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Abstract

The resistivity versus temperature measurement is commonly used for identifying
temperature-induced phase change and the resulting hysteresis loop. While the
resistance is influenced by both the density of states and the carrier lifetimes, the Seebeck
coefficient is influenced predominantly by the density of states, and hence is a better
probe of the phase of the material. Here, 1T ' - Ta temperature-induced phase transition
in MoTe: is studied using temperature-dependent X-ray diffraction, resistivity, and
Seebeck coefficient measurements. A more distinct hysteresis is observed when
measuring the Seebeck coefficient which is consistent with direct measurements of the
crystallographic angle using the temperature-dependent X-ray diffraction. The Seebeck
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and electrical resistivity measurements indicate a competing contribution of the electrons
and holes. The contribution of electron pockets becomes more dominant when
molybdenum atoms are replaced by tungsten. In MoTe;, a topologically induced
enhancement of the Nernst coefficient is observed at low temperatures, and a relatively
large phase-transition induced Thomson coefficient of 111 uV-K is measured at 254 K
which is larger than the Seebeck coefficient measured in the entire temperature range.

1. Introduction

Transition metal dichalcogenides (TMDCs) are a large family of layered materials
with the chemical formula MX, where M is a transition metal (e.g., Mo, W, Nb, Ta, Ti, Zr,
Hf, etc.) and X is a chalcogen atom (e.g., S, Se, Te). [1] Each unit layer is composed of three
sheets of atoms arranged in the X — M — X configuration with the metal atoms in the
middle and the chalcogen atoms on the two sides. The layers are held together by a weak
van der Waals interaction. [2] Depending on coordination in X —M — X layers and stacking
orders along the c-axis, TMDCs can exist in different phases like 1T, 2H, 3R, and Ty. Over
40 different TMDCs have been discovered so far. [3] These materials together with their
different polymorphs have been found to show diverse electronic and photonic
properties. In recent years, some of the TMDCs that are lacking either space or time
inversion symmetry have been experimentally proven to host the Weyl semimetallic
state, a non-trivial symmetry-protected topological phase of matter characterized by a
pair of degenerate Weyl cones of opposite chirality with linear dispersion around the
Weyl nodes in the bulk and Fermi arcs on the surface. [4-6] These TMDCs are particularly
interesting because of the many topologically induced exotic properties such as extremely
large magnetoresistance, [7-13] superconductivity, [14-20] and planar and spin-Hall
effect [21-23] observed in the Weyl semimetals so far. The crystalline to crystalline
polymorphic structural transitions reported in some of these materials has helped garner

even more interest from emerging fields like neuromorphic computing, [24], and



phononic and thermal logic devices. [25] In particular, MoTe,, [26-29] and Mo, _,W,Te,
alloys [30,31] are known to be type II Weyl semimetals (i.e., the Weyl cones are tilted in
the momentum space leading to the breaking of the Lorentz symmetry) [32,33] exhibiting
a crystalline-to-crystalline phase transition and are the focus of this paper.

MoTe, has three polytypes: 2H (space group P6s/mmc), 1T’ (space group P2:1/m) and
Tq (space group Pmn21). [34-36] The semiconducting 2H phase is the thermodynamically
preferred state at room temperature. The monoclinic 1T’ phase is naturally stable above
900 °C but can also be stabilized at room temperature by employing techniques such as
rapid cooling, tellurization rate control, or appropriate precursor selection for the
chemical vapor deposition. [37] Upon cooling, the 1T’ — MoTe, undergoes a first-order
phase transition around 250 K to the orthorhombic T4 phase which is a type-II Weyl
semimetal. [15,36,38,39] The degree of substitution of molybdenum by tungsten controls
the phase in which the Mo;_,W,Te, alloys exist at room temperature (pure 1T": x < 0.1,
mixed 1T’ + Ty: 0.1 < x < 0.6 and pure Ty: x = 0.6). [40]

Here, we study pure MoTe, and Mo;_yW;Te, alloys with 0 < x < 0.08 and at first
demonstrate the potential of the Seebeck coefficient as an efficient tool for probing the
thermal hysteresis induced by a phase transition from the 1T’ phase to the T4 phase.
Three separate measurements: X-ray diffraction (XRD), electrical resistivity, and Seebeck
coefficient are presented to support this case. Then, we report a topologically induced
enhancement of the Nernst coefficient in the temperature range of 2 K — 50 K and phase-
transition induced enhancement of the Thomson coefficient. Finally, we report the effect

of W substitution on the thermoelectric transport behavior of the Mo, _,W,Te, alloys.

