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ZrTes has been extensively studied because of its novel topological properties, which are tunable by subjecting
to various parameters like temperature, chemical synthesis conditions, and pressure. In this study, we have
investigated and compared the effect of hydrostatic pressure up to ~20 kbar on the transport properties of ZrTes
single crystals grown by chemical vapor transport (CVT) and flux methods. With the application of pressure, the
electrical resistivity p(7") and thermopower S(7") of both crystals were found to increase in the whole temperature
range unlike the other known thermoelectric materials, such as Bi,Te;, SnSe etc. This observation is supported
by complementary first-principles band-structure calculations, as the application of pressure widens the direct
band gap at I point. Moreover, the analysis of the pressure-dependent magnetotransport and Shubnikov-de
Hass oscillation results revealed an increase in carrier concentration and effective mass along with reduction
of mobility as pressure rises. Furthermore, with the application of pressure, the flux-grown ZrTes crystals
display a transition from unipolar to bipolar charge transport as evidenced by the emergence of a resistivity
peak at 7* under high pressure, unlike the CVT-grown ZrTes crystals where the bipolar charge transport near its
characteristic resistivity peak (7},) remains unaffected. Our study also reveals a pressure-induced enhancement
of T, and T* for both crystals, suggesting an upward shift of the Fermi level upon compression. Additionally,
for the CVT-grown ZrTes crystals, the application of pressure nearly doubled the thermoelectric power factor
(PF) at 18.2 kbar and room temperature. In contrast, for the flux-grown ZrTes crystals, the PF varies weakly as
the pressure is raised to 17 kbar. Our results underscore the role of crystal synthesis technique along with the
application of pressure as an effective strategy to optimize the magnetotransport and thermoelectric performance
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of ZrTes.
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I. INTRODUCTION

ZrTes, a 2D layered material with relatively weak inter-
layer bonding (~12 meV/A?), [1] has been studied for a long
time because of its anomalous transport properties [2—7]. This
material is widely recognized because of a Lifshitz transition
[8] at a characteristic temperature (7,), as evidenced by a
characteristic peak in resistivity, sign reversal of the Seebeck
coefficient and Hall resistivity [3]. Angle-resolved photoemis-
sion spectroscopy (ARPES) studies revealed the shift of the
chemical potential across the band gap from hole-like bands
to electron-like bands across 7, as temperature is lowered
from room temperature [9]. More interestingly, several works
[10,11] demonstrated that the shift in chemical potential is
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sensitively affected by the Te concentration in ZrTes, result-
ing in a variation of 7, as well as the transport properties.
Therefore, it is likely that the samples used by different groups
have different stoichiometric proportions of Te [11]. This is
evident from the difference in the transport properties be-
tween the crystals grown by chemical vapor transport (CVT)
and flux-grown methods. For the CVT-grown crystals, the 7,
tends to be higher and varies between ~130-150K [12-15],
whereas the flux-grown crystals usually display 7;, lower than
~60K [9,15-17]. In addition, depending on the band shift
[12], the anomalous Hall effect (AHE) and chiral magnetic
effect are reported in ZrTes crystals synthesized by the flux-
growth method [18,19]. Previously [10], we have investigated
the ambient pressure properties of both CVT, and flux crystals
based on a magnetotransport study in which CVT crystals ex-
hibited the bipolar conduction (i.e., simultaneous participation
of electrons and holes in conduction), while the flux crystals
display unipolar transport where the conduction is dominated
solely by hole carriers.

©2025 American Physical Society
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Besides Te vacancies, the physical properties and the
Fermi surface topology of ZrTes also vary sensitively with
the application of pressure [17,20-22]. Zhou et al. reported
a complete suppression of resistivity peak in ZrTes around
6.2 GPa along with the emergence of superconductivity be-
low a transition temperature 7, ~ 2.0 K, which is found to
increase with pressure, reaching as high as ~6 K at 21.2 GPa
[23]. Similar results related to pressure-induced superconduc-
tivity have also been reported in HfTes [24], Investigations
in the low-pressure regime below 2 GPa revealed more inter-
esting results, including pressure-induced topological phase
transitions and changes in Fermi surface topology. J. L. Zhang
et al. reported a nontrivial to trivial Berry phase shift around
~2 GPa in the CVT-grown ZrTes crystals along with the large
suppression of magnetoresistance (MR) as pressure is applied.
This has been attributed to the pressure-induced change in the
Dirac fermion state near the Fermi level [25]. First-principles
calculations under pressure reveals a transition from strong
to weak topological insulator phase mediated by an interme-
diate Dirac semimetallic phase [25]. D. Santos-Cottin et al.
[26] measured the transport and optical properties of both
the CVT and flux-grown crystals. In contrast to the behav-
ior reported in Ref. [27], 7, was found to increase with
pressure. On the other hand, 7, in a-few-layer-thick ZrTes
nanoflakes does not change with pressure [20]. Similarly,
T, of the sister compound HfTes almost remains flat up to
1.0 GPa and thereafter keeps decreasing [22]. These results
suggest that the variation of 7, that depends on the sample
synthesis conditions and varies differently with the appli-
cation of pressure, remains poorly understood in a unified
picture.

