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ABSTRACT: In this work, we presented the first report on the high-
pressure structural stability and electrical transport characteristics in
WSSe under different hydrostatic environments through Raman
spectroscopy, electrical conductivity, and high-resolution transmission
electron microscopy (HRTEM) coupled with first-principles theoretical
calculations. For nonhydrostatic conditions, WSSe endured a phase
transition at 15.2 GPa, followed by a semiconductor-to-metal crossover
at 25.3 GPa. Furthermore, the bandgap closure was accounted for the
metallization of WSSe as derived from theoretical calculations. Under
hydrostatic conditions, ~ 2.0 GPa pressure hysteresis was detected for
the emergence of phase transition and metallization in WSSe because of
the feeble deviatoric stress. Upon depressurization, the reversibility of the
phase transition was substantiated by those of microscopic HRTEM
observations under different hydrostatic environments. Our high-
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pressure investigation on WSSe advances the insightful understanding of the crystalline structure and electronic properties for
the Janus transition-metal dichalcogenide (TMD) family and boosts prospective developments in functional devices.

1. INTRODUCTION

Recently, TMDs come into focus due to their exceptional
mechanical, optical, and electronic properties and prospective
applications in nanoelectronics, optoelectronics, spintronics,
and valleytronics.' > As a new branch of the TMD family,
Janus TMDs with the general formula of MXY (M = Mo, W; X
# Y =S, Se, and Te) are constituted by the stacking of the
asymmetric X—M—Y atomic layers alongside the ¢ direction via
van der Waals interactions." Unlike the mirror-symmetric
TMDs, the out-of-plane asymmetry in Janus TMDs leads to
the distinctive properties of intrinsic electrical dipole, strong
Rashba spin—orbit coupling (SOC), large valley splitting,
strong piezoelectric effect, and excellent catalytic performance,
endowing them with immense prospects in electromechanical
and optoelectrical devices, sensors, and photocatalysts.”™” As a
prototypical member of Janus TMD family, tungsten
sulfoselenide (WSSe) crystallizes in the hexagonal symmetry
with a finite bandgap of 1.42 eV under ambient conditions.'*""

The crystalline structure and electrical configuration of
TMDs can be effectively manipulated by the internal and
external stimuli, such as temperature, pressure, light, electric
field, magnetic field, and so forth.">7%7 Among these
approaches, high pressure has been proven as a clean and
maneuverable manner, giving rise to plenteous novel physical
phenomena, including the pressure-induced structural tran-
sition, amorphization, metallization, and superconductiv-
ity."'>7*” Despite the fact that tremendous efforts have been
devoted to individual molybdenum-based and tungsten-based

© 2023 American Chemical Society

7 ACS Publications

TMDs, only one available high-pressure investigation on the
structural stability and electrical transport behaviors for ternary
Janus TMD has been reported to date."”'>~>"*37>>*" Bera et al.
studied the high-pressure structural, vibrational, and electronic
properties of MoSSe up to 30.0 GPa using a diamond anvil cell
(DAC) by means of synchrotron X-ray diffraction, Raman
spectroscopy, and first-principles theoretical calculations.””
The authors revealed that MoSSe experienced a low-pressure
phase transition at ~3.0 GPa, followed by an isostructural
phase transition (IPT) from the 2H, phase to the mixture of
the 2H, and 2H, phases at ~10.8 GPa triggered by the layer
sliding. As the pressure was increased to ~18.0 GPa, MoSSe
transformed into the metallic 2H, phase. Since the pressure-
driven IPT and semiconductor-to-metal electronic crossover
that emerged in molybdenum dichalcogenides (MoS, and
MoSe,) resemble those in tungsten dichalcogenides (WS, and
WSe,), it is often expected that their correspondent Janus
TMDs possess the analogous structural and electrical transport
characteristics under high pressure.”'*~*"**7*>*” Inspired by
recent high-pressure research on MoSSe, it remains unclear
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Figure 1. (a) Low-magnification TEM image of the starting specimen; (b) Raman spectrum of the initial sample and comparison with earlier work.
The vertical bars present the characteristic Raman peak positions of WSSe reported by Karande et al. (c) Micro-X-ray diffraction spectrum along
with the structural refinement for WSSe under atmospheric conditions. The red solid line and black crosses represent the Rietveld fits for the
calculated and observed results, respectively. Vertical blue ticks correspond to the standardized peak positions. The deviation curve of the
measurement is depicted as the green solid line. Inset: optical photograph, two-dimensional diffraction rings, and corresponding lattice parameters
for Janus WSSe. (d) XRD pattern of WSSe together with that of hexagonal WS, and WSe, for comparison.

