Downloaded viaINDIAN INST OF TECH ROORKEE on June 26, 2025 at 07:34:58 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Interplay of T4 and 1T’ Phases Influencing the Transport Properties
of Mo,W,_,Te, Weyl Semimetals

Sambit Choudhury, Shailesh Kalal, Rajesh Kumar Ulaganathan, Raman Sankar, and Sanjoy Kr Mahatha™

I: I Read Online

Article Recommendations |

Cite This: J. Phys. Chem. C 2025, 129, 11407-11416

ACCESS |

ABSTRACT: WTe, and MoTe, in their orthorhombic (T;)
phases have emerged as prominent candidates for type-II Weyl 600%
semimetals due to their unique quantum transport phenomena. T
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The distinctive electronic structure leads to unusual electron

behavior under a magnetic field, resulting in extreme magneto- 400% ! “T) (Td)
resistance (XMR). This study addresses a critical gap in 300%

understanding the impact of structural modulation on MR .,

behavior, which has important implications for optimizing 1005 J J
materials in quantum devices and spintronics. We successfully ’ j
synthesized miscible Mo,W,_,Te, (x = 0.1 to 0.5) single crystals 0% 10% 20% 30% 40"o 50%

Mo concentration

17— T, — 1T

and investigated their structural evolution and transport properties.
Raman and powder XRD analyses reveal that Mo doping induced a
transition from the Ty phase to an intermediate monoclinic 1T’
phase. Notably, the x = 0.3 sample exhibits the highest stability toward the T4 phase. Transport measurements reveal a significant
reduction in MR and residual resistivity ratio (RRR), alongside an increase in electron—hole asymmetry with higher Mo content,
attributed to the reduced crystal quality and enhancement of impurity scattering. Enhanced structural stabilization toward the Ty
phase significantly improves MR and positively influences transport properties. These findings offer new insights into the role of
structural tuning in the electronic properties of Weyl semimetals with implications for spintronics and quantum materials research.

B INTRODUCTION

Recent advances in low-dimensional quantum materials have
significantly broadened the scope of research in areas such as
topological insulators, superconductors, and semimetals.
Among these, an intriguing class known as Weyl semimetals
stands out due to their perfect electron—hole symmetry,
exceptionally high electrical conductivity, and remarkable
electron mobility. The distinctive electronic structure of
Weyl semimetals enables unusual electron behavior when
subjected to a magnetic field, often driven by quantum
mechanical effects. This behavior results in an exceptional
property known as extreme magnetoresistance (XMR), where
the material’s resistance can increase dramatically (~10%% at a
magnetic field of 9T). To date, a broad class of topological
materials," ™" exhibiting XMR, has been discovered. The type-
IT Weyl semimetal candidates WTe, and MoTe, have attracted
substantial scientific interest and are extensively investigated
for XMR,"*7*° due to their intricate electronic structures and
unconventional transport mechanisms.

Pristine WTe, and MoTe, can stabilize into three distinct
polytypes under varying experimental conditions: the hex-
agonal (2H or a phase), the monoclinic (1T’ or § phase), and
the orthorhombic (T or y phase) with space groups P6;/mmc,
P2,/m and Pmn2,, respectively.’’ ~>°> Out of these phases, the
2H phase exhibits semiconducting characteristics,">°~*° while
the 1T’ and Ty phase is reported to be Weyl semi-
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metal>#*273%H =4 4nd exhibit XMR effect. Moreover, the
1T’ phase of monolayer WTe, is reported to exhibit a quantum
spin Hall (QSH) state.*>*¢ Significant efforts have been made
by researchers to explain the possible mechanisms behind
XMR in semimetals,*’ utilizing transport measure-
ments,”>** ™' quantum oscillations,””**™>* and electronic
structure'>*¥*5757 studies.