Therefore, in this study, we investigated the physical prop-
erties of ZrTes single crystals under hydrostatic pressures
(0 < P < 20 kbar) using magnetotransport, thermopower (S),
and complementary band-structure calculations. A compari-
son between the ZrTes single crystals synthesized by CVT
and flux-growth techniques revealed a huge difference in
the pressure-induced transport properties. In addition, we ob-
served that both resistivity (o) and S increase with increasing
pressure, irrespective of the crystal growth techniques, sug-
gesting an unconventional nature compared to other layered
thermoelectric materials [28-30]. Notably, the resistivity peak
at both 7, and T* (resistivity peak temperature in the flux
sample is denoted by T* hereafter) of both crystals displays
a dramatic variation with pressure. In the CVT crystals, T,
increases up to 155K around 13 kbar and is followed by a
slight decrease upon further increasing pressure. In contrast,
a peak-like feature at T* emerges in p(T) of flux-grown
crystals with a moderate application of pressure ~6 kbar and
gradually shifts towards higher temperatures. The pressure-
induced appearance of 7 in flux crystals mirrors the behavior
of CVT crystals (as it already exhibits 7;), therefore it is
worth noting that the Te vacancies in CVT Crystals may
act as a form of chemical pressure, which refers to lattice
compression caused by atomic substitution or vacancies [31].
Hall resistivity py,(B) under pressure of CVT samples is
qualitatively the same as that of the ambient pressure, while
there is a deviation for the flux samples. At low tempera-
tures, the CVT crystals display a very pronounced quantum
(SdH) oscillation at ambient and high pressures, whereas

no such features could be observed for the flux crystals.
Analyses of magnetotransport behavior under pressure re-
vealed an increase in overall carrier density and effec-
tive mass with a concurrent decrease of carrier mo-
bility for both crystals. Furthermore, band-structure cal-
culations reveal the Dirac-like band structure near the
Fermi level at ambient pressure, as pressure increases
the band gap also increases. In addition, we observed a
pressure-induced enhancement in thermoelectric power factor
(PF = 5%/p). Our results suggest that pressure applica-
tion is an effective strategy to optimize PF and identify
ZrTes as a promising candidate for energy conversion
technology.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The ZrTes single crystals were grown by the CVT and flux-
growth method as described in Refs. [32,33]. Details about the
characterizations of these single crystals have been reported
in our previous study [10]. Resistivity was measured using
a conventional four-probe method, with the current flowing
along the longest direction of the crystal, i.e., the a axis. The
temperature-dependent S(7') at ambient and high pressures
was measured using a homemade setup (described in an ear-
lier work of our group [30]) integrated with a self-clamped
piston-cylinder cell (PCC). For the S(7") measurements, the
temperature gradient of AT /T ~ 1% was maintained along
the a axis with the help of a thin-film heater (resistance
~120€2). A AuFe/Chromel differential thermocouple was
used to measure the temperature difference (A7) with a pre-
cision of ~0.2%. The maximum error in the measurement
of S(T) is ~0.5 uV/K. For high-pressure measurements,
Daphne 7373 was used as the pressure transmitting medium.
A manganin wire resistance gauge was used to probe the
pressure inside the pressure cell. For MR and Hall resistance
measurements, a cubic anvil high-pressure cell was used, in
which the current was injected along the a axis and the mag-
netic field was applied along the b axis.

The density functional theory calculations for the structural
optimizations, density of states (DOS), and electronic band
structure were performed using the Quantum ESPRESSO
package [34]. Exchange-correlation effects were treated with
the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional [35] along with
Grimme’s D3 dispersion corrections for van der Waals in-
teractions [36]. The force and total energy convergence
thresholds were set to 107> atomic units and 107'? Ry,
respectively, with a wavefunction (WFC) cut off of Ry.
Structural optimizations were performed at both ambient and
high-pressure conditions using a pressure-convergence thresh-
old of 0.05 kbar. For these calculations, scalar-relativistic
ultra-soft pseudopotentials were employed. DOS and band-
structure calculations were performed using fully relativistic
pseudopotentials from the PSLibrary [37], taking spin-orbit
coupling (SOC) into account. For the band-structure calcu-
lations, 15 x 15 x 4 k-point mesh was used, and a denser
k-point grid (double that of the original mesh) was applied for
the non-self-consistent field DOS calculations to accurately
map the Fermi level.
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FIG. 1. (a) Crystal structure of ZrTes, in which the trigonal prismatic chains of ZrTe; are running along the a axis and two chains are
connected by zigzag Te atoms. Two-dimensional layers of ZrTes are stacked along the b axis. (b) CVT and flux-grown single crystals of ZrTes
with the longest dimension up to ~5 mm. (c), (d) Temperature dependence of a-axis resistivity p(7") and thermopower S(7') of ZrTes crystals

grown by the CVT and flux-grown method.

