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Figure S1. In situ Raman spectroscopy results. (a) Raman spectra of a-GeSe from ambient pressure
to 24.6 GPa (A = 532 nm). (b) Pressure-dependence Raman modes from ambient pressure to 24.6
GPa. (c) Decompression dependent of Raman spectra a-GeSe from 24.6 GPa to ambient pressure. (d)
Decompression-dependence of Raman modes from 24.6 GPa to ambient pressure. The red dashed
line indicates the emergence of a new Raman mode upon decompression.
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Figure S2. Angle-resolved Raman scattering intensities of Ag B39 and 49 modes under pressure 28.1
GPa. (a) Angle-resolved Raman scattering intensities under non-polarization configurations. (b)
Angle-resolved Raman scattering intensities under parallel polarization configurations .
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Figure S3. The Raman modes of the a-Pnma phase and new phase obtained through theoretical
calculations, compression with the Raman spectra under ambient pressure and after decompression
from 28.12 GPa. The experimental results represent the Raman mode, and the theoretical
calculation results represent the position of the Raman mode.
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Figure S4. In situ Raman spectroscopy results, NaCl as pressure transmission medium. (a) high-
pressure Raman spectra of a-GeSe from ambient pressure to 18.6 GPa. NaCl as pressure
transmission medium. (b) Pressure-dependent Raman modes from ambient pressure to 18.6 GPa. (c)
Decompression-dependent Raman spectra of a-GeSe from 18.9 to ambient pressure. (d)
Decompression-dependence of Raman modes from 18.9 GPa pressure to ambient pressure.
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Figure S5. In situ Raman spectroscopy results. (a) High-pressure Raman spectra of a-GeSe from
ambient pressure to 21.1 GPa. Silicone oil as pressure transmission medium. (b) Decompression-
dependent Raman spectra of a-GeSe from 21.1 GPa to ambient pressure.

Controversy exists regarding the phase transition of the group IV-VI monochalcogenide GeSe under
high pressure. To confirm the phase transition of a-GeSe under high pressure, we systematically
studied the in-situ Raman spectra of two-dimensional van der Waals a-GeSe using different pressure
transmission media. Additionally, we conducted further research on the phase transition during the
decompression process. Figures S1 and S4 respectively show the Raman spectra and Raman mode
dependence of a-GeSe under compression and decompression when silicone oil and sodium chloride
are used as pressure transfer media. We observed the phase transition of a-GeSe from the Pnma to
the Cmcm structure under hydrostatic pressure when the pressure reached up to 24 GPa. A new
phase was successfully synthesized when pressure reached 4.7 GPa during decompression.
Compared with silicone oil, sodium chloride exhibits a lower hydrostatic pressure environment, and
a- GeSe does not undergo a phase transition from Pnma to Cmcm when pressure up to 21.1GPa.
Additionally, no new phase is observed following decompression.

The two-dimensional van der Waals a-GeSe exhibits significant anisotropy, causing the Raman peak
intensity of the sample to display pronounced angle dependence, regardless of whether polarizers in
the optical path are added or not (Figure 1f and Figure2). So, we observed that angular dependence
of the Raman mode of a-GeSe without polarizers when the pressure reached 28.1 GPa (Figure S2).
When pressure up to 28.1 GPa, the anisotropy in GeSe completely vanishes, further confirming the
phase transition from the a-Pnma phase to the a-Cmcm phase.

Table S1. Comparison of Raman modes and dv/dP(cmGPa) values of GeSe during the compression
up to 28.12 GPa

vo(cm-  pressur pressur pressur pressur Raman
dvdp*? dvdp*? dvdp*? dvdp*?
1) e (GPa) vap e (GPa) vap e (GPa) vap e (GPa) vap mode
10.2- 13.2- 22.6-
47.91  0-10.2 0.088 0.075 0.195  Ay/By,

13.6 22.6 28.1
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13.6 22.6 28.1 B,

-0.56 0.21

10.2- 13.2- 22.6- A?

171.9 3.6-10.2 0.63 0.001 9
13.6 22.6 28.1
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Table S2. Decompression of Raman modes and dv/dP(cm™GPa) values of GeSe from 28.12 GPa to
atmospheric pressure

e
47.91 28.1-4.6 -0.37 Al /Bl
81.2 28.12-0 -1.52 AL,

148.85 13.6-9.2 -2.3 9.2-0 o017 B

178.23 ii:;z‘ 0.03

171.9 13.6-9.2 -0.68 9.2-0 031 A%

187.25  28.1-9.2 -1.58 9.2-0 -3.6 A3,

72.8 9.2-0 -1.22 New

During the decompression process of a-GeSe, it can be observed from the Raman spectra that the
2
overlapping B34 and 49 modes split when the pressure is reduced to 13 GPa. After complete

1 3
decompression, the peak positions of the Ay, B3g and 49 modes are observed to be nearly to their
initial states (see Figure 3 and Figure S1). In addition, we observed a mixed region of a-Pnma and 8-
Pnma phase structures in the atomic structure using STEM (Figure S6)



