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ABSTRACT

This study reported a pressure-induced metallization for molybdenum tellurium under different pressure environments up to ~25.9 GPa
through a series of experiments and first-principles theoretical calculations. This metallization was closely related to the gradual closure of
bandgap rather than the structural phase transition. Under the non-hydrostatic environment, the metallization point was ~12.5 GPa and
irreversible, while it occurred at a higher pressure of ~14.9 GPa and was reversible under the hydrostatic environment. We ascribed these
discrepancies to the strong deviatoric stress, which reinforced the Te-Te interactions and caused the permanent plastic deformation of the
interlayer spacing.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5097428

I. INTRODUCTION

Due to some promising and widespread industrial applications,
AB,-type (A=Mo, W; B=S, Se, Te) transition-metal dichalcogenides
(TMDs) have attracted considerable interest in their optical, struc-
tural and electrical transport properties. At ambient conditions,
most of these binary dichalcogenides belong to semiconductor with
the characteristic layered structure, which is usually composed of the

Molybdenum tellurium (MoTe;) is a typical layered semi-
conductor material with an indirect bandgap energy of ~1.0 eV.
Like most of TMDs, it was also found to undergo the pressure-
induced metallization, but there exist some controversial viewpoints
on its metallization pressure point in the previously reported results.
Riflikova et al. performed the first-principles theoretical calcula-
tions on MoTe; up to 30.0 GPa to investigate its electrical transport

stacking of chalcogen-metal-chalcogen sandwiched trilayers by the
interlayer van der Waals (vdW) forces along the c-axis orienta-
tion.' In the case of employing high pressure on these materials,
their corresponding physical properties can be greatly changed, such
as structural phase transition, amorphization and metallization." "’
These displayed unique high-pressure behaviors for transition-metal
dichalcogenides have vital significance to develop some innovative
optoelectronic devices.

properties, and revealed a pressure-induced metallization at above
13.0 GPa.’ By contrast, Bera et al. think that the metallization
of MoTe; occurred at ~6.0 GPa according to their high-pressure
Raman spectroscopy results up to 29.0 GPa."' In addition, the pres-
sure environment has been reported to be another critical factor
in affecting the structural phase transition, the metallization pres-
sure point and as well as the reversibility of metallization for the
layered TMDs (e.g. WS;, MoS; and MoSe,).'”'*"” However, as for
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MoTe; with the highly similar layered structure, there is still lack
of relative investigation on the effect of the pressure environment
on its high-pressure properties till now. In this present studies, we
revealed that MoTe, exhibited diverse metallization phenomenon
under non-hydrostatic and hydrostatic environments. Furthermore,
a reasonable explanation for these observed discrepancies under dif-
ferent pressure environments was provided, and the metallization
mechanism was also detailedly clarified.

Il. EXPERIMENTAL

MoTe, powders with a high purity of 99.99% were commer-
cially purchased from Leshan Kaiyada limited company. High pres-
sure was generated by the diamond anvil cell (DAC) with anvil
culet size of 300 um. Helium was selected as the pressure medium
to obtain the hydrostatic environment, and no pressure medium
was adopted for the non-hydrostatic environment. The pressure in
the sample chamber was accurately calculated with a classic ruby
pressure calibration equation by Mao et al."* The pressure cali-
bration of ruby showed a very good accuracy (less than 5% for
the non-hydrostatic condition and 3% for the hydrostatic condi-
tion). The electrical conductivity of sample was measured by a
Solartron-1260 impedance/gain phase analyzer in the frequency
range from 107! to 10’ Hz. Raman scattering experiments were per-
formed in a Renishaw 2000 micro-confocal Raman spectrometer
with the laser power of ~20 mV. Some microscopically structural
and morphological analysis for the starting and recovered samples
were conducted through the high-resolution transmission electron
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microscopy (HRTEM; Tecnai G2 F20 S-TWIN TMP) and atomic
force microscopy (AFM; Multimode 8 mass spectrometer, Bruker),
respectively. The first-principles theoretical calculations were per-
formed in the Material Studio package with the CASTEP code. The
cutoff energy of and K-point grid were set to 950 eV and 17x17x5,
respectively. The space group and atomic positions in the unit cell
for MoTe, were described in Table S1 of the supplementary mate-
rial. Details of the measurement procedures and calculation methods
have been reported previously."” '’