The XMR mechanism in 1T'-MoTe,, as well as in WTe,,
has frequently been linked to near-perfect carrier compensa-
tion.">**** However, recent studies in MoTe,”* and WTe,""
indicate that while carrier compensation may be a necessary
condition, it alone is insufficient to fully account for XMR in
these systems.” Additional factors proposed to influence XMR
include a high residual resistivity ratio (RRR),'>!32° high
quantum mobility,"'*>* and strong spin—orbit coupling
(SOC).****%” However, no single study has conclusively
pinpointed the exact origin of XMR in WTe,, which remains
complex and is not yet fully understood.
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In addition, miscible single crystals Mo,W,_,Te,, with
different Mo compositions, have been studied to clarify the
origin of XMR in WTe,.” %% Although XMR effects are
somewhat suppressed with Mo doping, Mo, W,_,Te, remains a
compelling material for multiple reasons. Notably, it hosts
novel properties, such as a tunable Fermi-arc Weyl state,”’~**
pressure-induced superconductivity,"”°"*® structural phase
transitions,”>"®” and the potential for electronic phase
engineering.””® These properties make Mo,W,_ Te, an
intriguing system for further investigation.

In this study, we systematically conducted XRD and Raman
spectroscopy measurements to characterize the various phases
present in miscible Mo,W,_,Te, single crystals. Additionally,
we performed transport measurements, and a substantial effort
has been given to explain the transport properties of these
materials in relation to their respective structures. Our analysis
of the magnetic-field-dependent MR and temperature-depend-
ent resistivity reveals that Mo doping introduces key changes.
Specifically, the increasing asymmetry in electron—hole
concentrations, decreasing crystal quality (low RRR value),
and the emergence of the 1T’ phase contribute to a reduction
in MR in Mo-doped WTe,.

B EXPERIMENTAL DETAILS

All preparation steps preceding the quartz tube evacuation and
flame sealing were conducted in an argon-filled glovebox,
maintaining oxygen and water levels below approximately 1
ppm. Polycrystalline samples were synthesized via a solid-state
reaction within evacuated quartz tubes. Stoichiometric
mixtures of powdered Mo (purity 99.99%), W (purity
99.99%), and Te (purity 99.999%) were heated at temper-
atures ranging from 1050 to 1100 °C for 24 h. The samples
were then allowed to cool to room temperature over 6 h. The
resulting products were ground, pelletized, and subjected to
annealing at 1100 °C for 24 h. A custom-designed three-zone
muffle furnace, optimized for this process, featured tailored
temperature profiles suitable for the growth of single crystals of
Mo, W,_,Te,. To prepare the materials, a stoichiometric
amount of Mo or W/Te at a 1:2 molar ratio (SN purity for
Te and 4N purity for Mo) was sealed in an evacuated quartz
ampule and heated at 800 °C for 48 h. Approximately 10 g of
pre-reacted Mo,_ W, Te, powder was combined with a variable
quantity of TeBr, (purity 4N, approximately 120 mg) and
placed at one end of a silica ampule (40 cm in length with an
inner diameter of 1.8 cm and outer diameter of 2.0 cm). The
TeBr, decomposed to yield bromine concentrations of 2—4
mg, derived from 7 mg of TeBr, per cm®, facilitating high
transport rates of nearly 150 mg/day. After being annealed, the
samples were water-quenched to ambient conditions. The
resulting crystals were characterized using energy-dispersive X-
ray spectroscopy (EDS) conducted on an FEI Quanta 200
FEG environmental scanning electron microscope (SEM). The
growth direction of the crystals was confirmed using out-of-
plane X-ray diffraction (XRD) measurements performed on a
D8 Advance diffractometer with Cu K, irradiation (1 =
1.54060A), operating at 40 kV and 100 mA. The transport
measurements were performed using the four-probe method in
a Quantum Design 16 T Physical Property Measurement
System (PPMS) (Quantum Design, USA), under controlled
temperature (2—300 K) and magnetic field (up to 16 T)
conditions. Phase identification was carried out using
synchrotron-based XRD and Raman spectroscopy measure-
ments. The XRD measurements were performed for the finely

powdered crystals using a Bruker D8 VENTURE instrument at
the EH2 station of beamline P24 at PETRA III, DESY,
Germany, utilizing a synchrotron radiation source with a
wavelength of 0.5 A. Raman spectra were obtained using
Horiba JY HR-800, a micro-Raman spectrometer equipped
with a 473 nm excitation laser and having an overall spectral

resolution of ~1 cm™.

