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Thermoelectric materials are considered as promising candidates for sustainable energy generation owing
to their inherent capability of directly converting waste heat into electricity. Enhancing the thermoelectric
conversion efficiency is crucial for their practical applications. Here, we study the pressure effect on the ther-
moelectric performance in Yb-filled CoSb; skutterudite, a highly efficient thermoelectric material. By applying
external pressure, we find the significant increase of power factor to a high value of 2.9 mW m~! K2 at room
temperature. Such an enhancement is attributed to a pressure-driven electronic phase transition, as supported
from the electrical transport measurements and electronic band structure calculations. This study thus establishes
a connection between thermoelectric performance and the electronic phase transition and points to a route to
further increase the power factor through the introduction of the electronic phase transition in thermoelectrics.
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I. INTRODUCTION

Thermoelectric materials have attracted much attention for
sustainable energy applications due to their ability to directly
convert waste heat into useful electricity. The conversion ef-
ficiency is determined by the dimensionless figure of merit,
defined as zT = S%0T /k, where S is the Seebeck coefficient,
o is the electrical conductivity, T is the absolute temperature,
and « is the thermal conductivity consisting of lattice thermal
conductivity (k;) and electronic thermal conductivity («.) [1].
High performance thermoelectric materials should have high
power factor (PF = $%0) and low lattice thermal conductivity
[1-5]. Due to the Seebeck coefficient, electrical conductivity
and electronic thermal conductivity are interdependent, and
extensive efforts concentrate on decoupling or synergistically
controlling these parameters to improve the thermoelectric
performance. Currently, the typical approaches to improve
the thermoelectric performance are band engineering and
nanostructuring [3,6,7]. The mechanism of band engineering
to enhance thermoelectric performance involves tailoring the
electronic band structure of materials, such as manipulating
the density of states and optimizing the electronic transport
properties, to maximize the Seebeck coefficient, minimize
thermal conductivity, and improve the overall thermoelectric
efficiency [7]. Nanostructuring involves creating nanoscale
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structures or interfaces in materials, which introduces phonon
scattering and leads to a reduction in thermal conductivity,
while maintaining electronic transport properties, resulting in
an increased zT for improved thermoelectric efficiency [3].
By utilizing these methods, significant improvements in the
performance of thermoelectric materials have been achieved,
such as PbTe, SnSe, Cu,Se, and Bi,Te; [4,6—10]. Continued
research and innovation in this field are expected to unveil
more high-efficiency thermoelectric materials in the future.

A “phonon-glass-electron-crystal” material usually has
electronic properties typically related to a good semicon-
ductor single crystal and also possesses thermal properties
similar to that of an amorphous material, which is thus an
ideal candidate for thermoelectric applications [2]. As one
striking example of the phonon-glass-electron-crystal concept
[2], filled skutterudite compounds have been considered as
ideal candidates for thermoelectric materials. The skutteru-
dite structure belongs to the space group Im3 and consists
of corner-shared MX ¢ octahedra (M = transition metal and
X = pnictogen) [11], leaving a void at the body centered
site of the cubic unit cell. Such a void could accommodate
a foreign atom to form a filled skutterudite with the general
formula R,M;X;> [12], where R is the filled atom and y is the
filling fraction. Filling the voids with atoms largely reduces
the lattice thermal conductivity without deteriorating the elec-
trical properties [13—19]. Moreover, it is generally believed
that the smaller and the heavier the filled atom, the lower the
lattice thermal conductivity. Therefore, filling the smaller and
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heavier atom Yb has produced a series of high figure of merits,
such as zT' = 1.5 at 850 K for Yby3Co4Sbys [20], zT = 1.4
at 823 K for Ybo_35C04Sb12 [17], and zT = 1.4 — 1.7 for
multifilled Ba,La,Yb,,CosSby, [21,22]. Additionally, band
engineering strategies involve modifying the electronic struc-
ture of filled skutterudites through techniques such as doping,
alloying, and defect engineering. Nanotechnology approaches
focus on synthesizing filled skutterudite nanoparticles and
utilizing them in nanocomposite materials to exploit their
unique size-dependent properties (z7° = 1.43 at 800 K) [23].
However, further research and exploration are still needed
to unlock the full potential of thermoelectric materials and
achieve even higher z7 values. Compared with doping and
alloying, pressure is recognized as a clean and more effec-
tive way to tune the electronic and lattice structure [24-27].
Among filled skutterudites, Yb-filled CoSbs is one of the most
efficient thermoelectric materials [28]. In addition to its low
lattice thermal conductivity [29,30], its good electrical trans-
port properties are believed to be attributed to its high carrier
mobility, triply degenerate conduction band minimum, and
the possible existence of additional electron pockets around
the conduction band minimum [2,31-37]. Theoretical calcu-
lations have found that in the pristine CoSbs skutterudite, the
band-gap dependence on pressure exhibits a parabolic shape,
resulting in a high Seebeck coefficient and power factor [38].
A sudden increase in the Seebeck coefficient with pressure
has also been observed in the pristine CoSbs skutterudite
[39]. However, there have been no reports on the electronic
structure and thermoelectric properties of Yb-filled CoSbs
skutterudite under pressure.