lll. RESULTS AND DISCUSSION

Figures 1(a)-(c) displayed the typical impedance spectra for
MoTe; under the non-hydrostatic environment up to ~25.9 GPa
and room temperature. It can be clearly seen that the impedance
spectra exhibits two distinct semicircular arcs in the first quad-
rant from ~0.3 to ~8.1 GPa, while the impedance spectra appears
only in the fourth quadrant from ~9.6 to ~25.9 GPa. This abrupt
change may represent the pressure-induced electronic polarization
for MoTe,."” Figure 1(d) shows the pressure dependence of the
electrical conductivity for MoTe, at room temperature, which can
be divided into three distinct regions according to the slope varia-
tion of electrical conductivity upon compression: (i) at 0.3-6.4 GPa,
the electrical conductivity for MoTe, gradually increases with a
slope of ~0.180 S cm™' GPa'l (ii) at 6.4-12.1 GPa, the electrical
conductivity of sample exhibits a rapidly increasing tendency, and
the corresponding slope is ~0.402 S cm™ GPa™; (iii) at 12.1-25.9
GPa, it slowly increases to a relatively high value of ~0.10 S cm™
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with a slope of 0.023 S cm™ GPa™'. At ~6.4 GPa, the abrupt
increase of electrical conductivity indicates the occurrence of the
intermediate state (IS) for MoTe,, which is possibly correspon-
dent to the semi-metal state with a small bandgap energy. In fact,
some other AB,-type transition-metal dichalcogenides have also
been reported to undergo an intermediate state under high pres-
sure.”””’ At ~12.1 GPa, the change in the value of electrical conduc-
tivity for MoTe; is smaller than in a typical semiconductor-metal
transition as reported by Errandonea et al.”' However, an obvious
slope change of electrical conductivity can be observed, which pro-
vides an important clue to characterize a pressure-induced metal-
lization for MoTe; at ~12.1 GPa. Upon decompression, the electrical
conductivity of MoTe; still retains a relatively high value, indicat-
ing that the metallization is irreversible under the non-hydrostatic
environment.

To further check the irreversibility of metallization for
MoTe; under the non-hydrostatic environment, the temperature-
dependent electrical conductivity measurements were conducted at
different pressure points. It is general that the electrical conductivity
of semiconducting material will increase with the rise of temperature
owing to the much more thermally activated charge carrier, while the
opposite dependence relation for the metallization of semiconduc-
tor will appear due to the phenomenon of the increasing possibility
for electron-phonon scattering effect.”””’ As shown in Figs. 2(a)-(c),
the electrical conductivity of sample shows a positive temperature
dependence below ~12.5 GPa, representing typical semiconduct-
ing characteristics. However, a negative relationship between elec-
trical conductivity and temperature is observed above ~12.5 GPa,
which implies the semiconducting phase transforms to be a metallic
state. The plotted contour map between the temperature, pressure,
and electrical conductivity and the variation of transport activation

ARTICLE scitation.org/journall/adv

energy with pressure further reveal the occurrence of metallization
for MoTe; at around 12.5 GPa (Fig. S1). Upon decompression, it can
be seen from Fig. 2(d) that MoTe; still exhibited a metallic behavior,
providing another critical evidence for the irreversible metallization
of MoTe; under the non-hydrostatic environment. In addition, as
for the hydrostatic environment, some crucial viewpoints and results
have already been obtained as follows: (i) in comparison with the
non-hydrostatic environment, the pressure point metallization of
MoTe; is occurred at a relatively higher pressure of ~14.9 GPa; (ii)
in opposite, the metallization of MoTe; is reversible as presented in
Fig. S2.