whether similar structural and electronic transitions will occur
in the same periodic tungsten-based Janus TMD of WSSe.”’

On the other hand, the degree of hydrostaticity within the
sample chamber of DAC is of great significance in influencing
the structural stability, the phase transition pressure, and the
reversibility of phase transition for some representative
TMDs.'®*'7**? Furthermore, the degree of hydrostaticity
highly depends on the used pressure media (PM) in high-
temperature and high-pressure experiments.’’”>> Among the
various PM, inert gases (e.g., helium, neon, argon, nitrogen,
etc.) can provide the excellent hydrostatic environment, which
has been extensively applied to explore the physicochemical
characterizations of TMDs under extreme condi-
tions.' >~ %2¥242033 Ag for WSSe, an important ingredient of
Janus TMDs, the relevant investigation of the influence of
hydrostaticity on its high-pressure structural behaviors is still
deficient.

In the present work, the high-pressure structural, vibrational,
and electrical transport properties on WSSe up to 40.0 GPa
under different hydrostatic environments were comprehen-
sively investigated via Raman spectroscopy, alternating current
impedance spectroscopy, and HRTEM in conjunction with
first-principles theoretical calculations. Furthermore, the
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pressure-tuned phase transition and metallization of WSSe as
well as the underlying physical mechanisms were deeply

explored in detail.

2. EXPERIMENTAL DETAILS

2.1. Sample Characterization. High-purity (99.999%) WSSe
crystals with shiny black luster were purchased from Six-Carbon
Technology Company (Shenzhen, China), which was synthesized by
the chemical vapor deposition (CVD) method.>* The morphology,
crystalline quality, and crystallographic structure of the pristine
specimen were characterized by TEM, Raman spectroscopy, and
micro-X-ray diffraction (XRD). From the low-magnification TEM
image (see Figure la), the starting sample exhibits an almost perfect
hexagonal shape. Figure 1b displays the selected Raman spectrum of
the initial sample, and further, six intense Raman peaks at 151.0,
261.1, 292.6, 356.4, 379.2, and 405.4 cm™! were discerned over the
wavenumber range of 100—550 cm™, in accordance with prior
results.”**>*® Afterward, the XRD pattern of pristine specimen was
recorded using a SmartLab-type X-ray powder diffractometer,
equipped with copper Ka radiation operating at the 40 kV accelerated
voltage and 20 mA applied current. The sharp diffraction peaks in
Figure 1c implied that the starting sample has good crystallinity. As
expected, the XRD pattern of WSSe is analogous to those of WS, and
WSe,. In comparison with the standard PDF data of the hexagonal
WS, and WSe,, we found that all characteristic diffraction peaks of
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WSSe are located between those of WS, and WSe,, satisfying the
Bragg equation with the diffraction peaks shifted toward lower angles
as the chalcogen atomic radius increased. Furthermore, the obtained
XRD data of the starting sample were processed with the Rietveld
refinement utilizing the General Structure Analysis System (GSAS)
software package,’” yielding the correspondent lattice parameters for
the pristine sample: a = b = 3.214 + 0.004 A, ¢ = 12.783 + 0.008 A, &
= =90°% y = 120° and V = 11442 + 0.73 A’ under ambient
conditions. It is clear that there exist some inevitably subtle deviations
between the observed and calculated results, which is highly
correlated with atomic coordinates, the occupancies in the unit cell,
and the crystalline orientation of the two-dimensional Janus WSSe
crystal.***” Moreover, the detailed crystallographic data for WSSe are
illustrated in Table S1 of the Supporting Information. Collectively,
our results manifested that the pristine sample belongs to the high-
quality Janus WSSe with hexagonal symmetry.