B RESULTS AND DISCUSSION

Microstructural Analysis. To investigate the structural
and chemical uniformities, we performed scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDS) on Mo,W,_,Te, samples (x = 0.1-0.5). The SEM
images, along with elemental EDS mappings for all as-grown
Mo,W,_,Te, samples (x = 0.1—0.5), demonstrate that the
distribution of the elements Mo, W, and Te throughout each
sample is uniform (Figure S1). This homogeneity is essential
for consistent material properties. Additionally, the EDS
spectra, presented in Figure S2, reveal characteristic peaks of
Mo, W, and Te, validating the composition and quantitative
analysis, detailed in Table 1, demonstrate close agreement with
the intended stoichiometry for each respective sample.

Table 1. EDS Results for All Samples

atomic %
samples Mo w Te
Moy, WosTe, 5.60 27.40 67.00
Mog,WosTe, 8.75 23.85 67.40
MogsWoTe, 1193 19.31 68.76
Moy, WoeTe, 1271 18.62 68.66
Mog W, <Te, 16.60 15.63 67.77

X-ray Diffraction. Figure la shows an image of as-grown
crystals obtained directly after synthesis without further
treatment. In contrast, Figure 1b compares the structural
configurations of the 1T’ and T, phases. The Ty phase
represents the orthorhombic structure, whereas the 1T’ phase
is a distorted version of the T}, with a slight variation in angle
B, which impacts the lattice symmetry. We investigated the
evolution of the crystal structure in Weyl semimetal Mo-doped
WTe, by using X-ray diffraction (XRD) measurements. The
study aims to resolve subtle structural distinctions between all
compositions (x = 0.1 to 0.5) and to understand the impact of
doping on lattice parameters. The XRD patterns of the as-
grown crystals, shown in Figure lc, reveal that all observed
peaks are indexed as (0 0 2k) reflections, indicating preferential
growth along the c-axis. The full width at half-maximum
(fwhm) of the (002) peak ranges between 0.05° and 0.08°,
demonstrating the high crystalline quality of the grown
samples. With increasing Mo doping, the peaks shift toward
higher 26 angles, consistent with lattice contraction due to the
substitution of smaller Mo*" ions (ionic radius: 65 pm) for
larger W*" ions (66 pm). Furthermore, Le Bail refinement of
the XRD patterns of powdered crystals was used for all
compositions (x = 0.1 to 0.5) (Figures le and S3) to extract
the lattice parameters along with the angle f. This analysis
indicates that all samples are stabilized in the intermediate
phases of T4 and 1T". As shown in Figure 1f, a notable trend in
the B angle shows a minimum value at x = 0.3, suggesting that
the crystal structure stabilizes more strongly toward the Ty
phase. Our results differ significantly from those reported by Lv
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Figure 1. (a) Image of Mo,W,_,Te, single crystals grown by the
chemical vapor transport method. (b) Crystal structure of
Mo,W,_,Te, in the Ty and 1T’ phases, respectively. (c) XRD
patterns of representative Mo,W,_,Te, (x = 0.1 to 0.5) single crystals.
(d) XRD patterns of powdered Mo,W,_,Te, (x = 0.1 to 0.5) single
crystals. (e) Le Bail refinement of powdered Moy,W,sTe, single
crystals, fitted using a dual-phase model (T, and 1T"). (f) Variation of
the angle  with the Mo concentration.

et al, where a smooth transition was observed from the T to
the 1T’ phase. In contrast, our findings exhibit a different
transition behavior, primarily due to precise control over
temperature stabilization during crystal growth. Two additional
peaks at 20 values of approximately 4.8 and 8° may be arising
from the WO; impurity phase. This phase likely results from
partial oxidation during the mechanical grinding process.''

The introduction of oxygen or localized heating during the
grinding process can lead to the oxidation of tungsten, forming
WO,. While this impurity phase is a byproduct of sample
preparation, it does not significantly affect the conclusions
regarding the primary structural evolution with doping as well
as the transport mechanism.

