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GeAs exhibits excellent chemical stability and high in-plane anisotropy under ambient conditions.
Pressure is one effective approach to regulate structures or properties of two-dimensional materials. In
this work, the high-pressure effect on the phase transition and in-plane anisotropic properties is
investigated for GeAs using Raman spectroscopy, infrared spectroscopy, high-pressure resistance
measurement, and density functional theory calculations. The results show that GeAs undergoes an
irreversible monoclinic-to-cubic transition around 18.4 GPa during compression. IR and resistivity
measurements indicate that this cubic rock-salt structure exhibits a metallic state. Upon decompression,
high-pressure cubic GeAs converts to a tetragonal structure rather than the initial monoclinic structure.
Moreover, tetragonal GeAs also exhibits a metallic state. This transition is reversible, as tetragonal GeAs
will convert back to cubic GeAs around 18.2 GPa. Angle-resolved polarized Raman spectroscopy reveals
that for both Ay and By modes of monoclinic GeAs, pressure will induce a 10°-15° deflection in their
polarization direction up to 10 GPa, but has no effect on their anisotropy periods. Tetragonal GeAs also
exhibits excellent in-plane optical anisotropy with a period of 180°. But different from monoclinic GeAs,
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both the polarization direction and periods remain stable in its Raman mode under pressure. The result
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Introduction

Two-dimensional (2D) layered materials have received increasing
attention in recent years due to their unique physical properties.
Many types of novel 2D materials have been studied, including
graphene, 2D transition metal dichalcogenides (TMDs), black
phosphorus (BP), and silicene."® Recently, IV-V group compounds,
as one new class of 2D materials, have become a research hotspot.
There are two crystal structures for IV-V group compounds: the
orthorhombic structure (such as SiP, SiP,, and GeAs,) and the
monoclinic structure (such as GeP, GeAs, and SiAs).”'® Among
them, GeAs belongs to the monoclinic structure with a space group
of C2/m. For this layered structure, each Ge atom is coordinated by
one Ge atom and three As atoms, while each As atom is connected
to three Ge atoms in the a-b plane layer. Adjacent layers are stacked
along the c-axis through van der Waals forces.
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is conducive to understanding the structural stability and anisotropic properties of GeAs.

GeAs is one semiconductor material with a narrow bandgap
(~1.4 eV) and exhibits excellent chemical stability, high carrier
mobility and broad-band absorption. Especially, GeAs exhibits
high in-plane anisotropy (anisotropic mobility ratio of 4.8)."°
Kim et al. demonstrated that a multilayer GeAs transistor exhibits
p-type transport characteristics, featuring a low flat band Schottky
barrier height of 21.7 meV at room temperature.'” Few-layer GeAs
field-effect transistors (FETs) have been reported to possess a
carrier mobility up to 100 cm® V' s, and their ON-OFF ratio is
over 10°."° Due to its excellent anisotropy, GeAs has promising
applications in polarized photodetectors and polarized optical
imaging. However, its dark current is high, leading to a relatively
low specific detection ratio and small dichroic ratio, which limits
its application.®

To further improve its properties and expand its application,
several strategies have been introduced, such as heterojunction
formation and strain engineering. The GeAs/InSe heterojunc-
tion exhibits a low dark current of about 0.1 pA, a high
photoresponsivity of 357 mA W', and a photo-switching ratio
of 10°, exhibiting a favorable photovoltaic effect.'® Besides the
heterojunction, pressure as one type of strain has also been
extensively used to tune the structure and properties of 2D
materials.>*”" Pressure-induced phase transitions, metallization,
and even superconductivity have been observed for 2D materials.
For example, BP changes from the orthorhombic to rhombohedral
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structure with a semiconductor-to-semimetal transition at 4.5 GPa
and then exhibits metallic and superconducting states at 10 GPa
and 32 GPa, respectively.”>*® Similar pressure-induced phase
transition has also been observed for MoS,.>*2® Besides structure
transition, pressure can also effectively tune the anisotropy for 2D
materials. It has been reported that the polarized direction varies
with pressure for 2D InSe, which is shifted by 15° when the
pressure reaches 3.3 GPa.>” For ReSe,, the polarized direction
experiences a rotation of 55°, and the polarization period changes
from 180° to 90° at 7.5 GPa for the A, mode (174 cm ').*®
Moreover, the conductance and mobility of the few-layer ReSe,
FET increase with decreasing pressure.”® Therefore, abundant
structural and performance variations have been observed under
pressure for 2D materials.