In this work, we take Yb-filled CoSbs skutterudite as an
example to study the effect of pressure on the electrical
transport properties of Yb-filled CoSb; skutterudite through
high-pressure electrical transport measurements and first-
principles calculations. The evolution path of the Seebeck
coefficient, electrical conductivity, carrier concentration, and
effective mass with pressure is investigated in detail. The band
structures of Yb-filled skutterudite at various pressures are
calculated and analyzed. The results suggest that the elec-
tronic phase transition is a powerful means to further improve
the thermoelectric performance of highly efficient thermo-
electric materials.

II. EXPERIMENTAL AND CALCULATION DETAILS

The sample was prepared by a melt spinning and spark
plasma sintering process. Detailed information is available
elsewhere [19,40]. The structure of the sample is characterized
by a RigakuD/MAX-2550PC diffractometer under Cu-Ko
radiation with a wavelength of 1.5406 A (Fig. S1 in Supple-
mental Material [40]). The actual composition of the sample is
Yby3Co4Sby,, which was confirmed by an energy dispersive
spectrometer (Oxford Instruments) (Fig. S2 in Supplemental
Material [40]).

High-pressure Seebeck coefficient measurements were
based on the definition S = AV/AT, where AV is the
thermopower and AT is the temperature gradient. A sym-
metric diamond anvil cell was used to provide pressure. The
anvil culet was 500 um in diameter and NaCl was used as
the pressure-transmitting medium. A point heat source was

utilized as the heat source. The temperature gradient and
potential difference between the hot and cold ends were col-
lected by a T -type thermocouple and a digital nanovolt meter
(218-A5900, Keithley), respectively. The Seebeck coefficient
was obtained by fitting the slope of AV/AT.

High-pressure resistivity and Hall effect measurements
were performed via a physical property measurement sys-
tem (PPMS) from Quantum Design. A nonmagnetic diamond
anvil cell made of Be-Cu alloy was used to provide the pres-
sure environment. The anvil culet was 500 ym in diameter
and neon was used as the pressure-transmitting medium. Four
platinum electrodes were attached to the four corners of the
sample with silver epoxy conductive adhesive. The van der
Pauw method was employed to determine the resistivity and
Hall coefficient [41]. For all the experiments, the pressure
level up to approximately 10 GPa was determined by the
standard ruby fluorescent technique [42].

The first-principles calculations were performed on the
basis of the density functional theory (DFT) and projector
augmented wave method with a Perdew-Burke-Ernzerbof-
type generalized gradient approximation, implemented in the
Vienna Ab initio Simulation Package [43—45]. All the atomic
positions were relaxed to obtain the stable structure. All the
lattice parameters as well as internal atomic positions are
relaxed with an energy convergence of 10% eV. The wave func-
tions were expanded in the plane waves basis with an energy
cutoff of 520 eV. The sampling of the Brillouin zone was done
using a I'-centered 3 x 3 x 3 Monkhorst-Pack grid. All cal-
culations for Yb-filled CoSb; were performed ina 3 x 3 x 1
supercell (61 atoms, one Yb atom, and a Co;,Sbag supercell,
corresponding to Yby,3C04Sb;). The spin-orbit coupling was
included in our calculations.

