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Layer-dependent anisotropic structural evolution in 1T ′-ReSe2:
Pressure-induced phonon dynamics
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Rhenium diselenide (ReSe2) presents pronounced lattice anisotropy and relatively weak interlayer interac-
tions, which can result in its superior compressibility under pressure, as compared to other two-dimensional
(2D) transition metal dichalcogenides (TMDs). Here, we employed diamond anvil cells (DAC) to apply stress
fields up to 15.90 GPa, unveiling the intricate relationships among layer numbers, anisotropic properties, and
specific structural variations in ReSe2. A rapid decrease in the anisotropic parameter σ from the Eg-like modes
can be observed at 6–8 GPa. It was found that the layers (3, 10, and 17 L) could be correlated with the ratio
of the ab-plane to c-axis components (Iab/Ic), ultimately identifying the anisotropic structural deformation as
either hydrostatic strain or uniaxial strain. Moreover, the pressure-dependent band gap analysis elucidated the
interlayer interactions along the c axis. The present findings deepen understanding of ReSe2’s structural response
to stress field and facilitating advancements in strain-based device applications.
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I. INTRODUCTION

Two-dimensional (2D) layered transition metal dichalco-
genides (TMDs) represent a prominent subclass of layered
materials renowned for their fascinating electrical, optical,
and mechanical properties, attracting extensive research in-
terest [1–3]. In recent years, Re-based compound ReSe2

characterized by its unique in-plane anisotropy has emerged
as a notable member within the class of 2D TMDs [4–7].
Due to the extremely weak interlayer coupling in ReSe2,
even bulk ReSe2 behaves as electronically and vibrationally
decoupled monolayers, the structural and performance differ-
ences among different layers of ReSe2 are relatively minimal
[8,9]. Upon applying external hydrostatic pressure to diminish
interlayer distance and reinforce interlayer interactions, the
discernible variations arising from alterations in the layer
number will become more conspicuous. As an emerging
external field modulation method, the pressure environment
can exert influence on crystal structures by altering chem-
ical bonds and interlayer coupling, and has been applied
to enhance device performance, such as carrier mobility
and interband transition [10–17]. Indeed, we previously ob-
served that monolayer and bulk ReSe2 exhibit distinct phase
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transition points derived from pressure-dependent spectral
experiments, with monolayer ReSe2 transition at 7.50 GPa
and bulk at 8.94 GPa, respectively [11]. Under the influence of
the stress field, ReSe2 undergoes interlayer compression along
the stacking direction (c axis) and overall lattice contraction.

Generally, the 1T′-ReSe2 with space group P1 exhibits
covalent bonds between transition metal atoms (Re-Re), pre-
senting a distorted trigonal structure (1T′) with its three
principal axes nonperpendicular [18–20]. It possesses lower
symmetry and pronounced in-plane anisotropy, with Re
chains aligned along the b[010] axis, forming an angle of γ =
118.89◦ with the a[100] axis intersecting the b axis [21–23].
Experimentally, polarized Raman spectroscopy can effec-
tively reflect the internal structure, chemical composition, and
phonon mode properties, with the polarization module being
particularly adept at analyzing lattice orientations [19,24]. By
comparing the angle of maximum intensity (Imax) of Eg-like
and Ag-like mode across all θ values, the orientation of Re
chains in the diamond anvil cell (DAC) can be ascertained.
ReSe2 can manifest either predominant uniaxial strain along
the z axis of the laboratory coordinate system or isotropic
hydrostatic strain, contingent upon the main stress compo-
nents in ab plane or c axis [25]. The rotation angles of the
Raman vibrational mode (�θ1−4) between each pressure point
and the vector components |−→a | and |−→b | reflect the varia-
tion in the vector distribution of Eg-like and Ag-like modes
within the ab-plane. By systematically examining the in-plane
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FIG. 1. Schematic illustration of the high pressure condition generated by the diamond anvil cell (DAC) and the determination of the
crystallographic axis orientation. (a) The overall internal structure of DAC. A polarized laser was irradiated onto the sample. The sample and
ruby transferred onto the diamond using a transfer stage, with silicone oil fully filling the entire chamber are shown in the inset figure. (b) The
thin layer ReSe2 obtained through mechanical exfoliation, along with the crystallographic axis orientation determined by polarized Raman
spectroscopy. The inset figure shows a diamond anvil with a diameter of 300 μm. (c) The angular dependence of phonon modes 1 (Eg-like
mode) and mode 3 (Ag-like mode) of 3 L ReSe2 under 0.30 GPa, as obtained from polarized Raman spectroscopy. The directions of the Re
chains (b axis) and the a axis have been determined.

and out-of-plane phonon modes �θ1−4 and the anisotropy
parameter σ , the vectorial evolution of phonon modes, and
structural phase transitions in ReSe2 under high pressure can
be specifically investigated.