2.2, High-Pressure Raman Scattering Measurements. A
piston—cylinder-type DAC possessing a pair of 200 pm-diameter
culets was exploited for high-pressure Raman scattering and electrical
conductivity measurements of WSSe. A piece of 250 um-thick T-301
stainless steel was prepressed into 50 ym, and then a hole of 100 ym
in diameter was laser-drilled at the center of indentation to be the
sample cavity. Thereafter, the experimental sample along with ruby
employed to calibrate pressure was sealed into the sample chamber
for Raman scattering measurements. Two groups of high-pressure
Raman spectroscopy experiments were accomplished, ie., one
adopted helium as the PM to realize the hydrostatic condition,
whereas no PM was applied in another run for nonhydrostatic
condition. The Raman spectra of WSSe were collected in back-
scattering geometry by using a Renishaw InVia Raman microscope
coupled to an argon ion (514.5 nm) as the excitation source.

2.3. High-Pressure Electrical Conductivity Measurements.
In electrical conductivity experiments, a fine mixture of boron nitride
and epoxy was densely pressurized into the preindented T-301
stainless steel of a 180 ym-diameter hole, which can be utilized as the
insulating substance and the solid pressure medium affording the
nonhydrostatic condition.'”** Subsequently, another central hole with
a diameter of 100 ym was manufactured and served as the insulating
sample chamber. To achieve absolute insulation, the residual section
of the gasket was covered by the insulation cement. Two slices of
electrodes were configured parallel into the upper and lower
counterparts of the sample chamber. The in situ alternating current
impedance spectra of WSSe were measured with a Solartron-1260
impedance/gain-phase analyzer in sweeping frequency mode over the
frequency range of 107" to 107 Hz at a typical signal voltage of 3.0 V.
In the variable-temperature electrical conductivity experiments, the
sample was first compressed to the desired pressures at room
temperature and stepwise cooled to 120 K with liquid nitrogen. The
temperature was precisely determined by a K-type thermocouple
adhered to the lateral diamond anvil. More experimental details were
described elsewhere >! 724264142

2.4. HRTEM Observation. The initial and depressurized speci-
mens under different hydrostatic environments were homogeneously
scattered into ethanol by ultrasonication for 20 min, and thereafter, a
droplet was deposited onto a holey carbon-coated copper grid for
HRTEM observations. The HRTEM images and fast Fourier
transformation (FFT) patterns for samples were taken using a
JEOL JEM-F200 field emission transmission electron microscope with
an accelerated voltage of 200 kV. Furthermore, the interplanar
spacings of samples were accurately measured with Digital Micro-
graph software.

2.5. First-Principles Theoretical Calculations. All theoretical
calculations of WSSe were accomplished within the framework of
density functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP) at 0—40.0 GPa in the Hefei
Advanced Computing Center of China.*>™*® The projector
augmented wave (PAW) scheme within the generalized gradient
approximation (GGA) was adopted to deeply explore the electron—
ion interactions.*”*® The plane-wave kinetic cutoff energy was set at
800 eV to realize high convergence. All structures of WSSe were

sufficiently relaxed until the force on each atom was smaller than 0.01
eV A™!. Two relatively denser k-meshes of 9 X 9 X 3 and 21 X 21 X 7
were employed to successfully achieve high-quality theoretical
calculations of the lattice parameters and electronic band structures,
which satisfied the convergent criterion with energy differentiation of
less than 1 meV per atom. To fully take into account the influence of
van der Waals interactions during the first-principles theoretical
calculations, the DFT-D3 correction method was applied to precisely
calculate the structural relaxation and electronic structure.*’