It has been reported that GeAs would undergo a monoclinic
to cubic rock-salt (Fm3m) phase transition around 10 GPa
during compression. More interestingly, this is an irreversible
transition, and this high-pressure rock-salt phase will convert
back to a new tetragonal structure (I4mm) rather than the initial
monoclinic structure upon decompression.>® Moreover, this
high-pressure rock salt GeAs is reported to be one metallic
phase, even exhibiting superconductivity characteristics.** In
contrast, research on the new tetragonal GeAs, obtained during
the decompression process, is rarely reported. Whether it is one
semiconductor or metal is still unclear for this tetragonal
structure. In addition, monoclinic GeAs is known to be an
anisotropic semiconductor, while whether tetragonal GeAs
possesses polarization characteristics remains unreported.
Moreover, although this new structure is obtained under
high-pressure conditions, its structural stability under high
pressure is still unknown. Besides phase transition, the pres-
sure effect on the anisotropic properties of GeAs is rarely
reported. Therefore, further research is necessary for GeAs,
especially for this new tetragonal structure.

In this work, high-pressure Raman spectroscopy was used to
study the phase transition for bulk GeAs, especially the struc-
tural stability of tetragonal GeAs. High-pressure electrical mea-
surements and infrared spectroscopy were used to explore the
metallic or semiconductor characteristics for different types of
GeAs structures. The pressure effect on the in-plane optical
anisotropy of GeAs was investigated using polarization angle-
resolved Raman spectroscopy.

2. Experimental

GeAs with a thickness of 40-70 nm was mechanically exfoliated
from a bulk GeAs crystal purchased from Nanjing Muke Nano
Technology Co., Ltd (Nanjing China). High-pressure experi-
ments were performed using a 300 pm diamond anvil cell
(DAC). The sample chamber is a 100 pm-diameter hole drilled
in a metal gasket (T301). High-pressure Raman and polariza-
tion angle-resolved Raman spectra were measured using a
Renishaw Raman microscope (United Kingdom) equipped with
a 532 nm laser system. High-pressure infrared spectroscopy was
conducted using a Fourier-transform spectrometer (Bruker 70 v)
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equipped with an infrared microscope (Hyperion 2000) using a
type IIa DAC. Silicon oil and KBr were used as pressure transmit-
ting media (PTM) for Raman and IR measurements, respectively,
which can maintain the hydrostatic pressure up to 4 GPa.**
High-pressure resistivity was measured in a DAC using four-
probe electrical measurements. Cubic boron nitride (c-BN) was
used to insulate the metallic T301 gasket. Four thin platinum
layers were used as the electrical probes. KBr powder was used as
the pressure-transmitting medium. The electrical resistivity was
measured using a Keithley 6221 current source and a 2182A
nanovoltmeter. The pressure was calibrated by fluorescence
displacement of ruby at room temperature using Raman spectro-
scopy with a resolution of 1 em™" and a pressure accuracy of
about 0.2 GPa.*

The schematic diagram of two configurations (parallel and
cross) for angle-resolved polarized Raman spectroscopy is shown
in Fig. S1 of the ESI.{ Polarization angle-resolved Raman spectro-
scopy measurements are achieved by adding a polarizer in the
incident light path. The polarization direction of the scattered
light path is parallel to the polarization direction of the incident
light for the parallel configuration and perpendicular to the
polarization direction of the incident light for the cross configu-
ration. In this study, the symbol “|” is used to denote the
parallel configuration, and the symbol “_L1” is used to denote
the cross configuration.>* To avoid the laser heating effect, the
incident laser power was fixed to 1 mW during the experiment.

