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A B S T R A C T   

The pressure-dependent vibrational and electrical transport properties of GeTe have been investigated in a 
diamond anvil cell through in-situ Raman spectroscopy and electrical conductivity measurements under hydro
static and non-hydrostatic environments up to 22.9 GPa. Upon compression, two structural transformations from 
rhombohedral to cubic NaCl-type to orthorhombic GeTe occurred at 3.2 GPa and 12.3 GPa under non-hydrostatic 
condition. Similarly, two corresponding phase transitions were detected at much higher pressures of 5.0 GPa and 
15.4 GPa under hydrostatic condition. Additionally, a 3.3 GPa of electronic transition accompanying by the 
rhombohedral to cubic NaCl-type transition was characterized by the variable-temperature electrical conduc
tivity experiments. Upon decompression, the recoverable Raman spectra and resumable electrical conductivity 
suggested that the structural and electronic transitions of GeTe were reversible. The reversibility was further 
confirmed by the microscopic structural observations from high-resolution transmission electron microscopy, 
fast Fourier transform and atomic force microscopy.   

1. Introduction 

In the recent decades, binary IV-VI germanium monochalcogenides 
GeX (X = S, Se and Te) have raised considerable attention because of 
their extraordinary and novel physical and chemical properties, which is 
widely used in optoelectronic applications and data-storage devices 
[1–8]. As a representative semiconductor of GeX family, layered GeTe is 
of great potential and interest in the field of phase change random access 
memory (PCRAM) due to its unique transformation between its amor
phous state and crystal state [9–11]. At ambient conditions, different 
from GeS and GeSe with orthorhombic structure, crystalline GeTe 
adopts a rhombohedral structure (a distorted NaCl-type structure) with 
a narrow band gap energy of 0.23 eV [12]. 

In general, the application of pressure can induce some dramatic 
changes for IV-VI semiconductors in their crystal and electronic struc
tures away from the pristine state, leading to the appearance of high- 
pressure polymorphs. A significant number of experimental in
vestigations on the high-pressure phase stability and structural transi
tions of GeTe have been performed by virtue of X-ray diffraction, 

electrical resistance measurements and Raman spectroscopy [13–16]. 
All of these previously available results showed that the rhombohedral 
GeTe firstly transforms into a cubic NaCl-type structure and then into an 
orthorhombic structure with increasing pressure. However, there exists 
considerable controversy concerning the high-pressure phase transition 
pressures. Leger and Redon [13] investigated the phase transformation 
of GeTe up to 25.0 GPa by powder X-ray diffraction experiments using a 
solid pressure medium of silicone grease and they found two 
pressure-induced phase transitions from the rhombohedral to cubic 
NaCl-type to orthorhombic structures at the respective pressures of 4.0 
GPa and 12.0 GPa. Whereas, a higher transition pressure of 19.2 GPa of 
the cubic NaCl-type to orthorhombic phases was reported by Sere
bryanaya et al. [14] through X-ray diffraction study under share 
deformation. Subsequently, Onodera et al. [15] conducted the electrical 
resistance measurements of GeTe in conjunction with X-ray diffraction 
experiments to investigate its high-pressure electrical and structural 
properties with the pressure medium of a mixture of methanol, ethanol 
and water (volume ratio of 16:3:1). Their results revealed the rhombo
hedral to cubic NaCl-type structural transition at 3.0 GPa and the cubic 
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NaCl-type to orthorhombic phase transformation at 18.0 GPa. Recently, 
Pawbake et al. [16] further explored the high-pressure phase transitions 
of GeTe by a combination of Raman scattering experiments using the 
pressure medium of neon and first-principles theoretical calculations up 
to 57.0 GPa. They also identified two pressure-induced phase transitions 
in GeTe: the rhombohedral-to-cubic transition at 4.0 GPa and the 
cubic-to-orthorhombic transition at 15.0 GPa. In comprehensive 
consideration of these previously available results, the hydrostaticity in 
the sample cell could be one of the crucial influence factors for the 
discrepancy in the phase transition pressures of GeTe. Moreover, in our 
previous work, structural transition pressures of the layered metallic 
chalcogenides (e.g., ZnSe, HfS2, SnS2, ReS2, MoS2, MoSe2, MoTe2, Ga2S3, 
Ga2Se3, As2Te3) have been found to be highly sensitive to the hydro
staticity within the sample chamber [17–26]. Consequently, it is vital to 
systematically investigate the phase stability and structural transitions 
of GeTe under hydrostatic and non-hydrostatic environments. 