III. RESULTS
A. Transport properties at ambient pressure

ZrTes crystallizes in an orthorhombic layered crystal struc-
ture with space group Cmcm. Figure 1(a) depicts the crystal
structure of ZrTes, in which the trigonal prismatic chains
of ZrTe; run along the @ axis and are connected with
each other by zigzag Te atoms along the c¢ axis, forming a
two-dimensional layer of ZrTes in the ac planes. These two-
dimensional layers of ZrTes are stacked together via weak van
der Waals interaction to form a 3D ZrTes crystal. The inter-
layer bonding energy is as low as graphite (~12 meV/A2),
making it suitable for 2D cleaving [1]. Figure 1(b) shows
the image of ZrTes single crystals grown by the CVT and
flux-growth method. Both crystals are featured in needlelike
morphology with the longest direction along the crystallo-
graphic a axis. The CVT crystals are relatively larger in
comparison with the flux crystals. Figure 1(c) displays the
temperature dependence of a-axis resistivity p(7) of both
single crystals, showing dramatic different behaviors, i.e., the
CVT crystal shows a pronounced peak in p(T') at T, ~ 131 K,
while the p(T) of flux-grown crystals remains semiconduct-
ing throughout the measured temperature range. In Fig. 1(d),
we have plotted the temperature dependence of thermopower
S(T) for both crystals. Like the resistivity, the S(7") also shows
distinct behaviors for these two crystals. The S(7') of the CVT
crystal displays a sign change at T, from the high-temperature
p-type to low-temperature n-type dominated charge carriers,
while the S(7") of the flux crystal remains positive in the entire

investigated temperature range (2-300 K). It is important to
note that the values of thermopower at room temperature for
both crystals are similar ~200 %, which is relatively high
among known thermoelectric materials.

B. Transport properties at high pressures

To investigate the effect of pressure on the transport prop-
erties of ZrTes, we measured p(7') and S(T') of both crystals
at different pressures up to 20 kbar in the temperature range
2 < T < 300 K. Figure 2(a) shows the p(T) of the CVT-grown
crystals under different pressures up to 18.2 kbar. We found
that the resistivity exhibits a dramatic enhancement with in-
creasing pressure throughout the entire temperature range,
except at low temperatures below 50 K. Notably, the mag-
nitude of p at T, rises significantly, reaching as high as five
times its ambient-pressure value at 18.2 kbar. In addition, 7,
varies nonmonotonically with pressure, i.e., it first increases
with pressure up to 12 kbar and then decreases slightly at
18.2 kbar. Near room temperature, a slight increment of p is
also observed though it is less pronounced compared to that
at 7. Figure 2(b) shows the S(T') of the CVT-grown crystal
at different pressures. At all pressures, S(7") changes sign at
T, from positive to negative upon cooling down from room
temperature. In line with the resistivity results in Fig. 2(a),
the magnitude of thermopower peaks on both sides of 7, also
increases with pressure, especially the one below T, which is
nearly triply enhanced. In addition, the magnitude of S at room
temperature increases continuously with increasing pressure,
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FIG. 2. Temperature dependences of resistivity and thermopower for (a), (b) the CVT and (c), (d) the flux-grown ZrTes crystals at different

pressures.

revealing an ~86% enhancement at 18.2 kbar compared to
that at ambient pressure.

For comparison, we plotted the po(7T) and S(T) of the
flux-grown ZrTes crystals at different pressures in Figs. 2(c)
and 2(d), respectively. As seen in Fig. 2(c), p(T) is signif-
icantly enhanced by pressure, especially at low-temperature
regions. In addition, a hump-like feature appears at 7" in
p(T) at pressures above 4.7 kbar and this feature becomes
more evident and moves towards higher temperatures in a
fashion similar to the resistivity peak in the CVT crystals.
Accordingly, S(T') of the flux-grown sample also exhibits
dramatic changes. The S(7') remains positive in the whole
investigated temperature and pressure range, indicating the
dominant hole carriers. In concomitant with the emergence
of resistivity hump, a shoulder-like feature appears near 7*
in S(T'), moves to higher temperatures and becomes more
evident with increasing pressure. S attains a maximum at
~150 K, and its magnitude increases significantly from 200
to 350 uV/K as pressure increases from ambient to 17 kbar.
In addition, S is enhanced by more than 50% in a broad
temperature range 150-290 K.

C. Magnetotransport properties at high pressures

Previously, we have studied the longitudinal MR and Hall
resistivity (poxy) for both CVT and flux-grown crystals at am-
bient pressure [10]. For the CVT sample at ambient pressure,
MR at 1.8 K reaches up to ~900% at 5 T, decreases to about
100% at 100 K and then increases to ~400% up to 170 K upon
increasing temperature. Also, the MR at 7< 10 K exhibits
pronounced SdH quantum oscillations. In accordance with
S(T), the py,(H) shows negative slope at T < T, because of
the dominance of electron carriers and changes to a positive

slope at all T > T,. At T;, the p,(H) at low field shows a
positive slope because of the presence of high-mobility hole
carriers and it then changes to a negative slope because of the
high-density electron carriers. In contrast to the CVT samples,
the MR of the flux-grown samples exhibits a saturation behav-
ior at ambient pressure. The maximum value of MR ~760%
at 5 T was achieved at 100 K. At all temperatures, the p,,(H)
exhibits a positive slope because of the dominant hole carriers,
in line with the S(7T') data.