With regard to these discrepancies displayed on MoTe, under
different pressure environments, it can be reasonably explained
by the deviatoric stress. For the non-hydrostatic environment,
there exists a strong deviatoric stress in the sample chamber upon
compression. On one hand, the strong deviatoric stress can pro-
mote the occurrence of metallization for MoTe, by accelerat-
ing the reduction of interlayer spacing. One the other hand, it
can greatly strengthen the interlayer interactions among neigh-
boring Te atom layers, which prevents the interlayer distance
from recovering to its original magnitude upon decompression,
and thus leads to the irreversible metallization. However, owing
to the incorporation of He pressure medium into the interlayer
under the hydrostatic environment, it might alleviate the inter-
layer coupling and the crystalline compressibility, and finally results
in the hysteresis of metallization and the reversible metallization
phenomenon.

The vibrational properties of MoTe, were investigated under
different pressure environments up to ~25.8 GPa by Raman scat-
tering measurements. At ambient conditions, two in-plane vibra-
tional modes for MoTe; are observed at peak positions of 118.6 cm™
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and 232.2 cm™, which correspond to the Eig and E1 2g Raman-
active modes, respectively [Fig. 3(a)]. At the same time, an out-
of-plane mode and another secondary order vibrational peak are
also obtained at Ajz (171.5 em™) and M1 (139.0 cm™), respec-
tively. In this work, our obtained results on the Raman peak posi-
tions for MoTe;, are very close to the previous data.'"*" Under
the non-hydrostatic environment, two discontinuous points can
be apparently observed at pressures of ~6.2 GPa and ~12.0 GPa
from the pressure dependence of Raman shifts for four vibra-
tional modes and the corresponding fitting results [Fig. 3(b) and
Table S2]. At ~6.2 GPa, Raman modes of E1 2g, Ayg, Eig abruptly
shift to higher wave numbers, and meanwhile, the M1 mode dis-
appears. At ~12.0 GPa, all of these modes for E1 2g, Ay and Ejg
exhibit notable discontinuities, and accompanied by the appear-
ance of a new peak (marked as M2). These results clearly indi-
cate that MoTe, undergoes two transformations from semiconduc-
tor (S) to the intermediate state (IS) to metal at ~6.2 GPa and
~12.0 GPa, respectively. Under the hydrostatic environment, as pre-
sented in Figs. 3(c) and 3(d), and Table S3, two transition points
are determined to be ~6.6 GPa and ~14.6 GPa, which are rela-
tively higher than that under the non-hydrostatic environment. The
obvious hysteresis of metallization for MoTe, under the hydrostatic
environment is possibly related to the alleviated deviatoric stress
by the incorporation of pressure medium into the layers, which
is in consistent with our above-mentioned electrical conductivity
results.

In order to deeply explore the microscopically structural
and morphological variations after metallization, the starting and

ARTICLE scitation.org/journall/adv

recovered MoTe, samples were analyzed by HRTEM and AFM
images. From the HRTEM image of the starting sample displayed
in Fig. 4(a), the (002) orientational crystalline planes of MoTe; can
be clearly observed with a interlayer spacing of ~0.69 nm, which
is in good agreement with previously reported data.”” In compari-
son with the starting MoTe,, the recovered sample under the non-
hydrostatic environment exhibit a relatively small interlayer spacing
of ~0.31 nm, but for the hydrostatic environment, the recovered
MoTe; has a similar interlayer spacing with a value of ~0.68 nm
[Figs. 4(b) and 4(c)]. At the same time, to further reveal the struc-
tural changes after metallization, we also presented the fast Fourier
transform (FFT) images in the inset diagram of Figs. 4(a)-(c). For
the starting sample, a series of well-identified diffraction spots are
observed in the FFT, indicating the high crystallinity and symme-
try for the starting sample of MoTe;,. A similar electronic diffrac-
tion characteristic is obtained for the recovered MoTe; under the
hydrostatic environment, which implies the well-preserved crystal
structure upon decompression. By contrast, for the recovered sam-
ple under the non-hydrostatic environment, the diffraction spots
are relatively blurry and weak, suggesting the low-degree hexago-
nal symmetry for MoTe;. Besides, some obvious differences of the
surface morphology between the starting and recovered samples are
obtained from the AFM analysis in Figs. 4(d)-4(f). The surface mor-
phology of the starting and recovered samples under the hydrostatic
environment exhibit some discernible layered structures, however,
as for the non-hydrostatic environment, the layered structure of the
recovered sample is completely destroyed and becomes very lumpy.
All of these obtained results from HRTEM and AFM on MoTe; can
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FIG. 4. (a)-(c) HRTEM images of the starting MoTe, the recovered sample under the non-hydrostatic environment from ~25.0 GPa, and the decompressed sample under the
hydrostatic environment from ~22.3 GPa, respectively. The inset images in the upper left represent the fast Fourier transform (FFT) images. (d)—(f) AFM images of the initial
MoTe;, the decompressed MoTe;, from ~24.5 GPa under the non-hydrostatic environment and ~23.8 GPa under the hydrostatic environment, respectively. PM: pressure