Raman Spectroscopy. According to recent studies,
the crystal structures of Mo, W,_,Te, are classified into four
distinct domains based on composition: x =0 — 0.1, x = 0.1—
0.5, x = 0.5-0.7, and x = 0.7—1, corresponding to the Ty,
mixed (1T + T;), 1T’ and 2H phases, respectively. Raman
spectroscopy was performed for all Mo substitution levels (x =
0.1—0.5) of our samples at room temperature to identify the
phases. The unpolarized Raman spectra from the ab plane of
the as-grown Mo, W,Te, single crystals, normalized for
comparison, are presented in Figure 2. The evolution of

65,66

Intensity (arb. unit)

IRDAN Lx= 00 ]

50 100 150 200 250 300 105 110 115 120 128 132 136
Wave number (cm™)

Figure 2. Raman spectra of Mo,W,_,Te, single crystals (x = 0.1 to
0.5), showing vibrational modes in different regions (a) 50—300
em™, (b) 101—122 cm™ (with B, (magenta shade), A, (blue shade),
A,(green shade) modes), and (c) 127—137 cm™".

composition-dependent structural phases in Mo ,W,_,Te, was
analyzed by comparing the experimental Raman spectra with
theoretical DFT calculations for 1T'-MoTe,, 1T'-WTe,, Ty-
MoTe,, and T;-WTe,.>>°” From this analysis, it is inferred
that for composition x = 0.1—-0.5, the sharp peaks at 80.31,
111.5, 116, 131.96, 134.23, 163.91, and 211.13 cm™!
correspond to the A; and A, symmetry modes in the Ty
phase. The absence of characteristic A}, (171.89 cm™") and E,,
(230.043 cm™") modes rules out the possibility of a 2H phase,
while the well-split A; (~130 cm™') mode (Figure 2c)
confirms the Ty phase in all grown crystals. In the range of
105—120 cm™"(Figure 2b), the superposition of multiple peaks
is deconvoluted into three distinct Lorentzian peaks at 107.9,
111.5, and 116 cm™, consistently observed across all samples.
The 107.9 cm™" peak corresponds to the B, mode of the 1T'-
MoTe, phase, while the 111.5 and 116 cm™" peaks correspond
to the A, and A; modes, respectively, of the T4 phase of
MoTe,/WTe,. The intensity of the B, mode increases
consistently with increasing Mo content. In contrast, the
intensities of the A, and A; modes increase up to x = 0.3,
where they reach a maximum and then decrease, while
exhibiting redshifts with higher Mo content. This behavior
suggests a structural preference of 1T’ lattice transitioning to
the Ty, driven by a reduction in the bond angle # to 90° with
increasing Mo content up to 30%. The sample at x = 0.3
exhibits the most stabilized T4 phase, likely due to the optimal
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Figure 3. (a) Zero-field temperature dependent resistivity p,.(T), (b) temperature dependent resistivity p,,(T) at 16T (the right panel shows a
zoomed-in view of the data in the 0—50 K range highlighting saturation of the resistivity curve down to T}). (c) Residual resistivity ratio (RRR) as a

function of Mo-substituting level x in the absence of the magnetic field and (d) first-order temperature derivative of resistivity :—;_' vs temperature

plot at 16T of Mo,W,_,Te, (x = 0.1, 0.2, 0.3, 0.4 and 0.5) single crystals.

stoichiometric balance of Mo and W, which results in an
enhanced intensity of the A; and A, vibrational modes. These
modes, characteristic of the 1T’-MoTe, lattice, become more
prominent in the T, phase. Additionally, the broadened peak
near 270.34 cm™' is assigned to the A, mode of the 1T’
structure. Interestingly, the intensity of the A, mode gradually
increased with increasing x, attributed to enhanced Raman
scattering caused by the loss of translational symmetry due to
the random substitution of Mo for W. This substitution
disrupts lattice periodicity and increases the fraction of the 1T’
phase compared to that of the T, phase. The compositional
disorder broadens and intensifies Raman peaks, particularly
those sensitive to local bonding environments. From x = 0.1, it
systematically redshifts to 264.72 cm™" as the Mo doping level
increases to x = 0.5. This systematic shift implies that
introducing Mo introduces lattice strain or disorder that leads
to phonon softening. Additionally, increased electron—phonon
coupling and the shift in lattice symmetry with the Mo content
may contribute to these changes. The asymmetric Raman line
shape observed for the peak at 211 cm™' broadens with
increasing Mo substitution, thanks to a reduction in the
phonon correlation length (L.) with decreasing W content.*

