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High-pressure application is crucial for shaping material properties and revealing novel phenomena. Materials
undergo more unpredictable transitions in their crystal and electronic structures under nonhydrostatic/isotropic
pressures than under hydrostatic conditions. However, limited knowledge regarding this behavior exists due to a
scarcity of relevant studies. In this study, we systematically investigated the evolution of the structure and elec-
tronic states of pristine 2H-MoTe, in anisotropic pressure environments. Surprisingly, we observed anisotropic
compression-induced superconductivity in this material, a phenomenon that is absent in quasihydrostatic envi-
ronments. High-pressure x-ray diffraction and Raman spectroscopy measurements showed no structural phase
transitions; however, an anomalous compressive behavior was observed along the ¢ axis. An anisotropic pressure
model was proposed based on experimental conditions. First-principles calculations revealed that a strengthened
anisotropic compression effect could enhance electron-phonon coupling by increasing the density of states on the
Fermi level and softening the phonon modes, contributing to the emergence of superconductivity in 2H-MoTe;.
Our findings offer a route for inducing superconductivity, providing insights into the nature of superconductivity
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in transition metal dichalcogenides and other similar layered compounds under extreme conditions.
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I. INTRODUCTION

High-pressure application is a prominent technique in vari-
ous scientific disciplines, including materials science, physics,
chemistry, and geology, enabling researchers to manipulate
crystal structures and discover novel properties in materials
[1-4]. In condensed matter physics, pressure modulation can
help regulate fundamental physical properties and facilitate
qualitative transformations across various material classes,
such as insulators, semiconductors, metals, superconduc-
tors, ferroelectrics, and topological insulators [5]. Although
the application of hydrostatic pressure to materials typi-
cally produces isotropic compression [6], maintaining strict
hydrostaticity poses challenges due to the solidification of
the pressure-transmitting medium (PTM) at high pressures,
leading to an anisotropic stress on the materials [7]. There-
fore, nonhydrostatic environments are often encountered in
high-pressure experiments, leading to complicated compres-
sion behaviors in materials [8—11]. Hence, there is a need
to improve our understanding of material behavior under
compression and provide insights into both isotropic and
anisotropic compounds.

Layered materials, characterized by weak van der Waals
(vdW) forces between layers, exhibit heightened sensitivity
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to pressure along the stacking direction, making them par-
ticularly susceptible to anisotropic compression effects. For
instance, in iron pnictides and heavy fermion superconduc-
tors, a less uniform hydrostatic pressure or uniaxial stress
often enhances the superconductivity or increases the crit-
ical pressure at which superconductivity occurs [12-18].
In transition metal dichalcogenides (TMDCs), nonhydro-
static conditions can induce remarkable phenomena such
as isostructural transformation accompanied by metallization
and quenchable superconductivity [19,20]. These studies have
revealed that the introduction of an anisotropic pressure into
the experimental design, particularly uniaxial stress along the
stacking direction, holds promise in producing novel physical
properties that could aid in the understanding of complex
phenomena under extreme pressures and the establishment of
new theories.

Among layered compounds, TMDCs stand out for study-
ing anisotropic compression effects owing to their simple
structure and diverse physical properties, including semicon-
ducting, semimetallic, and superconducting behaviors, and the
formation of charge density waves [21-31]. One represen-
tative semiconducting TMDC, 2H-MoTe, [32,33], exhibits
significant pressure sensitivity and undergoes a semiconduc-
tor to metal (SM) transition at various critical pressures
depending on the pressure environment [34-36]. In this
study, we systematically investigated the structural and elec-
tronic changes in 2H-MoTe, under nonhydrostatic pressure
conditions and observed unexpected anisotropic compression-
induced superconductivity, a phenomenon that is absent in
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FIG. 1. Temperature-dependent resistance (R-T) curves at selected pressures: (a) 1.7-19.0 GPa and (b) 31.3-62.1 GPa; criterion for
determining 7 is shown in (b). (¢) R-T curves below 8 K under increasing magnetic fields at 62.1 GPa, and (d) pressure-temperature (P-7;)

phase diagram.

hydrostatic pressure environments. First-principles calcula-
tions based on the density functional theory (DFT) [37]
have revealed that anisotropic compression promotes electron
phonon coupling by increasing the density of states at the
Fermi level and softening the phonon modes, thereby con-
tributing to the observed superconductivity.