On the other hand, there exists large discrepancy on the 
semiconductor-to-metal phase transition pressure of GeTe between ex
periments and theoretical calculations [27–31]. Experimentally, Nar
ozhnyi et al. [29] and Wang et al. [31] reported that the metallization of 
GeTe occurred at the pressure points of 44.0 GPa and 11.0 GPa, 
respectively. Furthermore, a great number of theoretical calculations on 
GeTe have been performed to explore its electronic transition at high 
pressure and these results suggested that the rhombohedral GeTe will 
undergo a semiconducting to metallic transformation at 5–6 GPa [27,28, 
30]. 

In the present studies, we investigated the high-pressure phase 
transitions and metallization of GeTe under hydrostatic and non- 
hydrostatic environments up to 22.9 GPa in a diamond cell using in- 
situ Raman spectroscopy, electrical conductivity measurements, high- 
resolution transmission electron microscopy (HRTEM) and atomic 
force microscopy (AFM). Our Raman scattering and electrical conduc
tivity results revealed two pressure-induced phase transitions of GeTe 
from rhombohedral to cubic NaCl-type to orthorhombic structures at the 
respective pressures of 3.2 GPa and 12.3 GPa under non-hydrostatic 
condition. As for the hydrostatic condition, two corresponding higher 
phase transition pressures of 5.0 GPa and 15.4 GPa were detected, 
respectively. Furthermore, a pressure-induced semiconductor-to-metal 
transition in GeTe was confirmed at the pressure of 3.3 GPa, which was 
evidenced by a series of variable-temperature electrical conductivity 
measurements. The reversible behavior in sample was clearly demon
strated by a series of microscopic observations including the HRTEM, 
fast Fourier transform (FFT) and AFM. In addition, the influence of the 
hydrostaticity under hydrostatic and non-hydrostatic environments on 
the phase transition pressures of GeTe were detailedly discussed. 

2. Materials and methods 

2.1. Sample preparation and characterization 

Germanium telluride (GeTe) with high purity (99.99%) was 
commercially purchased from Hangzhou Kaiyada Company (Hangzhou 
city, Zhejiang province, China). The experimental sample was charac
terized by X-ray diffraction (XRD) experiments using a PIXcel3D area 
detector under the conditions of X-ray wavelength: 1.5406 Å, working 
voltage: 2.2 kV and resolution: 0.028◦ over a larger 2θ range from 10◦ to 
70◦ at the State Key Laboratory of Ore Deposit Geochemistry, Institute of 
Geochemistry, Chinese Academy of Sciences. As displayed in Fig. 1(a), 
our collected X-ray diffraction pattern of GeTe at ambient conditions can 
be well indexed into a rhombohedral structure (space group: R3m) with 
the following lattice parameters obtained by the Rietveld refinement 
with Rwp factor of 5.76% using the general structure analysis system 
(GSAS) with EXPGUI software [32]: a = b = 8.339±0.002 Å, c = 10.662 
±0.003 Å, α = β = 90◦, γ = 120◦ and V = 642.07±0.49 Å3 (JCPDS 
No.47–1079), which is in good agreement with the previous results on 
crystalline GeTe [33,34]. Fig. 1(b) presents the energy-dispersive X-ray 
spectroscopy (EDXS) of sample. The strong Ge and Te peaks demonstrate 
that the sample used in the present experiments are pure GeTe. Quan
titative composition analysis showed that the atomic percentage of Ge 
and Te atoms are 48.50% and 51.49%, respectively, and that the 
chemical composition is Ge0.94Te with the 6 percentages of germanium 
atomic vacancy, indicating a high quality of the starting sample used in 
our present high-pressure experiments. 

