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The understanding of pressure-dependent fundamental properties of materials is very essential, not only for
basic scientific knowledge but also for advanced technological applications. Experimental observations have

fully revealed the hexagonal-to-rocksalt phase transition in the GaSe system under high pressure. In this article
we systematically investigate the pressure-induced structural phase transition and related phonon, electronic,
and optical properties of hexagonal e-GaSe through a complete first-principles theoretical framework developed
by the density-functional-theory calculations. The study focuses on geometric optimization, electronic band
structures, electron localization functions, phonon spectra, dielectric properties, and optical spectra of the GaSe
system under hydrostatic pressure. This work also includes an analysis of the phase transformation mechanism
using the solid-state nudged elastic band method. Our research sheds light on the physics of structural phase
transitions in layered materials and offers potential for the development of pressure-manipulated electronics and

optoelectronics.
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I. INTRODUCTION

Group-III monochalcogenides (MX, M = Ga, In; X = S,
Se, Te) are currently a topic of interest [1-3] due to their
unique properties and their potential applications in various
fields such as high-harmonic generation [4,5], optoelectronics
[6-8], photovoltaics [9,10], and photocatalytic water splitting
[11,12]. Among MX compounds, gallium selenide (GaSe)
holds a central position due to its particularly intriguing prop-
erties. The adjacent layers of GaSe are weakly held together
through van der Waals (VdW) interactions, while the bond-
ing within each layer between the post-transition-metal and
chalcogenide atoms is primarily governed by covalent cou-
plings. Interlayer interactions in GaSe have been extensively
studied in previous research [13—15], revealing that they are
relatively weak, with the cleavage energy of bulk GaSe being
much smaller than that of graphite and MoS,, making it easy
to isolate monolayers [16—18].

According to earlier theoretical and experimental inves-
tigations, bulk GaSe is a material with a wide electronic
band gap. It undergoes a direct-to-indirect band-gap transi-
tion when the number of layers decreases below a critical
value [19,20]. This transition is in contrast to the behavior
observed in transition-metal dichalcogenides [21]. In addition
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to its electronic properties, layered GaSe also exhibits unique
and extraordinary excitonic effects. GaSe demonstrated a
strong photoresponse in recent experiments [22]. Theoretical
predictions by Antonius and co-workers indicated that the
absorbance spectra of GaSe exhibit featured exciton peaks
with distinct polarization selectivity. These interesting phe-
nomena arise from the symmetry of the bands in the presence
of mirror symmetry [23]. Recently, theoretical calculations
by Dien et al. also pointed out that the electronic properties
and excitonic effects of single-layer GaSe are sensitive to
mechanical strains [24].

Materials at high pressure occur at the center of the planets
or stars and can also be achieved in the laboratory via the
diamond anvil cell (DAC) device [25]. The relative stability
phases and possible transformations between them under ex-
tremely high pressure have a long-standing interest [25-29].
The knowledge about pressure being dependent on electronic
and optical properties is essential not only for basic sciences
but also for high-tech applications [30-33]. Up to now, several
groups have conducted research on the high-pressure phase
transformation of group-MX-based materials utilizing ab ini-
tio investigations [34] and high-pressure measurements [35].
In the case of GaSe, the hexagonal-to-rocksalt phase transition
occurs in a pressure range of 21-25 GPa, as confirmed by x-
ray diffraction in a DAC device [35-38]. The transition value
is approximately 20 GPa when considering a freestanding
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screw-dislocation-driven (SDD) GaSe thin film [37]. On the
other hand, first-principles calculations by Ghalouci et al. [34]
found that the hexagonal-to-rocksalt phase transition occurs
at 17.74 GPa. Additionally, the electronic and optical prop-
erties of GaSe are predicted to be highly sensitive to external
hydrostatic pressure [39,40], making GaSe suitable for the de-
velopment of broadband light sources and high-performance
pressure sensors.

Despite significant interest in recent years, there is a lack
of theoretical predictions concerning the pressure-dependent
phase transition of GaSe and its associated geometric, atomic
vibration, electronic, and optical properties. Furthermore, crit-
ical mechanisms and theoretical explanations of the properties
of GaSe are still absent. The phase transformation of GaSe
remains incompletely understood. Therefore it is crucial to
conduct a theoretical investigation to gain insights into the
systematic behavior of the phase transition in GaSe and to
explore its potential applications.