II. METHODS

Commercially available 2H-MoTe, single crystals were
used in our experiments. Characterizations were conducted at
atmospheric pressure (Fig. S1 in the Supplemental Material
[38]); the results helped confirm the high purity and quality
of these crystals. High pressures in all the measurements
were generated using a diamond anvil cell (DAC) without
any PTM to create a nonhydrostatic environment. Pressure
calibration can be found in the Supplemental Material [38]
(see also Refs. [39,40] therein). Electrical transport measure-
ments were conducted in a nonmagnetic DAC made of a
BeCu alloy using the standard four-point probe method in a
homemade multifunctional measurement system (2-300 K,
Janis Research Company Inc.; 0-9 T, Cryomagnetics Inc.).
X-ray diffraction (XRD) measurements were performed at the
4W2 beamline of the Beijing Synchrotron Radiation Facility
(BSRF) (A = 0.6199 A). Raman spectra were measured using
a micro-Raman system (Renishaw InVia, Renishaw, UK) with
a laser at an excitation wavelength of 514.5 nm. Additional
details are provided in the Supplemental Material [38].

III. RESULTS AND DISCUSSION

Figure 1 shows the electrical transport measurements.
Under ambient conditions, 2H-MoTe, behaves as a

semiconductor, and its resistance decreases with increasing
temperature because of thermally activated carriers. The
temperature-dependent resistance (R-7) curve at an initial
pressure of 1.7 GPa confirms the semiconducting state
of the sample with a negative dR/dT across the entire
temperature range [Fig. 1(a)]. At 6.6 GPa, an SM transition
could be observed, with the resistance increasing above
50 K. Figure S4 [38] shows the pressure evolution of the fitted
activation energy for the semiconductor state, suggesting a
band-gap closure at approximately 6 GPa. However, a residual
negative dR/dT persisted at pressures between 6.6 and
12.7 GPa, indicating a partial preservation of the
semiconducting state, which is labeled as “intermediate”
in Fig. 1(a). At pressures above 12.7 GPa, the metallic state
dominated the entire temperature range. Extensive studies
have been conducted on the SM transition in 2H-MoTe,
in both quasihydrostatic and nonhydrostatic environments
using various methods. Impedance spectra measurements
revealed the SM transition to be at a pressure of ~6 GPa in
nonhydrostatic environments, supported by Raman spectra
obtained using solid KBr as the PTM [36,41]. These findings
were in agreement with our electrical transport measurement
results obtained without the PTM. Previous electrical
transport measurements in quasihydrostatic environments
indicate that metallization begins at 9.6 GPa [34], suggesting
a difference of approximately 3 GPa.