Resistivity. Figure 3a depicts the temperature-dependent
longitudinal resistivity of Mo, W,;_,Te, (x = 0.1 to 0.5) single
crystals in the absence of a magnetic field. The curve illustrates
a consistent increase in resistivity across all samples as the
temperature varies from 2 to 300 K, signifying the typical
metallic behavior. It can also be observed that as the
concentration of Mo increases, there is a notable reduction
in the RRR value (Figure 3d). Higher doping levels of Mo in
WTe, introduce greater asymmetry in the crystal structure,
which is already well-explained by Raman spectroscopy.
Additionally, this doping leads to an increase in the number
of crystal defects, resulting in enhanced impurity scattering.
Notably, an exceptional behavior is observed in the case of
Mo, ;W ;Te,, which has an RRR of 8.99, greater than that of
Mo, ,WygTe,. Generally, the crystalline quality of a crystal is
reflected in a good RRR value. This suggests that Moy ;W ;Te,

possesses a higher crystalline quality compared to the other
samples, except Moy, WygTe,. The maximum RRR of 13.6 at
zero field is obtained for Moy ;W yTe,. The RRR value is quite
reduced on Mo-substitution as compared to previously
reported WTe,."> The RRR values of Mo, W, oTe,,
Mo, ,WygTe,, and Moy;W,,Te, are quite comparable with
the values reported by Lv et al.’”® Another important
observation is that after the application of a strong magnetic
field of 16 T parallel to the c-axis, all samples display a
resistivity minimum around 50 K and lower (Figure 3b). The
crossover from metallic to insulating behavior under high
magnetic fields exhibits qualitatively similar characteristics
across various semimetals.”””’%”! Similar behavior, character-
ized by magnetic field-driven resistivity turn-on, has been
reported in recent reports of WTe,.'>'#'>?0722#5% Thjs turn-
on behavior is attributed to temperature-induced changes in
the Fermi surface and the emergence of a high-density-of-states
band that may dominate conduction at higher temperatures.'’
The low-temperature resistivity saturation observed in other
reported topological materials may result from the contribu-
tion of 2D surface states, where surface conduction dominates
bulk transport, or from some form of symmetry breaking in the
material.”’

To identify the two distinct characteristic temperatures, first,
the temperatures (T,,) at which the resistivity minima occur
and second, the temperatures (T;) at which dp/dT curves
exhibit minima, marking the onset of the resistivity upturn and
plateau, the temperature derivative of the resistivity curve for
all samples are obtained, as illustrated in Figure 3c. It is
observed that as the low-Z element Mo substitutes for the
high-Z element W (which significantly influences the
electronic band structure through spin—orbit coupling
(SOCQ)), the characteristic temperatures T, and T, decrease
notably. Ultimately, when 50% of the W atoms are replaced by
Mo, there is almost no change in resistivity in response to the
applied field. This indicates that SOC in the electronic
structure of WTe, plays a significant role in the origin of MR.**
Interestingly, an exception is observed with Moy;W,,Te,,
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— 1. (b) Electron-hole concentration asymmetry

factor k as a function of Mo-substituting level x. (¢, d) Kohler scaling of field dependent MR of stoichiometric Mo,W,_,Te, (c) for x = 0.2 (the red

1.81
solid line represents a fit to MR = 177[5] ) and (d) for x = 0.4 at distinct temperatures (the inset showing the violation of Kohler’s rule for the
0

composition with x = 0.4 beyond 50 K).