In this work the phase transition and related electronic
and optical properties of hexagonal ¢-GaSe are discussed
in detail. The strategy relies on first-principles calculations
with detailed analyses. Orbital hybridizations in the chemical
bonding and the phase transitions are clarified based on the ge-
ometric optimization, accurate electronic band structures, and
the electron localization functions (ELFs). The optical proper-
ties are analyzed based on the dielectric functions, absorbance
and reflectance spectra, and electron energy-loss functions. In
addition, we thoroughly investigate the evolution of excitonic
effects under the influence of hydrostatic pressure by solving
the Bethe-Salpeter equation (BSE). The phase transformation
mechanism is analyzed using the solid-state nudged elastic
band (SS-NEB) method.

II. COMPUTATIONAL DETAILS

To optimize the geometric structure and calculate the elec-
tronic and optical properties of bulk GaSe, we employed the
Vienna Ab-initio Simulation Package (VASP) with the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
for the exchange-correlation function. We used projector-
augmented wave (PAW) pseudopotentials with a cutoff energy
of 500 eV to describe the electron-ion interactions. The
atomic configuration of 3d'%4s?4p' and 4s?4p* for Ga and
Se atoms, respectively, were treated as valence. Addition-
ally, we adopted the VdW-DFT-D2 method of Grimme et al.
[41], which has demonstrated reasonable accuracy for layered
systems, for our calculations. Geometric optimization was
performed using a Monkhorst-Pack sampling technique with
a special k-point mesh of 25 x 25 x 4 and 15 x 15 x 15 for
hexagonal and rocksalt phases, respectively. During optimiza-
tion, all atoms are fully relax until the Hellmann-Feynman
force acting on each atom was less than 0.01 eV /A, and
we set the convergence condition to 107% eV between two
consecutive simulation steps.

The phonon dispersions and polarizations of GaSe were
obtained using harmonic approximations. To obtain reliable
force constants for hexagonal and rocksalt GaSe, supercells
of 4 x 4 x 2 and 3 x 3 x 3 were generated, respectively, us-
ing the PHONOPY codes [42]. Additionally, Born effective
charges (Z*) and dielectric constants (¢) were calculated
using density-functional perturbation theory (DFPT) as a cor-

rection to account for long-range electrostatic interactions in
the dynamical matrix (Fig. S4 in Supplemental Material [43]).

The quasiparticle energy spectrum was obtained using the
GW approximation (GOWO) [44] on the exchange-correlation
self-energy. The plane-wave expansion was truncated at a cut-
off energy of 500 eV, and response functions were truncated at
150 eV. The Brillouin zone was integrated with a 20 x 20 x 3
k-point mesh and a 12 x 12 x 12 k-point mesh in the I" sam-
pling technique for the hexagonal and the rocksalt phases,
respectively. The quasi band structure was plotted using the
Wannier interpolation procedure in the WANNIER90 code [45].

To incorporate excitonic effects in optical properties, we
solved the Bethe-Salpeter equation (BSE) [46] of the inter-
acting two-particle Green’s function. In this calculation, the
Tamm-Dancoff approximation (TDA) [47], which has given
accurate results for the optical absorption spectra of other
metallic systems such as metallic carbon nanotubes [48],
doped graphene [49], and copper (Fig. S10 in Supplemen-
tal Material [43]), was used. A Lorentzian function with a
broadening of up to 50 meV was used to replace the delta
function. The excitonic effects were described using the six
lowest conduction bands (CBs) and the eight highest valence
bands (VBs) in the Bethe-Salpeter kernel.

III. RESULTS AND DISCUSSION
A. Geometric structure

Based on the stacking configuration, bulk GaSe exhibits
four distinct phases at ambient conditions (P = 0 GPa):
¢ — (2H'/D3h), B — (2H/D6h), y — (3R/C3v), and 8 —
(4H/C6v) [15], as illustrated in Fig. S1 [43]. Previous
experimental growths and first-principles calculations have
demonstrated that e-GaSe and y-GaSe are commonly ob-
served phases in epitaxial films and their bulk counterpart.
The primary focus of this study is to investigate the struc-
tural phase transition of hexagonal e-GaSe under hydrostatic
pressure. The unit cell of e-GaSe consists of two GaSe layers,
each displaying a binary, arseniclike structure [50]. The Ga
and Se atoms within each layer form a trigonal prismatic
arrangement, with strong covalent bonds between Ga and
Ga, as well as Ga and Se atoms [Fig. 1(c)]. Since the Van
der Waals (VdW) interactions between the individual atomic
sheets are relatively weak but still exert some influence on
the optimal geometric structure, we evaluated the optimized
parameters of GaSe using various exchange-correlation func-
tionals. The optimized lattice constants for e-GaSe, calculated
with VdAW-DFT-D2 correction, were found to be a = 3.745 A
and ¢ = 15.921 A. These values are consistent with previous
experimental [51-53] and theoretical studies [34,54] men-
tioned in Table I and Fig. S2 [43]. Consequently, we selected
the VAW-DFT-D2 functional for the current investigation.
The high-pressure phase [rocksalt phase in Fig. 1(b)] exhibits
a face-centered cubic structure with three orthogonal axes,
where Ga and Se atoms form an octahedral arrangement [see
Fig. 1(c)].