In this work, we systematically investigate the pressure
effect on the structure and stress-induced deformation con-
figurations of ReSe2 with varying layer thicknesses (3, 10,
and 17 L) through optical spectroscopy and phonon dispersion
calculations. Despite the extensive research on high-pressure
studies of 2D TMDs material systems, the ReSe2 utilized in
this work are few-layer films obtained through mechanical
exfoliation, eliminating the influence of the substrate. The
stress field imparted by diamond will directly act on ReSe2.
It was found that the dominant interlayer interaction along
the c axis leads to stress-induced deformation in 3 L ReSe2,
transition to uniaxial strain along the z axis. In the case of
the 17 L ReSe2, the ab-plane vector component exhibits an
increase compared to 3 L, resulting in a transition of the stress
state towards hydrostatic and causing an increase in �θ1. The
findings provides insights into the physical structural proper-
ties of ReSe2 under stress field, which could be helpful for
optimizing the device performances.

II. RESULTS AND DISCUSSION

Generally, the ReSe2 exhibits 18 Raman-active modes, rep-
resented by �Raman-active = 18Ag, with the Eg-like and Ag-like
modes serving as the primary characteristic phonon modes
[4]. The vibration directions of in-plane and out-of-plane
phonon modes on the ab plane are determined by deriv-
ing and fitting Iθ using experimental data for θ = 0◦, 10◦,
20◦, . . . , 350◦, and then fitting it with the first derivative to
obtain the θ value at the maximum of Iθ . We employed this
method to determine the crystal orientation of the ReSe2

within the DAC (see in Fig. 1). Figure S1 present the char-
acterization of few-layer ReSe2 using pressure-dependent
angle-dispersive x-ray diffraction (XRD) (Fig. S1 [26]). The
(001) peak of thin layered ReSe2 still persists under high

pressure. The disappearance of the (002) peak is attributed to
the compression of the interlayer spacing. Figure S2 presents
the thickness and surface morphology information obtained
via Atomic Force Microscopy (AFM) for 3, 10, and 17 L
ReSe2, respectively (Fig. S2 [26]). The specific layer numbers
of the three samples were determined based on the thickness
and PL band gap information. The Raman intensities exhibit
an inverse relationship with the thickness. It can be seen that
the 3 L ReSe2 displays a higher intensity (Fig. S3 [26]).
However, the structural information of ReSe2 obtained solely
from layer-dependent and pressure-dependent Raman spec-
troscopy remains insufficient. At this stage, polarized Raman
spectroscopy (Fig. S4 [26]) was incorporated to conduct an in-
depth analysis of structural evolution. As depicted in Fig. 2(a),
it is evident that in-plane vibrations (Eg-like) and out-of-plane
vibrations (Ag-like) have distinctly different anisotropic char-
acteristics under parallel-polarized (VV) and crosspolarized
(VH) configuration, respectively. In the ball-and-stick model
viewed along the a axis, the Eg-like mode primarily exhibit
vibrations perpendicular to the c axis, while the Ag-like mode
has a significant component along the c axis. Figures 2(b) and
2(c) represent the vibration orientation of 4 Re and 8 Se atoms
in ab and ac planes, respectively. The Re atoms in mode 1
manifest pronounced vibrations along the a axis, and the
phonon vector direction of the Se atoms also aligns with the
a axis. Mode 3 showcases the minimal displacements within
the ab plane and maintain relative stability, as compared to the
Re-chains. The intensities of Raman vibration modes involve
a coupling of multiple variables, including layer thickness,
pressure, polarization angle of incident light, and distinct
phonon modes, are presented in Figs. 2(d)–2(g) and Figs. S5
and S6, respectively [26]. The anisotropic properties to a sig-
nificant extent reflect the stability of its Re-chains and Re-Re
bond structure, which can be quantified using the anisotropic
parameter σ