The band structure and formation enthalpy were calculated
using first-principles methods with the VASP code, employing
the generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) parameter as the exchange-correlation
potential functional.**=® The calculations were done with a
plane-wave cutoff energy of 520 eV and a k-point mesh of 13 x
13 x 12. The lattice parameters and atomic positions were
optimized until the total energy converged to less than 1 x
10° eV per atom and the atomic forces were less than 0.01 ev A™",
Phonon calculations were carried out using density functional
perturbation theory (DFPT) as implemented in the Quantum
ESPRESSO package, employing an 8 x 8 x 8 g-point mesh to
sample the phonon Brillouin zone.>””*® The theoretically calcu-
lated lattice parameters for all three GeAs phases (monoclinic,
rock-salt, and tetragonal) are given in Table S1 (ESIt).

3. Results and discussion

High-pressure Raman spectroscopy was carried out to study the
phase transition of GeAs under pressure, as shown in Fig. 1. Its
theoretical Raman spectra were calculated using the first-
principles calculations to help identify its Raman peak, as
shown in Fig. S2 (ESIT). The calculated results are consistent
with the experimental results. At ambient pressure, 11 Raman-
active modes can be observed for GeAs in the experiment.
Among them, Raman peaks located at 91, 103, 145, 172, 273,
282, and 306 cm™ ' correspond to the A, modes, while the
Raman modes at 73, 84, 242, and 256 cm ™' belong to the B,
modes. Upon applying pressure, all Raman peaks shift to
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Fig. 1 The evolution of Raman spectra of bulk GeAs in the (a) first and (c) second pressure up-down cycles. (b) Optical photographs of GeAs under

several pressures in the first cycle.

higher frequencies, accompanied by the width broadening and
intensity reduction. It is noteworthy that all Raman peaks
suddenly disappear when the pressure reaches 18.4 GPa. And
further increasing pressure to 22.3 GPa, all Raman peaks remain
invisible. This result is similar to the phenomenon observed by
Liu et al., which was attributed to the monoclinic-to-cubic rock-
salt structure phase transition.*' During the decompression pro-
cess, when the pressure decreases to 11.2 GPa, a new broad peak
appears around 240 cm ', which was not observed in the
compression process. This new peak exhibits a redshift as the
pressure decreases and remains visible after releasing to atmo-
spheric pressure. This peak has been attributed to the character-
istic peak of tetragonal GeAs. Therefore, it can be determined that
GeAs transforms from the HP rock-salt structure to the tetragonal
structure during decompression. Accompanied by the above
phase transition, its optical photographs also vary with pressure,
as shown in Fig. 1. It can be seen that the initial monoclinic GeAs
is semi-transparent at ambient pressure. However, above 10 GPa,
the sample transforms into a black opaque state because of the
monoclinic-to-cubic phase transition. Moreover, GeAs remains in
the black opaque state during the decompression.

Although the structure presented during decompression has
been identified to be the tetragonal phase for GeAs, whether it
is stable under high pressure is not yet known. To investigate
its stability, a high-pressure study was performed on the above
tetragonal GeAs, as shown in Fig. 1. When the pressure
increases to 18.2 GPa, all Raman modes disappear again, which
is similar to the above result of monoclinic GeAs observed at
18.4 GPa. While releasing pressure, the initial characteristic
peak of the tetragonal GeAs appears again. Consequently, it can
be assumed that similar to the monoclinic structure, tetragonal
GeAs is also unstable under pressure, which will convert to the
HP rock-salt structure around 18.2 GPa.

This journal is © the Owner Societies 2025

High-pressure resistance measurements were performed to
investigate the electrical properties of different types of GeAs
structures. As shown in Fig. 2, its resistivity continuously decreases
upon compression. Up to 10.2 GPa, its resistivity decreases from 92
to 22.7 mQ cm, approximately a four-fold decrease. Subsequently,
in the range of 10.2-19.4 GPa, its resistivity decreases rapidly from
22.7 to 0.15 mQ cm, a 147-fold decrease, which is attributed to the
transition from the monoclinic phase to the rock-salt phase, while
above 19.4 GPa, its resistivity almost stabilizes, indicating that the
initial monoclinic GeAs completely transforms into the HP rock
salt structure, consistent with the above Raman results. It is
interesting that although there is a cubic-to-tetragonal phase
transition during decompression, its resistivity almost remains
unchanged during pressure release.