Figure 1(d) illustrates cohesive energy and enthalpy dia-
grams for both the hexagonal and rocksalt phases of GaSe.
Under ambient pressure conditions, the rocksalt phase is less
stable than the hexagonal phase, as indicated by its lower
cohesive and enthalpy energies. Our findings suggest a tran-
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FIG. 1. The geometric structure of GaSe with (a) hexagonal ¢ phase (P = 0 GPa), (b) rocksalt phase (P = 18 GPa), and (c) the
Ga-Se polyhedron. (d) Cohesive energy as a function of volume for the hexagonal and the rocksalt phases of GaSe. The inset indicates
the corresponding pressure-dependent enthalpy. The equilibrium transition pressure 7, is estimated at ~17 GPa. (e) The evolution of the lattice
volume under hydrostatic pressure. The previous experiment measurement [59] is also plotted for comparison. (f) The change in geometric
parameters with increasing pressure, and illustrations of geometric parameters for hexagonal GaSe.

sition pressure (P;) of approximately 17 GPa, which is
consistent with previous theoretical studies [34]. Regarding
the experimental aspect, Schwarz et al. have revealed a phase
transition of e-GaSe occurring around 21 GPa [36]. Diep et al.
have presented a pressure-driven hexagonal-to-rocksalt tran-
sition in subfree SDD-GaSe films at approximately 20 GPa,
whereas for bulk samples, the transition occurred within
the range of 22-25 GPa [37]. The underestimation of the
transition pressure in our study, compared to experimental
observations, can be attributed to certain simplifications and
approximations in theoretical calculation. Additionally, it is
important to acknowledge that our computations were per-
formed at 0 K and did not account for the influence of phonon.
The red-square dots in Fig. 1(e) show the change in volume
of the unit cell upon the applied hydrostatic pressure, while the
blue-solid curve shows the fitting results using the third-order
Birch-Murnaghan equation of state (BM EoS) [29,60]:

PZEBO[<@)3_(@)3}
2 \% \%
3 Vo
x{1+1(30—4>[<7°) —1”, 1)

where By, By, Vo, and V are, in turn, the ambient pressure
bulk modulus, its pressure derivative, the fitting parameter that
corresponds to the extrapolated unit-cell volume of the phase
being considered, and pressure-dependent unit-cell volume.
The calculated coefficients of the BM EoS for the hexagonal
structure are By = 54.54 GPa and B, = 2.84, and for the
rocksalt phase are By = 153 GPa and Bj, = 3.1. Generally,
the compressing volume nearly monotonously decreases with
pressure increase and gets a dramatic change at the critical
pressure ~17 GPa. Quantitatively, the volume variation AV =
[V —Wyl/Vp is about 10% and is compatible with the more
than 8% observed in previous work [36]. The pressure-volume
diagram is in good agreement with experimental measure-
ments [36] [the black-square dot in Fig. 1(e)].

In the stability field of the e-GaSe, the presence of in-
tralayer height (hiner), interlayer distance (hing,), the Ga-Se
height difference (hg,se), the Ga-Se bond length (dga.se),
and the angle (¢) between the Ga-Se bond and the Se atom
sheet can provide insights into the deformations of GaSe
under hydrostatic pressures [Fig. 1(f)]. At a pressure below
17 GPa, the interlayer distance gradually decreased up to 25%
at P ~ 17 GPa, mainly due to the weak VdW force, causing
a gradual shrinkage of the vertical lattice constant ¢ of GaSe
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TABLE I. The calculated and experimental lattice parameters, intralayer height A;y,, interlayer distance Ay, the Ga-Ga bond length
dgase, the Ga-Se bond length dg, s. (in A), and unit-cell volume V;, (in A3) of e-GaSe under ambient conditions were examined. To compare
the results, various exchange-correlation functionals were employed: local-density approximation (LDA), Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation, VAW-DFT-D2 method developed by Grimme, DFT-D3 method of Grimme with zero-damping function,

DFT-D3 method with Becke-Johnson damping function.