σ = n′(Imax − Imin)
/∑

In′ , (1)
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FIG. 2. Raman spectroscopy data and molecular structure evolution of ReSe2. (a) Comparison of the VV (red) and VH (green) configu-
ration Raman spectrum of 3 L ReSe2 at 2.29 GPa. The ball-and-stick models illustrate the specific structural vibration directions of in-plane
(modes 1 and 2) and out-of-plane vibrational modes (modes 3, 4, and 5). [(b) and (c)] The vibrational behaviors and atomic displacements of
Re and Se atoms in the ab plane and bc plane of ReSe2 with a unit cell. (d) Angle dependence of 3 L ReSe2 Eg-like modes at 0.30 GPa in
comparison with (e) Eg-like Raman modes of 10 L ReSe2 at 0.30 GPa, (f) Ag-like Raman modes of 3 L ReSe2 at 0.30 GPa, and (g) Eg-like
Raman modes of 3 L ReSe2 at 9.17 GPa. The orange or light purple planes indicate the planes where the minimum intensity (Imin) occurs.

aiding in the analysis of the phonon configuration and struc-
tural evolution of ReSe2. The variable n′ represents the
number of values used to calculate I , equals 36 when com-
puted at intervals of 10◦ per point. Due to the crystalline
structure of layered ReSe2, which exhibits strong directional
dependence, the anisotropy parameter σ quantifies the of
anisotropy performance. A higher σ value indicates a greater
anisotropy performance, while σ closer to 0 suggests that the
material approaches isotropy.

By comparison in Table I, a decline in σ is observed
owing to the interlayer van der Waals interactions induced

TABLE I. Calculated σEg and σAg values for Raman spectra ex-
perimental data obtained from samples of 3, 10, and 17 L ReSe2 at
various pressure points.

Pressure Layer σEg σAg Pressure Layer σEg σAg

0–2 GPa 3 L 2.21 2.10 2–4 GPa 3 L 2.80 2.16
10 L 1.84 1.74 10 L 2.09 1.81
17 L 1.33 1.82 17 L 1.46 1.73

4–6 GPa 3 L 2.29 2.34 6–8 GPa 3 L 0.52 1.80
10 L 1.43 1.78 10 L 0.72 1.67
17 L 0.93 1.74 17 L 0.55 1.54

8–10 GPa 3 L 0.77 1.70 10–12 GPa 3 L 0.79 1.92
10 L 0.47 1.52 10 L 0.42 1.20
17 L 0.53 1.58 17 L 0.58 1.30

by multilayer stacking with the increase in layers. Under
the influence of the stress field, a rapid decrease of σEg is
observed at 6–8 GPa, which correlates with the structural
phase transition identified in our previous studies [11]. At
higher pressure points beyond 8 GPa, the anisotropy param-
eter of the Ag-like phonon mode is larger compared to the
Eg-like mode. As shown in Table II, the magnitude of the
vector components along the b and a axes can be expressed as

|b| =
12N∑
n=1

|bn| =
12N∑
n=1

∣∣νbn + νan cos γ + νcn cos α
∣∣,

|a| =
12N∑
n=1

|an| =
12N∑
n=1

∣∣νan + νbn cos γ + νcn cos β
∣∣, (2)

for atom ordinal n = 1, 2, 3, . . . ,12N, while N represents the
number of layers. Substituting γ = 118.89◦, α = 104.38◦ and
β = 91.86◦ are based on the lattice constant. The angle ϕ3 be-
tween mode 3 and the b axis is maintained around 52◦ during
phonon dispersion calculations, which persists even after the
phase transition pressure point. Due to the stability of mode 3
relative to the Re-chains, it can be obtained the vector distribu-
tion of other phonon modes by analyzing the angles between
these modes and mode 3 in Raman experiments. The pressure-
dependent angle variations of mode 1, mode 2 pertaining to
the Eg-like mode, while mode 3 and mode 4 associated with
the Ag-like mode, have been illustrated in Fig. 3. By fitting
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TABLE II. The frequencies and the angle (ϕ) between the b axis of Eg-like and Ag-like modes were calculated through phonon dispersion
calculations at 0, 3.76, 5.82, and 7.89 GPa, respectively.