III. RESULTS AND DISCUSSION

A. Pressure dependence of the Seebeck coefficient

The measurement of thermoelectric properties under pres-
sure, especially for the Seebeck coefficient, has been widely
accepted in our previous studies [46—48]. Figure 1 illustrates
the evolution of the Seebeck coefficient of Yb-filled CoSbs
skutterudite with pressure at 300 K. The cyan sphere rep-
resents the result measured at ambient pressure. Within the
studied pressure range, the Seebeck coefficient remains neg-
ative, indicating electron doping resulting from Yb filling.
As the pressure increases, the absolute value of the Seebeck
coefficient shows a sudden increase, reaching a maximum
value at around 2-3 GPa, and then keeps nearly stable. With
a further increase beyond 6 GPa, the absolute value of the
Seebeck coefficient exhibits a gradual decrease.

Our previous studies have shown that the Yb-filled skut-
terudite is stable before 12.4 GPa through high-pressure x-ray
diffraction and Raman scattering measurements [29]. There-
fore, the significant increase in the absolute value of the
Seebeck coefficient around 2-3 GPa is not attributed to a
structural phase transition. The sharp change in the Seebeck
coefficient is most likely due to the pressure-induced modifi-
cations in the electronic structure.

The Boltzmann transport theory offers a comprehensive
insight into the Seebeck coefficient, as expressed in the Mott
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FIG. 1. Pressure dependence of the Seebeck coefficient (S) for
Yby3Co4Sby, at 300 K. The inset shows the diagram of Seebeck
coefficient measurements under pressure. The sample is placed in
the chamber, which is surrounded by cubic boron nitride as insulat-
ing layers. NaCl is used as the pressure-transmitting medium. The
cyan sphere represents the data measured from the PPMS at ambi-
ent pressure. The error bars correspond to the uncertainties of the
measured data.

equation [49-52]:
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where e is the carrier charge, kg is the Boltzmann constant,
n(E) is the energy-dependent carrier concentration, and w(E)
is the energy-dependent carrier mobility. Additionally, o (E)
corresponds to the electrical conductivity determined based
on band filling or Fermi energy level denoted as Ep. The
expression for electrical conductivity is o (E) = n(E)eu(E),
where the carrier concentration n(E) = g(E) f(E), g(E) is the
state density, and f(E) is the Fermi function.

The Seebeck coefficient in the Mott equation serves as
a measure of the variation in o (E) near the Fermi level.
This variation is reflected in the logarithmic derivative of o
with E. Consequently, the Seebeck coefficient characterizes
the asymmetry in electronic structure and scattering rates in
the vicinity of the Fermi level. In order to achieve a large
Seebeck coefficient, it is crucial to introduce complexities in
the electronic structure and scattering rates within a narrow
energy range (a few kgT) near Er. When electronic scattering
is energy independent, the o (E) is directly related to the den-
sity of states (DOS) at E. A material exhibiting a significant
variation in DOS near the Fermi level is anticipated to possess
arelatively large Seebeck coefficient.

In degenerate semiconductors, the density of states g(E)
can be determined in the context of effective mass m; as [1,7]
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@

The Seebeck coefficient S is thus equivalently expressed
based on m; and the carrier concentration ny as [1,7]
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Therefore, several factors can contribute to an increase
in the Seebeck coefficient in Yb-filled CoSbs skutterudite,
with the Lifshitz transition and an increase in band gap being
the two most probable causes. The asymmetrical change of
the Seebeck coefficient under external pressure is a classical
characteristic of the Lifshitz transition [53]. The Seebeck co-
efficient, being the derivative of the Fermi level state density
concerning energy, is significantly affected by the topological
properties of electrons. The Lifshitz transition can enhance the
Seebeck coefficient and electrical conductivity by increasing
the number of energy bands near the Fermi surface, thereby
increasing the electronic density of states.