a Cc VO hinler himra hGa-Se dGa-Ga
LDA 3.718* 15.64% 187.392¢ 3.090* 4.732° 2.441*% 2.406*
3.719° 15.611° 186.9° 3.071° 4.734° 2.442° 2.405°
PBE 3.818* 17.673* 223.160% 4.021* 4.816* 2.497* 2.470*
3.823° 17.848° 225.9° 4.106° 4.819° 2.500° 2.470°
PBE-D2 3.745% 159212 193.476* 3.154% 4.806* 2.467% 2.429%
3.749° 15.931° 193.9° 3.154° 4.812° 2.470° 2.430°
PBE-D3
. 3.801* 16.040° 200.705% 3.246* 4,773 2.483¢% 2.446*
zero-damping
PBE-D3 3.774* 15.876* 197.256* 3.173* 4.801* 2.445% 2.477%
Becke-Johnson
X ray 3.749¢ 15.907¢ 193.6¢ - - - -
3.755¢ 15.9464 194.7¢ - - - -
3.759¢ 15.968°¢ 195.4¢ - - - -
3.755¢ 15.98¢ 195.13f - - - -
2This work.

bReference [55].
‘Reference [56].
dReference [57].
¢Reference [36].
fReference [58].

[37]. However, the intralayer Ay, remained almost constant.
The GaSe chemical bond length dg,.se, on the other hand,
significantly reduced and changed drastically at ~17 GPa,
indicating the phase transition. Despite a 5% reduction in
dGa-ses hGa-se increased mildly by about 3% due to an increase
in the angle ¢ from 27.9° to 30.4°, leading to reduction of
the in-plane atomic interactions of Ga and Se atoms. The
observed chemical modifications are expected to dramatically
impact the electronic and optical properties of GaSe through
alterations in overlap and separation of orbitals.

B. Atomic vibrations and phonon properties

The phonon band structures of the GaSe under six differ-
ent pressures are presented in Fig. 2, in which two in-plane
acoustic modes (LA and ZA) of the hexagonal e-GaSe shown
in Fig. 2(a) exhibit a linear dispersion with higher frequencies
compared to the out-of-plane acoustic mode (ZA) at the long-
wavelength limit. The ZA mode, similar to layered materials
such as graphite [61] and MoS, [62], follows a quadratic
dependence and plays a significant role in the material’s ther-
mal properties at low temperatures. The VAW interactions
between the GaSe layers lead to low-frequency optical modes
at 20.05 cm™! and 36.38 cm™', corresponding to rigid-layer
shear (LO’ and TO') and vertical (ZO’) motions, respectively.
These soft vibration modes dominate the low-temperature
heat capacity (Figs. S6(a) and S6(b) [43]). Furthermore, there
is a large phonon band gap between the low-frequency optical
phonon branches and other optical modes. The origin of this
phonon band gap can be attributed to two fundamental factors:
the variance in atomic mass between Ga and Se, as well as
the distinction in the strength of atomic interactions in Ga-Se

and Ga-Ga chemical bonds. The first factor can be readily
elucidated through the application of the diatomic linear chain
model [63], which suggests that the phonon band gap between
the acoustic and optical modes at the zone boundary is directly
proportional to the mass difference between the involved el-
ements. On the other hand, the second factor is associated
with bond strength, which is inherently linked to phonon
frequencies. For instance, the Ga-Ga and Ga-Se bonds exhibit
distinct atomic distances, resulting in variations in the strength
of atomic interactions. These variations significantly impact
the distribution of phonon frequencies, ultimately influencing
the formation of the band gap [64].

As the compression pressure increases [as shown in
Figs. 2(b) and 2(c)], the bandwidth of the GaSe phonon band
structure gradually expands toward higher frequencies. This
expansion occurs due to the reduction in the vertical VdW
gap and the significant shortening of intralayer bond lengths.
Notably, there is enhanced dispersion in phonon branches near
the I" point, indicating higher group velocities. On the other
hand, the LA and TA phonon branches become progressively
softer around high-symmetry points such as M, K, L, and H.
These observed phenomena directly impact phonon accumu-
lation (Fig. S5 [43]) and significantly alter the phonon specific
heat capacity (Fig. S6(d) [43]) of GaSe. Figures 2(d)-2(f)
depict the phonon band structure of GaSe in its high-pressure
rocksalt phase, which exhibits notable differences compared
to the previous discussion. In this phase, the significant
phonon band gap observed in the hexagonal phase is absent
and the phonon branches with greater dispersion can be
detected. Importantly, the absence of imaginary frequencies
in the phonon band structure of any sample indicates the
dynamic stability of GaSe under various pressures.
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FIG. 2. Calculated phonon dispersions for GaSe under six presentative pressures: hexagonal GaSe at (a) 0 GPa, (b) 8 GPa, (c) 16 GPa, and
rocksalt GaSe at (d) 18 GPa, (e) 26 GPa, and (f) 34 GPa. The Raman-active modes of hexagonal GaSe are marked by the color symbols.