Pressure mode 1 mode 2 mode 3 mode 4

|−→a | |−→b | ϕ (◦) |−→a | |−→b | ϕ (◦) |−→a | |−→b | ϕ (◦) |−→a | |−→b | ϕ (◦)

0 GPa 4.98 3.82 107.96 4.89 4.44 64.14 3.19 3.62 53.39 3.71 4.84 46.91
3.76 GPa 5.09 4.27 112.14 2.45 3.52 42.65 3.56 3.98 54.10 3.63 3.98 55.00
5.82 GPa 3.69 4.30 127.83 2.90 4.15 42.71 3.86 4.48 52.31 2.92 2.61 64.81
7.89 GPa 2.99 4.71 147.08 2.65 3.98 40.92 2.82 3.54 48.57 4.39 4.35 59.84

the relationship between Raman scattering intensity and angle
θ at different pressure points, the specific angle values cor-
responding to the maximum intensity (Imax) were recorded.
We extracted the angle difference �θ of mode 1-4 (�θ1, �θ2,
�θ3, �θ4) between each pressure point. As shown in Fig. 3(a),
the change of �θ1 (31.91◦ to 52.77◦) correlates positively
with the increasing number of layers (3 L to 17 L) from ReSe2,
revealing the dependence of the a axis rotation angles on the
layers. Due to the poor adhesion of thicker ReSe2 (17 L)
to the substrate, their in-plane compressibility is primarily
determined by the ReSe2’s own compressibility, resulting in
a significantly higher in-plane compressibility compared to
the 3 L case. The pressure exerted by the diamond is equiva-
lent to hydrostatic pressure, characterized by a uniform stress
distribution along the x, y, and z directions in the laboratory
coordinate axes. In an ideal condition, |−→Fx | = |−→Fy | = |−→Fz | =√

3
3 |−→F |. The compressibility of ReSe2 along the z axis exhibits

a significant reduction with decreasing the layers. The stress
components previously balanced along the x, y, and z axes
exert stronger repulsive forces along the z axis due to the
decreased interlayer distance, leading to an increase for |−→Fz |.
Meanwhile, atomically thin samples such as 3 L ReSe2, typi-
cally exhibit strong adhesion to the substrate, thereby making
their in-plane compressibility primarily governed by the

in-plane compressibility of the diamond [27,28]. Under non-
hydrostatic conditions, wrinkling or delamination phenomena
may arise from the in-plane compressibility mismatch be-
tween a material and its substrate [29]. ReSe2 belongs to
TMDs, whose linear bulk modulus is significantly lower than
that of diamond [30], necessitating consideration of wrinkling
or delamination in few-layer ReSe2 under compression. How-
ever, PTM-material interactions modulate adhesion energy
and bending rigidity, thereby influencing wrinkle dynamics.
In our experiments, the hydrostatic limit of the chosen PTM
(silicone oil) exceeds our maximum pressure range, and its
low chemical reactivity likely reduces interfacial infiltration
compared to alcohols. Consequently, the influence of ReSe2

wrinkling or delamination can be disregarded in the analysis
of few-layer ReSe2. The initial equilibrium of hydrostatic
pressure shifts towards uniaxial strain along the z axis. Due to
the misalignment between the c axis direction of the sample
and the z axis of the laboratory coordinate system, it is neces-
sary to calculate the component of |−→Fz | along the c axis. After
substituting the lattice parameters (note S7 [26]), the angle φc

between c axis and z axis can be obtained as 17.71◦, while the
ab-plane component Iab = |−→Fz | tan ϕc = 0.32|−→Fz | = 0.30 Ic.
The majority of the stress induced by uniaxial strain along the
c axis is dissipated through interlayer interactions and inter-

FIG. 3. The dependency of the angle (θ ) corresponding to the fixed maximum Raman intensity (Imax) of different phonon modes on
pressure. The angles rotated clockwise or counterclockwise with increasing pressure are recorded as �θ . (a) Angular difference of mode 1
(�θ1), (b) mode 2 (�θ2), (c) mode 3 (�θ3) of 3, 10, and 17 L ReSe2, respectively. The dashed lines represent the inferred phase transition
pressure point at 7.25 GPa.
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FIG. 4. The DFT-calculated band structures and the projected density of states (PDOS) of bilayer ReSe2 at (a) 0, (b) 3.77, and (c) 5.82 GPa,
respectively. Projections of Re and Se atoms on different orbitals are presented. [(d)–(e)] Measured photoluminescence spectra and pressure
dependent diagram of 3 L and 10 L ReSe2. The relationship between color and intensity of the blocks is shown by the scale on the right.
The dashed line represents pressure points where significant variations in photoluminescence spectra trends occur. (f) Representative pressure-
dependent relative photoluminescence spectra of 3, 10, and 17 L ReSe2, respectively.

