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a b s t r a c t

The layered Cr2Ge2Te6 (CrGT) has captured vast attentions because it is capable of retaining the long-
range ferromagnetic order even in its monolayer form, thus offering potential applications in spin-
tronic devices. We report herein the Raman spectra of CrGT under pressure up to 35.1 GPa at room
temperature. We observed a structural phase transition at ~14 GPa as was revealed by a change in
pressure derivate frequencies of the E3g and A1

g modes. Both of the two peaks became broad and the A1
g

mode eventually disappeared with further increasing the pressure. Raman modes above 26.4 GPa could
not be experimentally observed, suggesting that the CrGT was pressed into the amorphous phase.
Interestingly, a pressure-induced soft phonon mode is identified in CrGT at ~23 GPa by dynamical
property calculation. The phonon instability at the Brillouin zone boundary T point is suggested as the
driving force for the experimentally observed crystalline-to-crystalline phase transition at ~ 18 GPa. The
appearance of soft phonon might indicate the possibility of superconductivity induced by much higher
pressure.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The successful fabrication of graphene and its exotic physical
properties have triggered growing interest in such two-
dimensional (2D) materials [1e3]. As a special family of 2D mate-
rials, the van der Waals (vdW) magnets have arrested vast atten-
tions owing to their rich physical properties arising from complex
magnetic interaction pathways and various virtues for potential use
in spintronics [4e6]. Surprisingly, some of them in the atomically
thin limit still exhibit intrinsic long-range magnetic order which
(Z. Yu), mxu@hust.edu.cn

nd share first authorship.
was previously thought to be strictly prohibited by thermal fluc-
tuations in 2D systems with continuous symmetry. The 2D magnet
Cr2Ge2Te6 (CrGT) is such an example, which was demonstrated to
exhibit long-range ferromagnetic (FM) order when it was exfoli-
ated even into double layers [7]. CrGT therefore could serve as a
nearly ideal platform for fundamental study on the low-
dimensional magnetism [8]. Moreover, its incorporation with
other materials into heterostructures or devices, for example,
Bi2Te3/CrGT, also offers opportunities for both novel physics and
applications [9].

Though a complete magnetic interaction model has not been
achieved yet, the crystal structure, which is crucial in constructing
the interaction pathways, plays an important role in determining
the magnetic properties. Investigation on the crystal structural
evolution under some controllable external conditions has there-
fore fundamental merit for further understanding the low-
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dimensional magnetism. External pressure is an efficient tool to
tune the properties of materials and develop new states of matter
[10e12]. Generally, increasing external pressure can change the
interatomic distances and hence finely affects the properties of
materials. High-pressure studies on CrGT have exposed many
interesting physical phenomena. For example, Y. Sun et al. reported
the effects of hydrostatic pressure on CrGT, which not only unveiled
the existence of strong spin-lattice coupling but also presented the
detailed information about the lattice deformation [13]. Z. Lin et al.
verified that the pressure could induce spin reorientation transition
in CrGT [14]. However, the covered pressure range in above-
mentioned work is not very high (�6 GPa). The investigation on
CrGT up to a much higher pressure (~35 GPa) is essential to yield
more in-depth insights into the microstructure, which discovers
crystalline-to-crystalline and crystalline-to-amorphous transitions
taking place concurrently at 18.3e29.2 GPa [15].

An important research field in high-pressure materials is to
understand the pressure induced phase transformations and the
underlying mechanism initiating the phase transformations at the
microscopic level. High pressure Raman spectroscopy is a useful
technique to study the microstructure of CrGT under pressure,
which could signify any structural transition by the vibrations in
the spectra. As far as we know, high pressure Raman spectroscopy
study on CrGT to very large pressure (�6 GPa) is yet absent. In this
paper, we report the result of Raman spectra studies on CrGT with
the pressure up to 35.1 GPa. Furthermore, the dynamical property
of CrGT was investigated to explore the mechanism of pressure-
induced crystalline-to-crystalline phase transition, in which the
appearance of soft mode (theoretically observed at ~ 23 GPa) was
suggested as the probable driving force giving rise to the lattice
instability.
2. Experimental and theoretical details