To understand the impact of pressure on the physical prop-
erties observed above, we measured MR and p,y for both CVT
and flux-grown crystals at a few selected temperature and
pressures using cubic anvil high-pressure cell. Figures 3(a)
and 3(b), and 3(c) and 3(d) show the MR and pyy of the CVT
crystals at 10 and 20 kbar, respectively. For both samples, the
MR is suppressed dramatically as the pressure increases. For
the CVT sample at 1.5 K and 5 T, the MR ~55% at 10 kbar
decreases to ~25% at 20 kbar. The maximum value of MR
~70% at 5 T takes place at 155 K under 10 kbar, while it de-
creases to ~50% at 110 K under 20 kbar. For the flux crystals,
in comparison with the MR at 1.8 K and 5 T under ambient
pressure, the corresponding MR value has been suppressed to
roughly half at 10 kbar and nearly one-fourth at 20 kbar. The
maximum value of MR ~450% at 5 T is found to take place
at 100 K under 10 kbar and it decreases to ~200% at 20 kbar.
These observations of pressure-induced suppression of MR
are consistent with the previous reports [23,27]. MR at low
temperature also exhibits power-law dependence on magnetic
field under pressure, MR o« H", where n ~1.5(0.8) for the
CVT (flux) crystals. For py,, the magnetic field dependence
at high pressure is quite similar to that at ambient pres-
sure, except that the magnitude is diminished gradually with
pressure.
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FIG. 3. Field dependence of MR and py, at (a)—(d)10 kbar and (e)—(h) 20 kbar of the CVT and flux-grown ZrTes crystals.

To obtain more insights into the evolution of transport

behaviors, we employed a two-carrier model to fit the Hall
2

.. o .
conductivity, oy, = ﬁ, as done previously for the data at
xx xy

ambient pressure, Viz.,

nlﬂ% nz,u%
(1+u2B?)  (1+u3B?)

Here, + (-) gives the hole (electron) contributions, the
parameter n and p give the effective carrier density and mo-
bility for each type of carriers, which refers to the electronic
density of states near the Fermi level governing transport phe-
nomenon. Figure 4 illustrates the carrier density and mobility
for the CVT and flux-grown crystals at different pressures.
For comparison, we have also plotted the ambient-pressure n
and p from our previous study [10]. Figure 4(a) presents the
n and p of the CVT sample at ambient pressure taken from
our previous study [10]. The solid symbol stands for electrons
and open symbols represent holes. As can be seen, two types
of electron carriers, e; and e,, are present at T < T, while
one electron (e;) and one hole (h;) carrier with high mobility
coexist at 7. The density of holes increases at T > 7,. Upon
applying pressure on the CVT crystals, the carrier density was
moderately increased, while the mobility was reduced roughly
to around one third of the value at ambient pressure. The
vertical dashed lines in Figs. 4(a)—4(c) represent the location
of T, for the CVT-grown ZrTes single crystals.

For the flux samples, the carrier density at ambient pres-
sure is about two orders lower than that of the CVT samples
because of the difference in Te concentrations. As the tem-
perature is raised at ambient pressure, the carrier density
increases while the mobility only changes moderately. Upon

0yy(B) = eB(£

ey

applying pressure, the carrier density keeps increasing and
reaches as high as ~ 10%” m~3, while the mobility decreases
to as low as ~0.2 ’(,i? Additionally, the application of high
pressure creates an electron-type carrier in the flux crystals,
as seen directly from the p,,(H) data at 20 kbar, Fig. 3(h).
These data reveal that the application of high pressure pro-
duces a notable change in the electronic band structure across
the investigated pressure range. The vertical dashed lines in
Figs. 4(e) and 4(f) depict the T* for the flux-grown crystals
determined above.

D. Shubnikov-de Haas (SdH) quantum oscillation
under pressure

One key difference between the CVT and flux-grown
crystals is manifested in the SAH oscillations. For the CVT
crystals, quantum oscillations are clearly visible in the field
dependence of MR at ambient and high pressures. In contrast,
quantum oscillations are absent in the flux-grown crystals.
Therefore, we investigated the SdH oscillations in the CVT-
grown crystals at selected pressures. Figures 5(a)-5(c) present
the background-subtracted Ap,, extracted from the longitu-
dinal MR as a function of 1/B at ambient pressure, 20 and
30 kbar, respectively. The corresponding fast Fourier trans-
formations (FFT) at each pressure are shown in the inset.
As the pressure increases, the oscillations start to appear at
higher magnetic field and the corresponding FFT reveals an
increase in the frequency suggesting the increase in the FS
area. The analysis of the temperature-dependent FFT am-
plitude revealed an increase in the effective mass. The FS
cross sectional area calculated using the Onsager relation,