Additionally, the Seebeck coefficient is proportional to the
band gap according to the Goldsmid-Sharp equation [54].
Hence, an alternative mechanism could be widening of the
band gap under pressure, leading to an increased effective
mass of the sample. Equation (3) also shows that the Seebeck
coefficient is directly linked to the effective mass. As a result,
an increase in the band gap could potentially enhance the See-
beck coefficient. The nonmonotonic behavior of the Seebeck
coefficient under pressure indicates the involvement of various
underlying mechanisms affecting its behavior, highlighting
the need for deeper examination and analysis.

B. High-pressure resistivity and power factor

Changes in the electronic structure of a sample can be
reflected in its resistivity, particularly when additional energy
bands cross the Fermi level and cause a transition related to
van Hove singularities in the DOS. Alterations in the band gap
directly affect both effective mass and mobility, which are ob-
servable through measured resistivity [55-58]. To investigate
possible evidence of electronic structure changes, we per-
formed high-pressure resistivity measurements. Figure 2(a)
shows the variation of the resistivity of Yb-filled CoSbs; skut-
terudite as a function of pressure at 300 K, where the cyan
spheres denote the results measured at ambient pressure. With
increasing pressure, the resistivity increases significantly, with
a notable change in the curvature of the resistivity increase
occurring around 3 GPa. As the pressure continues to in-
crease, the resistivity reaches a maximum near 4 GPa. Further
increasing the pressure leads to a gradual decrease in the
resistivity. Previous investigations have demonstrated the ab-
sence of any structural phase transition in the Yb-filled CoSbs
skutterudite within the examined pressure range [29]. Conse-
quently, the abrupt change in resistivity around 3 GPa cannot
be attributed to a structural phase transition but may be as-
cribed to a transition in the electronic structure. The presence
of extrema in resistivity also suggests the potential existence
of multiple competing mechanisms within the sample.

By combining the Seebeck coefficient and resistivity, we
can determine the power factor of Yb-filled CoSbs skut-
terudite under varying pressure conditions, as illustrated in
Fig. 2(b). The power factor exhibits a significant increase
with increasing pressure, reaching its maximum value of
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FIG. 2. (a) Pressure dependence of the resistivity (p) at 300 K.
The inset shows the geometry of the electrical transport measure-
ments at 0.7 GPa. The sample is in the middle. Four Pt wires are
attached to the sample. (b) Pressure dependence of the power factor
(PF) at 300 K. The cyan spheres represent the data measured from
the PPMS at ambient pressure. The error bars correspond to the
uncertainties of all the related experimental data.

2.9 mW m~! K2 near the critical pressure of approximately
2.5 GPa. Subsequently, as the pressure continues to increase,
the power factor remains nearly constant until it experiences
a rapid decline beyond 8 GPa. Although the power factor is
still relatively low compared to those of many other efficient
thermoelectric materials [25-27], we observed a significant
improvement upon the application of pressure. Specifically,
compared with the power factor of this compound at am-
bient pressure, the maximum power factor is increased by
nearly 50%.

The pressure-induced enhancement of the power factor has
also been observed in the parent CoSbs skutterudite [39].
Researchers employed a novel high-pressure Seebeck coeffi-
cient measurement method to evaluate the Seebeck coefficient
and resistivity of the CoSbs skutterudite within a pressure
range of 0-25 GPa. The Seebeck coefficient of the CoSbs
skutterudite exhibits a rapid increase with increasing pressure,
reaching its maximum value near 10 GPa, followed by a
gradual decrease and stabilization. Simultaneously, the resis-
tivity gradually increases under pressure, displaying a change
in curvature around 10 GPa. Consequently, the power factor
demonstrates a peak value near 10 GPa. The observed trends
of the Seebeck coefficient, resistivity, and power factor with
pressure in parent CoSbs are consistent with those observed
in Yb-filled CoSbs. The difference is that the pressure point at

which the transition occurs is shifted to the lower value due to
the filling of Yb atoms.