The CrGT single crystals were grown by using a self-fluxmethod
as described in Ref. [16], with the typical size of approximately
7 � 5 � 0.2 mm3. Compositions of the crystals were examined by
Fig. 1. (a) Optical image of single crystal grown in this work. (b)e(d) Diffraction pat-
terns in the reciprocal space along (hk0), (h0l), and (0 kl) directions. (e) Raman spec-
trum of CrGT taken at room temperature and ambient pressure.
using the energy-dispersive X-ray spectrum (EDS), confirming the
correct compositions as expected. The phase and quality exami-
nations were performed on a single-crystal X-ray diffractometer
(SXRD)equipped with a Mo Ka radioactive source (l¼ 0.71073 Å) at
room temperature. The results, consistent with the reported result
[17], guaranteed the correct phase and high quality of the crystals
used in this study. The temperature (T)dependent magnetization
(M) (M(T)) was measured on a commercial Magnetic Property
Measurement System (MPMS) from Quantum Design. Unpolarized
Raman-scattering measurements were performed in backscat-
tering geometry using a laser (l ¼ 532 nm) for excitation. A com-
mercial Renishaw Raman spectroscopy system was used to collect
the spectra. The instrumental resolution is 1 cm�1. The high pres-
sure Raman spectra were obtained using a symmetric Diamond
Anvil Cell (DAC) with 300 mm diameter culet. The methanol-
ethanol mixture was used as the pressure transmitting medium
(PTM). The pressure range is from 0 to 35.1 GPa, which was
determined via the ruby fluorescence scale [18].

Our calculations including the structural optimization, phonon
band structure, and phonon density of states were carried out
within the Generalized Gradient Approximation in the Perdew-
Burke-Ernzerhof form (GGA-PBE) [19] implemented in the Vienna
ab initio simulation package (VASP) [20]. The weak interlayer van
der Waals interaction and strong-correlated interaction between
3d electrons of Cr were dealt withmethod of Grimme (DFT-D2) [21]
and GGA þ U (Dudarev) method [22] where U-J ¼ 1.1eV [23],
respectively. In order to obtain reasonable results, the structure is
fully relaxed until the forced is less than 0.001 eV/Å with plane-
wave cut-off energy of 500 eV. The finite displacement method
was employed for phonon calculations.
3. Results and discussion

The optical image of single crystal is illustrated in Fig. 1 (a). The
SXRDmeasurement results are presented in Fig. 1(b)e(d). The SXRD
data suggested that the present single crystal with high quality
(without twin crystal and unidentified diffraction point). The SXRD
measurements yield space group of R-3 (point group C3i) and lattice
parameters of a ¼ b ¼ 6.8327 Å, and c ¼ 20.5666 Å, which is
consistent with the previous results [16,17]. The atoms are arranged
in the ab planes and form three layers stacked in an ABCABC
sequence along the c-axis [17]. The Ge dimmers and the Cr3þ ions
are located at the center of slightly distorted Te octahedra. TheM(T)
data of CrGT in this work exhibited a paramagnetic (PM) to ferro-
magnetic (FM) transition at ~ 67.0 K (see Fig. S1), confirming that
Fig. 2. Pressure dependence of Raman spectra of CrGT during compression.



Fig. 3. Frequency versus pressure plot for various Raman modes.

Table 1
Pressure coefficient (du/dp) for various modes.

Phase Mode frequency(u0)(cm
�1) ðdu =dpÞ (cm�1GPa�1)

Phase I 115.7 ± 1.78(E3g) �2.55 ± 0.40
136.5 ± 0.40(A1

g) 1.38 ± 0.05
Phase II 109.2 ± 0.31(E3g) �0.13 ± 0.01

Fig. 4. The variation of Raman spectra upon releasing the pressure.
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CrGT is a 2D FM material, which is in good agreement with the
value reported previously [16].