Sp = %a (where o is the FFT frequency) increases by
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FIG. 4. Carrier density and mobility of (a)—(c) the CVT and (d)—(f) the flux-grown crystals at ambient, 10 and 20 kbar, respectively. For
comparison, we have taken the ambient-pressure data from our previous study [10]. Vertical dashed lines depict the location of 7, and T* for

the CVT and flux-grown crystals, respectively.

about six times from 3.99 x 10~ A~2 at ambient pressure to
2.69 x 1073 A=2 at 30 kbar. Similarly, the m* also increases
by four times.

To estimate different parameters related to FS, we analysed
the SdH oscillations according to the Lifshitz-Kosevich (LK)
theory [8,38,39], which describes the reduction of SdH oscil-
lation amplitude with increasing temperature by the formula,
viz.,

Apy RTRDRSCOS<271 (% + ﬂ)) )

where R, Rp, and Rg are three reduction factors responsible
for smearing out the oscillations caused by temperature, scat-
tering, and spin-induced splitting, respectively. Temperature
dependence of the oscillation is described by
A(T)
"~ sinh M(T)’

where A(T) = kT and m* s the cyclotron mass.
Figure 5(d) shows the fitting of Eq. (2) to Ap(T)/Apxx VS
T at ambient, 20, and 30 kbar. Quantum lifetime of carriers
contributing to SdH oscillation can be determined experi-
mentally using the Dingle plot [40,41]. According to the
Lifshitz-Kosevich theory, the amplitude of SdH oscillation

3

decreases because of scattering as given by

A 4)pe*»
Rp =2 - 220 @)
00 sinh(})
where pg is the resistivity of ZrTes in zero magnetic field,
_ 2n’m,KpTp _ 27%KgTm, _ h 3
and Ap = =82 and A = =B Here, Tp = kT 18

called Dingle temperature and 7 is the total scattering time of
carriers. Figure 5(e) shows a graph of IH[W] vs 1/B at
20 and 30 kbar. The inset shows the same plot for the ambient
pressure. The estimated cyclotron mass (m*) and quantum
mobility () are summarized in Fig. 5(f). It is clear that m*
increases almost four times as pressure increases to 30 kbar.
At the same time, the quantum mobility is reduced to almost
half. The details of Berry phase calculations at different pres-
sure have been discussed in Appendix A 2. The analysis of
SdH oscillations for the CVT samples are consistent with
the results obtained from the two-band model fitting to the
magnetotransport data as discussed in the previous section.

E. Computation results: Band structure and density of states

To obtain further insight into the underlying phenom-
ena, we performed density functional theory band-structure
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FIG. 5. (a)—(c) The SdH oscillations of the CVT samples below 10 K at ambient, 20, and 30 kbar respectively. The inset shows the
amplitude vs frequency of fast Fourier transformations (FFT) of corresponding oscillations. (d) Temperature-dependent damping of normalised
amplitude of oscillations at ambient, 20, and 30 kbar. The solid curves represent the fitting of Ay (T)/Apxx(Tmin) Vs T according to the
Lifshitz-Kosevich theory as described in Eq. (3). (¢) The Dingle plot at 20 and 30 kbar. The solid straight line shows the fitting according to
Eq. (4). Inset in (e) shows the corresponding data for ambient pressure. (f) Calculated cyclotron mass (/™) and quantum mobility of carries at

different pressures.

calculations. Figure 6(a) displays the Brillouin zone of ZrTes
centred at I point, which highlights the high-symmetry points
used for band-structure calculations. Figure 6(b) illustrates the
calculated total density of states (DOS) near the Fermi level
at three pressures, i.e., ambient, 10, and 20 kbar. The DOS
profile provides insight into the pressure-induced changes in
electronic structure near the Fermi level. In Figs. 6(c)-6(e),
we present the calculated electronic band structure of ZrTes
under ambient, 10, and 20 kbar pressure, respectively. At am-
bient pressure, the conduction band minimum (CBM) and the
valance band maximum (VBM) touch exactly at the I" point,
revealing the formation of gapless Dirac-like band dispersion
near the Fermi level, consistent with previous experimental
observations [5,13,15,16,42,43]. This feature is also visible by
the presence of a finite DOS near the Fermi level at ambient
pressure. As pressure is increased to 10 kbar, the system seems
to undergo a phase transition with a noticeable increase in
band gap of ~70 meV. The direct band gap at I point contin-
ues to widen further to 90 meV at 20 kbar in agreement with
the previous report [1,25]. Also, Figs. 6(c)-6(e) show a clear
band reorganization with pressure near the I" point, character-
ized by band warping along the I'-Y and I'-Z high-symmetry
directions. A similar effect is also visible along the I'-X direc-
tion. Although, the pressure-induced band-structure evolution
is modest, it is consistent with the increase in DOS near the

Fermi level. This feature aligns with the pressure-induced
enhancement in carrier density; however, the magnitude of
the change seems to be insufficient to account for the drastic
increase in the effective carrier density as derived from the
Hall conductivity measurements.