which exhibits higher T, and T; values compared to
Mo, ,WygTe, and shows greater electronic transport sensitivity
to the magnetic field. This could be attributed to its superior
crystalline quality and unique crystal structure relative to other
higher Mo concentration derivatives. Furthermore, the
influence of magnetic fields on the spin—orbit coupling
(SOC) driven Fermi surface (FS) of WTe, has been reported
by Rhodes et al,*® where the work demonstrated that the
electronic structure of WTe, is modified under the influence of
a magnetic field through Zeeman splitting. The spin—orbit
coupled FS can be slightly altered by the Zeeman effect, which
appears to shift the spin-dependent density of states at the
Fermi level toward van Hove singularities. If a strong magnetic
field alters the FS, it is expected to significantly affect the
quasiparticle scattering rates and lifetimes. The occurrence of
resistivity minima may be ascribed to a field-induced
semimetal-to-insulator transition (SMIT), which is proposed
to arise from the opening of an excitonic gap in the
quasiparticle spectrum. This phenomenon closely mirrors
dynamical chiral symmetry breaking seen in relativistic theories
of 2 + 1-dimensional Dirac Fermions, which leads to the
formation of site-centered charge density waves (CDW).””
Alternative mechanisms for the semimetal—insulator transition
(SMIT) suggest the emergence of superconducting correla-
tions in the domains of Landau level quantization.””’*
Magnetoresistance. The magnetotransport properties of
stoichiometric Mo, W,_,Te, crystals were investigated to
establish a reference for understanding how Mo substitution
affects the MR behavior, providing insights into the transport
mechanisms and facilitating a comparison with modified
compositions. We define magnetoresistance (MR) as

Pe(B) — 1, (0)
Pur(0)

MR(%) = X 100%

(1)
where p,,(0) and p,,(B) are the longitudinal resistivity in the

absence of the magnetic field and under an applied magnetic
field B, respectively. Figure 4a shows the MR curves as a

function of the external magnetic field applied along the c-axis
for all samples, measured from 0 to 16 T at 2 K. It can be
observed that among all derivatives, the highest MR is achieved
for the sample with x = 0.1 and with increasing Mo
concentration there is a significant decrease of MR value.
The observed MR is quietly suppressed in comparison to the
previously reported pristine WTe,,'*~'#1020723°139,75

The lowest MR is observed when Mo atoms replace half of
the W atoms. Density functional theory (DFT) calculations by
Jiang et al.”” suggest that the spin texture in WTe, may prevent
backscattering, directly impacting resistivity. This implies that
spin—orbit coupling, along with the associated spin and orbital
angular momentum textures, could play a significant role in the
anomalously large magnetoresistance observed in WTe,.
Therefore, it can be inferred that Mo doping may lead to a
significant reduction in magnetoresistance, likely due to
alterations in the spin and angular momentum textures of
pristine WTe,. Notably, the MR of stoichiometric
Mo, W,_,Te, does not follow a sequential trend with increasing
Mo concentration. Specifically, the sample with x = 0.3 exhibits
an unusual behavior, showing higher MR values than the
sample with x = 0.8, despite the expected trend of MR
decreasing with greater Mo substitution. The anomaly
observed in the sample with x = 0.3 is likely due to improved
crystalline quality and more stability toward the Ty phase,
resulting in higher carrier mobility.

To investigate the asymmetry in electron—hole concen-
tration and its impact on average carrier mobility, we employ
the two-band model that incorporates contributions from both
electrons and holes, with the MR given by

MR =

(lnd + pm)” + (sl + pymg) (o, + oy Ind)pu, B
(lnl + pmy)” + (= Inl)*s’ny B

-1 (2)
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where . and p, are the electron and hole mobilities, and n,
and ny, are the electron and hole concentrations, respectively.
By adopting the methods of Lv et al.,”” the degree of mismatch
between electron and hole concentrations is characterized by
the electron—hole concentration asymmetry factor k, which is
defined as follows.
|n.| — my,

k=

[n| + ny,

©)

By considering the approximation that the electron and hole
mobilities are equal (commonly used to describe MR in
semimetals’®) i.e., y, = p, = p (4 is the average mobility) the
eq 2 can be simplified as

1+ ,uzB2
1+ kK4’B (4)

Using this model, the MR curves for all compositions were
fitted (Figure 4a), and both the average mobilities and the
electron—hole concentration asymmetry factor k were
extracted, as presented in Table S3. These values align closely
with those reported previously by Lv et al.>” Figure 4b shows
that increasing Mo substitution for W atoms leads to a greater
imbalance in electron—hole concentrations, as reflected by the
increasing k values. Notably, k for the sample with x = 0.3 is
slightly lower than that for x = 0.4, suggesting that crystal
quality also influences carrier concentration in Mo, W,_,Te,.
The highest average mobility, 1599.1 cm®* V™' s7', is observed
for x = 0.1, indicating that mobility may be compromised at
higher Mo content.

