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Thermoelectric materials offer an ideal solution for the global energy crisis and environmental pollution
as which can directly convert waste heat into electricity. From the view of device application, achieving
large figure of merit zT at room temperature is highly desirable. Here, we choose a half-Heusler com-
pound FeNbg gTig2Sb with a maximum zT of 1.1 at 1100K as an example. By using the developed tech-
niques for the high-pressure measurements, we investigate the potential of pressure to tune the

thermoelectric performance at room temperature. An obvious improvement of zT by about 62.5 % is
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achieved at 4 GPa. A pressure-induced electronic topological transition is proposed to contribute to such
an improvement. This study points to a promising avenue to enhance the zT of half-Heusler compounds.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Energy shortage and environmental pollution are two major
global problems. Seeking alternative clean energy with sustainable
development has become one of the main themes around the
world. Thermoelectric materials could directly convert waste heat
into clean energy without additional pollution and hence is an
excellent candidate to the global sustainable energy solution [1—4].
The potential applications need thermoelectric materials with high
conversion efficiency, especially for the applications at room tem-
perature. However, achieving high conversion efficiency is difficult.
The conversion efficiency of a thermoelectric material is deter-
mined by a dimensionless figure of merit [5] zT = S%ox~ 1T, where
S, g, k, and T are the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute temperature, respectively. The
parameters are independent and difficult to be optimized. Nowa-
days many strategies are used to obtain efficient thermoelectric
materials. One effective strategy is to explore new promising ma-
terials with desired thermoelectric performance [6—10]. The other
strategy is to optimize the electrical transport properties or to
reduce the thermal conductivity, such as doping [11], meso-
structure [12] and alloying [13].
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Compared with doping, mesostructure and alloying, pressure is
recognized as a clean and more effective way to tune the electronic
and lattice structure. The application of pressure has led to large
improvement of the electrical transport properties in many ther-
moelectric materials, such as CulnTe; [14], palladium sulfide [15],
SrgGaygGesp [16] and BiyTes [17]. Therefore, the maximum zT value
at high temperature in a material can be expected at room tem-
perature by applying pressure. In recent years, half-Heusler mate-
rials have received a great deal of interest due to their typically
large Seebeck coefficient and good electrical conductivity [18—25].
Extensive studies have shown that the remarkable electrical
properties result from the narrow band gap [26—31]. However, the
relatively high thermal conductivity limit the usage of half-
Heuslers as ideal thermoelectric materials [32]. FeNbSb-based
half-Heusler compounds have been recognized to exhibit an
outstanding thermoelectric performance. The thermal conductivity
of FeNbSb is largely reduced for 20% Ti doped sample compared
with the pure FeNbSb [33]. The disorder [34,35] and mode Grii-
neisen parameters [36] have been reported to provide clues for the
reduced thermal conductivity. As a result, the maximum zT is 1.1
around 1100 K [33]. As the representative of half-Heusler materials,
whether the maximum zT value can be obtained at room temper-
ature by applying pressure is unknown due to the experimental
difficulties. Moreover, disorder is complicated in this system that it
is difficult to be explained clearly by computation.
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In this work, we choose FeNbg gTipSb as an example to show
how pressure tune the thermoelectric properties. The Seebeck co-
efficient, electrical resistivity are measured up to 20 GPa. The
pressure-dependent thermal conductivity were estimated. And the
pressure-dependent zT values were obtained. By means of pressure,
we find that the thermoelectric transport properties of the room-
temperature FeNbggTipSb are improved in the studied pressure
range. Pressure is proven to be an avenue for such an improvement.
Moreover, an electronic topological transition (ETT) is observed at
low pressure. Such an ETT effect is proposed to contribute to the
anomalies of electrical transport properties in the sample.
Furthermore, the potential of pressure to tune the thermoelectric
properties in half-Heusler compound will be exploited.

2. Experimental details

The sample ingot with a nominal composition of FeNbg gTig2Sb
used in the experiment was synthesized by levitation melting. The
obtained ingot was mechanically milled to obtain fine-grained
powders. Afterwards, the powders were immediately impacted
by spark plasma sintering at 1123 K for 10 min under 65 MPa
(megapascal). Further experimental details are given previously
[33]. The as-sintered samples were annealed at 1123 K for 8 days.
The pressure was carried out with various types of diamond anvil
cells and determined by the standard ruby fluorescent technique
up to about 20 GPa [37]. The Seebeck coefficient measurements as a
function of pressure were made in symmetry diamond anvil cell at
ambient temperature. The pressure dependent resistivity mea-
surements were performed by using a nonmagnetic diamond anvil
cell made of Be—Cu alloy in Physical Property Measurement System
(Quantum Design). The Hall coefficient measurements under
pressure were also completed using a Physical Property Measure-
ment System (Quantum Design). The pressure dependence of
Raman spectra were measured using a symmetry diamond anvil
cell. The incident light was emitted by a Sapphire laser (Coherent)
with excitation laser wavelength of 532 nm. The scattered light was
focused on an 1800 g/mm grating and analyzed by a Princeton In-
strument spectrometer coupled to a CCD detector. The details have
been described previously [36].