IV. DISCUSSION

The difference in the transport properties between the
CVT and flux-grown ZrTes crystals at ambient pressure arises
from the different Te content. In general, the CVT-grown
crystals are Te deficient, which acts as an n-type dopant
leading to higher carrier density [Figs. 4(a) and 4(d)]. Further-
more, in CVT-grown crystals, the dominant carrier changes
from hole to electron across 7,,, while near T, both types
of carriers participate simultaneously in transport, enabling
bipolar conduction, whereas the flux-grown crystals are close
to stoichiometry, hence displaying intrinsic unipolar p-type
conduction [10]. Despite this difference, the application of
external pressure results in a similar overall enhancement of
p and S for both types of crystals. Figure 7 summarises the
pressure dependence of p at selected temperature (2 K, T,/T*
and 290 K) for CVT [Fig. 7(a)] and flux-grown [Fig. 7(b)]
crystals. In Fig. 7(c), we show the pressure dependence of S at
290 K for both crystals, while Fig 7(d) shows the variation of

165140-7



SANSKAR MISHRA et al. PHYSICAL REVIEW B 112, 165140 (2025)

0.5

[===20 kbar|

N
~
1

e
w
L

DOS (States/eV)
(=]
to

=
—_
]

0.0 1

T T
-0.10 -0.05 0.00 0.05
E-E; (eV)
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T, and T*. The p enhancement is more pronounced at 7, for ~ a broad hump-like feature at T* appears in p(T) above a
the CVT crystal and at low temperatures for the flux-grown moderate pressure (4.7 kbar) [Fig. 2(c)]. Like Tp,, T* gradually
crystals as shown in Figs. 7(a) and 7(b). For the flux-grown shifts towards higher temperatures with increasing pressure
crystals, the p remains semiconducting up to 18 kbar, but [Fig. 7(d)]. Variation of S with pressure near room temperature
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FIG. 8. Thermoelectric power factor as function of temperature of the (a) CVT and (b) flux-grown crystals at different pressures.

is almost similar in both types of crystals [Fig. 7(c)]. However,
unlike the CVT-grown crystals, the S does not change sign at
T* in the flux-grown samples, but instead displays a shoulder.
The sign change of S and Hall coefficient at 7, occurs because
of the compensation of the electron and hole carriers. The
absence of sign changes in the flux-grown crystals suggests
that the carriers are not exactly compensated, but electron-like
carriers also contribute to the charge transport in addition
to the hole-type. This is also evident from the sign change
of py, around 50-100 K at 20 kbar as in Fig. 3(h). These
observations indicate that with the application of pressure the
charge conduction changes from unipolar to bipolar nature in
flux-grown crystals. This is further bolstered by the appear-
ance of a peak-like feature in R(7) at 40 kbar in the flux-grown
crystals (Fig. 9). In general, T, in the ZrTes single crystals is
associated with the Fermi level, which depends on the carrier
concentration [26]. Analyses of the magnetotransport prop-
erties reveal qualitatively similar impact of pressure on both
crystals, i.e., the increase of carrier concentration, resulting
the enhancement of 7, and T* with pressure. Here, the sharp
enhancement in carrier density derived from fitting of oyy
(Fig. 4) is not mirrored by band-structure evolution in DFT
results (Fig. 6). This can be understood in terms of both the
sensitivity of magnetotransport measurements and the limita-
tions in the DFT approach. In dilute semimetals like ZrTes,
the transport properties are highly sensitive to small shifts in
band energies, even a slight pressure driven tuning of lattice
parameters may result in a reorganization of band edges across
the Fermi level, which could possibly be underestimated in
DFT causing an increase in the number of thermally activated
carriers. On the other hand, the carrier density extracted from
oxy using a two-carrier model reflects an effective density
that is dominated by carriers from higher mobility bands.
Application of pressure can strongly influence mobility by
changing scattering parameters or altering the band curvature,
and thus the carrier density can be amplified in transport mea-
surements. In fact, this phenomenon is not unique in ZrTe5,
but there are several examples of low-dimensional semimetals
(e.g., black phosphorus [44], TaTe4 [45], HfTes [46]), where

the application of a moderate pressure enhances the effective
carrier density prior to any crystallographic changes. Addi-
tionally, the DFT calculations capture an idealized bulk crystal
of ZrTes, while its real samples are known to host additional
conducting channels from surface states [1]. Pressure may
enhance these surface contributions, providing parallel con-
duction paths that further increase the Hall response beyond
the bulk picture captured in our calculations.