The layers are bonded by vdW interaction, which makes it easy
to exfoliate into thin layers. Accordingly, the irreducible represen-
tation of the phonon modes at the center of the Brillouin zone is
given by: G¼ 5Agþ5Auþ51Egþ51Euþ52Egþ52Eu, with Ag, 1Eg and 2Eg
modes being Raman active [24]. Here, the Ag mode is non-
degenerate and the Eg (Eu) modes are doubly degenerate. While
the infrared-active vibrational modes have Au, 1Eu, and 2Eu
symmetry.

Fig. 1(e) shows the Raman spectrum of CrGT under ambient
pressure. Five modes can be identified in the figure, locating at
107.1 cm�1, 132.1 cm�1, 209.89 cm�1, 229.6 cm�1 and 292.5 cm�1,
respectively. The results are in good agreement with the experi-
mental and theoretical results reported previously [13]. According
to the earlier reports [13], these modes are identified as E3g, A

1
g, E

4
g,

E5g, and A2
g vibrational modes, respectively.

Fig. 2 presents the Raman spectra of CrGT at different pressures
when gradually increased the pressure. Because of the pressure
effect (Lattice distortion broadens the energy level. Metallization
decreases the depth of penetration for laser. These twomain factors
lead to the reducing of resolution for Raman signal.), only E3g and A1

g
modes can be clearly observed. With the increase of pressure, both
of the two peaks become broad and the A1

g mode gradually disap-
pears when the pressure is above 14 GPa, indicating a pressure
induced crystalline-to-crystalline phase transition occurring at
~14 GPa. The Raman spectrography is an optical scattering tech-
nique, Raman spectrum characterized the micro-structure of the
materials. High-pressure synchrotron XRD used in the present
work is a transmissionmode, which could providemacroscopic and
overall structure information (long range ordering of atom’s
stacking). This transition pressure value is slightly lower than that
(~18 GPa) found from the high pressure XRD measurements,
implying possibly certain subtle difference between the two tech-
niques due to their unique characterization means. It is also
apparent that the Raman peaks become very weak with increasing
the pressure. However, no Raman modes could be visible from
26.4 GPa up to 35.1 GPa, suggesting the formation of amorphous
state [15].

Detailed pressure-dependence of various Raman modes are
presented in Fig. 3. The formula, up ¼ u0 þ

�
du
dp

�
p, was used to fit

the data and the linearly fit was found in three pressure ranges.
Table 1 gives the values of u0 and the pressure derivative (du/dp).
The pressure-dependence of the E3g mode changes after ~10 GPa
and the A1

g mode disappears after ~14 GPa. These observations
could be ascribed to the phase transition from R-3 phase (denoted
as Phase I) to R3 phase (denoted as Phase II). It can be seen that
when the E3g mode changes, the A1

g mode does not disappear
completely, revealing the coexistence of Phase I and II at the phase
transition pressure. It also indicates that Phase II is probably
derived from the atomic rearrangement of Phase I. The crystal
structure model of Phase II could be constructed by means of
analysis on high-pressure x-ray diffraction data, which can be seen
in Ref. [15]. It has three octahedrons layers stacking in an ABCABC
sequence along the c-axis, with the lattice parameters
a¼ 3.8091(8) Å, c¼ 23.260(4) Å [15]. The Phase II crystallizes in the
R3 space group, in which Cr, Ge and three inequivalent Te atoms
occupy 3a (0, 0, z)Wyckoff position. According to the analysis of the
point theory, Ramanmode of Phase II is described as: 5Aþ 51Eþ52E.
It can be seen that the peaks of Phase II are very weak.

As mentioned above, the disappearance of Raman modes above
26.4 GPa indicates another phase transition, which could be
reasonably assigned as a pressure-induced amorphization (PIA)
(denoted as Phase III) phase that can cause Raman peaks to be
significantly broadened and signals to be clearly weakened and
hence a failure to be detected by the Raman spectra measurement.
This hypothesis of PIA phase formation could be supported by the
high-pressure XRD experiment reported very recently [15]. PIA is
not a common phenomenon and the structure mechanisms are
distinctive for specific materials. For example, the PIA formation of
GeSbTe was ascribed to the atomic distortion towards disordered
vacancies. Based on the theoretical simulations results, the PIA of
CrGT could be attributed to the random flipping of Ge tripods to-
wards the vdW gaps.