To further judge whether it is a semiconductor or metal state,
temperature-dependent resistivity has been measured within the
temperature range of 25-80 °C at different pressures. It can be
observed in Fig. 2 that at 10.2 GPa, its electrical resistivity decreases
with increasing temperature, indicating a semiconducting state
due to thermally activated charge carriers. In contrast, at 10.2 GPa
and 16.3 GPa, its resistivity increases with temperature in the low-
temperature region, remaining almost constant in the high-
temperature region. Above 19.4 GPa, its resistivity increases over
the entire temperature range, exhibiting metallic properties. There-
fore, the monoclinicto-rock salt phase transition around 19 GPa
can be attributed to a semiconductor-to-metal transition. Combin-
ing with the above Raman results, it can be confirmed that this
transition first occurs at 10.2 GPa and completely finishes around
19 GPa, while both structures coexist within the above pressure
range, as shown in Fig. 2. The coexistence of semiconducting and
metallic states may be caused by non-hydrostatic effects. Resistivity
measurements as a function of temperature have also been con-
ducted for tetragonal GeAs during decompression, as shown in Fig. 2.
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Fig. 2 (a) Variation of resistivity of GeAs with pressure. (b) Pressure-dependent resistivity of GeAs in the temperature range of 25-80 °C. (c)

Temperature—pressure resistivity contour map. (d) Temperature dependence of resistivity of the tetragonal phase GeAs at different pressures.

Evidently, the tetragonal GeAs exhibits low resistivity, and its resis-
tivity increases with temperature rise. Therefore, it can be confirmed
that tetragonal GeAs is one metallic state.

Besides resistivity measurements, infrared spectroscopy is
also an effective method for characterizing pressure-induced
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Fig. 3 Representative pressure-dependent infrared reflectance spectra of
GeAs. The inset shows the variation of ADC counts of reflectance and
transmittance with pressure.
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metallization. Fig. 3 displays the infrared reflectance spectrum
of GeAs under high pressure, in which the weak reflectance
within the range of 1800-2600 cm ™" is due to the absorption of
the diamond. It can be observed that below 11.4 GPa, its
reflectance increases slowly with increasing pressure. However,
above 11.4 GPa, its reflectance rapidly increases until 18.3 GPa.
Simultaneously, a rapid decrease can also be observed in its
transmission spectrum between 11.4 GPa and 18.3 GPa, as
shown in Fig. S3 (ESI{). Counts of the ADC (analog-to-digital
converter) exhibit a clearer variation in its reflectivity and
transmittance, as plotted in the inset. The increase of reflec-
tance implies a metal state above 18.3 GPa for GeAs. Therefore,
three different states are present with increasing pressure for
GeAs: the semiconductor state below 11.4 GPa, the metal state
above 18.3 GPa, and the mixture of both states in the inter-
mediate pressure range of 11.4-18.3 GPa. This result agrees
well with the above high-pressure Raman and resistivity results.

The energy band structure of GeAs is determined to explain
the above semiconductor-to-metal transition. As shown in
Fig. 4, at atmospheric pressure, GeAs is an indirect band
structure with a gap of 0.56 eV, slightly below the previous
result of 0.65 eV.*° This is because the GGA-PBE method tends
to underestimate the absolute value of the band-gap energy,
but it still gives an accurate description of its change with
pressure.*® As can be clearly discerned, the energy of its conduc-
tion band minimum (CBM) first decreases and then increases

This journal is © the Owner Societies 2025
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Fig. 4 (a) The DFT-calculated band structure of GeAs at high pressures. (b) Calculated formation enthalpy as a function of pressure for the GeAs unit

cell.