2.2. High-pressure raman measurements 

High-pressure Raman scattering experiments of GeTe were carried 
out using a piston-cylinder diamond anvil cell (DAC) with a 300-μm 
anvil culet. A piece of T-301 stainless steel gasket with a three- 
dimensional size of 5 mm × 5 mm × 0.25 mm was pre-indented to 
50-μm thickness. In the center of the pre-indented area, a 120-μm 
sample chamber was prepared utilizing a laser drilling machine. After
wards, experimental samples and some tiny ruby spheres were loaded 
into the sample chamber. Pressure in the cell was calibrated in the light 
of the wavenumber shift of the Cr3+ fluorescence peak of ruby [35]. 
Helium was employed as the pressure-transmitting medium to reach a 
hydrostatic condition and no pressure medium was used to meet a 
non-hydrostatic condition. The uncertainties of pressure determination 
under non-hydrostatic and hydrostatic environments were smaller than 
6% and 3%, respectively. High-pressure Raman scattering measure
ments of GeTe were performed using a confocal Raman spectrometer 
(Invia, Renishaw 2000, England) and an Olympus charge-coupled de
vice camera under the low laser power of 1 mW to avoid the undesired 
heat effect due to the laser absorption of sample. The Raman spectra 

Fig. 1. (a) The X-ray diffraction pattern and 
Rietveld refinement results of GeTe at ambient 
conditions. Inset: the image of the starting GeTe 
sample. The red solid line is the calculated data 
and the black cross symbols are the observed 
data. The vertical blue bars represent the stan
dard positions of the Bragg peaks. The deviation 
curve between observed and calculated patterns 
is placed at the bottom. (b) EDXS image of 
crystalline GeTe. Some carbon– and sili
con–containing film basements are also 
observed in these of representative character
istic patterns.   
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were collected in the wavenumber range of 100–250 cm–1 with the 
spectral precision of 1 cm–1 in the backscattering geometry. The 
acquisition time for each Raman spectrum was set as 180 s. In order to 
avoid undulating pressure, a ten-minute interval was controlled be
tween Raman measurements at each pre-designed pressure. 

2.3. High-pressure electrical conductivity measurements 

High-pressure electrical conductivity experiments of GeTe were 
conducted using a four-column type DAC with a couple of symmetrical 
300-μm anvil culets, which has been extensively used in our previous 
electrical conductivity measurements [36–38]. Insulating sample 
chamber was prepared by compressing a mixture of cubic boron nitride 
(c-BN) and epoxy resin powders into a pre-indented T-301 gasket with a 
240-μm central hole. Subsequently, a new central hole with a 150-μm 
diameter was laser-drilled. Platinum electrodes were integrated sepa
rately onto the diamond anvils. No pressure medium was used in order 
to prevent additional impurity and to guarantee a good contact between 
the sample and electrodes. In the high-pressure electrical conductivity 
measurements, the pressure was calibrated by the high-frequency edge 
of the first-order Raman spectra of diamond anvils up to 9.5 GPa in order 
to avoid the influence of ruby on the electrical conductivity of GeTe 
sample, which shows a high accuracy less than 5% [39,40]. The alter
nating current (AC) impedance spectra of GeTe were measured utilizing 
the Solartron-1260 impedance/gain phase analyzer within a frequency 
range from 0.1 Hz to 107 Hz at a preset signal voltage of 3.0 V. For the 
high-pressure variable-temperature electrical conductivity measure
ments, low temperature was attained by the volatilization of liquid ni
trogen. The variation of experimental temperature was monitored 
through a k-type thermocouple attached to the side of a diamond. The 
detailed descriptions on the high-pressure experimental methods and 
measurement procedures can be found in our published work [17,36, 
37]. 

