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Pressure effect on the electronic, structural, and vibrational properties of layered 2H-MoTe2
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Layered molybdenum dichalchogenides differ from the classic example of bilayer graphene with their
unique electronic properties: the application of pressure can continuously tune electronic structure since the
band gap is controlled by delicate interlayer interaction. Here, we have performed measurements of Raman
scattering, synchrotron x-ray diffraction, electrical conductivity, and Hall coefficient combined with density
functional theory calculations to synthetically study the pressure effect on 2H -MoTe2. Both the experiments
and calculations consistently demonstrate that MoTe2 undergoes a semiconductor-to-metallic (S-M) transition
above 10 GPa. Unlike MoS2, the S-M transition is driven by the gradual tunability of electric structure and
band gap without structural transition. The applied pressure also effectively enhances conductivity and carrier
concentration while reducing the mobility, which makes MoTe2 more suitable for applications than most other
transition-metal dichalchogenides and allows it to be applied in strain-modulated optoelectronic devices.
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I. INTRODUCTION

Hexagonal transition metal dichalcogenides (TMDs) have
stimulated widespread research interests among scientists and
engineers because of unique electronic structure and attrac-
tive properties, which make them diverse applications such
as in valley optoelectronics [1–5], logic transistors [6–8],
spintronics [9], and catalysis [10]. Different from metallic
graphene with zero bandgap, these materials are used for
electrodes in high-efficiency photoelectrochemical cells since
the optical band gaps match well with the solar spectrum
[11]. TMDs share a common structure consisting of a sheet
of metallic atoms sandwiched between two layers of chalco-
gen atoms, but present multiple structural phases due to
the different atomic coordinations such as 1T , 2H , and 3R.
In contrast to the 1T phase, which possesses a light band
overlap near the Fermi level, even superconductivity at low
temperature [12–14], the 2H phase has a large band gap and
is stable at room temperature [15–17]. The indirect-to-direct
band gap crossover can be achieved in 2H phase when it is
thinned down to the monolayer limit [18]. In addition to this,
atomically thin TMD films have potential for valley-based
electronic and optoelectronic applications due to their valley
polarization properties [19].

As a member of the TMD family, 2H-MoTe2 possesses
interesting features and is appealing for two-dimensional (2D)
electronics. Both the strong absorption throughout the solar
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spectrum and stronger spin-orbit coupling than other Mo-
related TMD materials suggest that MoTe2 is an ideal material
for valleytronic devices [20,21]. MoTe2, with a favorable band
gap of ∼1.0 eV, which is quite close to that of bulk silicon
(∼1.1 eV), is beneficial in tuning field-effect transistors [22]
and can extend the operating range of optoelectronic devices
from the visible to the near-infrared range [23,24]. Further-
more, MoTe2 has unique structural properties: structural
phase transition from the α-phase diamagnetic semiconductor
to the β-phase paramagnetic metal can be induced by laser
irradiation, achieving a true two-dimensional device with an
Ohmic contact [25]. Additionally, superconductivity can be
induced in MoTe2 by ionic gating [26]. Except for heating
and charge-carrier doping, high pressure is proved to be a
clean and powerful way to tune structural and electronic
properties. Previous studies report that MoS2 undergoes a
semiconducting-to-metallic phase transition under pressure
[27,28], and becomes a superconductor at high pressures
[29]. Furthermore, theoretical studies [30,31] suggest
that MoTe2, with similar crystal and electronic structure,
presents metallization and superconductivity under pressure,
experimental evidence is urgently needed.

We herein extensively explore the high-pressure behav-
ior of MoTe2 by using x-ray diffraction (XRD), Raman
spectroscopy, and electrical conductivity measurements. We
examine the semiconductor-to-metallic transition occurring
at about 10 GPa. Distinct from MoS2, the band gap of
MoTe2 closes gradually, and this transition without isostruc-
tural phase transition is induced by the increasing inter-
layer interactions and Te-Te interactions, as seen through the
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first-principles calculations. The conductivity, carrier concen-
tration, and the mobility of MoTe2 under pressure for are
measured and discussed in this paper. The wide modulation
of charge transport properties renders MoTe2 a promising
material for optoelectronic applications under pressure.