2. Materials and methods

2.1. Sample preparation.



Large Mo;_yW,Te, crystals were grown by the iodine-assisted Chemical Vapor
Transport (CVT) method at 1000 °C using polycrystalline the respective Mo,;_,W,Te,
powders. In order to retain the 1T’ phase of the crystals, the ampoules were ice-water
quenched after 7 days to 14 days of growth. More details on the sample preparation and
phase transition studies can be found in the article by Oliver et al. [40]

2.2. Materials characterizations

Chemical compositions of the grown crystals were determined by energy-dispersive
X-ray spectroscopy (EDS) using a JEOL JSM-7100F field emission scanning electron
microscope (FESEM) equipped with an Oxford Instruments X-Max 80 EDS detector.

2.3. Transport property measurements

Temperature-dependent Seebeck and Nernst coefficients were measured in the one-
heater two thermometer configuration using Versalab and PPMS from Quantum Design
Inc. Singles crystals samples were placed on a glass substrate using GE varnish. Gold-
coated flat copper wires of 0.5 mm width were used for making the contacts. One end of
the sample was connected to a resistive heater while the other end was attached to the
cold foot of the puck that acts as the heatsink. Two Cernox sensors, capable of measuring
both temperature and voltage, were placed in between the heater and heatsink to estimate
the temperature gradient and Seebeck voltage of the samples. For the Nernst
measurement, the voltage lead of the cold side sensor was separated and connected
opposite to the hot side sensor along the width of the samples. A magnetic field was
applied along the c-axis of the crystal. The resistivity of the samples was measured using
a four-point probe configuration where a current was passed from the heater side
towards the heatsink. The estimated errors in the Seebeck, resistivity, and Nernst
measurements are about 5 %, 3 %, and 10 % respectively. The main error sources include
titting errors of MultiVu software, error in measurement of the sample size, non-

uniformity of the temperature gradient, and instrumental errors.



3. Result and discussion

3.1. Seebeck coefficient as a phase transition probe

We employ three different measurements (XRD, electrical resistivity, and Seebeck
coefficient) to investigate the thermal hysteresis induced by the 1T'—Ty structural phase
transition in MoTe, (see Figure 1). The hysteresis observed in the monoclinic  —
angle during a temperature-dependent XRD measurements is a direct probe of structural
phase transition. As shown in Figure la, during the cooling half-cycle, the B-angle
remains constant up to 260 K and then gradually changes from 93.92° to 90° between 260
K and 210 K indicating the presence of both phases in this temperature range. It remains
at 90°, a signature of orthorhombic Ty phase, up to 130 K. On the warming half-cycle, the
sample goes through the reverse Ty — 1T’ transition with f-angle changing its value
gradually from 90° to 93.92° within the temperature range of 257 K to 300 K. This range
is different from what we observed in the cooling half-cycle. Thus, tracking the B-angle
over the full thermal cycle, we obtain a hysteresis extending over the temperature range
of 210 K to 300 K. [41] It is to be noted that, tracking the f-angle , Clarke et al. reported a
hysteresis over a shorter temperature range (233 K to 280 K) compared to this work. [36]
Using van der Waals density functional method, it has been shown that the Ty phase is
energetically more stable than the 1T’ phase and the energy difference between these two
phases in MoTe; is 0.4 meV per unit cell. Calculation of free energy of the two systems (to
include the temperature effects) showed a lower energy of 1T’ phase at temperatures
above 150 K. While the 150 K is lower than the experimentally measured phase transition
temperature, the calculations confirm the structural phase transition. The origin of the
phase transition is related to the interlayer bonding states near the Fermi energy and can

be tuned by charge doping. [41]



Dahal et al. studied the 1T'—T4 phase transition in MoTe, using resistivity
data. [42] They defined the phase-transition temperature (Ts) as the temperature where
dp(T)