In Fig. 8, we have shown the thermoelectric power factor
(PF = §%/p) of the CVT and flux-grown ZrTes crystals at
different pressures. The PF of the CVT crystals displays a
nonmonotonic variation as a function of pressure in the entire
temperature region. In addition, it is approximately twofold
higher in the semiconducting region (T > T,) than in the
metallic region (T" < Tp,) at all pressures. In contrast, the PF
of flux-grown crystal exhibits an almost decreasing trend with
pressure. At room temperature, the decrease in PF is mod-
erate, while below the room temperature, the PF reduction
is dramatic, decreasing to almost half near 150 K. Further-
more, on applying a moderate pressure, the room-temperature
PF of the CVT-grown ZrTes crystals exhibit a dramatic en-
hancement of ~56.5% at 18.2 kbar. On the other hand, the
flux-grown crystals show only a weak increase of 6.2% at
17 kbar pressure. Apart from the room temperature, it is also
worthwhile to discuss the behavior of PF below and above
T, (or T*). S shows dramatic enhancement around 7, or T*;
however, because of the sign change of S across 7, in the CVT
crystals, the PF diminishes at 7,. But above and below 7, PF
is almost enhanced by a factor of 2. On the other hand, the
PF of the flux-grown crystals decreases to one-third of that at
ambient pressure.

Furthermore, it is worthwhile to discuss the thermoelectric
figure of merit ZT = S*>T /« p for this ZrTes system, which is
important for the overall thermoelectric efficiency. In general,
thermal conductivity («x), of a material consists of two parts:
electronic term k., and phonon contribution k. We can use
the Widemann-Franz law to reasonably estimate the effect
of pressure on electronic part of thermal conductivity, i.e.,
ke = LT /p, where L is Lorentz number. Since in our case, the
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overall temperature dependence of resistivity (o) was found
to increase with pressure, it directly implies that the . term
is expected to decrease. Near room temperature (290 K), «.
reduces around 55% up to 20 kbar pressure for both types
of crystals. Unlike the «., lattice thermal conductivity (kpn) is
more sensitive to the phonon dynamics. As pressure increases,
the atomic orbital overlap intensifies, leading to the phonon
hardening effect, which typically increases the phonon veloc-
ity and reduces phonon scattering and therefore increases kpp.
The overall trend of thermal conductivity (k) depends on the
relative change of k. vs kpy. Thus, the net impact of pressure
on ZT will depend on the relative magnitude of these opposing
quantities.

Engineering of carrier density and mobility can play a cru-
cial role in the optimization of the thermoelectric performance
of a material [47—49]. In general, the relationship for p(7") and
S(T) in the presence of electrons and holes can be given by

[50] p(T) = st § = L2 B here gy, e
are the density and mobility of elections (holes), kg is the
Boltzmann constant, e is the electronic charge, AM® represents
average contribution in thermopower from holes (electrons).
The pressure induced interplay between density and mobility
causes the enhancement in resistivity and thermopower. On
the other hand, the observed decrease in mobility with pres-
sure suggests that carriers are becoming heavier, indicating the
enhancement of effective mass under pressure. This increase
in effective mass could be the reason for the significant in-
crease in thermopower. In fact, this expectation is consistent
with the quantum oscillation data of ZrTes under pressure as
shown in [27] and the theoretical calculations in Refs. [21,27].
Furthermore, given the Dirac semimetallic nature of ZrTes
at ambient pressure, it is essential to discuss thermoelectric
properties through the framework of Dirac band dispersion.
Dirac materials exhibit linear band dispersion near the Fermi
level, which typically enhances carrier mobility and favors a
large Seebeck coefficient becauseof energy-dependent density
of states and carrier velocity [47]. In ZrTes, this Dirac-like be-
havior contributes to the high thermopower [S ~200 uV/K at
300 K, Fig. 1(d)] observed in both CVT and flux-grown crys-
tals. Under pressure, however, our band-structure calculations
(Fig. 6) reveal a transition from Dirac semimetal to a gapped
phase, evidenced by the opening of a direct bandgap at I.
This is corroborated by Berry phase analysis (Appendix A 2),
which shows a shift from nontrivial to trivial topology. The
suppression of Dirac dispersion under pressure reduces carrier
mobility (Fig. 4) but simultaneously enhances the effective
mass Fig. 5(f) and density of states near the Fermi level
Fig. 6(b), leading to the anomalous concurrent increase in S
and p. Such behavior is rare in conventional thermoelectrics
highlights the role of Dirac physics in governing the thermo-
electric response. The pressure-induced topological transition
thus provides a unified framework for understanding the opti-
mization of PF in ZrTe5, particularly in CVT-grown crystals
where PF doubles at 18.2 kbar. In addition, the resistiv-
ity increases and low-temperature upturn in the flux-grown
crystals with the application of pressure should be attributed
to the band-gap opening under compression, as indicated
by our DFT calculation for stoichiometric ZrTes crystal, in
good agreement with previous studies [48,21]. These results

demonstrate the promise of ZrTes as a candidate for ther-
moelectric energy conversion. Moreover, this will pave the
way to explore the thermoelectric performance of ZrTes in the
two-dimensional limit.