3. RESULTS AND DISCUSSION

3.1. High-Pressure Raman Spectroscopy Results.
Figure 2a—c shows the high-pressure Raman spectra of
WSSe over the pressure range of 1.2—31.6 GPa in non-
hydrostatic conditions. Six characteristic Raman peaks of WSSe
at 151.0, 261.1, 292.6, 356.4, 379.2, and 405.4 cm™' were
identified at 1.2 GPa. Specifically, four prominent Raman peaks
located at 261.1, 292.6, 379.2, and 405.4 cm™' are the out-of-
plane (A;,) modes in association with the Se—W, S—W—Se,
and S—W vibrations.”* >® Meanwhile, the Raman peak at
3564 cm™' corresponds to the in-plane (Ezg) mode in
connection with the S—W vibration. For clarity, the Raman
peaks at 261.1, 292.6, 379.2, and 405.4 cm™" were designated

as the Aig, Afg, Afg, and Afg modes, respectively. In addition, a
feeble Raman peak located at 151.0 cm™! was nominated as the
M, mode of WSSe, which originates from the sugerposition of
EZg(S—W)'LA(S—W) and Alg(Se—W)'LA(Se—W) modes. 0

As seen in Figure 2a—c, all Raman peaks of the sample
exhibited monotonous blueshifts with the application of
pressure, revealing the enhanced interaction between atoms.
At the same time, the M; Raman peak became intense and
sharp, which coincided with the progressive weakening of the

Afg Raman peak under pressurization. Note that the Afg

Raman peak became stronger below 8.4 GPa, whereas it
tended to appreciably decay beyond 8.4 GPa. As the pressure

approached 15.2 GPa, the Afg and Afg Raman peaks vanished,

unveiling that the out-of-plane vibrations play a paramount
role in triggering the phase transition of WSSe. When the
pressure was higher than 15.2 GPa, a new peak emerged as the

left shoulder of the Aig Raman peak, which was labeled as the

M, Raman peak of WSSe. Moreover, the M, Raman peak
became stronger by applying pressure. When the pressure
exceeded 15.2 GPa, the remaining Raman peaks of the sample
monotonically moved toward higher wavenumbers. More
specifically, as the pressure was increased, the remarkable
broadening of Raman peaks and the substantial decline of
Raman intensity in WSSe provided robust evidence for the
occurrence of phase transition above 25.3 GPa. Furthermore,
the Raman shift and Raman fwhm are important parameters
for elucidating the emergence of pressure-driven phase
transition in TMDs."">™*" Figures 2d and 3 display the
variation of Raman shifts and Raman fwhm’s with applied
pressure for WSSe, and further, their corresponding linear
fitting results are tabulated in Tables S2 and S3 of the
Supporting Information, respectively. Particularly, both the

Raman shifts for M;, M,, Aig , and E,, along with Afg modes, as

well as the Raman fwhm’s of A}g and Afg modes presented

discernible inflection points at 15.2 and 25.3 GPa, which
further proved the emergence of phase transitions in WSSe.
Upon depressurization, the Raman peaks of the sample showed
redshifts, concomitant with the gradual enhancement in
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Figure 2. High-pressure Raman scattering results for WSSe at the
respective pressure ranges of (a) 1.2—10.3 GPa, (b) 11.5-21.0 GPa,
and (c) 23.1-31.6 GPa during pressurization and two typical Raman
spectra at 3.0 and 0.5 GPa upon depressurization. (d) Evolution of
Raman shift against pressure for WSSe under nonhydrostatic
conditions. Herein, d stands for depressurization.