II. DETAILS OF METHODS

High-quality single crystals of 2H-MoTe2 were synthe-
sized by HQ Graphene. High pressure electrical transport
and Hall coefficient measurements were conducted using the
standard four-probe method in Quantum Design’s Physical
Property Measurement System by using a miniature nonmag-
netic diamond anvil cell [32]. The diamond was 300 μm in
diameter and a thin BN layer acted as an electric insulator
between the electrodes leads and the gasket. Four Pt wires
were adhered to the sample using silver epoxy, and Daphne
oil 7373 was employed as a pressure-transmitting medium.

Diamond anvil cells with rhenium stainless steel gasket
were used with the anvils in a 300 μm culet for both XRD and
Raman spectroscopy measurements. The XRD experiments
at high pressures with synchrotron radiation were performed
at the Advanced Light Source (ALS) with a wavelength
0.4132 Å. Silicone oil was loaded as a pressure transmitting
medium to maintain a quasihydrostatic pressure environment
for XRD experiments. The pressure was determined from the
shift of the luminescence of a ruby sphere enclosed in the
sample [33]. The two-dimensional diffraction images were
integrated into one-dimensional diffraction patterns through
the FIT 2D program. The Rietveld fitting was performed using
the GSAS package. The Raman spectra were measured in
backscattering geometry with a visible laser wavelength of
488 nm.

Total energy calculations and electronic property calcu-
lations were performed using density functional theory as
implemented in the VASP code [34]. The projector aug-
mented wave (PAW) [35] potentials for valence electrons were
adopted for all simulations. The Perdew-Burke-Ernzerhof
(PBE) [36] generalized gradient approximation (GGA) [37]
was adopted as the exchange-correlation functional. A plane-
wave kinetic energy cutoff of 400 eV and appropriate

Monkhost-Pack k meshes with grid spacing of 0.03 Å
−1

were chosen to ensure that total energy calculations are well
converged.

III. RESULTS AND DISCUSSION

The electronic transport measurements of MoTe2 were
conducted up to 41.7 GPa. Figure 1(a) shows the tempera-
ture dependence of resistivity under various pressures. The
resistivity exhibits the behavior of a semiconductor at lower
pressure; upon compression, the measured electrical resistiv-
ity shows a gradual decrease with the increase of pressure
and ultimately undergoes a metallization at pressures above
9.6 GPa. The measurements exhibit that the semiconductor-
to-metal transition occurs over a pressure-temperature range
that is intermediate between the two states. For 9.6 GPa,
the temperature-resistivity curves above 40 K show positive
dρ/dT , whereas the low-temperature region has negative
dρ/dT , indicating the presence of a semiconducting state.

FIG. 1. MoTe2 transport measurements as a function of pressure.
(a) Electrical resistance of MoTe2 as a function of temperature at
various pressures up to 41.7 GPa. (b) Temperature-pressure contour
plot of resistivity showing the transition region from semiconductor
to metallic that is derived from experimental electrical conductivity
measurements. (c) Activation energy versus pressure; the line is a
fitted result.

At pressures above 12.2 GPa, positive dρ/dT is observed
at all temperatures, reflective of the metallization of MoTe2.
In order to have a thorough study of MoTe2, the temperature
dependence of resistivity at various pressures was measured
to as low as 2 K, as shown in Fig. 1(b). Within the whole
studied pressure region, the electrical resistivity presents a
very large tunable range with an almost ten-order magnitude
decrease from the semiconducting to metallic state. Although
the resistivity profiles as a function of temperature at different
pressures are similar, the change of resistance values are
different due to the thermally activated carriers. The activation
energy can be obtained by using the fit R ∝ Ea/2kBT in the
temperature range between 50 and 100 K, where R is the
electrical resistance, kB is Boltzmann’s constant, and Ea is
activation energy. The pressure dependence of the extracted
activation energy can be analytically modeled as Ea = 32.4 −
19.9e0.05P, as shown in Fig. 1(c). The effective defect energy
level in the band gap that typically contributes mobile carriers
is directly related to the activity energy, and as the band
gap closes, the activation energy approaches zero. The fitting
results demonstrate that the band gap will close at 9.3 GPa,
which is in good agreement with the onset of fization at
9.6 GPa from the measurements of resistivity. Unlike the
abrupt drop in resistivity for MoS2 [28], MoTe2 exhibits a
gradual decrease in resistivity and band gap, similar to MoSe2