Upon further compression, an unexpected phenomenon
occurs. At 31.3 GPa, a sudden drop in the resistance was
observed below 3 K, indicating the emergence of super-
conductivity [Fig. 1(b)]. A close-up of the low-temperature
range (Fig. S5 [38]) shows that the superconducting transi-
tion becomes increasingly evident with increasing pressure.
The intersecting lines in the inset of Fig. 1(b) define the
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superconducting transition temperature 7.. To validate this
unexpected superconductivity, resistance measurements were
conducted near 7; under various magnetic fields at 62.1 GPa,
as shown in Fig. 1(c). The continuously increasing resistance
with increasing magnetic field provides complementary evi-
dence for the superconducting transition in 2H-MoTe,. The
T. vs H curve plotted in Fig. S6 [38] shows that the upper
critical field [H(T)] has a positive curvature close to T
(H = 0). Therefore the empirical formula H}(1-T/ T.)'te
was used for fitting and the zero-temperature ©oH(0) can
be estimated to be 1.3 T at 62.1 GPa. Figure S7 [38] displays
the critical field measurements at other pressures. Measure-
ments of the R-T curves in the depressurization process were
also conducted, shown in Fig. S8 [38]. It can be found that
the superconducting transition fades, and the initial semi-
conducting state recovers when the pressure is gradually
released, revealing the reversible transition in the electronic
states. Figure S9 [38] presents the results of the second elec-
trical transport measurement, confirming the nonhydrostatic
pressure-induced superconductivity and demonstrating its re-
producibility in 2H-MoTe,. Notably, zero resistance was not
reached in both runs, and the resistance drop below T is small.
Considering that there is no use of PTM in electrical trans-
port measurements, the above phenomena can be attributed to
the low superconducting volume, wide transition temperature
range, and pressure gradient throughout the sample owing
to the nonhydrostatic pressure conditions, which have been
observed in several superconducting TMDCs [42—45].
Although previous studies have explored the high-pressure
electrical properties of 2H-MoTe,, there was no observation
of its superconductivity in the studies by Zhao et al. and Qi
et al. [34,35]. In Ref. [34], Daphne oil 7373 was used as
the PTM to create a quasihydrostatic environment, whereas
the PTM used in Ref. [35] was not specified. Our findings
suggest that the observed superconductivity is closely related
to the nonhydrostatic pressure environment without the use
of a PTM. Figure S2 [38] shows the effect of anisotropic
compression on 2H-MoTe, single crystals within the DAC
in our measurements. The sample, resembling a thin flake
oriented along the ¢ axis, exhibited a more pronounced
compression along the ¢ axis than along the a and b axes,
likely facilitating the emergence of superconductivity. Further
discussion on the specific mechanism is provided in the the-
oretical section. Figure 1(d) shows the pressure-temperature
(P-T;) phase diagrams obtained from the two experiments.
The superconducting transition could be observed in both
experiments, but the variations in 7; differed slightly. Con-
sidering that 2H-MoTe, superconducts under nonhydrostatic
pressure but not under hydrostatic/quasihydrostatic pressure,
it can be found that the material is extremely sensitive to the
pressure environment. The differences in the experimental
setup, sample size, and pressurization procedures of the two
runs account for the divergent T; variations under pressure.
Overall, we report the observation of superconductivity in
2H-MoTe, under nonhydrostatic conditions, highlighting the
extreme sensitivity of this material to pressure environments.
We explored lattice vibrations in 2H-MoTe, under
the effect of pressure using Raman spectroscopy. Fig-
ure S1(b) in the Supplemental Material [38] shows Ra-
man spectra measured at ambient pressure. The observable
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FIG. 2. (a) Raman spectra at various pressures of up to 44.5 GPa;
(b) phonon frequencies as a function of the pressure. Raman data
obtained from studies conducted by Bera er al. [41], Stellino [47],
Yang et al. [36], and Zhao et al. [34] are plotted for comparison.

Ay, and Ezlg modes represent the out of plane vibra-
tions of Te atoms and in-plane vibrations of Mo and
Te atoms, respectively [46]. Fig. 2 shows the high-
pressure Raman spectra at pressures of up to 44.5 GPa.
With increasing pressure, both modes shift toward higher
frequencies owing to the compacted lattice, accompanied by
a visible broadening of the peaks owing to the shortened
phonon lifetime upon compression [47]. The intensity of the
E21g mode decreases as pressure increases, and the Ezlg mode
finally disappears at pressures above 29.3 GPa. However, the
Ay, mode does not disappear at 29.3 GPa but remains stable up
to 44.5 GPa. Figures 2(b) and S10(a) [38] show the pressure-
dependent phonon frequencies of the two modes. Above
12.9 GPa, the slight changes in the pressure coefficients (Fig.
S10(a) [38]) align with the critical pressure of metalliza-
tion observed in the electrical transport measurements. A
further analysis of the relative intensity ratios (Fig. S10(b)
[38]) reveals discontinuities at pressures of approximately 6.3
and 12.9 GPa, corresponding to the SM transition process.
For comparison, previous Raman data obtained using the
PTM and our results are plotted in Fig. 2(b). Above 21.3
GPa, a noticeable difference was observed. The A;, mode
(out of plane vibration) in our measurement exhibited faster
compressive behavior, revealing strengthened interlayer in-
teractions in nonhydrostatic environments in higher pressure
ranges.