3. Results and discussion 

3.1. High-pressure Raman spectroscopy measurements 

The in-situ vibrational properties of GeTe have been systematically 
investigated under hydrostatic and non-hydrostatic environments at 
pressures up to 22.9 GPa. As displayed in Fig. 2(a), at the pressure of 0.6 
GPa, two prominent Raman-active peaks can be clearly observed in the 
wavenumber range of 100–250 cm–1. According to previously available 
Raman scattering results on GeTe [16,41], the Raman characteristic 
peak at 124 cm–1 can be assigned as the A1 symmetry transverse optical 
mode. The Raman peak at the position of 140 cm–1 (defined as M1) is 
related to an important bulk lattice vibration of GeTe [42]. 

Under non-hydrostatic condition, Fig. 2(a) exhibits the Raman 
spectra of GeTe with increasing pressure up to 22.9 GPa upon 
compression and the subsequent Raman spectrum upon decompression 
to atmospheric pressure. Fig. 2(b) displays the corresponding Raman 
shifts of GeTe as a function of pressure. From Fig. 2, we can unambig
uously identify three discrete segments on the base of the evolutions of 
the pressure-dependent Raman spectra and Raman shifts: (i) within the 
pressure range of 0.6–2.7 GPa, the A1 mode tended to monotonously 
shift towards lower wavenumber range with a larger negative dω/dP 
value (ω represents Raman shift and P is pressure) of –5.01 cm–1 GPa–1 

and exhibited an obvious red shift behavior. The M1 mode seemed to be 
a weak relationship of pressure with a tiny dω/dP value of 0.04 cm–1 

GPa–1. It should be noted that, in this pressure range, the A1 mode dis
played prominent phonon softening with the rise of pressure, which 
indicates the structural instability of sample [16,43]; (ii) at the middle 
pressure range of 3.2–11.5 GPa, the A1 and M1 modes lost their peaks 
and two extremely weak and broad humps at around 110 cm–1 and 150 
cm–1 were observed; (iii) in the higher pressure range of 12.3–22.9 GPa, 
two absolutely new Raman peaks located at 164 cm–1 and 182 cm–1 

(defined as M2 and M3 modes, respectively) emerged and both of them 
showed obvious blue shifts with high dω/dP values of 2.33 cm–1 GPa–1 

Fig. 2. Raman spectroscopic results of GeTe at different pressure points under non-hydrostatic condition. (a) Raman spectra of GeTe at some representative high- 
pressure points up to 22.9 GPa. (b) The pressure dependence of the Raman shifts of A1, M1, M2 and M3 modes for GeTe. The colored solid and dashed lines are used to 
guide to the eyes. 
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and 1.71 cm–1 GPa–1, respectively. In sum, the softening of A1 mode and 
the disappearance of A1 and M1 modes at 3.2 GPa provided probable 
spectroscopic clues to support a pressure-induced structural phase 
transition from rhombohedral GeTe to cubic NaCl-type GeTe [16,44]. 
With increasing pressure up to 12.3 GPa, the emergence of the abso
lutely new Raman peaks of M2 and M3 also offered a possible evidence 
for another phase transition in GeTe, which has been attributed to the 
cubic NaCl-type to orthorhombic phase transition in the light of 
high-pressure X-ray diffraction experimental results by Leger and Redon 
[13] and Serebryanaya et al. [14]. Upon decompression to atmospheric 
pressure, the collected Raman spectrum was identical to that of the 
starting GeTe sample, indicating that the phase transition of GeTe is 
reversible under non-hydrostatic condition. 