To gain deeper insight into the evolution of phonon vi-
brations under varying pressure conditions, we conducted
a comprehensive analysis of the active Raman modes as a
function of pressure, along with their corresponding vibration
modes, as illustrated in Fig. 3. Notably, the spectral data only
extend up to 17 GPa, as the rocksalt phase of GaSe is Raman
inactive due to its inversion symmetry structure [59,65]. At
the ambient pressure, the hexagonal phase of e-GaSe exhibits
four distinct Raman modes: Ellg, A} & Ezzg, and A%g located at
56.52 cm~!, 131.79 cm™', 232.74 cm~!, and 304.91 cm~!,
respectively. For comparison, the experimental values are also
listed in Table II. The overall agreement between theoretical
values and experimental measurements is quite good. As pres-
sure increases, all of the active Raman modes increase linearly
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FIG. 3. The pressure-dependent Raman-active modes of hexag-
onal e-GaSe and visualized configuration of the corresponding
Raman-active vibration modes.

in frequency, reflecting a broadening of the phonon band
structure and accompanying lattice shrinkage. The changing
rates of these modes are 0.28 cm~! GPa, 4.01 cm~! GPa,
273 cm™' GPa, and Aj, = 4.26 cm™' GPa, respectively, for

El, A},, E3,, and A7, Raman-active modes. It is worth noting
2

that the out-of-plane vibration modes, specifically A} gand Ay,
experience faster change than the others, such as El1 . This
discrepancy is attributed to the greater sensitivity of the c-axis
compression, primarily influenced by weak VAW forces. As
the pressure increases, the distance between layers decreases
and the interlayer interaction is strongly enhanced, leading to
a rapid increase in the frequency of Al , and A%g modes. In

TABLE II. Vibration direction, calculated frequency, and the
changing rate (dw/dP) of the relevant Raman-active modes. The
measurement data of the prior works are also listed for comparison.

Frequency dw/dP
Mode parameter Direction (em™) (cm™!'/GPa)
El, In plane 56.55° 0.28*
58.8° 0.26°
60.1°¢ -
A, Out of plane 131.85° 4.01°
133.1° 4.96"
134.6° -
E;, In plane 232.79* 273
251.4° 2.35°
A%g Out of plane 305.0° 4.26
308.1° 3.85°
307.8¢ -
#This work.

"Measurement data from Ref. [37].
‘Measurement data from Ref. [13].
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FIG. 4. The DFT electronic band structure of GaSe along the high-symmetry points under six presentative pressures: hexagonal GaSe at
(a) 0 GPa, (b) 8 GPa, (c) 16 GPa, and rocksalt GaSe at (d) 18 GPa, (e) 26 GPa, and (f) 34 GPa. The highest occupied state is set at 0 eV as

reference energy.

contrast, the low-frequency E| . mode, which has a frequency
determined by the interlayer force associated with a Se-Se
bond and the intralayer bond-bending force (Fig. 3), showed
an insensitivity characteristic to pressure. The little variation
in frequency suggests that the large increase in the strength
of the interlayer force is canceled out by the weakening in-
tralayer Ga-Ga bond-bending force. Similar behavior was also
found in the low-frequency Raman-active modes of multilayer
InSe [59].

C. Electronic properties

The electronic properties of e-GaSe crystals were investi-
gated under varying pressure conditions using both DFT and
GW levels of theory. Figures 4(a)—4(f) illustrate the electronic
band structure of GaSe along the high-symmetry points of
the first Brillouin zone (Fig. S3 [43]). In the absence of ex-
ternal pressure, the bulk GaSe exhibited a direct energy gap
of 0.73 eV at the I" point. The gap value is consistent with
previous theoretical DFT work [19,36] but is rather smaller
than that of the experimental observation [66,67] due to the
absence of quasiparticle corrections. The electronic band gap
of hexagonal GaSe is significantly enhanced (E, ~ 1.97 eV)
since the correction of electron-electron interactions (GW
approximation) has been applied (the red curve in Figs. 5(a)
and S7 [43]). This value is in good agreement with previous
measurements [67,68].