[38] and WS2 [39]. There is a broad hump occurring in R-T
curve (marked by arrow), similar behavior is observed in
MoS2; Chi [29] and Cao [40] speculated that this anomaly
is associated with the formation of a charge density wave,
which plays an important role in facilitating the emergence
of superconductivity. In comparison with MoSe2 and WS2,
the semiconducting-to-metal transition of MoTe2 occurs in a
narrower pressure-temperature range, and MoTe2 can achieve
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FIG. 2. Pressure-dependent electronic carrier dynamics of
MoTe2. (a) The resistivity ratio (rρ) at pressures above 10.0 GPa is
> 1, which indicates the onset of metallization, whereas rρ < 1 is
observed at lower pressures. The horizontal dashed line demarcates
the electronic transition between the semiconducting and the metallic
states. (b) The carrier density presented a five-order increase from
1019 cm3 to 1024 cm3 in the semiconductor and metallic regions,
respectively. (c) The Hall mobility increases slightly in the semicon-
ducting state, then decreases in the metallic state.

metallization above 9.6 GPa, which is lower than 22 GPa
for WS2 and 27 GPa for MoSe2. In addition, multilayered
WS2 shows a six-order magnitude increase in resistivity over
the semiconducting-to-metallic transistion, whereas MoTe2

presents a much larger tunable range with an almost ten-order
magnitude decrease in resistivity, which allows MoTe2 to be
applied in optoelectronics.

With the increase of pressure, a gradual decrease in resis-
tivity is observed. The value of the resistivity ratio, ρ300K/ρ2K ,
can be used to check the onset of metallization. The transition
of the resistivity ratio rρ from values smaller than 1 to values
larger than 1 means the onset of metallization. As seen in
Fig. 2(a), the value of resistivity ratio is larger than 1 above
9.6 GPa, indicating the beginning of metallization. In order
to accurately probe the electronic carrier properties of MoTe2

under pressure, high pressure Hall resistance was measured
with a magnetic field perpendicular to the a-b plane of the
single crystal. The estimated carrier concentrations nH at 20
and 300 K as a function of pressure are shown in Fig. 2(b).
At low pressure, the carrier concentration nH at 20 K is lower
than that at 300 K. With the increasing pressure, there is a
five-order magnitude increase in carrier concentration at 20 K
from ambient pressure to 30 GPa. In comparison to previously
reported WS2 [39] with four-order magnitude of tunability,
MoTe2 possesses a larger tunable range. Furthermore, the
Hall carrier mobility, μ = |Rh|/ρ, can be estimated based

on the measured Hall coefficient. The calculated Hall carrier
mobility of MoTe2 is 129 cm2V−1s−1 at ambient pressure
and room temperature, which is larger than the field-effect
mobility of 20 cm2V−1s−1 [24]. The Hall carrier mobility
is usually higher than the field-effect mobility, which suffers
from additional transport effects such as contact resistance
and gate-oxide interface scattering [41,42]. The Hall carrier
mobility of MoTe2 at ambient pressure is comparable to other
TMDs such as MoSe2 (100–160 cm2V−1s−1) [43]. Note that
the Hall carrier mobility is increased with increasing pressure
from ambient pressure to 9.6 GPa, then it drops gradually with
applied pressure by almost three-order magnitude. After enter
the metallic state, the decrease in Hall carrier mobility may
be associated with the pressure-induced doping when the free
carriers scatter within the confined lattice more frequently,
therefore leading to a decrease in drift velocity.

Electronic transitions, such as insulator to metal or semi-
conductor to metal, are usually accompanied or followed
by structural transition or atomic movements taking place.
Raman spectroscopy is known to be a powerful tool for
the investigation of both chemical reactivity and even sub-
tle structural distortion. We measured high pressure Raman
spectra of MoTe2 up to 51 GPa, as shown in Fig. 2(a).
The irreducible representations for 2H-MoTe2 are � = E2

2g +
E1g + A1g + E1

2g [44]. The four eigenvectors, 29 cm−1 (E2
2g

derived), 117 cm−1 (E1g derived), 175 cm−1(A1g derived), and
232 cm−1(E1

2g derived) are shown in the top of Fig. 1(a). The
Raman modes observed in our study are in good agreement
with previous reports. With the increasing pressure, the E1g

mode cannot be observed in both previous reports and our
measurements, which may due to the weak intensity. The
intensity of the E2