3. Results and discussion

Fig. 1(a) and (b) show the temperature dependence of zT at
ambient pressure [34] and the pressure dependence of zT at 300 K,
respectively. The FeNbggTigSb has the crystal structure of half-
Heusler compounds (as shown in the inset of Fig. 1 (a)). With
increasing temperature, the zT increases rapidly and exhibits a
maximum of 1.1 at 1100 K. The zT at 300K is 0.08. The red dotted
line represents guides to the eye. As observed, the zT exhibits a
nonmonotonic behavior and a maximum 0.13 around 4 GPa. The
maximum zT value of room-temperature FeNbggTig,Sb under
pressure has increased by 62.5%. The pressure effects on the
improvement of the thermoelectric performance are illustrated
below.

The pressure-dependent Seebeck coefficient was measured by
the technique developed recently [14,15]. Based on the definition of
the Seebeck coefficient S = AV /AT, we measure the thermoelectric
voltages and temperature gradients of the sample at various pres-
sures. The Seebeck coefficient values are obtained by the linear
fitting of the data. The representative data are shown at the left
panel of Fig. 2. The designed diagram for Seebeck coefficient
measurement under pressure is illustrated in the inset of the right
panel of Fig. 2. The sample is loaded in the hole of gasket and
surrounded by adiabatic and insulating pressure medium c-BN.
When there is external heating, the temperature gradient between
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Fig. 1. (a) Temperature dependence of the dimensionless figure of merit zT for
FeNbg gTip»Sb at ambient pressure. The inset is the crystal structure of the sample. (b)
Pressure dependence of zT for FeNbg gTig .Sb around room temperature. The red dotted
line represents the guide to the eye. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

the hot side and the cold side will be measured by the K-type
thermocouples. Meanwhile, the thermoelectric voltage will be
collected by a digital nanovoltmeter (218-A-5900, Keithley) [14,15].
The right panel of Fig. 2 presents the pressure dependence of
Seebeck coefficient for FeNbggTig,Sb at 300K. The red square
represents the ambient pressure data. As can be seen, the Seebeck
coefficient increases sharply with increasing pressure, exhibiting a
pronounced maximum around 2 GPa. Then with the increasing
pressure, the Seebeck coefficient decreases rapidly.

The representative temperature dependent resistivity at the
selected pressure are demonstrated in Fig. 3(a). The resistivity of
FeNbg gTip2Sb under pressure was measured by four-probe
method. The four Pt electrodes are symmetrically located on the
sample as shown in the inset of Fig. 3(a). As observed, the
temperature-dependent resistivity is gradually suppressed with
increasing pressure. However, an anomaly is found above 10 GPa.
The suppression of pressure on resistivity disappears. And then, the
resistivity increases with increasing pressure. The corresponding
electrical conductivity as a function of pressure are plotted in
Fig. 3(b). An increase in electrical conductivity before 4 GPa is
observed. The electrical conductivity also exhibits the weak
anomaly near 4 GPa. The curve shows a plateau between 4 and
10 GPa and then decreases at higher pressures.

At present, there is no complete understanding on how pressure
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Fig. 2. Left: The representative relationship between the thermoelectric voltage (AV) and AT at the selected pressures of 1.1, 2.0, 9.8 and 20.2 GPa. Right: Pressure dependence of the
Seebeck coefficient for FeNbg gTip>Sb around room temperature. The inset of the right panel illustrates the diagram of the Seebeck coefficient measurement under pressure.

changes the band structure of FeNbggTip>Sb. Electronic band cal-
culations show that the valence band maximum of FeNbSb locates
at the L point with twofold orbital degeneracy. The band gap of
FeNbSb is about 0.54 eV [18,38]. The band effective mass of FeNbSb
is 1.6 me. Substituting Ti at Nb site has been proved to have no effect
on the valence band structure, because the valence band structure
is dominated by the electronic character of the Fe element [33]. The
decrease in band effective mass is beneficial for the increase of
carrier mobility (u). Since pressure application leads to narrowing
of the forbidden gap, and therefore, to the increase in the carrier
concentration (n), it eventually brings to the intrinsic conductivity.
As a degenerate semiconductor, the Seebeck coefficient of
FeNbg gTipSb can be approximated by the Mott formula [4]:

S

~ wgT {1 dn(E)

1 du(E)
3e |n dE E=E

L dE (1)

The Seebeck coefficient will be beneficial from the enhanced
energy dependence of the carrier concentration and carrier
mobility. The formula reveals that there are two mechanisms that
can increase the Seebeck coefficient. One is an increased energy-
dependent of carrier concentration, for instance by a local in-
crease in the density of states. The other is an increased energy-
dependent of carrier mobility, for instance by a scattering mecha-
nism that strongly depends on the energy of the charge carriers.
The electrical conductivity is also related to carrier concentration
and carrier mobility through ¢ = nepu.