To gain a deeper understanding of the modulation of the
band structure under pressure, we performed calculations of
the band-decomposed charge densities and orbital-projected
electronic band structures. The obtained results, as illustrated
in Figs. 5(c) and S8 [43], reveal that the valence band maxima
(VBM)(T") is mainly composed of the out-of-plane bonding
character of Ga-4p, and Se-4p, orbitals, while the conduc-
tion band minima (CBM)(T") is derived from the out-of-plane
antibonding interactions of the Ga-4s and the Se-4p, charge

densities. The in-plane antibonding character of Ga-4s and Se-
(4px + 4p,) orbitals are related to the CBM(L), the in-plane
Ga-(4px + 4p,) and Se-(4p, + 4p,) orbital characters being
connected to the CBM(H ). Therefore a large modification of
the band states in the vicinity of the I" point is attributed to
changes in the coupling of layers, while interactions of in-
plane orbitals of Ga and Se atoms will result in the changing
of the band states at L and H.

Under pressurization, GaSe experiences notable modifica-
tions in its electronic band structure, attributed to increased
dispersion in the conduction and valence energy subbands,
which result from shortened interatomic distances. Conse-
quently, the mobility of both electrons and holes is enhanced.
The interaction between vertical orbitals is also enhanced due
to the reduction of Se-Se interlayer and intralayer spacing,
leading to a significant increase in the energy of the band-edge
states at VBM(I") and CBM(I"). This increase results in an
enhanced direct band gap at the I point. Conversely, pres-
surization diminishes in-plane orbital interactions due to the
gradual increase in the Ga-Se vertical distance, as illustrated
in Fig. 1(f). As a result, the new CBM is shifted to the L
point, causing a direct-to-indirect band-gap transition. These
findings are consistent with previous theoretical predictions
[69] and experimental measurements [36]. When the pressure
is greater than 8.0 GPa, the CBM located at the H point
becomes energetically more favorable compared to the CBM
at the L point. This causes a crossover of the CBM from the
L point to the H point [Fig. 4(c)]. At extremely high pressure,
such as P ~ 17 GPa, GaSe undergoes a significant change in
its electronic structure due to phase transition. Figure 4(d)
displays the electronic band structure of the high-pressure
rocksalt phase, revealing the absence of a band gap between
occupied and unoccupied states, which indicates metallic be-
havior. This characteristic is further evidenced by the nature
of electron localization functions.
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Figure 5(b) illustrates the band-gap evolution of GaSe un-
der varying pressures. It is important to highlight that the
change in the band gap is a complex process. The band-gap
adjustment, as predicted by the DFT level of theory, can be
categorized into four distinct stages. In the first stage, the
band gap (E,) increases up to a maximum value of 0.8 eV
at a pressure of 4 GPa, primarily due to a direct-to-indirect
band-gap transition. Subsequently, as the applied strains in-
crease, the electronic band gap gradually decreases due to
the overlapping of wave functions, with a rate of change
of approximately 0.1 eV/GPa. At a critical strain of P =
17 GPa, the material undergoes a semiconductor-to-metal
transition, as previously predicted. Beyond this pressure,
the GaSe compound only exhibits metallic properties and
the electronic band gap is completely absent. The band-
gap evolution under GW approximation follows a different
trend: the electronic band gap almost monotonically decreases
as the external pressure increases, and the semiconductor—
to-metal transition also occurs at 17 GPa. However, the
direct-to-indirect band-gap transition cannot be detected on
the pressure—band-gap diagram, since the energy difference
between CBM(I') and CBM(L) at ambient conditions is
relatively small to make an obvious signal under the GW
corrections.

The electron localization function (ELF) can provide
insight into orbital interactions and subsequent structural
transformations [70,71]. Figures 5(d)-5(g) display the com-
puted ELF, with renormalized scale values ranging from 0.0
to 1.0. These values correspond to the localization of elec-
trons, ranging from very low density (the blue region) to
highly localized density (the red region). At ambient condi-
tions [Fig. 5(d)], a high charge density is observed between the

Ga-Se and Ga-Ga bonds, indicating their covalent na-
ture. Under external hydrostatic pressures below 17 GPa
[Figs. 5(d)-5(e)], a noticeable change in the charge distri-
bution between the two atoms is evident, especially in the
vicinity of a Ga-Ga chemical bond. Despite the dramatic
changing of the charge density, the interaction between two
atoms remains covalent. Above 17 GPa [Fig. 5(f)], the charge
density distribution around Ga and Se atoms undergoes a
significant transformation due to a new atomic arrangement,
and extra Ga-Se bonds are established. Beyond this critical
pressure [Fig. 5(g)], the charge density distribution of Ga and
Se atoms becomes more spherical and extended, with the aver-
age ELF reaching approximately 0.5, indicating homogeneous
electron distribution and thus metallization.