Raman peak intensity. In addition, the Raman peak intensity
ratios of A}g/Afg, Ezg/Afg, Afg/Afg, and Aig/Afg upon
pressurization and depressurization in both nonhydrostatic
and hydrostatic conditions are presented in Table S4 of the
Supporting Information. Under nonhydrostatic conditions, the
Raman peak intensity ratios of Aig / Afg, Eye/ Afg, Afg / Afg, and
A}g/Afg upon compressed 1.2 and 3.0 GPa, as well as 0.5 GPa

upon depressurization, are nearly identical. However, the

Raman peak intensity ratios of A}g /Afg, Ezg/Afg, Afg/ Afg, and

A}g/Afg upon decompressed 3.0 GPa are slightly distinct. As
the pressure relieved to 3.0 GPa, the high-pressure phase did
not completely transform into the original WSSe due to the
pronounced pressure hysteresis. Upon further depressurization
to 0.5 GPa, both of the Raman peak positions and Raman peak
intensity ratios were reverted to the initial values, evidencing
the reversibility of phase transition.>"

Figure 3 and Figure S1 in the Supporting Information show
the high-pressure Raman spectroscopic results on WSSe and
their relevant relations of Raman shifts and Raman fwhm’s
versus pressure under hydrostatic pressurization. As a whole,
the evolution of Raman profiles, Raman shifts, and Raman
fwhm’s with pressure for WSSe under hydrostatic conditions
was reproducible with those under nonhydrostatic conditions.
In the case of hydrostatic pressurization, WSSe underwent a
phase transition at 17.5 GPa, followed by another phase
transition at 27.3 GPa. Notably, the phase transitions of WSSe
were postponed by ~2.0 GPa under hydrostatic conditions as
compared to that under nonhydrostatic conditions, which can
be reasonably interpreted by the weak deviatoric stress.”' ~>**°
With the rise in pressure, the considerable enhancement of
deviatoric stress under nonhydrostatic conditions with respect
to that under hydrostatic conditions plays a critical role in
facilitating the appearance of structural transitions in WSSe.

3.2. High-Pressure Electrical Conductivity Results.
Figure 4a—c illustrates the Nyquist plots of impedance spectra
for WSSe under the conditions of 1.9 and 36.1 GPa and
atmospheric temperature. At 1.9—7.7 GPa, each impedance
spectrum of sample consists of a semicircular arc over the high-
frequency range of ~10® to 107 Hz corresponding to the grain
interior contribution plus an inclined straight line in the low-
frequency region of ~107" to 10> Hz attributed to the grain
boundary contribution. When the pressure elevated to 9.2
GPa, the tilted straight line successively disappeared, and only
one semicircular arc was detectable. Further pressurization to
18.8 GPa showed a sloping line in the fourth quadrant. To
quantify the resistances (R) of WSSe, a suitable equivalent
circuit of Ry—CPE,; (here, the Ry and CPEy represent the
resistance and constant phase element of the grain interior,
respectively) was selected to fit the high-frequency impedance
semicircular arcs ranging from 1.9 to 17.7 GPa, and the single
R was adopted to fit the oblique lines beyond 18.8 GPa using
ZView software. Afterward, the electrical conductivity (o) of
WSSe was determined using the following equation:

o=1L/SR (1)

wherein S and L stand for the cross-sectional area of electrodes
(cm?) and the distance between electrodes (cm). Figure 4d
presents the logarithmic electrical conductivity against pressure
for WSSe during the compressed and decompressed processes.
The electrical conductivity of WSSe is 4.94 X 107° S cm™" at
the lowest measured pressure of 1.9 GPa, which is close to the
previously available result with the electrical conductivity of
3.94 X 107 S cm™ under ambient conditions and validates the
reliability of our electrical conductivity measurements.>”
Between 1.9 and 14.9 GPa, the electrical conductivity of the
sample markedly raised by more than 3 orders of magnitude at
a large rate of 026 S cm™' GPa™!, followed by the gentle
enhancement in electrical conductivity at a moderate speed of
0.16 S em™ GPa™' at 14.9—-23.2 GPa. After 25.8 GPa, weak
pressure-dependent electrical conductivity at a minor slope of
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Figure 3. Variation of Raman fwhm against pressure for WSSe under (a, b) nonhydrostatic conditions and (¢, d) hydrostatic conditions. Therein,

the sign of PM denotes the pressure medium.