2g mode gradually increase as pressure is in-
creased. All the Raman modes shift toward higher frequencies
with the application of pressure. No obvious phase transition
can be detected over the pressure region studied. The detailed
pressure dependence of the phonon frequencies of MoTe2

is plotted in Fig. 2(b). Upon compression to about 10 GPa,
one can clearly see that these Raman modes have obvious
discontinuities in the pressure shift and changes in the rate
of shift versus pressure, coinciding with the pressure of the
onset of metallization. For the in-plane mode E2

2g, its dν/dP
is obviously smaller than that below 10 GPa. With increasing
pressure, the increase of the E1

2g mode is smaller than that of
A1g, thus these two modes E1g and A1g are close to each other.
As seen in Fig. 3(c), the frequency difference between these
two modes has been plotted out. The frequency difference
is strongly decreased from 60 cm−1 at ambient pressure to
20 cm−1 at 51.2 GPa, and will be close to zero at higher
pressure. There are similar cases occurring in other TMDs
[38,39], for which it is explained that the crystal structure
continuously evolves from a quasi-two-dimensional structure
to an isotropic three-dimensional structure.

To further explore the structural evolution of MoTe2 under
pressure, high pressure x-ray diffraction measurements were
performed up to 45.2 GPa. Figure 4(a) shows some represen-
tative XRD patterns collected under various pressures for both
compression and decompression runs. When looking at the
evolution of the diffraction patterns as a function of applied
pressure, the peak positions shift to higher angles as the crystal
structure is compressed. No dramatic changes can be observed
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FIG. 3. (a) Raman spectra of MoTe2 at various pressures up
to 51.2 GPa in the compression run. The insets represent in-plane
phonon modes E 2

2g, E1g, and E 1
2g and the out-of-plane phonon mode

A1g. (b) Phonon frequencies of MoTe2 as a function of pressure.
(c) Evolution of vibrational modes A1g and E2g and their difference
(E2g − A1g) under pressure, measured by Raman spectroscopy.

in XRD patterns except for the gradual decrease in intensity
of some peaks, which may due to the weak signal at high
pressures resulting from gradually decreasing thickness. Upon
decompression, we observed that the trends are reversible.
For MoS2, the distinct features from Raman sepctroscopy
and XRD demonstrate that it undergoes the isostructural
transition from 2Hc to 2Ha with the application of pressure.
MoTe2 and MoS2 are isostructural crystals and possess highly
similar electronic structures under ambient conditions, the
same transition may occur in MoTe2 under pressure. However,
we do not find the evidence of the transition from 2Hc to
2Ha up to 50 GPa for MoTe2. Ab initio calculations [38,45]
indicate that MoX2 (X = S, Se, and Te) needs to overcome
an energy barrier to undergo the transition from 2Hc to 2Ha;
the maximum energy barrier is 0.5 eV for MoTe2, which is
much higher than that of 0.15 eV for MoS2. Additionally, it
is unfavorable to undergo the transition since the 2Ha phase
bears higher energies than the initial 2Hc phase. The 2Hc

phase is more stable than the 2Ha phase for MoTe2, similar
to 2H-MoSe2.

All the refinements of diffraction patterns up to 45.2 GPa
ware carried out to obtain the lattice parameters at high pres-
sure. The refined lattice parameters and the unit cell volume
as a function of pressure are shown in Figs. 4(b) and 4(c)
together with the experimental data at ambient pressure from
previous reports. The c axis is more compressible than a axis
at lower pressure due to the weak van der Waals interactions
in between Te-Te layers. With the increasing pressure, the in-
terlayer interactions and Te-Te interactions are increased, and
the c axis becomes much less compressible at higher pressure.
Over the entire pressure range studied, the c axis and a axis are

FIG. 4. Structural properties of MoTe2 at high pressures. (a)
Synchrotron x-ray diffraction patterns of MoTe2 during the pressur-
ization from 2.6 to 45.2 GPa. (b) Normalized cell parameters a/a0

and and c/c0 versus pressure. (c) The volume of MoTe2 as a function
of pressure. Solid lines represent the fitting results to the equations
of state.

decreased by 15% and 10%, respectively. A third-order Birch-
Murnaghan (BM) equation of state (EOS) [46] is employed
to fit the volume-pressure relationship. Although the pressure
dependence of volume does not show any discontinuity or
sudden drop from semiconducting state to metallic state, the
metallic state displays an EOS behavior disctint from that
of the semiconducting state, similar to other TMDs such as
WS2. Fitting our data in the semiconducting state, we obtained
the ambient pressure bulk modulus K0 of 39.41(5) GPa with
its first pressure derivative K ′

0 = 9.06(1), and the ambient
pressure volume V0 = 149.99(1); the fit to the data within
the metallic phase results in the values of K0 = 65.91(15),
K ′

0 = 4.03(1), and V0 = 147.91(6), where the value of K0 in
the metallic state is bigger than that of semiconducting state,
indicating that the metallic state is less compressible than the
semiconducting state. The different compressibilities between
two states should be responsible for the different dν/dP for
Raman modes.