Under hydrostatic condition, the relationship of the Raman spectra 
and Raman shifts of GeTe with increasing pressure up to 22.7 GPa is 
displayed in Fig. 3. It is obvious that the disappearance of the A1 and M1 
modes and the occurrence of the M2 and M3 modes took place at higher 
pressure points of 5.0 GPa and 15.4 GPa, respectively, which may be 
strongly correlated with the phase transformations from the rhombo
hedral to cubic NaCl-type to orthorhombic structures in GeTe. After 
releasing to atmospheric pressure, the recoverable Raman spectrum 
hints reversible phase transition of GeTe under hydrostatic condition. In 
addition, Table 1 summarizes the detailed dω/dP values of the Raman 
modes of A1, M1, M2 and M3 under hydrostatic and non-hydrostatic 
environments. It can be clearly seen from Table 1 that, under both 
non-hydrostatic and hydrostatic environments, the A1 modes showed 
stronger pressure dependence with the respective dω/dP values of –5.01 
cm–1 GPa–1 and –2.51 cm–1 GPa–1, whereas the M1 modes exhibited a 
plateau with feeble dω/dP values of 0.04 cm–1 GPa–1 and 0.06 cm–1 

GPa–1. Under higher pressure conditions, for the M2 and M3 modes, their 
pressure coefficients under non-hydrostatic condition, which were fitted 
as 2.33 cm–1 GPa–1 and 1.71 cm–1 GPa–1, respectively, are smaller than 
those under non-hydrostatic condition (3.05 cm–1 GPa–1 and 2.29 cm–1 

GPa–1). According to the present Raman results obtained from 

hydrostatic and non-hydrostatic environments, it is quite clear that the 
non-hydrostatic condition lowered the transition pressure from 5.0 GPa 
to 3.2 GPa for the rhombohedral-to-cubic transition and from 15.4 GPa 
to 12.3 GPa for the cubic-to-orthorhombic transition in GeTe. A possible 
reason for the decrease of the transition pressures in non-hydrostatic 
condition is due to the influence of deviatoric stresses [45]. Larger 
deviatoric stresses were generated under non-hydrostatic condition, 
which will decrease the pressure points of structural phase transitions in 
layered GeTe. As a matter of fact, similar phenomena have been already 
revealed in our previous work among other layered metallic chalco
genides (e.g., ZnSe, HfS2, SnS2, ReS2, MoS2, MoSe2, MoTe2, Ga2Se3, 
As2Te3) [17–22,24–26]. 

3.2. High-pressure electrical conductivity measurements 

The in-situ electrical conductivity experiments of GeTe at high 
pressures up to 9.5 GPa were conducted through AC impedance 

Fig. 3. Raman spectroscopic results of GeTe at different pressure points under hydrostatic condition. (a) Raman spectra of GeTe at some representative high-pressure 
points up to 22.7 GPa. (b) The pressure dependence of the Raman shifts of A1, M1, M2 and M3 modes for GeTe. The colored solid and dashed lines are used to guide to 
the eyes. 

Table 1 
Pressure dependence of the Raman shifts for GeTe under non-hydrostatic and 
hydrostatic environments. ω: Raman shift; P: pressure.  

Pressure 
conditions 

Pressure ranges A1 M1 M2 M3 

Non- 
hydrostatic 

0.6 GPa < dω/dP <
2.7 GPa 

–5.01 
(21) 

0.04 
(1) 

— — 

3.2 GPa < dω/dP <
11.5 GPa 

— — — — 

12.3 GPa < dω/dP <
22.9 GPa 

— — 2.33 
(12) 

1.71 
(9) 

Hydrostatic 0.4 GPa < dω/dP <
4.5 GPa 

–2.51 
(15) 

0.06 
(1) 

— — 

5.0 GPa < dω/dP <
14.5 GPa 

— — — — 

15.4 GPa < dω/dP <
22.7 GPa 

— — 3.05 
(16) 