layer sliding forces. Nevertheless, under the ideal hydrostatic
pressure environment, there are the following formula:

|−→a | = ||−→Fx

∣∣∣∣ cos

(
γ − π

2

)∣∣∣∣
+ ||−→Fy | cos γ | + ||−→Fz | tan φc cos β|, (3)

|−→b | = |−→Fy | + ||−→Fz | tan φc cos α|, (4)

|−→Fx | = |−→Fy | = |−→Fz | =
√

3

3
|−→F |. (5)

The vector magnitudes are determined to be |−→a | = 0.79|−→F |
and |−→b | = 0.62|−→F |, respectively. Through the equation in
note S7, it is obtained that Iab = 0.73|−→F | = 1.20Ic [26].

The vibrational vector of mode 2 displays a less compo-
nent along the z axis, with the ratio Iab/Ic = 2.61. Hence,
mode 2 exhibits a low Ic value and a significant contribution
of interlayer interactions to the c axis component, enabling
the neglect of in-plane c-axis deformation. The pressure-
dependent variation of �θ2 between 0.30 and 7.25 GPa for
the 3 L ReSe2 is only 3.52◦ from Fig. 3(b). The 17 L ReSe2

exhibits a remarkably high �θ2 value of 89.54◦, primarily
attributed to the quasi-hydrostatic pressure distribution aris-
ing from the increased layers, which aligns vibration vectors
predominantly along the ab-plane. In the phonon dispersion
calculations, we set and applied stress under the condition of
absolute hydrostatic pressure, and obtained the value of �θ2

as 23.22◦ (Table 2, Figs. S6 and S8 [26]). The �θ2 for the 3 L

and 10 L ReSe2 (3.52◦ and 16.27◦) in the pressure-dependent
experiment are both smaller than 23.22◦. Under uniaxial strain
condition, in-plane distortion on the ab-plane weakens, as
compared to hydrostatic conditions, resulting in a smaller �θ2

than that predicted by phonon dispersion calculations based
on absolute hydrostatic pressure. Therefore, the 3 and 10 L
ReSe2 can be considered to be subjected to uniaxial strain,
whereas the 17 L ReSe2 can be interpreted as experiencing a
hydrostatic strain. The Re-Re bonds formed by Re1 and Re2
atoms exhibit a 52.77◦ counterclockwise rotation relative to
the a axis in 17 L ReSe2. Re3 and Re4 atoms elongate along
the direction perpendicular to the a axis under uniaxial strain
condition, while they experience significant distortion along
the a axis under hydrostatic condition.

Herein, we conducted an analysis on two out-of-plane
vibrational phonon modes and investigated their evolution
with increasing the pressure. Mode 3 exhibits Iab/Ic values
of 1.01 [see Fig. 3(c)]. Due to the contribution of Ic, char-
acterization of structural information in the Raman spectra
related to out-of-plane vibrational modes necessitates con-
sideration of the component along the c axis. Consequently,
we investigated the interlayer compression at different layer
numbers using PL spectra. As represented in Figs. 4(a)–4(c),
the Density functional theory (DFT) calculated band struc-
tures and the projected density of states (PDOS) of ReSe2

under different pressure points reveals pressure-induced band
gap modifications and projections of Re-d and Se-p orbitals.
The orbital projections at the conduction band minimum
(CBM) are predominantly from Re-dz2 , while those at the
valence band maximum (VBM) are mainly from Re-dx2−y2
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and Se-pz orbitals. Notably, the energy difference between
Re-dz2 and Se-pz orbitals across the CBM and VBM stands
out as the most pronounced among all orbital contributions
[31]. The dz2 component on the CBM exceeds that on the
VBM, hence as the number of layers decreases and ReSe2

experiences compression tending towards uniaxial strain,
the disparity between the CBM and VBM intensifies. The
measured pressure-dependent PL spectra of 3 and 10 L ReSe2

are displayed in Figs. 4(d) and 4(e). Upon extracting the
precise band gap values, it has been observed that a widening
band gap in 3 L ReSe2 [Fig. 4(f)], confirming the theoretical
prediction of an increased CBM-VBM energy difference un-
der uniaxial strain. In the case of 17 L ReSe2, it is observed
that as the pressure increases, the band gap undergoes an
initial contraction. The narrowing of the band gap in ReSe2 is
primarily attributed to its unique crystal structure and the spe-
cial electronic configuration of Re, which endows ReSe2 with
properties exhibiting negative pressure coefficients. Following
the pressure exceeding the phase transition point, material
structural alterations induce an overlap of electronic clouds,
consequently causing the expansion of the band gap.