D. Optical properties

Similar to other layered materials, GaSe exhibits strong
anisotropic optical properties at ambient pressure [72], which
is due to the significant difference in material environment
along the x/y and z directions (Fig. S9). Figure 6(a) il-
lustrates the imaginary part of dielectric functions &;(w) of
intrinsic GaSe for the light polarization along the z direc-
tion. Within the DFT-RPA (random phase approximation)
framework, the absorption spectra indicate the presence of
the optical gap/threshold frequency (E;) at approximately
0.76 eV, and another prominent peak at about 1.2 eV. They
are denoted by the red and blue triangles, respectively. These
singularities arise from the vertical transition at the band-edge
states vicinity of the I" point, with their transition mechanism
assigned in the inset of Fig. 6(a). The optical spectra display a
significant blue shift due to the application of GW corrections,
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while the opposite is true for the GW-BSE spectra as electron-
hole interactions have been considered, e.g., Eg" ~ 1.9 eV.
Although the electron-hole interaction is weak compared to
that of the single-layer system [23], the excitonic effects,
evidenced by the difference in the GW-RPA and GW-BSE
spectra, could be detected with the exciton binding energy
E.» >~ 90 meV. The position of optical gap and the relatively
weak exciton binding of GaSe in this work agree well with
previous experimental measurements [58,67,68]. In Fig. 6(b)
the optical absorbance spectra of rocksalt GaSe are presented.
The absorbance spectra display a finite value at low frequency,
indicating the dominance of the intraband transition of the
free electrons around the I' point. Additionally, there is a
prominent interband transition at approximately 2.8 eV, with
the excitation mechanism shown in the inset of Fig. 6(b). In
this case the influence of electron-hole interactions on optical
spectra is nearly undetectable due to the significant impact
of electronic screening effects characterized by a high free
electron density.

The low-frequency imaginary part of the dielectric func-
tion, &;(w), is displayed in Fig. 6(c). The absorption curves
exhibit no significant changes at low compression, but the
optical spectra begin to shift towards higher frequencies at
pressures exceeding 4 GPa, indicating an enhancement of the
direct band gap at the I' point. Beyond the critical pressure

(P = 17 GPa), there is only little change in the low-frequency
optical spectra. In addition to the tailoring of the optical
gap, the external pressure is also induced to enhance the
optical absorbance at the high-frequency region as indicated
in Fig. 6(d). The changing of the optical gap and the ex-
citon binding energy are analyzed in Fig. 6(e), where the
modulation of the exciton binding energy (E,;) is found to
be a complex process. E,;, exhibits a remarkable change at
low pressures (P < 4 GPa) due to the reduction/enhancement
of the band-gap/electronic screening but then slowly de-
creases as higher external forces are applied. When the
external pressure exceeds the critical phase-transition value,
the electron-hole couplings drop dramatically to ~0 eV, re-
flecting the metallic behavior of the rocksalt GaSe.

Figures 7(a)-7(c) show the energy-loss functions, defined
as Im[—1/e(w)], which can provide valuable information
about the charge screening ability and optical properties of
materials. Previous studies [19] and Fig. 7(a) indicate that
due to the weakly defined 7 and o valence electrons in
the sp> GaSe crystal, only one strong plasmon mode with
energy greater than 8 eV exists, and the low-frequency col-
lective excitation almost disappears. As shown in Fig. 7(d),
Im[—1/e(w)] remains almost unchanged for pressures below
17 GPa, whereas the opposite is true for pressures beyond
the critical value, such as P = 20 GPa. In this case, the free
electron contribution is indicated by a strong peak emerg-
ing below 2.4 eV, consistent with the metallic behavior of
rocksalt GaSe. The energy and intensity of the Drude con-
tribution undergo significant changes with higher pressure
application, as evidenced by the gradual shift of strong peaks
towards higher energy, accompany with simultaneous broad-
ening/suppression of intensity.

Figures 7(b) and 7(c) present the reflectance, R(w), and
absorbance spectra, A(w), of GaSe. In the low-energy regime
below 3.5 eV, the reflection is weakly energy dependent,
with a typical value along the z direction of about 10%
[Fig. 7(b)]. The absorption coefficient is almost negligible
due to the absence of optical excitations [Fig. 7(c)]. In con-
trast, the reflectance and absorbance spectra exhibit significant
fluctuations at energies greater than 4 eV, as expected for
optically allowed transitions. The inverse value of the ab-
sorption coefficient mostly falls within a range of 200 A,
allowing for the easy absorption of photon beams penetrat-
ing the medium. This implies that GaSe has potential for
optoelectronic applications. To fully comprehend the evolu-
tion of the optical properties of GaSe under pressurization,
Figs. 7(e) and 7(f) show the changes in R(w) and A(w) under
pressure. These spectra remain insensitive to external pres-
sure below the critical value, P ~ 17 GPa; however, beyond
this pressure the curves change dramatically. Most incident
photons are reflected into the vacuum at the front surface,
while a finite amount of light is absorbed even at low infrared
frequencies, attributed to the free carrier concentration. The
drastic decline in R(w) and A(w) indicates the plasmon modes
discussed earlier. These behaviors have been verified by pre-
vious reflectance measurements [36]. Hydrostatic pressure
has emerged as an effective tool for tailoring the electronic
and optical properties of layered materials to meet specific
application demands, such as electronic, optoelectronic, and
photovoltaic devices.
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E. Phase-transition mechanism