2.29 
(13)  
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spectroscopy method to explore its electrical transport property. Fig. 4 
(a) exhibits the measured Nyquist plots including a semicircular arc at 
the high frequencies (~103–107 Hz) on the left and an oblique line at the 
low frequencies (10–1–~103 Hz) on the right at the pressure range of 
0.5–2.4 GPa, which are representative of the grain interior resistance 
and the grain boundary resistance for sample, respectively. Figs. 4(b) 
and 4(c) show the impedance spectra with an oblique line way in the 
fourth quadrant at pressures from 3.0 GPa to 9.5 GPa. All of these 
collected impedance spectroscopy results were fitted utilizing the ZView 
software by an equivalent circuit consisting of two series sections (Each 
section is composed of one resistance (R) and one constant phase 
element (CPE) in parallel) for Fig. 4(a) and by one resistance (R) for 
Fig. 4(b) and (c). The measurement errors from the data fitting of 
impedance spectra were controlled less than 5%. 

The electrical conductivity of sample (σ) is calculated by the equa
tion: σ = L/SR, where L is the experimental sample length (cm), S is the 
cross-section area of the electrode (cm2) and R is the resistance of the 
sample (R). In the present work, Fig. 4(d) shows the pressure depen
dence of the logarithmic electrical conductivity of GeTe in the both 
processes of compression and decompression, and makes it clear that 
two obviously different pressure ranges (i.e., 0.5–3.0 GPa and 3.0–9.5 
GPa) can be distinguished from the discontinuity in the pressure- 
dependent logarithmic electrical conductivity. More specifically, in the 
pressure range of 0.5–3.0 GPa, the electrical conductivity dramatically 
increased by near four orders of magnitude with a steep slope of 1.61 S 
cm–1 GPa–1. When pressure was further increased from 3.0 GPa to 9.5 
GPa, a feeble change in the logarithmic electrical conductivity from 0.54 
S cm–1 to 0.72 S cm–1 with a tiny slope of 0.02 S cm–1 GPa–1 was 

acquired. Thus, the striking discontinuity in the pressure-dependent 
logarithmic electrical conductivity was observable at the pressure of 
3.0 GPa, which is probably related to the phase transition from the 
rhombohedral to cubic NaCl-type GeTe as observed in the above- 
mentioned Raman scattering results under non-hydrostatic condition. 
Furthermore, these relatively high logarithmic electrical conductivity 
values of 0.54–0.72 S cm–1 beyond 3.0 GPa is typically metallic char
acteristics, and thus, it is reasonable to extrapolate that the phase 
transition at 3.0 GPa is possibly related to a semiconductor-to-metal 
transformation in GeTe. During the process of decompression, the log
arithmic electrical conductivity of sample reduced gradually from 0.72 S 
cm–1 to –2.79 S cm–1 when pressure was released from 9.1 GPa to 0.6 
GPa, suggesting that the electronic transition is reversible. It is also 
worth noting that there is a hysteresis effect in the pressure-dependent 
logarithmic electrical conductivity upon decompression compared 
with compression process for the semiconductor-to-metal phase transi
tion. This could be related to the creation of defects during the succes
sive phase transitions as shown in the related compound InSe when it 
undergoes the rhombohedral-to-cubic phase transition [46]. 

In order to further explore the metallic behavior of GeTe under high 
pressures, variable-temperature electrical conductivity measurements 
were performed in the temperature range of 120–300 K. Fig. 5(a) dis
plays the in-situ temperature-dependent logarithmic electrical conduc
tivity of GeTe at five representative pressure points of 0.8, 2.2, 3.3, 6.8, 
and 9.1 GPa. Three unapparent trend lines at 3.3, 6.8 and 9.1 GPa were 
magnified in Fig. 5(b)–5(d), respectively, to clearly observe the varia
tion trends of the electrical conductivity with the increasing tempera
ture. In general, semiconductors are characterized by a positive 