Typically, pressure regulation of the electrical transport
properties in a sample is mainly manifested in its influence on
the electronic structure, rather than doping or solid solution,
which primarily relies on an increase in carrier concentra-
tion by several orders of magnitude. The enhancement of the
power factor under pressure may arise from two aspects. First,
it can result from reducing the energy differences between
multiple band extrema, thereby inducing a Lifshitz transition.
Second, it can involve tuning the intrinsic band gap of the
sample to align with the most suitable value under the current
temperature range (6 kT < E; < 10 kpT') [59]. Additionally,
there are also special cases to consider, such as triggering
anomalous Hall effect, which depend on specific materials.
Further examination requires the measurement of additional
electrical transport parameters.

C. Pressure-dependent carrier concentration,
mobility, and effective mass

To gain a deeper understanding of the changes in the elec-
tronic structure of Yb-filled CoSbs skutterudite, we conducted
high-pressure Hall resistivity measurements. Since the Hall
effect near room temperature stems from bulk charge car-
riers, we employed a single-band model and calculated the
carrier concentration, ny = 1/(eRy), where Ry is the Hall
coefficient. The carrier mobility can be determined from u =
o /nye.

The pressure dependence of carrier concentration is shown
in Fig. 3(a), where the green circles represent the measure-
ments taken at ambient pressure. At ambient pressure, the
carrier concentration of Yb-filled CoSbs is close to the opti-
mum value, approximately 1 x 102 cm~3. With increasing
pressure, there is a monotonic increase in the carrier con-
centration, and a change in curvature occurs around 3 GPa.
As pressure continues to increase, the carrier concentration
stabilizes at around 8 x 10%° cm~2 after reaching 6 GPa. The
trend of carrier mobility, as depicted in Fig. 3(b), exhibits an
inverse relationship with carrier concentration. With increas-
ing pressure, the mobility gradually diminishes, undergoes a
change in curvature around 3 GPa, and eventually stabilizes
beyond 6 GPa.

Figure 3(c) shows the Seebeck effective mass (mg) of
Yb-filled CoSb; skutterudite at different pressures, with the
green circles representing the measurements taken at ambient
pressure. For thermoelectric materials, the effective mass is
synonymous with the Seebeck effective mass. The Seebeck
effective mass can be calculated using the experimentally
measured Seebeck coefficient and the carrier concentra-
tion obtained through the Hall effect through the following
formula [60]:

g

300K 2/3
—0.924 i
m, T 1020¢cm—3

3(exp[%] - 0.17)2/3
“1 —5(EL — ke
+exp[ (kg/e 1] )]

+ kp/e kB/e)] ] (4)
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FIG. 3. Pressure dependence of the carrier concentration (1)
(a), the carrier mobility (uy) (b), and the normalized Seebeck ef-
fective mass (mg/m,) (c) in Yb-filled CoSb; skutterudite. The cyan
spheres correspond to the data at ambient pressure. The error bars
correspond to the uncertainties of the measured data. Some error
bars cannot be seen because the errors are smaller than the symbol
sizes.

The formula can be used to estimate the Seebeck effective
mass. When the absolute value of the Seebeck coefficient is
greater than 20 uV K~!, the relative error of the results is
approximately 3%. The effective mass exhibits a consistent
trend with the carrier concentration under varying pressure,
as depicted in Fig. 3(c). As the pressure increases, there is
a gradual increase in the effective mass, accompanied by
a change in curvature around 3 GPa. Subsequently, beyond
6 GPa, the effective mass tends to stabilize.

According to Eq. (4), the enhancement of the single-band
effective mass of Yb-filled CoSbs suggests an increase in the
band gap due to the decrease in carrier mobility. However, the
significant increase in carrier concentration cannot be solely
attributed to the increase in band gap and requires considera-
tion of the possibility of a Lifshitz transition or specific band
structures in the sample. This observation is consistent with
the observed increase in effective mass. Considering the afore-
mentioned measurement results, we postulate that the notable
enhancement in the electrical transport properties arises from
a pressure-induced electronic phase transition. Furthermore,
it is worth noting that the magnitude of the enhancement in
the power factor is also limited by the increase in the band
gap. To verify this hypothesis, we conducted band structure
calculations under pressure conditions.

ANV ANV Total
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FIG. 4. The band structure and projected density of states for Yb-
filled CoSbj; skutterudite.