—r maxima occurs and reported T ~ 249 K in the cooling half-cycle. [42] They observed

a thermal hysteresis extending from 150 K to 300 K (their highest measured temperature).
However, at 300 K their hysteresis loop did not converge meaning that the hysteresis
probably would have ended at a higher temperature. The thermal hysteresis loop we
observed in the temperature-dependent resistivity measurement (Figure 1b) is slightly
different from the one reported by Dahal et al. and extends from ~ 230 K to ~ 330 K. The
magnitude of the change in resistivity across the thermal hysteresis is small as evident
from the graph because both 1T’ and Ty phases are semimetallic. When the change in
electrical resistivity is small, e.g., a semimetal-semimetal phase transition in MoTe,, the
probability of the measurement errors playing a deteriorating effect increases, making it
challenging to study the phase transition. Thus, resistivity measurement does not always
best portray the underlying changes. On the contrary, as seen in Figure 1c, the effect of
such phase change on the magnitude of the Seebeck coefficient obtained from a
temperature-dependent measurement is noticeably pronounced and resulted in a clear
hysteresis spanning from approximately 134 K to 345 K. This is a clear indication that the
Seebeck coefficient is a better probe than resistivity for studying temperature-driven
structural phase changes in materials. It is known that while the electrical conductivity is
influenced both by the band structure and the carrier lifetimes, the Seebeck coefficient to
the first-order approximation, depends only on the band structure and is not sensitive to
the details of the lifetimes. Both the T; and 1T’ — MoTe, phase contains multiple electron-
hole pockets [7] and the balance in the electron-hole contribution is modified through the
phase transition. This is not observable in resistivity measurement as both electrons and
holes contribute a positive resistance. It shows well in the Seebeck measurement as the

electrons and holes have different Seebeck signs and therefore the Seebeck measurement



can determine the relative change in the electron-hole concentration effectively. Thus, the
Seebeck coefficient both theoretically and as shown experimentally in Figure 1c, is a better
probe for studying the temperature-dependent phase change in MoTe,. It is important to
acknowledge here that, though the effect of the carrier lifetime is secondary, we cannot
completely discard it playing a role in the Seebeck coefficient measurement.
Phase-transition induced enhanced variation in the Seebeck coefficient results in a
large Thomson coefficient in MoTe,. Similar enhancements have been recently reported
in the case of FeRh.[43] Thomson heating/cooling is a nonlinear response and is
proportional to the product of an applied electrical current and temperature gradient.
The Thomson coefficient T of a material at a given temperature T, is defined as the product
of the sample temperature and the first derivative of the Seebeck coefficient with respect
to T. [44] The Thomson effect enables cooling/heating in homogenous samples, allowing
for simpler device design. This effect is usually small compared to the normal Seebeck
effect and hence has not been studied widely. As seen in Figure 1d, the steep variation in
the Seebeck coefficient due to phase change results in a 7 of 111 pVK ™! at 254 K (warming
half-cycle). The presence of hysteresis is reflected in peaks appearing at different
temperatures of the cooling and warming half-cycles. Our observed magnitude is
significantly greater than what was reported for Ni (—16 uVK™') and BiggSb,, (45 pVK ™)
and is comparable to the one observed in a p-type Bi,Te; (150 pVK™1). [45,46] We note
that the Seeback coefficient values of Ni, BiggSb,, and p-type Bi,Te; are larger than their
respective Thomson coefficients. This is not the case for MoTe, studied here that
demonstrates Thomson coefficient values that are an order of magnitude larger than the

Seebeck coefficient.



(a) - , ——
% [ O Mo 1 ] L
[ O Te " i - L
2| o i oo |
A N
o 2 ° 'T 0 S
20| I Bde |
Q | c"pzw I[85 | g5
91-' L;l‘d phase "' L:T’ phase
90-—1-' ]
0 100 200 300 400 .
T (K)

200

0 100
T (K)

PR [ T T T
300 400

PR R
100

PRI
200

T (K)

PR TR S N T
300

400

T

400

200

300

T (K)

Figure 1 Temperature dependence of a) monoclinic angle 3, b) resistivity, c) Seebeck
coefficient, and d) Thomson coefficient of MoTe, over the cooling (solid line) and
warming (dashed line) half-cycles. Inset in Figure 1a shows the crystal structure of Ty
and 1T’ phases of MoTe, with their respective § angle indicated. Inset in Figure 1c
shows a sample mounted on the sample holder (puck) for measurement.
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Figure 2 a) Temperature and b) magnetic field dependence of the Nernst Coefficient of MoTe,

3.2. Nernst coefficient at low-temperature

The Nernst effect is important thermomagnetic effect for directly converting thermal
energy to electrical energy and cooling. In this effect, a voltage is generated in response
to the presence of a magnetic field applied perpendicular to a thermal gradient such that
the direction of the voltage, thermal gradient, and magnetic field are all orthogonal to
each other. [47] Since, the Lorentz force exerted by the magnetic field pushes mobile
carriers with opposite charges to the opposite sides, the contribution of the electrons and
holes are additive in setting the magnitude of the Nernst coefficient (N). Consequently,
two-carrier systems like Dirac and Weyl semimetals are promising candidates for
thermomagnetic applications. [48-51] Similar to the Thomson modules, the Nernst
modules can use a single homogenous material. This is in contrast to the thermoelectric
modules that are always using a p-n pair.