with rising pressure, while the valence band maximum (VBM)
almost remains unchanged, leading to an initial decrease fol-
lowed by an increase for its band gap. When the pressure is
increased to 10 GPa, its valence band crosses the conduction
band, indicating one metallic state. The band structure of the
tetragonal phase under ambient conditions has also been deter-
mined, as shown in Fig. S4 (ESIt). Its valence band crosses the
conduction band, indicating that tetragonal GeAs is also one
metallic state, in agreement with the above electrical results.
First-principles calculations further confirm that superconduc-
tivity emerges for the HP rock-salt phase and tetragonal phase. The
phonon dispersion curves and the Eliashberg spectral function
«*Flw) for both the cubic and tetragonal phases of GeAs are
presented in Fig. S5 (ESIf). For the high-pressure cubic phase
(16 GPa), the electron-phonon coupling constant is 4 = 0.61 and
the logarithmic average phonon frequency is wj,, = 211.3 K,
yielding a superconducting transition temperature of 7, = 5.1 K.
In comparison, the ambient-pressure tetragonal phase exhibits 4 =
0.58 and wj,y = 157.5 K, corresponding to a lower T, of 3.18 K.
These results are obtained using McMillan’s equation with a
Coulomb pseudopotential x* = 0.10.*"**> These values agree well
with previous reports and indicate that pressure enhances the
superconducting properties of GeAs by favoring the cubic phase
with stronger electron-phonon interactions and higher phonon
frequencies.®” The pressure dependence of lattice parameters and
volume versus pressure is also calculated for three different types of
GeAs structures, as shown in Fig. S6 (ESIt). The unit-cell volume
versus pressure are fitted using a third-order Birch-Murnaghan

equation of state (EOS) (eqn (1)):
V % V ’% V *%
P=15By (70) 7(70> 1-0.75(4— By) (70> —1
&)

where B, and V, represent the bulk modulus and the unit-cell
volume under ambient conditions, respectively, and By is the
pressure derivative. As shown in Fig. S6 (ESIt), the obtained values
of bulk modulus B, are 24.7, 76.3 and 68.2 GPa for monoclinic,

This journal is © the Owner Societies 2025

cubic and tetragonal GeAs, respectively. It can be observed that
monoclinic GeAs has the smallest value, making this structure
easy to compress.

Additionally, the formation enthalpy of three different struc-
tures of GeAs was calculated under pressure, as plotted in Fig. 4, in
which the enthalpy of the monoclinic phase serves as the reference
zero point. Lower enthalpy indicates higher thermodynamic sta-
bility. Hence, the monoclinic phase is the most stable structure for
GeAs at ambient pressure. Once the pressure exceeds 8 GPa, the
rock-salt phase possesses the lowest enthalpy. Therefore, GeAs will
exist in the rock-salt structure above 8 GPa. It is interesting to note
that in the middle pressure range of 6-8 GPa, the enthalpy of the
tetragonal structure is lower than that of the rock-salt phase. But
the enthalpy difference between the two structures is so small and
the pressure range is so narrow that the tetragonal structure was
not detected in the experiment during compression. Thus, this
tetragonal structure is observed during the decompression pro-
cess. Therefore, the theoretical calculation is consistent with the
above high-pressure Raman results, further affirming the pressure-
induced structural evolution of GeAs.

Monoclinic GeAs exhibits excellent anisotropy under ambient
conditions. However, the variation of its polarization characteristics
under high pressure remains unknown. Especially, the anisotropy
properties of the new structure of tetragonal GeAs are still unclear.
Therefore, polarization angle-resolved Raman spectroscopy was
in situ carried out under pressure for GeAs. As shown in Fig. S7
(ESIT), Raman intensities exhibit periodic variation for monoclinic
GeAs. To clearly exhibit the correlation between Raman intensity
and polarization angle, the polar plots of Raman intensity versus
angle were fitted using the formula in the study by Yang et al.,* as
shown in Fig. S8 (ESIt). For the parallel configuration, the Raman
intensity of the A, mode is defined as eqn (2)

2
TP (Ay) o {cosz(O) + % -sin() - cos & | +sin(0) sin®( F )

v
and for B, mode, the intensity is defined as in eqn (3)