Figure S6. Structure characterization of GeSe after decompression. (a) The corresponding STEM
images show areal within region b. (b) STEM images for the mixture of a-GeSe and 8-GeSe. (c) The
corresponding STEM images show area2 within region b.
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Figure S7. STEM images of the Pnma phase (a) and 8-GeSe (b). The corresponding intensity line
contours extracted from (a) reveal the spacing between (Ge-Se), (Ge-Ge), and (Se-Se) atom pairs
along the c-axis (c) and b-axis (d). (e) The corresponding intensity contour extracted from (b) reveals
the spacing between (Ge-Se), (Ge-Ge), and (Se-Se) atom pairs.



Figure S8. Photoluminescence spectra of a-GeSe under ambient conditions and 8-GeSe following
decompression from 28.12 GPa

Figures S7a and S7b are STEM images of different regions extracted from Figure Séb. Figure S7a
shows the atomic structure and STEM image of the a-Pnma phase taken from [100] direction,
revealing the atomic structure in the armchair (b-axis) direction. Figures S7c,d show the intensity line
profiles of the c-axis (indicated by the blue line) and b-axis (indicated by the green line) in Figure S7a.
It can be seen that a Ge-Ge atomic spacing of 1.04 nm and a Ge-Se atomic layer spacing of 0.33 nm
along the c-axis, and a Ge-Ge atomic spacing of 0.458 nm and a Ge-Se atomic spacing of 0.186 nm
along the b-axis. Therefore, the lattice parameters of the a-Pnma phase obtained after
decompression are c=1.04 nm and b=0.458 nm. which are basically consistent with the lattice
parameters of a-GeSe obtained from theoretical calculations and experiments. Figure 4a and Figure
S7b shows the atomic structure and STEM image of the new phase taken from [100] direction,
revealing the atomic structure in the armchair (b-axis) direction. In Figure S7b, It can be seen that a
Ge-Ge atomic spacing of 0.858 nm along the c-axis, and a Ge-Ge atomic spacing of 0.589 nm along
the b-axis. According to the STEM image, it is observed that the proportion of a- Gese in the mixed
region is relatively small. The results indicate that subsequent to decompression, a minor segment of
the region demonstrates a reversible phase transition from a-Cmcm to a-Pnma. In contrast, the
overwhelming majority of the area undergoes a transformation to the 8-GeSe. This phenomenon
underscores the critical importance of pressure conditions in determining the phase transition of the
GeSe structure.

Table S3. Summary of the phase transition in a-GeSe after compression and decompression under
various pressure



Cmcm)

Compression(GPa  Pressure Hydrostati  Phase transition or After
) medium c note decompression
18.6 NacCl none None a-GeSe
21.1 silicone oil none None a-GeSe
Yes (Pnma to
24.6 silicone oil none ( B-GeSe
Cmcm)
Yes (Pnma to
28.2 silicone oil none ( B-GeSe

Table S4 The Hydrostatic-Pressure properties of commonly utilized pressure transmission media

Hydrostatic

Hydrostatic

In this
Type Medium properties(300k  properties(77k i Ref.
) ) experiment
Adams,D.M, et
NaCl 100Kbar< good Poor yes
al.19732
I -type
pressure  Silicon oil 4GPa< good Poor yes Welber, B.1979°
medium
. Barnett, J.D et
Vaseline 3GPa< good Poor
al.1973%0
. Decker D, et al.
I -type isopropanol 5GPa< good 5GPa< good 1970
pressure .
; Finger.L.W,1981
medium glycerol 5GPa< good 5GPa< good 1 &
N-pentane Piermarini,, et
d 12
an 0 10GPa<good 5GPa< good al. (1973)
Isopentane
(2:2)
Methanol Piermarini,, et
and ethanol 0 10GPa<good 5GPa< good yes al. (1973)*?
II -type .
(4:1)
pressure
i Bell and Mao
medium argon 13GPa good (1982)13
Bell and Mao
neon 20GPa good
(1978),%4
Bell and Mao
helium 30GPa good

(1978)14
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Figure S9. Schematic diagram of the phase transition from a-GeSe to 6-GeSe. a) Atomic structure of
the a-GeSe (Pnma) phase at ambient temperature and pressure. b) Atomic structure of the a-GeSe
(Cmcm) phase under high pressure and ambient temperature. c) Atomic structure of 8-GeSe (Pnma)
observed after decompression from 24.6 GPa. Under pressure, a phase transition from a-Pnma to a-
Cmcm occurs when the pressure reaches 24 GPa. Upon decompression from pressures greater than
24 GPa, the a-Pnma phase emerges around 13 GPa, and further decompression leads to the
formation of 8-GeSe, also in the Pnma space group. d) and e) show STEM images of a-GeSe and 8-
GeSe, respectively, before and after the pressure changes.
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