The SS-NEB computational method, widely used in the
field of materials science, was employed for a comprehen-
sive investigation of the structural phase transformation in
GaSe. The calculation involved 29 intermediate images, with
a root-mean-square force convergence of 0.03 eV/A. The
mechanism governing the hexagonal-to-rocksalt phase tran-
sition can be described as a two-stage process: (1) hexagonal
— tetragonal and (2) tetragonal — rocksalt, as illustrated in
Fig. 8(a).

In Fig. 8(b) the pressure-dependent potential energy curves
are presented, depicting the energy of each image at the corre-
sponding pressures. These curves reveal two distinct peaks,
occurring at image 9 and image 24, which correspond to
the breaking and formation of Ga-Ga and Ga-Se chemical
bonds, respectively. With increasing pressure, the rocksalt
phase demonstrates enhanced stability, consistent with the
observed behavior of GaSe under high-pressure conditions.
Notably, at image 16, a metastable structure emerges when
the external pressure surpasses 12 GPa. The minimum energy
required for the hexagonal-to-rocksalt transition at 17 GPa is
approximately 210 meV per atom, highlighting the consider-
able energy demand for breaking the robust Ga-Ga covalent
bonds.

Figure 8(c) provides valuable insights into the structural
phase transition by illustrating internal structural parame-
ters, specifically, the o angle and the c¢/a ratio. Additionally,
Fig. 8(d) depicts the energy profiles at specific image numbers
corresponding to the transition pressure. During the initial
transition stage, a notable increase in the hexagonal angle
(o), along with a gradual decrease in the axial c/a ratio,
is observed. At image 9, the Ga-Ga covalent bonds become

unstable under the applied compressive forces, leading to their
breakage. Subsequently, by image 16, both the c/a ratio and
the o angle reach values of 2.7 and 90 degrees, respectively,
indicating the emergence of a tetragonal metastable phase. In
the second stage we observe minimal changes in the o angle
and c/a ratio. During this stage, adjacent half-rigid layers
alternately slide along the basal plane, resulting in the contact
between Ga and Se atoms from these layers. This interaction
leads to the formation of metallic bonds at image 24, eventu-
ally resulting in the creation of a perfect octahedral structure
in the rocksalt GaSe through rearrangement and bonding by
image 30. These observations provide compelling evidence
for the complete transformation of the hexagonal phase into
the rocksalt phase.

IV. CONCLUSIONS

In conclusion, this study provides a comprehensive investi-
gation of the phase transition, atomic vibration, electronic and
optical properties, and excitonic effects of e-GaSe under ex-
ternal pressure up to 40 GPa. The first-principles calculations
show that e-GaSe undergoes a structural phase transition from
the hexagonal phase to the rocksalt phase at around 17 GPa,
consistent with previous experimental and theoretical studies.
The study reveals that the electronic properties of ¢-GaSe
undergo a semiconductor-to-metal transition at the transition
point, with a sharp drop in the band gap due to the shift of the
valence-band maximum at the I point and the conduction-
band minimum at the L and H point in the Brillouin zone.

Additionally, the study analyzed the phonon vibrations
of ¢-GaSe and found that the phonon frequencies increase
gradually with increasing pressure up to the transition point,
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mostly due to the increased interlayer interactions and re-
duced intralayer bondings. The optical properties of e-GaSe
were also analyzed, revealing that the optical gap increases
gradually with increasing pressure up to the transition point,
and then drops sharply at the transition, in agreement with
the electronic band gap. Moreover, the excitonic effects, such
as the exciton binding energy and the oscillator strength, were
found to be highly sensitive to pressure, with a significant drop
to 0 eV observed at the transition pressure.

Finally, the SS-NEB method was used to analyze the
phase-transition mechanism of e-GaSe, which showed that
the transition involves a two-step process with an intermediate
state before the final transformation to the rocksalt phase. The

activation energy for the transformation was estimated to be
around 210 meV. The results obtained from this study pro-
vide insights into the phase-transition mechanism of e-GaSe
and can be useful in designing new materials for electronic
and optoelectronic applications. Further experimental studies
could validate these findings and pave the way for practical
applications.
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