In order to understand the origin of such phenomena in the
electrical transport properties, we investigate the carrier concen-
tration and carrier mobility under pressure by Hall effect mea-
surement. The representative Hall resistivity as a function of
magnetic field measured at room temperature are shown at the left
panel of Fig. 4. The Hall resistivity varies with the applied field in a
linear behavior. We thus perform linear fitting to the data. The
slope of the curve gives the Hall coefficient (Ry). Then, the carrier
concentration is calculated through the formula ny = 1/ eRy,
where e is the unit of the charge. Accordingly, the carrier mobility is
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Fig. 3. (a) The representative temperature dependence of the resistivity at the selected
pressures. The inset shows the geometry of the four electrodes. (b) Pressure depen-
dence of the electrical conductivity of FeNbg gTip,Sb around room temperature.
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Fig. 4. Left: Magnetic field dependence of the Hall resistivity measured at room temperature at the selected pressures. Right: Pressure dependence of the carrier concentration (a)

and carrier mobility (b) of FeNbggTip,Sb at room temperature.

obtained. The pressure dependent carrier concentration and carrier
mobility are presented in Fig. 4(a) and (b), respectively. The carrier
concentration with the optimal value of 10%! cm 3 exhibits a small
increase before 5GPa and then declines rapidly with increasing
pressure. A corresponding change in carrier mobility occurs. The
carrier mobility as a function of pressure are plotted in Fig. 4(b). The
carrier mobility increases with pressure. The curve shows a plateau
between 10 and 15 GPa and then decreases at higher pressures. The

results are in accordance with the Seebeck coefficient and electrical
conductivity. Therefore, the enhanced Seebeck coefficient is bene-
ficial from the increased carrier mobility at low pressures.

From the high-pressure X-ray diffraction and Raman scattering
measurements, no structural phase transition has been found in
FeNbg gTip2Sb up to at least 42 GPa [36]. Therefore, the asymmet-
rical form of Seebeck coefficient and the anomaly in the electrical
conductivity are not caused by structural phase transition. We
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Fig. 5. (Color online) Left: The representative Raman spectra of the TO mode at different pressures. Right: The pressure dependence of the FWHM obtained from Lorentz fitting to
the data. The inset of the left panel shows the Raman spectrum of FeNby gTip,Sb at ambient condition. The inset of the right panel presents the assignment for the TO mode in a
FeNbg gTig»Sb unit cell. The arrows represent the vibrational directions of the atoms, green for Fe, red for Nb/Ti, purple for Sb. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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assign the behavior to the pressure-driven electron topological
transition (ETT) [39]. The signature of ETT is that the application of
external influence on a material causes a reshaping of the Fermi
surface of the material without changing the physical structure of
the crystal. Specifically, the thermoelectric phenomena in ther-
moelectric materials could provide information for an ETT [40]. In
the vicinity of ETT, the Seebeck coefficient and electrical conduc-
tivity will be abnormal. For example, an asymmetric maximum in
the Seebeck coefficient will occur [41]. The Hall coefficient will
reflect the change of Fermi surface and provide evidence for the
occurrence of the ETT. Accordingly, the anomalies in the Seebeck
coefficient and electrical conductivity for FeNbggTig>Sb meet the
conditions of ETT. Therefore, the ETT leads to these anomalies of
electrical transport properties in the sample.

The pressure-dependent thermal conductivity was estimated
through the full width at half-maximum (FWHM) of phonon peak.
Due to the limitations of the high-pressure thermal transport
property measurement, the measurement of thermal conductivity
under pressure remains a challenge. The total thermal conductivity
includes lattice thermal conductivity (x;) and electronic thermal
conductivity (ke). The lattice thermal conductivity is usually
determined by the phonon transport behavior in crystals. In the
relaxation time approximation, the lattice thermal conductivity for
phonons of wave vector q and branch j is given by Ref. [42]:

1 1 .
qu' = §Cq1qu;kq] = §Cq,-véjrq1, (2)

where Cy; is the phonon heat capacity and vy = %" is the group
velocity determined by local dispersion gradients. The phonon
mean free paths A5 = v,4j7¢; depend on the measured full width at
half-maximum (FWHM) of phonon peak through the relaxation
time [43] 74 = m