Fig. 4 illustrates the Raman shift during the pressure release
process of CrGT.When the pressurewas decreased from 35.1 GPa to
ambient pressure, the Raman modes are only visible at 18.5 GPa
and below. From 18.5 GPa the E3g mode begins to appear, and the A1

g
mode does not appear until 5.6 GPa. The two peaks become sharp
and narrow again when the pressure was totally released to
ambient pressure. However, compared with the initial Raman
spectra collected at ambient pressure, the new one after releasing



Fig. 5. Calculated phonon frequencies and projected phonon DOS for CrGT at different pressures (0, 10 and 23 GPa).
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the pressure shows obvious differences. The E3g mode exhibited an
apparent redshift from 107 cm�1 to 121.5 cm�1, and the dis-
appeared modes during increasing the pressure did not restored
again (see Fig. S2), thus unveiling an irreversible phase transition
process of CrGT. Moreover, the appearance of Raman peak during
releasing the pressure does not mean that CrGT transforms into
crystalline form. This is because the activity of Raman mode for
certain material merely depends on variation of polarizabilities and
has nothing to do with the material’s inner arrangement (long-
range ordering (crystalline)/short-range ordering (amorphous)).
The well-known example is the liquid water, which also shows
Raman mode [25].

The correlation between the lattice stability and the behavior of
the normal modes of vibration was established byW. Cochran et al.
long back in 1959 [26,27]. Dynamical instability may take place
with one or more harmonic modes becoming soft under pressure
due to the atomic displacements/rearrangement. It is therefore
very important to have a systematic study of the lattice dynamical
behavior of CrGT in order to have a deeper understanding of the
nature and mechanism of pressure-induced phase transition.
Phonon softening usually corresponds to the instability of a
particular atomic movement [28]. Therefore, we performed theo-
retical calculation to explore the probable mechanism of the
pressure-induced phase transition in CrGT.

The calculated phonon dispersion curves of CrGT and the pro-
jected phonon DOS at different pressures are shown in Fig. 5. It was
shown (Fig. 5 (a), (c) and (e)) that the phonon modes shift to higher
frequencies with increasing pressure. The phonon frequencies of
CrGT were observed to show positive pressure dependence, as
illustrated in the phonon DOS plots of Fig. 5(b), (d) and (f),
respectively. It is interesting to note that soft mode occurs at
~23 GPa, signaling a structural instability of R-3 phase of CrGT
under high pressure. The estimated transition pressure is ~ 23 GPa
from Fig. 5(e). Such behavior is consistent with the Landau theory
of pressure-induced soft-mode phase transitions. The calculated
transition pressure, ~23 GPa, is slightly higher than the experi-
mental transition pressure, ~ 18 GPa (not considering temperature
effect). This discrepancy (~5 GPa) indicates that the phase transition
may not be induced independently by the phonon instability at the
zone boundary T point.

In addition, many earlier studies have shown that the observa-
tion of the soft phonon modes in phonon dispersion curves often
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implies the existence of electron-phonon interaction, which can
make a great contribution to the superconducting transition tem-
perature (Tc) of conventional superconducting materials [29e31].
4. Conclusion

In conclusion, the Raman spectroscopy was measured to
investigate the evolution of atomic structure of CrGT against
external pressure. The results unveiled that only the E3g and A1

g
modes could be observed under high pressure and these two peaks
become flattened by increasing the pressure. The peak for A1

g mode
disappears above the pressure of ~14 GPa and no Raman modes are
visible above 26.4 GPa, which correspond a crystalline-to-
crystalline phase transition occurred at ~14 GPa and a trans-
formation of the crystalline phase into the amorphous state with
the pressure increased above 26.4 GPa. Soft mode was suggested as
the driving force for the structural phase transition. The results
would be helpful for further understanding the structure and cor-
responding properties of CrGT as well as the design of new 2D
magnets.
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