Here, we investigated the temperature dependence of the Nernst coefficient (N) of
MoTe, from 380 K to 2 K. At room temperature (300 K), the magnitude of N is ~ 0.084
HVK~IT~1. With decreasing temperature, the value of N increases and ultimately peaks
at ~ 25 K. At this temperature, the value of N is found to be 0.82 pVK~*T~! which is about

10 times larger than that observed at 300 K. Further decrease in the temperature leads to



arapid decrease in N. Since the Nernst coefficient increases at lower temperatures due to
higher mobility, [52,53] this rapid decreasing trend is not generally expected [54] and
serves as an indication that there are additional factors to be considered. To understand
the origin of the peak, a closer look at the band structure of MoTe, is required. The
semimetallic MoTe, has several electron and hole pockets that can be described by
quadratic dispersion. [7,8] Being a Weyl semimetal, the band structure also exhibits linear
dispersion around the Weyl nodes. The peak around 25 K marks the region where linear
dispersion dominates over the quadratic ones. In the temperature range of 380 K to
approximately 100 K, the N is dominated by quadratic bands while in the temperature
range from 100 K to 2 K, the effect of linearly dispersive bands gradually appears. In this
region, with decreasing temperature, the Fermi level shifts more towards the Dirac point
causing the N to rise. When the Fermi level is close to the Dirac point at = 25 K, the
enhanced mobility of the charge carriers [7] leads to the largest value of N observed.
Further decrease in temperature (25 K to 2 K) moves the Fermi level away from the Weyl
point resulting in a subsequent decrease in N. Similar theoretical argument in the case of
single-crystal NbP, a Weyl semimetal, has been able to well-replicate the experimental
data. [48] Since the phase transition effects and the low-temperature topological effects
appearing in MoTe: are separated by a sizable temperature gap, we do not anticipate one
affecting the other. The addition of W shifts the phase transition to a higher temperature
as reported in the literature [42], further ruling out any interplay between these two
effects when W is added. With W addition, we did not observe any noticeable change in
the temperature dependence of the Nernst coefficient (see Fig. S1 in the Supplemental
Material).

The magnetic field dependence of the Nernst coefficient is plotted in Figure 2b. Using
the Jones-Zener expansion, one can show that N enters into a non-linear response region
when the product of carrier mobility (4) and magnetic field (B) is much larger than

unity. [55] The Nernst coefficient of MoTe,, as can be seen in Figure 2b, maintains a linear
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response in the entire range of the applied magnetic field (up to 9 T). This observation
conveys that the mobility of electrons and holes is not high in MoTe,, as in e.g., NbP. [48]
It is not uncommon to see such a quasi-linear unsaturated behavior of N in
semimetals. [48] In fact, this behavior is also observed in WTe,, a material at the other end

of the Mo;_,W,Te, alloy spectrum. [50]

3.3. Thermoelectric properties at different W content

In order to investigate the effect of W addition, Mo, _yW,Te, alloys with x = 0,
0.02, 0.03, 0.08 that are in the pure 1T’ phase at room temperature [40] and then transition
to the Tyq phase at lower temperatures were studied. The addition of W results in a
consistent drop in the resistivity of all the samples which is consistent with previous
measurements. [42,56,57] The temperature dependence of the resistivity of these samples

is shown in Figure 1b and Figure 3(a-c). As the sample temperature is increased from 50

dp(T)

K, an increasing trend
, creasing tre (dT

> 0 ) is observed in the resistivity. At room temperature, the
resistivity of 1T’ — MoTe, is 32 uQ-m compared to (7.5 —10) uQ-m[14,42,57] and
95 pQ - m [58] which were reported previously for similar samples. Between 200 K to 300
K, all the samples show hysteresis as a consequence of the Ty to 1T’ phase transition. The
center of the hysteresis loop shifts to higher temperatures with an increased molar
fraction of W which is consistent with an earlier study. [42] Using dp(T)/dT maxima for
the cooling half-cycle, 1T'—Ty transition temperatures Ts of 240 K, 241 K, 250 K and 258
K are estimated for MoTe,, MogggWpo2Tes, M0ggrsWyo3Te, and Mogg, Wy ggTe,,
respectively (see Figure S2 in the Supplemental Material). The shift in Ty occurs due to
the interlayer contraction or expansion having the ability to enhance or weaken the
hybridization of the Te p, orbital. [57] Since the atomic size of W is slightly larger than
the size of Mo, the addition of W increases the interlayer distance and weakens the

hybridization. This results in an increase in the kinetic energy of the electrons and
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consequently total energy of the 1T’ system. [59] As a result, the energy gap between the