High-pressure synchrotron XRD measurements were con-
ducted to investigate the structural evolution of 2H-MoTe,
and its impact on electronic states. Details of XRD data pro-
cessing can be found in the Supplemental Material [38] (see
also Refs. [48,49] therein). Figure 3(a) shows the XRD pat-
terns at representative pressures of up to 54.0 GPa. A Rietveld
refinement at 1.6 GPa revealed that the sample corresponded
well to the P63/mmc structure (2H). With increasing pres-
sure, all the peaks shifted to higher angles. No new peaks
emerged during continuous compression, suggesting the ab-
sence of a structural phase transition. The XRD patterns in
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FIG. 3. (a) Synchrotron XRD patterns of 2H-MoTe, at selected pressures of up to 54.0 GPa. The bottom panel shows the Rietveld
refinement using the P6;/mmec structure. The inset shows the schematic of a 2H-MoTe, unit cell. Pressure dependencies of (b) normalized
lattice constants and (c) cell volume. The reference data points obtained from the study by Zhao et al. (PTM: silicon oil) [34] and Bera et al.

(PTM: Ne) [50] are plotted for comparison.

the depressurization process are depicted in Fig. S11 [38],
which show a reversible change compared to the pressure
increase process. As pressure decreased, all diffraction peaks
shifted toward lower angles without the appearance of new
peaks. Figures 3(b) and 3(c) show the pressure dependencies
of the lattice constants a and ¢ and volume V, obtained from
the refinements. For comparison, the referenced experimental
XRD data using PTM [34,50] were also included. Below
20.7 GPa, the compressive behavior was faster in the ¢ axis
than in the a axis, indicating a typical anisotropic compression
effect that is prevalent in layered TMDCs owing to the weak
interlayer vdW bonds [51-54]. However, above ~20.7 GPa,
the compressibility in the ¢ axis was similar to that in the
a axis, attributed to strengthened interlayer interactions. In
addition, the lattice constants a and ¢ and volume V continued
to decrease. These results demonstrated that the 2H structure
maintains high stability in nonhydrostatic pressure environ-
ments, consistent with the results of previous high-pressure
studies using PTM.

Although no structural phase transition occurred, the
pressure-induced evolution of the structural parameters in
the various pressure environments remained distinct. In our
measurement, the c-axis compressibility decreased almost
linearly until a pressure of 20.7 GPa, while in quasihydro-
static [34] or hydrostatic [50] environments, it is known to
decrease smoothly across the entire pressure range, reveal-
ing a more significant compressibility rate along the ¢ axis
in nonhydrostatic environments. Figure S12 [38] shows the
pressure dependence of the c/a ratio, including our measure-
ments and those obtained from previous studies, indicating a

more pronounced anisotropic compression in nonhydrostatic
environments. By analyzing the changes in the compress-
ibility rate, we fitted the pressure-dependent volume curve
[55] to two sections before and after a pressure of 20.7 GPa,
which is shown in Fig. S13 in the Supplemental Material
[38]. The subsequently obtained bulk moduli were 92.1 £ 4.0
and 103.4 7.7 GPa in the low- and high-pressure ranges,
respectively, indicating that 2H-MoTe, is highly compress-
ible above 20.7 GPa in nonhydrostatic environments. These
results reveal that under nonhydrostatic pressure conditions,
2H-MoTe, is subjected to a more significant stress along the
c axis, demonstrating the strong effect of anisotropic compres-
sion in our case.

The electrical, Raman, and XRD measurement results ev-
idently showed that 2H-MoTe, exhibits an advanced SM
transition pressure, undiscovered superconductivity, stable
structure, and significant anisotropic compression effects
under nonhydrostatic pressure conditions. To understand
the intrinsic underlying mechanisms, we performed first-
principles calculations based on density-functional theory
(DFT), as detailed in the Supplemental Material [38] (see
also Refs. [37,56-61] therein). Based on the high compress-
ibility rate along the ¢ axis observed from the XRD results,
we proposed an anisotropic pressure model. In this model,
the anisotropic parameter n is defined by the formula n =
P./P,—», where P, represents the pressure parallel to the ¢ axis
and P,_,, is parallel to the ab face. n = 1 indicates a perfectly
isotropic condition. When n > 1, an anisotropic compression
effect appeared that became stronger with increasing n. Our
calculations relied on a given n under varying P..
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FIG. 4. Theoretical calculations under different pressures (P,) and anisotropic parameters (n). (a)—(c) Band structures with SOC for various
n and P.. (d)—(f) Phonon dispersions with EPC constants 1, depicted by red shadows under different n and P.. The red shadows highlight the
phonon branches that contribute significantly to the EPC constant. The right side of (f) shows the Eliashberg function «’F (w) and integrated
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w* is set to a typical value of 0.1 [61]. (i) Calculated T as a function of the pressure for n = 1, 2, 3, and 4; the inset shows the variation in T

at different Coulomb pseudopotential p1* values for n = 4.