Fig. 4. Complex impedance spectra of GeTe under pressures up to 9.5 GPa. (a) 0.5–2.4 GPa. (b) 3.0–4.5 GPa. (c) 5.2–9.5 GPa. (d) The pressure dependence of the 
logarithmic electrical conductivity of GeTe in the both processes of compression and decompression. The blue solid line and the black dashed line are used to guide to 
the eyes. 
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temperature dependence of electrical conductivity, whereas a negative 
temperature-dependent electrical conductivity curve can be observed in 
metals [23,36,47,48]. In the relatively lower pressure range from 0.8 
GPa to 2.2 GPa, the monotonic enhancement in the logarithmic elec
trical conductivity with increasing temperature clearly disclosed the 
semiconducting behavior of GeTe. In contrast, the logarithmic electrical 
conductivity at 3.3, 6.8 and 9.1 GPa are of a negative relation with the 
increase of temperature, implying the metallic property of sample. In 
here, a series of temperature-dependent electrical conductivity results 
indicated that the metallization emerges at 3.3 GPa, which is very close 
to the rhombohedral to cubic NaCl-type phase transition of GeTe. 
Although in comparison with the previous investigations on the metal
lization of GeTe by Narozhnyi et al. [29] and Wang et al. [31], a devi
ation in the metallization pressure was obtained, which may originate 
from the different experimental method, pressure calibration and 
pressure-transmitting medium, our acquired metallization pressure is in 
good agreement with the results from theoretical calculations [27,28, 
30]. Similarly, the pressure-induced metallized phenomena have also 
been observed in other germanium-bearing monochalcogenides of GeSe 
and GeS, as listed in Table 2 [15,27–31,49–51]. In addition, Table 3 lists 
the phase transition pressures of GeTe from rhombohedral to cubic 
NaCl-type to orthorhombic structures using helium and no pressure 
medium in the present investigations in comparison with different 
pressure-transmitting mediums including a mixture of methanol, 
ethanol and water, silicone grease and neon in previous high-pressure 
studies. From Table 3, it seems that the more rigid the 
pressure-transmitting mediums are, the smaller the phase transition 

pressures become. In the present results, the lower phase transition 
pressures of 3.2 GPa and 12.3 GPa were obtained for the rhombohedral 
to cubic NaCl-type phase transition and the cubic NaCl-type to ortho
rhombic phase transition in GeTe under non-hydrostatic condition using 
no pressure-transmitting medium, which are comparable to the phase 
transition pressures of 4.0 GPa and 12.0 GPa using silicone grease as 
pressure-transmitting medium [13]. Under hydrostatic condition of 
gaseous helium, higher transition pressures of 5.0 GPa and 15.4 GPa 
were observed, in good agreement with the results of 4.0 GPa and 15.0 
GPa with the pressure-transmitting medium of gaseous neon [16]. In the 

Fig. 5. The temperature-dependent logarithmic electrical conductivity of GeTe at certain representative pressure points in the temperature range of 120–300 K. (a) 
Pressures are at 0.8, 2.2, 3.3, 6.8 and 9.1 GPa. (b), (c) and (d) The magnified figures of three trend lines for the logarithmic electrical conductivity with temperature at 
pressures of 3.3, 6.8 and 9.1 GPa, respectively. 

Table 2 
Comparison of the pressure points of metallic phase transition for GeTe with two 
representative germanium monochalcogenides (i.e., GeS and GeSe) in previous 
experimental and theoretical investigations. In here, Pm stands for the pressure 
point of metallization.  