0.055 S cm™! GPa™' was detectable. Concurrently, the pressure
dependence of CPE within the pressure range of 1.9—17.7 GPa
is displayed in Figure S. Below 14.9 GPa, the CPE elevated
marginally with the increase in pressure at a feeble rate of 6.59
X 1072 S em™ 57" GPa™'. When the pressure was higher than
14.9 GPa, a marked enhancement in the CPE at a relatively
large slope of 6.79 X 107 S cm™ s™" GPa™' was acquired.
Consequently, both the electrical conductivity and CPE of the
sample exhibited discontinuous changes at 14.9 and 25.8 GPa,
which likely correlates with the phase transitions of WSSe.
Strikingly, the electrical conductivity of the sample (0.48 S
cm™') at 25.8 GPa reached up to the representative magnitude
of metal, signaling the appearance of semiconductor-to-metal
crossover.” *#*%**% Upon depressurization, the electrical
conductivity of the sample turned out to be almost invariant
ranging from 34.2 to 1.8 GPa. As the pressure released from
1.8 to 0.7 GPa, a conspicuous descent in electrical conductivity
by roughly 5 orders of magnitude suggested the reversibility of
phase transition, in line with our high-pressure Raman
scattering results under different hydrostatic environments.
3.3. Temperature-Dependent Electrical Conductivity
Results. To substantiate the presence of metallization in
pressurized WSSe, variable-temperature electrical conductivity
experiments were implemented upon pressurization and
depressurization. Based on solid-state physics theory, the
semiconductor exhibits positive temperature dependence of
electrical conductivity relation arising from the thermally
excited carriers, whereas metal is characterized by the negative

temperature dependence of electrical conductivity relation
stemming from the enhancement of electron—phonon
scattering, '3 #21 72420442 A¢ plotted in Figures 6a and
Figure S2 of the Supporting Information, WSSe exhibits the
semiconducting behavior below ~24.2 GPa, as proven by the
upturn of electrical conductivity with the rise in temperature
(do/dT > 0). In contrast, the sample presents the metallic
feature beyond ~25.9 GPa with the subtle decline in electrical
conductivity as the temperature was raised (do/dT < 0). From
Figures 6b and Figure S3 in the Supporting Information, the
metal-to-semiconductor conversion takes place at ~1.4 GPa
during depressurization.

Generally speaking, when molybdenum dichalcogenides
(MoS, and MoSe,) and tungsten dichalcogenides (WS, and
WSe,) are subjected to high pressure, the layer sliding IPT and
semiconductor-to-metal crossover occurred.”'*™*"** We com-
pared the phase transition and metallization pressures of WSSe
with those of the same periodic group of TMDs and Janus
TMD under different hydrostatic environments in detail, as
given in Table SS of the Supporting Information. For the same
mixed chalcogenides, the higher phase transition and
metallization pressures of WSSe than those of MoSSe can be
explained by the larger atomic radius and broader electron
orbitals of tungsten than those of molybdenum, resulting in
stronger interlayer interactions. Under the condition of the
identical cation, the metallization pressure of WSSe is
comparable to that of WSe,, while it is substantially lower
than that of WS,, as previously reported in MoSSe.”” The
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lower electronic transition pressure of WSSe may be attributed
to the chemical ordering of sulfur and selenium atoms on the
anionic sublattice, which is caused by the moderate lattice
mismatch between WS, and WSe,.”” When both the cation
and anion are varied, the metallization pressure of WSSe is
close to MoSe,, while it is higher than that of MoS,. This is
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presumably stemmed from the broader electron orbitals of
tungsten than molybdenum, as well as the more delocalized 4p
orbitals of selenium than the 3p orbitals of sulfur, contributing
to the enhancement of electronic stability in WSSe.>> On the
other hand, hydrostaticity has been proven to be a critical
factor in influencing the high-pressure structural behaviors of
TMDs under different hydrostatic environments,'®>'~*%2¢
Although the hydrostaticity has a feeble influence on the
phase stability and reversibility of WSSe, the structural
transition and metallization were postponed by ~2.0 GPa
under hydrostatic conditions.