III. CONCLUSION

In summary, we introduce a new dimension to analyze the
structural compression and torsion of ReSe2 at different thick-
ness, providing a method to identify the type of exerted strain
and specific structural changes actually acting on ReSe2. The
pressure effect on physical structural variation, anisotropic
performance and band gap transition of 3, 10, 17 L ReSe2 have
been systematically investigated. The number of layers dic-
tates the distribution of stress vectors for ReSe2 both on the ab
plane and along the c axis, ultimately determining the specific
deformation configuration under stress field. Especially, the
3 L ReSe2 demonstrates enhanced interlayer interactions and
a predisposition towards uniaxial strain, accompanied by an
anomalous widening of the band gap with increasing pressure.
As the thickness of ReSe2 increases, the rising �θ indicates an
enhanced ab-plane component, resulting in a gradual transi-
tion towards standard hydrostatic strain under pressure. These
findings of in-plane compression and interlayer interactions
provide valuable insights into the pressure-induced structural
deformation and band gap variation in 2D TMDs.
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APPENDIX A: SAMPLE PREPARATION

The 1T′-ReSe2 was grown in a three-zone horizontal tube
furnace with the chemical vapor transport (CVT) method.
Re2O7 and Se particles were homogeneously blended in stoi-

chiometric ratios and encapsulated in an ampule. The mixture
was then subjected to annealing at 800 ◦C for 72 hours to
synthesize ReSe2. Subsequently, a predetermined amount of
ReSe2 along with a transport agent was enclosed in a 30 cm
quartz tube. Crystal growth was facilitated using the CVT
method for a duration of 300 hours, with heating temperatures
maintained at 1000 ◦C and 550 ◦C at the hot and growth ends,
respectively. ReSe2 thin films with three different layers were
obtained using mechanical exfoliation.

APPENDIX B: HIGH-PRESSURE XRD, RAMAN
SCATTERING MEASUREMENTS AND CONSTRUCTION

In situ high-pressure angle-dispersive x-ray diffraction
(XRD) experiments at the BL15U1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) with a wavelength of
0.6199 Å were conducted. Calibration was performed using
CeO2 as the standard sample. Subsequently, XRD data were
collected using an imaging plate detector and processed using
the DIOPTAS software to generate one-dimensional XRD
patterns. The surface morphology of ReSe2 is detected by
atomic force microscopy (AFM, Dimension Icon, Brucker).

Raman scattering measurements were conducted employ-
ing a Jobin-Yvon LabRAM HR Evolution spectrometer.
Excitation was provided by a laser with a wavelength of
532 nm, coupled with a 1800 grooves/mm grating. Laser
focusing was achieved using a 50×objective. The experimen-
tal setup involved positioning the polarizer and analyzer in
the excitation and detection paths, respectively. A rotatable
half-wave plate, featuring a phase retardation of λ/2, was
situated above the objective to modulate the angle of the
incident light. The rotation of the half-wave plate facilitated
the acquisition of data regarding the sample’s characteristics
at different angular orientations. A Mao-Bell-type DAC, fitted
with a stainless steel gasket and two 300 μm culet diamonds,
was applied to create high-pressure environment. Silicone oil
was used as a pressure transfer medium (PTM). The pressure
value was calibrated by ruby luminescence method.

APPENDIX C: DFT CALCULATION METHODS

The density functional theory (DFT) calculations employ-
ing the projector augmented wave (PAW) method were per-
formed within the Vienna ab initio simulation package (VASP)
to describe ion-electron interactions. The Perdew-Burke-
Erzerhof (PBE) generalized gradient approximation (GGA)
was employed to approximate the exchange-correlation func-
tional. The 1T′-phase structure was modeled using a unit cell
containing four formula units. Energies are reported in units of
eV/f.u. Structural optimization convergence thresholds were
set to 1.0×1×10−6 for energy and 0.01 eV/Å for force.
A 15×15×1 Monkhorst-Pack k-point mesh was employed
to sample the Brillouin zone. The harmonic approximation
within the PHONOPY package was used to calculate the vibra-
tional energy and entropy. Fully optimized geometries were
used to calculate vibrational frequencies based on their force
constant matrix.
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