Further, to gain deeper insights into the scattering
mechanisms affecting charge carriers, we employ Kohler’s
scaling rule, which provides a framework for understandin
how MR scales with magnetic field and resistivity.” """’
According to semiclassical band theory, Kohler’s rule can be
expressed as

m

B
MR = a| —

Po (5)

where the parameters @ and m are predetermined constants
and p is the zero field resistivity. According to Kohler’s scaling
rule, the transverse MR data can be plotted as a function of B/
po at various temperatures, as shown in Figures S4 and 4c,d.
Ideally, Kohler’s rule predicts that if the scattering mechanisms
affecting charge carriers remain consistent across all temper-
atures, the MR curves for different temperatures should
converge onto a single, universal curve. Up to 100 K, the
samples with x = 0.1 and x = 0.2 show a consistent collapse of
their MR curves onto a single curve, indicating similar
scattering mechanisms (see Figures S4 and 4c). However,
with increased Mo substitution, specifically at x = 0.3, the MR
curves begin to diverge from the higher temperature end (see
Figures 4d and S4). This inconsistency suggests that for
samples with x = 0.3, the scattering mechanism deviates from a
uniform behavior, indicating a breakdown in the Kohler scaling
at elevated temperatures due to altered scattering processes
associated with increased Mo level. On top of that, different
scattering processes are active at higher temperatures, such as
additional phonon scattering or impurity scattering, which
affect carrier dynamics in a manner that is dependent on both
temperature and magnetic field. To determine the correspond-
ing @ and m values, the distinct MR curves, after applying

Kohler scaling for all temperatures up to 100 K, are fitted using
eq S, (Figure 4a) and are summarized in Table S4.
Remarkably, an increase in the Mo content is associated with
a decrease in the value of m. This trend provides additional
evidence that higher Mo substitution negatively impacts MR,
suggesting a reduction in the efficiency of the scattering
mechanisms that govern charge carrier dynamics in the
material.

The early discovery of WTe, and MoTe, as XMR materials
highlighted various transport mechanisms underlying their
behavior. The report by Zhong et al.”® revealed that reducing
the flake thickness of MoTe, decreases both electron and hole
densities, and thereby increases the electron—hole imbalance,
stabilizing the material in the T, phase. Additionally, a recent
study by Akhanda et al.”” reported that the substitution of W
atoms in MoTe, increases the electron concentration by
lowering the size of hole pockets, as the W content in the
material becomes more electron-dominant. Based on these
observations, in our samples, the addition of Mo to WTe,
results in a more hole-dominant character and significantly
enhances charge carrier imbalance. For the configuration
Moy ;W,,Te,, the transition of the 1T’ unit cell to the T,
phase induces band structure modifications, leading to a
reduction in electron and hole densities along with a
substantial increase in charge carrier imbalance. However,
crystal quality enhances carrier mobility by minimizing phase
boundary scattering, which counteracts the impact of increased
electron—hole concentration asymmetry and ultimately
improves the MR. Moreover, Mo substitution predominantly
alters the scattering mechanisms within the material, shifting
the balance from phonon-dominated scattering to impurity
scattering. This change significantly modifies carrier dynamics,
particularly at elevated temperatures, by introducing additional
scattering centers and altering the electronic band structure.