I"*"(By) oc 4|e|*sin*(0)cos(0) (3)
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while for the cross configuration, the Raman intensity of the A,
mode is defined as in eqn (4)

1993 (8) o { [cos( @ ) = ] sin (@)  sin(0)cos'0)
4)

and for the B, mode, the intensity is defined as in eqn (5)
I9°%(By) oc €’ cos®(20) (5)

In the above definition, 0 represents the angle between the
incident light and the crystal axis a, while ¢, denotes the phase
difference between the Raman tensors a and b. In the parallel
configuration, the intensities of A, modes at 145 and 173 cm ™"
reach maxima at 0° and 180°, while showing minima at 90° and
270°, whereas the maximum intensities of the A; modes located at
91 and 282 cm ™ appear at about 120°. Therefore, for different A,
modes, the maximum intensity occurs at different polarization
angles, but they share the same period of 180°, exhibiting a
spindle-like shape. Interestingly, A, modes located at 91 and
282 cm™ " exhibit noticeable sub-maxima in both configurations.
This result is similar to the phenomenon observed by Yang et al.*?
Different from A, modes, the polar plot of B, modes at 73 and
256 cm™ " exhibit a four-leaf clover shape in both configurations,
with an approximate 45° rotation and a period of 90°. The
differences in the Raman intensity are attributed to its varying
response to linearly polarized light along different directions.'®**

Fig. 5 shows the polarization angle-resolved Raman intensity
of monoclinic GeAs at different pressures. It can be seen that
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the anisotropy period of both A, and B, modes remains
unchanged, but its polarization direction shows variation as
the pressure increases. When the pressure reaches 10 GPa, the
polarization directions of the A, and By modes exhibit rotations
of 10° and 15°, respectively. Besides monoclinic GeAs, the
Raman intensity of tetragonal GeAs also exhibits a periodic
variation with the polarization angle, as shown in Fig. S9 (ESIY).
The pressure-dependent polar plot for the tetragonal GeAs is
also plotted, as shown in Fig. 6. The Raman intensity shows a
maximum at 0° for the parallel configuration and at 90° for the
cross configuration. Both configurations exhibit the same
periodic variation of 180°, accompanied by slight pressure-
induced rotations of their polarization directions.

4. Conclusions

In summary, we investigate the structural evolution of GeAs under
pressure. The results show that monoclinic GeAs is unstable under
high pressure, and will undergo a phase transition at 18.4 GPa.
This HP phase adopts a cubic rock-salt structure and exhibits a
metallic state. Moreover, this phase transition is irreversible, as the
HP cubic phase will convert to a tetragonal structure rather than
the initial monoclinic structure at 7.7 GPa during compression.
Resistivity measurement results indicate that this tetragonal GeAs
also exhibits metallization. Furthermore, tetragonal GeAs is also
unstable under pressure, which will convert back to the cubic rock-
salt structure at 18.2 GPa. Angle-resolved polarization Raman
spectroscopy shows that both monoclinic and tetragonal GeAs

% 172 cm?
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210 330
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Fig. 5 Polarization diagrams of the intensity of the 73 cm™ (Bg) and 172 cm ™ (A5) Raman mode in (a) parallel and (b) cross configurations.
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Fig. 6 The pressure-dependent Raman intensity polar plots of the tetragonal GeAs.

exhibit excellent in-plane optical anisotropy. For monoclinic GeAs,
most A; Raman modes possess a polarization period of 180°, while
B, modes have a polarization period of 90°. During compression,
pressure does not change the polarization periods for both A, and
B, modes, but the pressure will affect their polarization direction.
At 10 GPa, the polarization directions of the A, and B, modes
exhibit a 10-15° rotation. Furthermore, it was observed that the
Raman intensity of tetragonal GeAs exhibits a 180° periodic
variation with polarization angle, further confirming its optical
anisotropy. Within a certain pressure range, both monoclinic and
tetragonal phases of GeAs maintain significant in-plane optical
anisotropy, and pressure has a certain tuning effect on its optical
anisotropy.
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