Phonon spectrum could provide information of phonon vibra-
tion and will be helpful to understand the lattice thermal con-
ductivity. The Raman spectrum for FeNbg gTig 2Sb with two phonon
modes at ambient condition is illustrated in the inset of the left
panel of Fig. 5. Due to the high intensity, the TO mode is chosen for
the investigation. The TO mode is the motions of Nb/Ti against both
counter atoms (Fe and Sb). The representative Raman spectra of the
TO mode at different pressures are shown at the left panel of Fig. 5.
In order to obtain the evolution of phonon peak with pressure, the
data were analyzed by Lorentz fitting. The pressure dependent
FWHM of the TO mode is presented at the right panel of Fig. 5. As
can be seen, the FWHM of the TO mode is nearly a constant below
4 GPa. The behavior is likely important to the thermal transport.
The lattice thermal conductivity of FeNbg gTip2Sb may not increase
much under pressure. The result would be beneficial for the
increased zT.

Previous study has found that the lattice thermal conductivity
and FWHM of the phonon peak is a constant [44]. Therefore, if we
know the constant and the FWHM of the phonon peak, the lattice
thermal conductivity could be obtained. Fortunately, the constant
for FeNbggTig2Sb can be obtained from the lattice thermal con-
ductivity and FWHM at ambient pressure through A = xFWHM,
where A is the constant. The value of the constant for FeNbg gTig »Sb
is 0.2 WK~ 'm~2. As a consequence, the rough guess and estimation
of the lattice thermal conductivity under pressure can be obtained
through k;, = A FWHM, as shown in Fig. 6(a).

The electronic thermal conductivity is related to the electrical
conductivity via the Wiedemann-Franz Law: ke = LoT, where L is
the Lorenz number and can be calculated using the single parabolic
band (SPB) model with reasonable approximation [35]. In an esti-
mation of the electronic thermal conductivity of FeNbggTig2Sb
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Fig. 6. Pressure dependence of the lattice thermal conductivity (a), electronic thermal
conductivity (b) and thermal conductivity of FeNbg gTig,Sb around room temperature.
The inset of (a): Temperature dependence of electronic and lattice thermal conduc-
tivity for FeNbg gTig,Sb at ambient pressure.

under pressure, we assume that the Lorenz number is a constant.
The corresponding data are shown in Fig. 6(b). As a result, a rough
estimation of the total thermal conductivity as a function of pres-
sure is obtained, shown in Fig. 6(c). In a recent experimental study
[34], we found that electrons contribute more than lattice to the
thermal conductivity above 200 K, as shown in the inset of Fig. 6(a).
The thermal conductivity is obviously governed by electronic
transports at ambient temperature. At high pressures, the elec-
tronic component still dominates the thermal conductivity.
Pressure tuning is a method to change the physical properties
through lattice shrinking. Compared with the temperature-tuning
effect on thermoelectric performance, pressure tuning is more
flexible and convenient. Although our measurements report an
estimation of the thermal conductivity, a qualitative understanding
of the thermal transport property under pressure is valuable for the
thermoelectric material research. By means of pressure, the See-
beck coefficient and electrical conductivity are obviously enhanced.
The zT value of room-temperature FeNbg gTig»Sb exhibits a mod-
erate increase with pressure. Previous reports show that the high-
pressure zT values of CulnTe; [14] and palladium sulfide [15] are
enhanced by about 5 times and 6 times, respectively. Especially, the
carrier concentration of CulnTe, and palladium sulfide are largely
improved to the optimal range under pressure. Therefore, the
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reason for the relatively low increase in FeNbggTigSb is that the
carrier concentration has already been optimized from doping and
will not change much under pressure. Compared with the state of
the art near-room-temperature thermoelectric materials, such as
BiyTes-based alloys [45], the zT value of room-temperature
FeNbg gTipSb under pressure is still relatively low. However, the
increase in zT under pressure is promising and thus provides the
guidance for the half-Heusler materials with higher starting zT
values.

4. Conclusions

In summary, we have performed a series of measurements of
pressure dependent Seebeck coefficient, electrical conductivity,
and thermal conductivity on an efficient thermoelectric half-
Heusler material at room temperature. The results demonstrate
that a further enhancement can still be realized in a highly efficient
thermoelectric half-Heusler FeNbg gTig 2Sb, which holds the high zT
value in the half-Heusler family. The rapid increase in Seebeck
coefficient and the steady increase in the electrical conductivity
together dominate the improvement of the thermoelectric perfor-
mance. Such an improvement is proposed to be driven by the
pressure-induced ETT. In addition, the results provide guidance to
proceed the research for high conversion efficiency thermoelectric
materials.
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