Although the Mo,W,_,Te, system has been widely studied
for its structural transitions”® and MR behavior,”*” several key
aspects remain unexplored. We investigated compositions with
Mo doping from x = 0.1 to 0.5, a range predicted to host
tunable Fermi arc surface states characteristic of Weyl
semimetals.”’ This doping regime reveals nonlinear MR
behavior and a pronounced anomaly at x = 0.3, which we
attribute to structural correlation as confirmed by Raman
spectroscopy and Le Bail analysis of powder XRD data,
enabling a refined understanding of lattice evolution and phase
coexistence not reported in earlier studies. Together, these
results strengthen the link between structural and electronic
responses and highlight a promising route for tailoring the
topological properties in transition metal tellurides. MoTe,
undergoes a structural phase transition from the centrosym-
metric monoclinic 1T" phase to the inversion-breaking Ty
phase at low temperatures and is sensitive to the sample’s
RRR.*’ 1t exhibits temperature-dependent topological phase
transition between topological phase I (8 Weyl points) and
topological phase II (4 Weyl points) at higher RRR(>100).
Higher RRR values correlate with stabilization of the T4 phase
and, consequently, the appearance of Weyl semimetal behavior.
In contrast, WTe, exhibits a temperature-independent T4
phase, remaining structurally and topologically stable over a
wide range. However, the associated Fermi arc surface states in
WTe, are typically shorter and less pronounced than those in
MoTe,.*" Fedchenko et al.”” demonstrated that a small
substitution of W into MoTe, (Mogg;WooTe,) (RRR = 8)
can stabilize the T4 phase around 170 K and reveal the
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presence of Fermi arc surface states. Their theoretical analysis
attributed these surface states to contributions from Mo-d
orbitals, confirming their role in shaping the surface topological
features. The T, phase, unlike the 1T’ phase, displays crystal
inversion symmetry breaking, leading to significant band
splitting in the electronic structure except at time-reversal
invariant points. In addition, the T4 phase exhibits a large,
nonsaturating magnetoresistance, a hallmark of Weyl semi-
metal behavior, in which low-energy quasiparticles behave as
Weyl Fermions. Our findings point toward the rich tunability
in Mo ,W,_,Te, alloys, particularly in the intermediate range of
x = 0.1 to 0.5, which bridges the contrasting behaviors of pure
MoTe, and WTe,. In particular, Mo,;W,,Te, exhibits
enhanced Ty phase stability at room temperature. The
substantial Mo-d orbital contribution may enhance the
topologically protected Fermi arc surface states. Based on
both experimental trends and theoretical predictions, this
composition stands as a strong candidate for realizing robust
Fermi arc surface states and Weyl semimetal phases under
ambient conditions, offering a promising platform for
topological quantum devices.

In addition, these findings underscore the importance of
characterizing and stabilizing the T, phase, which emerges as a
favorable structural phase for achieving enhanced MR through
its superior crystal quality and transport characteristics. In
addition, the introduction of Mo predominantly alters the
scattering mechanism, disrupting the balance between phonon
and impurity scattering. As the Mo content increases, replacing
W, it significantly modifies carrier dynamics at elevated
temperatures by introducing additional scattering centers and
altering the electronic band structure. These findings highlight
the role of Mo substitution in tuning the transport properties
of the material, making it a critical factor in optimizing
performance.

B CONCLUSIONS

We synthesized the stoichiometric type II Weyl semimetal
candidate Mo, W,_,Te, (x = 0.1 — 0.5) and investigated the
origin of magnetoresistance (MR) in relation to structural
modifications. XRD and Raman spectroscopy confirmed that
all samples exhibit an intermediate phase between T4 and 1T".
Substituting Mo for W induced lattice contraction and reduced
crystal quality, as indicated by poor residual resistivity ratio
(RRR) values. These structural changes suppressed MR due to
reduced crystal quality, increased electron—hole concentration
asymmetry, and decreased carrier mobility. Importantly, the
structural modifications associated with the Ty phase also
influence transport properties, creating anomalies such as that
observed at x = 0.3. At this configuration, the T4 phase is more
stable, resulting in enhanced MR and improved crystal quality.
These results highlight the significant role of structural
properties, particularly the stabilization of the T, phase, in
enhancing the MR. This finding underscores that while
electron—hole asymmetry, high mobility, and RRR values are
important, structural modulation also plays a critical role in the
transport mechanism of Weyl semimetals. Future work will
focus on investigating the electronic band structure of
Mo, W,_,Te, to understand the evolution of the MR further
and study the topologically protected Fermi arc surface states.
These insights provide a deeper understanding of the interplay
between structure and electronic properties in Weyl semi-
metals, offering implications for their applications in
spintronics and quantum materials research.
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