medium.

provide some robust evidences for the reversibility of metallization
under different pressure environments.

The high-pressure evolution of the crystal and electronic struc-
ture for MoTe, were explored by the first-principles theoretical cal-
culations. As shown in Fig. 5(a), the calculated bandgap energy of
MoTe; is ~0.91 eV at ambient conditions, which is slightly lower
by ~0.1 eV than the previously reported data.”*” As usual, the
bandgap energy is underestimated by the density functional theory
(DFT) calculations.”® With increasing pressure, the bandgap energy
of sample gradually decreases, and then reached ~0 eV at ~13 GPa
[Figs. 5(a) and 5(b)]. Meantime, the top of the valence bands (VB)
that dominated by the Te-p and Mo-d electronic orbits gradually
expanded towards the bottom of the conduction bands (CB) with
the rise of pressure, and finally a narrow overlap between VB and
CB is observed at ~13 GPa (Fig. S3). And thus, all of these cal-
culated results clearly indicate the occurrence of metallization at
~13 GPa, which agrees well with the experimental pressure point
of metallization. As plotted in Figs. 5(c) and 5(d), all of these char-
acteristic parameters including the calculated a/ag, c/cp and unit
cell volume exhibit some continuous variations with pressure, and
therefore, making it clear that the hexagonal phase for MoTe; still
remains stable up to ~24 GPa. In conclusion, we consider that the
pressure-induced metallization for MoTe; is possibly related to the

gradual closure of bandgap under high pressure rather than the
structural phase transition.

Furthermore, the third order Birch Murnaghan equation of
state was selected to fit our obtained results of the pressure and unit
cell volume by the data of First-principle theoretical calculations,
and the equation was displayed as follows,

e o)

where Vo, By and By’ represent the unit cell volume, bulk modu-
lus and first-order derivative of the bulk modulus at zero pressure,
respectively. As shown in Fig. 5(d), at the pressure range of 0-4 GPa,
these values of the fitted unit cell volume and the bulk modulus for
the semiconducting MoTe, at zero pressure are determined to be
~164.16 A® and ~22.90 GPa, respectively. At 6-12 GPa, the corre-
sponding unit cell volume and bulk modulus at zero pressure for
the intermediate state are ~58.53 GPa and ~152.83 A°. At 14-24
GPa, the unit cell volume and bulk modulus at zero pressure for
the metallic sample are obtained to be ~77.10 GPa and ~147.95 A>.
In addition, we find that in comparison with the semiconducting
and intermediate state, a relatively high value of bulk modulus for
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the metallic MoTe; is realizing a low compressibility at the pressure
larger than 14 GPa.

IV. CONCLUSIONS

In summary, the high-pressure evolutions of the electrical
transport, vibrational and structural properties for MoTe, were
systematically investigated under different pressure environments
up to ~25.9 GPa. The irreversible and reversible metallization of
MoTe, were confirmed under the non-hydrostatic and hydrostatic
environment, respectively. For the phase transition of metalliza-
tion, it was closely interrelated with the gradual closure of bandgap
rather than the structural phase transition. Furthermore, as for the
reversibility of metallization under different pressure environments,
we attributed it to the effect of deviatoric stress, which played an
important role in adjusting the Te-Te interactions and the interlayer
spacing.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of the contour map
(between the temperature, pressure and the logarithm of elec-
trical conductivity), the variation of activation energy with pres-
sure, the temperature-dependent logarithm of electrical conductiv-
ity under the hydrostatic environment and the density of state for
MoTe;.
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