V. CONCLUSIONS

The objective of this study was to investigate the effect
of high pressure on the transport properties of CVT and
flux-grown ZrTes single crystals. We find that the application
of pressure has significantly changed transport properties of
ZrTes depending on the growth method. While the CVT-
grown ZrTes displays bipolar transport near T, the flux
crystals also show bipolar transport character under pressures.
The Te vacancies in the CVT crystals can be considered
as a form of chemical pressure; however, the emergence of
bipolar transport characteristic in flux-grown crystals marked
by the emergence of resistivity peak (7*) resembles that of
CVT crystals, which highlights the equivalence of physical
and chemical pressure effects. Transport measurement along
with complementary first-principles band-structure calcula-
tions demonstrated the pressure-induced opening of a direct
band gap at I point with a decreased DOS near the Fermi
level. The analysis of the magnetotransport results at various
pressures revealed an increase of carrier concentration and
a decrease in carrier mobility coupled with an increase in
effective mass. Additionally, the application of pressure has
been found to enhance the PF of CVT-grown ZrTes single
crystals by more than 50%, whereas the PF enhancement is
moderate, ~6% for the flux-grown crystal at room tempera-
ture. The above findings offer an understanding how different
growth methodologies and application of pressure may affect
the electronic properties of ZrTes and therefore provide a
framework for designing materials with tailored thermoelec-
tric performance.
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APPENDIX

1. ZrTes (Flux) data at 40 kbar pressure

Figure 9 presents the longitudinal resistance R(7) and Hall
resistance Ryy (T = 2 K) of the flux-grown crystals at 40 kbar
in a cubic anvil cell. It exhibits similar behaviors as that of the
CVT-grown crystals.

2. Berry Phase calculation

For estimating the change in Berry phase with pressure, we
have applied the Lifshitz-Onsager quantization rule [51-53] to
analyze the quantum oscillations. According to this rule, each
peak and valley of the quantum oscillation can be indexed
by Landau level (n) as a function of 1/B. Figure 10 depicts
the plot of Landau level peak index (r) vs the inverse of the
magnetic field (1/B) at 0, 20 and 30 kbar pressure. For the
calculation of peak index (n), we multiplied the values of 1/B
at each peak and valley of oscillation by the FFT frequency.
Linear fitting of the Fan diagram gives

o +B
—=n s
B
where o is the slope of the Fan diagram, which provides
details about Fermi surface. The intercept 8 gives information
about Berry phase of the system. The intercept B8 can be
expressed in terms of the Berry phase as
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FIG. 9. The longitudinal and Hall resistance of the flux-grown
ZrTes crystals at 40 kbar.
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FIG. 10. Landau level index (n) vs 1/B at different pressures.
Inset shows closer view of intercepts at 1/B = 0.

where @p is the Berry phase shift. Here, § is an additional
phase arising as a result of the degree of dimensionality of the
materials. For 2D materials, § = 0, whereas for 3D materials
its value lies between +% and —%. If the value of intercept | 8|
is 0+ é, in this case @p = m is a called trivial Berry phase.
When its value is % + %, this situation is called a nontrivial
Berry phase (@5 = 0) [54,55]. In the present case, from the
linear fit of the Landau level fan diagram, the value of 8 ~ 0
at ambient pressure, therefore, @y = 7, which gives a non-
trivial Berry phase. The application of pressure gives 8 ~ 0.5,
which gives @5 = 0 and therefore a trivial Berry phase under
pressure. Therefore, we see a pressure-induced Berry phase
shift from nontrivial to trivial.

3. Band structure and Density of States with Experimental
lattice constants

We have also calculated the band structure and density of
states (DOS) using experimental lattice constant instead of

-0.8 1 -t 1 I f T T T T
I XSRA Zr'y Xm1 TY Z O 2 4 6 8 10
TDOS (States/ev)

FIG. 11. Band structure and density of states with experimental
lattice constant at ambient pressure.
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FIG. 12. Hall conductivity (oyy) as function of magnetic field along with its fitting with two-carrier model. Panels (a) and (b) correspond
to CVT and flux-grown crystals, respectively. In panel (a) tangent of oy, is shown as a dotted line.

optimized one reported in Ref. [10]. As shown in Fig. 11, the
band gap at gamma point is nearly 178 meV.

4. Two band model fitting results

We have applied two-band model to extract the carrier den-
sity (ny, n) and mobility (x;, ) from the Hall conductivity
using the formula

naps
(14 u38%)

2
nipy

ny(B) = eB(+£ (1 + /’L%Bz)

Here, +(—)n stands for hole(electron) density, © mobility
of carriers. The experimental and fitted curves of oy at low
temperature for CVT and flux-grown crystals at 10 and 20
kbar pressure are shown in Fig. 12.

To cross verify the results shown in Fig. 12, we also an-
alyzed doy,/dB, the slope of the oy, (B) curve in low-field
region. It is very clear from the figure that with varying pres-
sure slope of oy, (B) curve undergoes dramatic change with
increasing pressure, implying a change in carrier concentra-
tion, consistent with the above two-band model.
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