D. Pressure evolution of the electronic structure

The parent compound CoSb; is a direct band-gap semi-
conductor with unique electronic properties [31-33,37]. It
exhibits linear dispersion in both valence and conduction
bands near the Fermi surface at the I' point. The valence
bands are primarily occupied by Co-p/d and Sb-p orbital
electrons, while the conduction bands consist of Co-d orbital
electrons. When Yb is introduced into CoSbs, the electronic
band structure remains significantly unchanged, as confirmed
by previous calculations [31,33,34,37]. However, the band
gap increases with Yb filling [34,37], with DFT calcula-
tions yielding values of 0.12 eV for CoSb; and 0.29 eV for
YbCoy4Sby,, respectively [32,37,61].

The band structure and projected density of states of
Yby3Co4Sb;, at ambient pressure are depicted in Fig. 4. The
band-gap value along the I' — T direction is 0.16 eV (CB1).
Moreover, the conduction band bottom has a subband bottom
along the ' — N direction, corresponding to a band gap value
of approximately 0.31 eV (CB2). Particularly, there is another
degenerate point of the conduction band bottom along the
I' — P direction, corresponding to a band gap value of CB3.
Compared to CoSbs, the band gap along the ' — P direction
in Yb-filled CoSb; skutterudite is reduced, possibly due to
changes in bond length or orbital hybridization induced by
the filling atoms. It is worth noting that the band gap along
the I' — P direction is comparable to that along the ' — N
direction in the Yb-filled CoSbj skutterudite. The calculated
results are consistent with those in the literature [62].

To investigate the pressure-induced variation of the band
gap, we extracted the band gaps CB1, CB2, and CB3 along
the I' point and ' - N and I' — P directions at differ-
ent pressures (Fig. 5). It is evident that within the studied
pressure range, the band gap of Yb-filled CoSbs skutterudite
gradually increases with increasing pressure. Moreover, the
differences in band gaps along these directions decrease and
tend to converge. The observed dependence of band gap on
pressure exhibits a parabolic trend consistent with previous
studies on parent CoSbs; skutterudite’s response to pressure
variations [38]. This characteristic holds promise for achiev-
ing an exceptionally high Seebeck coefficient and outstanding
thermoelectric performance.

It is worth noting that a transition from a direct band-gap
semiconductor to an indirect band-gap semiconductor occurs
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FIG. 5. Evolution of the band gap near the I high-symmetry
point with pressure. CB1, CB2, and CB3 denote the band gap along
the direction of I' — 7', ' — N, and I' — P, respectively.

when the pressure exceeds 3 GPa. With increasing pressure,
the conduction band reaches its minimum energy point at
the I' point and converges along the I' — P direction around
3 GPa. As the pressure continues to increase, the Yb-filled
CoSb; skutterudite changes its band gap from direct to in-
direct. This observation is consistent with previous findings
on the parent CoSbs skutterudite [38,39], suggesting an oc-
currence of electronic phase transition in Yb-filled CoSbs
skutterudite at approximately 3 GPa, which precedes that of
CoSbs (6 GPa).

Within the entire pressure range, the top of the valence
band at the I" point shows little change relative to the Fermi
surface. In contrast, the bottom of the conduction band at the I
point moves upward, resulting in an increase in the band gap.
This is similar to the reported results in the parent compound
CoSbs [38].

As mentioned earlier, with increasing pressure, the hy-
bridization between the valence and conduction bands of the
filled skutterudite increases, leading to a decrease in the indi-
rect band gap and an increase in the direct band gap. Usually,
when the band gap closes, both the resistivity and Seebeck co-
efficient significantly decrease with increasing pressure. The
competition between these two factors during the closure of
the band gap can have a substantial impact on the power factor.
In the case of Yb-filled CoSb; skutterudite, the band gap
increases with increasing pressure. Therefore, the Seebeck co-
efficient and resistivity also increase with increasing pressure.