3.4. HRTEM Results. Figure 7 shows the representative
HRTEM patterns and their corresponding FFT images for the
pristine and decompressed specimens under different hydro-
static environments so as to evaluate the impact of high
pressure and PM on the microscopic crystalline structures of
WSSe. As portrayed in Figure 7a, the pristine specimen
presents homogeneous and vivid lattice fringes, signifying high
crystallinity. Afterward, the interplanar spacing for pristine
specimen was determined as 0.31 nm, which was ascribed to
the (004) crystallographic plane of WSSe. Furthermore, the
corresponding FFT pattern suggested that the starting sample
is well crystallized in hexagonal symmetry. In light of the
HRTEM and FFT images of the initial and recovered samples,
the analogous interplanar spacings and the similar diffraction
spots hinted the reversibility of structural phase transition in
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WSSe under different hydrostatic environments. Nevertheless,
the well-resolved lattice fringes and the well-defined diffraction
spots for the decompressed sample under hydrostatic
conditions relative to those under nonhydrostatic conditions
can be reasonably interpreted by the presence of PM,
resembling other representative two-dimensional (2D) layered
compounds (e.g., CrCl, CrBr;, HfS,, etc.).26’41’54

3.5. First-Principles Theoretical Calculation Results.
For the sake of unveiling the underlying mechanisms on the
pressure-driven phase transformation and electronic transition,
first-principles theoretical calculations of WSSe were carried
out at 0—40.0 GPa. Under ambient conditions, the optimized
cell constants of a = b =327 A, c=1472 A, and V= 132.8 A3
with the inequivalent W—S and W—Se bond lengths of 2.43
and 2.55 A in WSSe conform well to prior studies, justifying
the reliability of our theoretical calculations.””** Moreover, the
lattice garameters of WSSe fall between those of WS, and
WSe,.”® The critical crystalline parameters of the enthalpy,
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lattice constants (a, b, and c), normalized lattice constants (a/
ag, b/by, and c/c,), lattice constant ratios (a/c and b/c), unit
cell volume (V), normalized unit cell volume (V/V,), bond
lengths (W—S, W—Se, and W—W), and bond angles (S—W-S,
Se—W-—Se, and S—W—Se) under high pressure are illustrated
in Figures 8 and Figure S4 of the Supporting Information,
respectively. In light of the pressure homology principle, WSSe,
the isomorphous intermediate material of WS, and WSe,, is
expected to endure an IPT from 2H, to 2H, modifications by
applied plressure.27’57’58 As presented in Figure 8a, the
enthalpies of 2H, and 2H, phases of WSSe were calculated
within the pressure range of 0—40.0 GPa at a given Hubbard U
parameter of 2.9 eV. Apparently, the enthalpy of the 2H, phase
is more favorable than the 2H, phase, implying the structural
stability of the 2H, phase up to 40.0 GPa. With the increase in
pressure, the a and b axes were consecutively contracted,
whereas the ¢ axis displayed an observable discontinuity at 14.0
GPa. More precisely, as the pressure was elevated from 0 to
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40.0 GPa, the ¢ axis substantially shrunk by 24.4%, while the a
and b axes only diminished by 7.8%. Therefore, the interlayer
distance is of larger compressibility than the intralayer distance,
which dovetails well with the highly anisotropic compression of
2D compounds.”'*7?*%?*5%% Regarding the lattice constant
ratio of a/c (b/c), it increased rapidly from 0.222 to 0.268
when the pressure was enhanced from 0 to 14.0 GPa, which
evinces the dramatic decrease in interlayer distance. Notice-
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ably, the a/c (b/c) ratio presented an almost plateau beyond
14.0 GPa, signaling the isotropic compressibility of a and ¢
axes, which is caused by the substantial enhancement of
interlayer repulsion forces as the adjacent layers get closer with
applied pressure. In fact, the analogous phenomenon has also
been observed in other characteristic TMDs (e.g., WSe,, MoS,,
MoSe,, TiTe,, etc.)."!°"* Briefly, the c axis, ¢/co, a/c (b/c),
W-W bond length, S=W—S bond angle, Se—W—Se bond
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Figure 9. Electronic band structures (a, ¢, e) and correspondent density of states (b, d, f) for the 2H, phase of WSSe at three representative

pressures of 0, 10.0, and 30.0 GPa, respectively.