Tq and 1T’ phase increases causing a shift of the phase change to a higher temperature.
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Figure 3 Temperature dependence of (a-c) resistivity, (d-f) Seebeck coefficient and (g-
i) Thomson coefficient of Moy ggWy 92T €2, M0y o7 Wy 03T e, and Moy g, Wy osTe, over
the cooling (solid line) and warming (dashed line) half-cycles

The temperature dependence of the Seebeck coefficient of all four samples from 55
K'to 380 K is shown in Figure 1c and Figure 3(d-f). For all the samples, S is positive at 380
K and follows a resembling trend over the entire temperature range investigated. The
magnitude of S for all these samples is small due to the semimetallic nature of the samples
and the bipolar transport. For MoTe, and Mog9gWy ¢, Te;, S is positive throughout the

entire temperature range. For the remaining two samples, we observe S to flip sign at an
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intermediate temperature (110 K - 305 K for Moge;Wyo3Te, and 78 K - 320 K
for Mog 9, Wy 0sTe;). The density functional theory (DFT) study has revealed that MoTe,
has three interconnected hole pockets and four disconnected electron pockets with the
electronic band structure remaining temperature independent from 20 K to 130 K. [7,8]
The net size of the hole pockets has been reported to be larger than the net size of the
electron pockets. [8] Additionally, with increasing temperature, the size of the electron
pockets remains fairly constant while the hole pockets experience the largest change.
Taking all these into account, qualitatively we can comment that our experimental results
are in agreement with the DFT results as the S of the four samples exhibited
predominantly positive behavior over the measured temperature range. The Fermi level
changes with temperature, modifying the overall number of electrons and holes
contributing to the transport. The valley observed in the Seebeck coefficient at the
intermediate temperature is indicative of the competing nature of the electron hole-
pockets as the temperature is changing. Like temperature, W addition can also result in
moving the Fermi level. From Figure 3(d-f), we can see that the addition of W has
gradually lowered the Seebeck coefficient minima recorded in the intermediate
temperature range for MogogWy o2 Tez, M0g g7 Wy 03Te, and Moy g, W ogTe,. Hence, the
addition of W increases the contribution of the electron pockets possibly by lowering the
size of the hole pockets, consequently lowering the overall Seebeck coefficient. The
change in the relative electron-hole pockets can also be attributed to the Lifshitz transition
as argued in Ref. 7. Accordingly, a topological reconstruction of the Fermi surface
induces an anomaly in the Seebeck coefficient resulting in a change in the slope of the
Seebeck coefficient with respect to temperature, dS/dT. Thomson coefficient as shown in
Figure 3(g-i) remained higher than the Seebeck coefficient even after the addition of W.
Mog 9gWy02Te, exhibited the highest Thomson coefficient among these three alloys.

Similar to the the phase transition temperature shifting to higher temperature in response
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to an increased W addition, a gradual shift in the peak of Thomson coefficient is also

observed.

4. Conclusion

We demonstrated that the Seebeck coefficient measurement is a better alternative than
the resistivity measurement in probing the temperature-dependent 1T'—T, phase
transition in MoTe,. This is because the carrier lifetime plays a major role in resistivity
compared to the Seebeck coefficient. Centering around the temperature where the phase
transition occurs, a high Thomson coefficient is observed. The absolute value of the
Thomson coefficient in MoTe, is significantly larger than that of the Seebeck coefficient.
The Nernst coefficient in MoTe,, has a topologically induced peak value of 0.82 yWK~1T~1
at approximately 25 K that occurs as a consequence of the position of the Fermi level
coinciding with the position of the Dirac points. Investigating the effect of W substitution
on the thermoelectric properties of Mo;_yW,Te,, we observed that an increased W
content, from x = 0.02 to x = 0.08, made the samples more electron-dominant as is evident
in the Seebeck measurements, and consistently lowered the resistivity of both 1T’ and Ty
phases. Seebeck coefficient measurement revealed the competing nature of the electron

and hole pockets as we change the temperature or alloy MoTe, with W.
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