, such as
0.7 W m�1 K�1 for Bi2Te3,31 0.7 W m�1 K�1 for Mg3Bi2,5 and
0.34 W m�1 K�1 for Ag2Se.44 Under a high magnetic field, such as
9 T, kc is already very low (Fig. S8, ESI†), and kl dominates the
measured kxx. Thus, reducing the overhigh kl is an important task
for the investigation of NbSb2 in the future.

Similar to most topological semimetal materials, the poly-
crystalline NbSb2 also exhibits the abnormal Lorenz number L
deviating off the classic Sommerfeld value L0 below room
temperature. Based on the fitted kc, the L can be calculated
by using the Wiedemann–Franz law L = kc/(sxxT). Fig. 5c plots
the temperature dependence of L/L0 for polycrystalline NbSb2.
With increasing temperature, the L/L0 firstly decreases, reaching a
minimum around 50 K, and then increases at higher temperature.
The violation of the Wiedemann–Franz law at intermediate tem-
perature range might be caused by the inelastic scattering,45–47

while the upturn of L/L0 below and above 50 K might be caused by
the changed carrier scattering mechanism to the elastic scattering
from the impurities and elastic electron–phonon scattering,
respectively. Likewise, the L/L0 of polycrystalline NbSb2 is larger
than that of single-crystalline NbSb2, which might be caused by the
dilution of inelastic scattering by grain boundary scattering.

Based on the Syx, syy, and kxx, the Nernst figure-of-merit
zN (= Syx

2syy/kxx) is calculated for polycrystalline NbSb2. The
detailed derivation process of zN can be found in the Supple-
mentary Information. Similar to the figure-of-merit z for ther-
moelectric materials, the zN is also a parameter that is
independent of the material’s geometric factors. As shown in
Fig. 5d, the zN increases with increasing temperature, reaches a

Fig. 5 (a) Temperature dependence of thermal conductivity kxx and
lattice thermal conductivity kl under different magnetic fields for poly-
crystalline NbSb2. (b) Magnetic field dependence of thermal conductivity
kxx at different temperatures. The symbols are experimental data and the
lines are the fitting curves. (c) The ratio of Lorentz number and the
Sommerfeld value (L/L0) for polycrystalline NbSb2. (d) Temperature depen-
dence of the Nernst figure-of-merit zN for polycrystalline NbSb2 under
different magnetic fields. The data of single-crystalline NbSb2 are included
in (c) and (d) for comparison.20
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maximum around 18 K, and then decreases at higher tempera-
ture. Likewise, Fig. S9 (ESI†) shows that the zN tends to saturate
above 9 T, thus further increasing the magnetic field will not
significantly increase zN. The peak zN of polycrystalline NbSb2 is
already much higher than all the polycrystalline thermomag-
netic materials reported before (Fig. 1b and Fig. S10, ESI†),
such as 0.93 � 10�4 K�1 for polycrystalline NbP under 9 T at
220 K23 and 14.6 � 10�4 K�1 for polycrystalline Mn-doped
Mg3Bi2 under 14 T at 14 K.25 Actually, this value is also higher
than those of many single-crystalline thermomagnetic materi-
als reported before, such as 8 � 10�4 K�1 for PtSn4 under 9 T at
10.3 K.18 If the overhigh kl can be reduced without deteriorating
the electrical transport properties, a higher zN can be expected.

Based on the physical properties of polycrystalline NbSb2,
the maximum temperature difference (DTmax) and maximum
specific heat pumping power (Pmax) of a rectangular Etting-
shausen refrigerator made of polycrystalline NbSb2 can be
estimated.8,19 Under B = 9 T and Tc = 30 K, the DTmax of the
NbSb2-based Ettingshausen refrigerator with the thickness of
1 mm along the heat flow direction is about 0.9 K and the
theoretical Pmax is about 6.5 W g�1. The latter value is much
higher than the compression refrigerator with gas refrigerants
(e.g. Pmax = 0.05 W g�1 for He at 5 K, 0.12 W g�1 for H2 at 26 K,
and 1.01 W g�1 for N2 at 93 K).19 Thus, the polycrystalline
NbSb2 has a great potential to be used for Ettingshausen
refrigeration.

Conclusions

In summary, we found that the polycrystalline NbSb2 has an
unsaturated Nernst thermopower Syx of 396 mV K�1 under 9 T
at 21 K and a giant Nernst power factor (PF)N of B1269 �
10�4 W m�1 K�2 under 9 T at 28 K. The latter is almost an order
of magnitude larger than the reported (PF)N of other poly-
crystalline thermomagnetic materials. The zN of polycrystalline
NbSb2 is 28.5 � 10�4 K�1 under 9 T at 18 K, which is also a
record-high value among the reported polycrystalline thermo-
magnetic materials. The superior (PF)N and zN are attributed to
the nearly identical electron and hole concentrations near the
Fermi level, ultrahigh mobilities close to 1 m2 V�1 s�1, and the
strong phonon-drag effect in low temperature ranges. Combin-
ing the low-cost and time-saving fabrication process, polycrys-
talline NbSb2 is a very competitive candidate material for
Ettingshausen refrigeration.

Experimental section
Sample synthesis

Polycrystalline NbSb2 was synthesized via the solid-stated reac-
tion and spark plasma sintering technique. The niobium
powder (alfa, 99.99%) and antimony shot (alfa, 99.9999%) were
encapsulated in a vacuum quartz tube and reacted at 1023 K for
48 h. The obtained product was ground into fine powders, loaded
into a graphite mold and compacted by spark plasma sintering
(SPS, SPS-725, Sojitz, Japan) in a vacuum. The sintering

temperature was 1123 K and the sintering pressure was
65 MPa. The holding time at 1123 K is 10 min. The relative
density of the sintered product was 98%.

Sample characterization

The phase composition was characterized by X-ray diffraction
(XRD, D/max-2550 V, Rigaku, Japan). The elemental distribu-
tion was characterized by scanning electron microscopy (SEM,
ZEISS supra-55, Germany) with energy dispersive X-ray spectro-
scopy (EDS, Oxford, UK). The bulk sample was cut into the
strips of about 8 � 2 � 2 mm3 and 8 � 2 � 1 mm3 for electrical
and thermal transport measurements under the magnetic field,
respectively. All measurements were carried out on a physical
property measurement system (PPMS, Quantum design, USA).
The electrical resistivity and Hall resistivity were measured
using a four-probe method and five-probe method, respectively.
The Seebeck thermopower and Nernst thermopower were mea-
sured using the four-probe method on a standard thermal
transport option (TTO) platform and a modified one, respec-
tively. The details can be found in ref. 20. The Syx data used to
calculate Nernst power factor and Nernst figure-of-merit are
obtained as Syx = [Syx (+B) � Syx (�B))]/2 to eliminate the effects
of contact misalignment.
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