E. Pressure-driven electronic phase transition

The band structure calculations reveal an electronic phase
transition occurring around 3 GPa in Yb-filled CoSb; skut-
terudite. This finding is consistent with the anomalous
observations in electrical transport measurements within the
pressure range of 3—4 GPa, suggesting that the enhancement
of the power factor arises as a consequence of the electronic
phase transition. As the band structure gradually converges
under increasing pressure and approaches energy degeneracy,
there is an increased energy dependence and peak density

of states near the Fermi surface around the electronic phase
transition (Fig. 4). This can be attributed to the localization
process of high-density states at smaller energy ranges during
the convergence of valence band bottom energies at I and P
points, ultimately leading to complete localization at a specific
energy upon degeneracy.

Following Eq. (1), one learns that an increase in the density
of states due to the band convergence contributes positively
to the Seebeck coefficient. Considering the significant differ-
ence in carrier mobility between the linear bands at the I'
point and the parabolic bands at the P point, one can find
an enhancement during the band convergence process. As
a result, the Seebeck coefficient increases accordingly. The
subsequent decrease is primarily due to the dominant effect of
increased carrier concentration, consistent with the decrease
in resistivity during this stage.

Before the electronic phase transition, the increase in car-
rier concentration mainly relies on the density of states at the
I' point, which increases slowly. After the electronic phase
transition, the energy bands at the I' and P points become
degenerate, resulting in an increased density of states and an
accelerated increase in carrier concentration.

In addition to the aforementioned changes, we also ob-
served an increase in the band gap during the compression
process, which is consistent with the decreased carrier mo-
bility and corresponds to an increase in the effective mass
of the single band. Before the electronic phase transition,
the increase in carrier concentration increases slowly, and the
dominant factor is the increase in effective mass caused by
the increased band gap. Consequently, the resistivity gradually
decreases. The overall improvement in the power factor of
the sample is influenced not only by the increase in car-
rier concentration and electronic phase transition but also
by the modulation of the increased band gap. Before the
electronic phase transition, although the increase in the band
gap contributes positively to the Seebeck coefficient, it has
a relatively strong inhibitory effect on the resistivity. In the
context of the single-band model, for the sample to exhibit
the optimal power factor at room temperature, the band gap
should ideally range between 0.15 and 0.25 eV. A deviation
from this range hinders the achievement of the optimal power
factor. Therefore, the increase in band gap to some extent
restricts the improvement in the power factor of Yb-filled
CoSbs skutterudites through the electronic phase transition
at room temperature. However, Yb-filled CoSb; skutterudites
still achieve a ~50% improvement under pressure. If the
increase in the band gap can be suppressed, it may further
enhance the thermoelectric performance of the sample at room
temperature. Meanwhile, the increase in the band gap favors
the shift of the optimal operating temperature range of the
sample towards higher temperatures, making the Yb-filled
CoSb; skutterudites under pressure more suitable for thermo-
electric applications at higher temperature regions.

F. Thermoelectric measure for electronic phase transition

As an electronic phase transition characterized by the ab-
sence of Landau-type order parameters and symmetry break-
ing, the Lifshitz transition was proposed by Lifshitz in the
1960s [53]. The distinguishing feature of a Lifshitz transition
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lies in the topological modification of Fermi surfaces induced
by external parameters. The Lifshitz transition can initially be
identified, such as the emergence of superconductivity in sim-
ple metals [63]. Moreover, Lifshitz transitions play a key role
in strongly correlated systems, including high-temperature su-
perconductors and heavy-fermion itinerant magnets [58,64—
67]. However, these systems were usually characterized by
strong coupling between different degrees of freedom, and
the significance of the Lifshitz transition becomes obscured.
Furthermore, the inherent difficulties in directly observing the
Fermi surface in strongly correlated systems make it nearly
impossible to detect Lifshitz transitions directly.

The Lifshitz transition, characterized by changes in Fermi
surface shape and accompanied by singularities in thermo-
dynamic and dynamical features, can be measured through
thermopower according to Abrikosov’s suggestion in his work
[68-70]. Applying pressure is the most suitable and clean
method for achieving Lifshitz transitions, as it allows continu-
ous tuning without introducing defects or impurity. Compared
to compositional tuning, pressure-driven transitions offer a
relatively wide range of lattice deformation and are more
effective in studying pure intrinsic properties [24,63,71]. Near
the Lifshitz transition or in the vicinity of singular points, the
Seebeck coefficient can exhibit asymmetric behavior due to
its dependence on different sides of the Fermi surface with
respect to the chemical potential, potentially leading to a
change in sign [55,71]. Thus, observing whether the Seebeck
coefficient changes sign or exhibits asymmetric shape around
the Lifshitz transition, particularly under pressure, serves as
the most direct and reliable approach for identifying and de-
termining the occurrence of this transition.