angle, and S—W-—Se bond angle exhibited discernible
inflection points at 14.0 GPa, accompanied by the faint
discontinuity in unit cell volume, which offered explicit
evidence for the occurrence of phase transition in WSSe at
14.0 GPa. In the meantime, the pressure-dependent unit cell
volume data were fitted with the second-order Birch—
Murnaghan equation of state (EOS), yielding the ambient
bulk modulus (B,) and ambient pressure volume (V) as 36.6
GPa and 125.8 A® at 0—14.0 GPa, 84.0 GPa and 114.5 A’ at
14.0—25.0 GPa, and 91.6 GPa and 113.1 A® at 25.0—40.0 GPa.
The larger B, and smaller V;, values manifested that the high-
pressure phases of WSSe became denser and more
incompressible.

To illuminate the source of metallization in WSSe, detailed
analyses on the electronic band structures and their
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correspondent density of states (DOS) for the 2H, and 2H,
phases of WSSe were carried out at 0—40.0 GPa. As depicted
in Figure 9a, for the 2H, phase of WSSe, it belongs to an
indirect bandgap semiconductor with a finite bandgap energy
of 1.02 eV under ambient conditions. Actually, our acquired
bandgap energy of WSSe is smaller than the prior result.'’
Generally, DFT calculations underestimate the bandgap energy
of TMDs, and further, the slight discrepancy in bandgap
energy is tolerable.”®*® With the rise in pressure, the
conduction band minimum (CBM) progressively moved
downward the Fermi level, causing the gradual narrowing of
the bandgap. Thus, the bandgap energy reduced to 0.72 eV as
the pressure was elevated to 10.0 GPa. Upon further
pressurization to 30.0 GPa, the valence band maximum
(VBM) crossed the Fermi level, hinting at the metallic
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character, which matches well with our high-pressure electrical
conductivity results under nonhydrostatic conditions. As far as
the 2H, phase of WSSe, it possesses a similar bandgap energy
of 1.02 eV under atmospheric conditions. As the pressure
approached 40.0 GPa, a wide bandgap energy of 1.62 eV was
acquired for the 2H, phase, indicating the semiconducting
property (see Figure SS in the Supporting Information).
Consequently, the electronic band structure results demon-
strated that the metallization of WSSe possibly results from the
bandgap overlap of the 2H, phase under high pressure. In
summary, the phase transition of WSSe occurred at 14.0 GPa
and the metallic phase appeared beyond 30.0 GPa due to the
bandgap closure, in good agreement with the high-pressure
Raman scattering and electrical conductivity results under
different hydrostatic environments.

4. CONCLUSIONS

In the present study, we have conducted a synthetic high-
pressure investigation on the electrical transport properties and
crystal structures for WSSe under different hydrostatic
environments up to 40.0 GPa using a DAC in combination
with Raman spectroscopy, electrical conductivity, HRTEM,
and first-principles theoretical calculations. During the com-
pressed process, WSSe took place in a phase transition at 15.2
GPa, followed by semiconductor-to-metal electronic switching
at 25.3 GPa under nonhydrostatic conditions. Nevertheless,
the phase transformation and electronic transition of WSSe
were delayed by ~2.0 GPa under hydrostatic conditions due to
the faint deviatoric stress. Upon depressurization, the phase
transition of WSSe showed good reversibility under different
hydrostatic environments. These findings on WSSe extend our
knowledge of the high-pressure crystalline structure evolution
and electrical transport behaviors for the Janus TMD family
and benefit the exploration of spintronics and optoelectrical
devices.
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