To understand the electronic behavior of MoTe2 under
pressure, we calculated the electronic band structure by using
density functional theory at various pressures. The optimized
lattice parameters are in good agreement with experimental
results. In Fig. 5, we present the band structures of MoTe2 as
various pressures. We note that the fundamental band gap at
ambient pressure is an indirect gap between the valence-band
(VB) maximum at � and the conduction-band (CB) minimum,
which lies between � and K . The band diagram shows an in-
direct (direct) band gap of 0.71 (1.04) eV at ambient pressure.
It is apparent at a glance that the band gap becomes narrower
gradually and is driven continuously to zero with increasing
pressure due to the decrease of the interlayer distance, and
band overlap begins at 10 GPa between the valance band top,
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FIG. 5. Calculated band structures of MoTe2. (a) Ambient pres-
sure, (b) 7 GPa, (c) 10 GPa, and (d) 15 GPa. The black dotted line
shows the Fermi level (EF ).

slightly displaced from �, and the conduction band bottom,
which lies between � and K . The band diagram is very
similar to that o multilayered MoS2, which metallizes after
the formation of the 2Ha phase [27]. The electronic structural
calculations are consistent with experimental measurements,
where the onset of metallization takes place at 9.6 GPa with
positive dρ/dT above 40 K. The contributions from different
orbits are marked with different colors in Fig. 5; we can
clearly see that the bottom of the CB mainly originates from
the Mo d orbit, and the top of the VB mainly comes from
Mo p and Te p orbits. For MoSe2 [38], high pressure induces
larger movements of the orbitals towards EF , leading to two
CB valley minima: one is the dxz and dyz dominated CB at
the K point; the other one between � and K mainly comes
from the Mo dxy and dx2 − y2. The top of the VBs originates
from the Mo dz2 orbital. With the increase of pressure, there
are two nearly degenerate maxima on the VB, located close to
the � point for MoTe2. With increasing pressure, both the CBs
and VBs shift their energy due to the increased interlayer elec-
tronic coupling, similar to MoS2. At 15 GPa, the CB minima
and VB maxima cross the Fermi level, indicating a complete
metallization; it is noteworthy that the energy level of the CB
at the K point shifts significantly downward with pressure, and

the CB minimum shifts to the K point in the metallized state
[see Fig. 5(d)]. Similar to other TMDs, the shifts of CBs and
VBs driven by pressure generate a number of electron pockets
and hole pockets. Because Te possesses a larger atom radius
and has broader electron orbitals than Se and S, it may result
that the pressure of metallization of MoTe2 is less than that of
most other TMDs, such as MoS2, MoSe2, and WS2.

IV. CONCLUSIONS

In conclusion, we have studied the structural, vibrational,
and electronic properties of high-pressure 2H-MoTe2 by
using multiple experimental techniques and first-principles
ab initio calculations. We found a continuous transition from
semiconductor to metallic state take place at about 10 GPa.
Unlike the isostructural transition of MoS2, XRD measure-
ments indicate there is no structural transition during S-M
transition; the discontinuities of Raman shifts at 10 GPa are
interpreted in terms of the change of compressibility. Both
the resistivity and band gap show a gradual decrease with
the application of pressure due to the increase of interlayer
interactions and Te-Te interactions. In particular, the pressure
of metallization for MoTe2 is lower to most other TMDs,
and MoTe2 possesses highly tunable transport properties un-
der pressure, including the almost ten orders of magnitude
decrease in resistivity, five orders increase in carrier concen-
tration, and three orders decrease in mobility. These studies
expand the known space of layered materials with widely
tunable band gaps beyond the classic example of bilayer
graphene and suggest the promise of future developments in
strain-modulated optoelectronics devices. We note that the su-
perconductivity of MoTe2 may be achieved, driven by higher
pressures than reported here, as in the case of multilayered
MoS2 [29].
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