In the initial investigations, Lifshitz [53] examined the sin-
gularities that arise in proximity to the Lifshitz transition and
proposed the necessity of integrating thermodynamic and dy-
namic quantities, such as thermal expansion, sound velocity,
electrical conductivity, and thermal conductivity, for detecting
this transition due to their manifestation of singularity near the
critical point. Subsequent theoretical [71,72] and experimen-
tal studies [73] have revealed that the electrical conductivity,
similar to the Seebeck coefficient, exhibits significant devia-
tions near the transition point, deviating from the continuous
behavior typically observed under external influences and dis-
playing changes in curvature.

In addition to alterations in electronic characterization-
related physical properties, it is anticipated that various
physical quantities reflecting lattice dynamics, such as sound
velocity [53], thermal expansion [53,72], and thermal conduc-
tivity [53], will manifest anomalous behaviors in proximity
to the Lifshitz transition. Thermal conductivity is a funda-
mental physical parameter that characterizes the ability of
a material to transport heat, encompassing both lattice and
electronic contributions. The electronic thermal conductivity
can be expressed as k, = Lo T, where L is the Lorenz number.
Conversely, the lattice thermal conductivity is directly influ-
enced by the group velocity of phonons. Due to significant
deviations from the regular trend near the Lifshitz transi-
tion, the electrical conductivity exhibits notable changes in
curvature. Consequently, both electronic and lattice thermal
conductivities display abrupt behavior, leading to pronounced
alterations in the total thermal conductivity near the Lifshitz

transition. By investigating the variations in thermal con-
ductivity, we can not only unveil the expected anomalous
contributions of lattice dynamics near the Lifshitz transition
but also capture the abrupt changes in anticipated electrical
conductivity at this critical point. It is evident that thermal
conductivity, as a thermodynamic parameter, is poised to ex-
hibit significant anomalies in proximity to Lifshitz transitions.
Recent experimental studies have indeed demonstrated that
exploring the evolution of thermoelectric behavior under pres-
sure serves as an effective approach to help identify Lifshitz
transitions [25-27]. While the precise determination of Fermi
surface topology in Ybg3Co4Sb, presents significant com-
putational challenges, direct experimental verification of its
evolution under pressure remains absent within the scope of
this work. These limitations preclude definitive confirmation
of a Lifshitz transition. However, the observed anomalies in
transport properties and band structure evolution collectively
provide compelling indirect evidence, highlighting the need
for advanced characterization techniques to resolve the under-
lying electronic mechanisms.

Lifshitz transitions mostly remain at the theoretical level
and are difficult to observe experimentally. As we have
summarized, measuring the Seebeck coefficient, electrical
conductivity, and thermal conductivity, and consequently their
unified quantity, the thermoelectric figure of merit, is the
means to infer whether Lifshitz transition occurs. Therefore,
the thermoelectric figure of merit z7 is expected to clarify the
pure effects of Lifshitz transitions.

IV. CONCLUSIONS

In summary, we have investigated the influence of pressure
on the electronic properties of Yb-filled CoSbs skutterudites
by employing the combined electrical transport measurements
and first-principles calculations. By manipulating external
pressure, we found a significant enhancement of the power
factor at room temperature at pressure of approximately
3 GPa. The electronic phase transition has been identified
through abrupt changes observed in the Seebeck coefficient,
resistivity, carrier concentration, and band gap. The thermo-
electric improvement can be attributed to the electronic phase
transition phenomenon. Furthermore, we proposed to utilize
thermoelectric performance as a means to help identify the
occurrence of the electronic phase transition in thermoelec-
tric materials or similar narrow band-gap semiconductors or
semimetals.
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