We first explored the relationship between the SM tran-
sition pressure and anisotropic parameter n. Figure S14 [38]
shows the band structure of 2H-MoTe, at ambient pressure,
revealing an indirect band gap. Figures 4(a)—-4(c) show the
band structures with spin-orbit coupling (SOC) at different
pressures for various n. The critical pressure for the SM
transition under isotropic conditions (n = 1) was calculated
to be 8.5 GPa [Fig. 4(a)]. For n > 1, and as n increased,
which is indicative of a strengthening anisotropic compres-
sion effect, the SM transition pressure gradually decreased.
For instance, when n was fixed at 4, the SM transition
pressure was calculated to be 6.5 GPa, which matched our

experimentally observed value. This consistency suggests the
presence of strong anisotropic compression effects in our ex-
periments, which contributed to the advancement of the SM
transition point. In addition, we identified the previously re-
ported Lifshitz transition [41,62], which is discussed in detail
in Fig. S15 in the Supplemental Material [38].

Next, we calculated the electron-phonon coupling (EPC),
phonon dispersion, Eliashberg spectral function «>F (w), and
electron-phonon integral A(w) at higher P. and various n. Un-
der 30 GPa, 2H-MoTe, exhibited EPC regardless of whether
n =1 or 4, resulting in certain superconducting transition
temperatures. However, the EPC was stronger under strong
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anisotropic compression (n = 4) than under isotropic condi-
tions (n = 1), as indicated by the red shadows in Figs. 4(d)
and 4(e). To further understand the evolution of superconduc-
tivity with increasing anisotropy, we calculated the changes
in the density of states N(Ep), EPC strength A, and T; as a
function of the pressure for n = 1, 2, 3, and 4, respectively.
Figures 4(g)—4(i) show the results. Under hydrostatic con-
ditions (n = 1), the calculated 7. was less than 0.1 K, and
it decreased with increasing pressure. However, it is chal-
lenging to achieve this extremely low temperature. Therefore,
no superconductivity was detected in previous hydrostatic
measurements. For n > 1, and as n increased, the calcu-
lated 7. increased substantially, suggesting that the enhanced
anisotropic compression significantly improved the supercon-
ductivity. Figure 4(i) and its inset show that the calculated
T. for n =4 closely matches the measured value. More-
over, the increasing trend in the calculated 7. with pressure
is also consistent with the 7.—P phase diagram shown in
Fig. 1(d). This reveals that the strong anisotropic compres-
sion for n = 4 approximately aligns with the experimental
conditions. Returning to Figs. 4(d)—4(h), it can be seen that
the increased 7. for n =4 may be primarily attributed to
the increase in the EPC constant A, which correlates with
increasing N(Ef) and softening of the phonon modes under
pressure. The three arrows in Fig. 4(f) indicate the soft-
ening modes that predominantly contributed to the EPC.
Overall, an increase in the pressure and its anisotropy en-
hanced the density of states on the Fermi level and further
softened the phonon modes, contributing to the increased
EPC strength and resulting in improved superconductivity in
2H-MoTe,. The excellent agreement between the theoretical

calculations and experimental results indicated that layered
materials can exhibit unexpectedly excellent properties under
nonhydrostatic pressures and that anisotropic compressibility
contributes to the emergence of exotic phenomena, providing
a different perspective for high-pressure superconductivity
research.

IV. SUMMARY

In conclusion, we observed an unexpected anisotropic
compression-induced superconductivity in semiconducting
2H-MoTe, under a nonhydrostatic pressure condition. Al-
though no structural phase transition occurred, we report
a pronounced anisotropic compressive behavior of the lat-
tice constants in nonhydrostatic environments, unlike that
observed under hydrostatic or quasihydrostatic conditions.
Theoretical calculations provide further support for the emer-
gence of superconductivity in 2H-MoTe,, with increased EPC
constants resulting from anisotropic compression. These find-
ings have significant implications for understanding the nature
of superconductivity in TMDCs and similar layered systems
under extreme conditions. Moreover, they offer a fresh per-
spective for inducing unexpected properties in materials.
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