Germanium monochalcogenides Pm (GPa) References 

GeTe 3.3 This study 
5.0 [30] 
5.4 [27] 
6.0 [28] 
11.0 [31] 
44.0 [29] 

GeSe 6.0 [49] 
25.0 [15] 
25.0 [50] 

GeS 20.0 [51]  
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pressure-transmitting medium of a mixture of methanol, ethanol and 
water (volume ratio of 16:3:1), a minimum pressure of 3.0 GPa for the 
rhombohedral-to-cubic transition and a maximum pressure of 18.0 GPa 
for the cubic-to-orthorhombic transition were obtained by Onodera 
et al. (1997) [15], which may be due to the uncertainty of calibrating 
pressure. In worse hydrostaticity such as no pressure-transmitting me
dium, silicone grease and a mixture of methanol, ethanol and water 
(volume ratio of 16:3:1), larger deviatoric stresses were generated under 
high pressures, which will decrease the pressure points of structural 
phase transitions in layered GeTe in comparison with the gaseous heli
um and neon which are of good hydrostaticity. 

3.3. HRTEM and AFM observations of the starting and recovered samples 

In order to explore the microscopical structures and micromorpho
logical variations of the initial sample and the recovered samples under 
non-hydrostatic and hydrostatic environments, surface microstructural 
information and morphology observations are obtained by means of 
HRTEM and AFM. The HRTEM images and their corresponding FFT 

patterns for the starting and recovered samples are illustrated in Fig. 6. 
In here, Fig. 6(a)–6(c) are the HRTEM images of the starting sample and 
the recovered samples decompressed from 21.8 GPa and 22.5 GPa under 
non-hydrostatic and hydrostatic environments, respectively. Fig. 6(d)–6 
(f) represent their corresponding FFT patterns. From the HRTEM image 
of Fig. 6(a), typical lattice fringes were clearly observed with an inter
planar spacing of 0.36±0.02 nm for the initial sample, which is well 
consistent with the (003) crystallographic plane of the rhombohedral 
GeTe. At the same time, the corresponding FFT pattern with bright and 
clear diffraction spots (Fig. 6(d)) indicated a highly crystalline structure 
of the initial sample. Under non-hydrostatic condition, the FFT pattern 
(Fig. 6(e)) was composed of some different diffraction haloes with many 
clear and bright spots, which indicates the coexistence of several 
different crystalline planes. Furthermore, it is obvious from Fig. 6(b) 
that the corresponding HRTEM image displayed short-range order and 
various lattice fringes. Under hydrostatic condition, the FFT pattern 
(Fig. 6(f)) of the recovered sample was consisted of shiny and well- 
defined diffraction spots, showing the presence of one individual sin
gle crystalline plane, and the corresponding HRTEM (Fig. 6(c)) showed a 
clear long-range order and the uniform crystal plane with the inter
planar spacing of 0.34±0.01 nm in the selected area. The faint 
discrepancy is presumably ascribed to the variation of pressure- 
transmitting medium under different hydrostatic environments. Under 
hydrostatic condition, the pressure-transmitting medium of helium 
would greatly weaken the deviatoric stress in the sample chamber and 
protect the sample away from damage. Under non-hydrostatic condi
tion, the recovered sample suffered the applied high pressure due to the 
absence of pressure-transmitting medium, which results in the forma
tion of multi-oriented crystalline planes. In short, our HRTEM and FFT 
observations implied that the changes in the crystalline structure under 
hydrostatic and non-hydrostatic environments are reversible upon 
completely releasing pressure. 

Fig. 7 displays the obtained three-dimensional AFM morphology 
images with a square-area scanning range of 5 μm × 5 μm for the initial 

Table 3 
Comparison of phase transition pressures in GeTe under non-hydrostatic and 
hydrostatic environments with the previously reported results.  

High-pressure 
experiments 

Pressure-transmitting 
mediums 

Pt1 

(GPa) 
Pt2 

(GPa) 
References 

Raman No pressure medium 3.2 12.3 This study 
Raman Helium 5.0 15.4 This study 
X-ray diffraction Silicone grease 4.0 12.0 [13] 
X-ray diffraction Methanol, ethanol and 

water 
3.0 18.0 [15] 

Raman Neon 4.0 15.0 [16] 

Note: Pt1 represents the phase transition pressure from rhombohedral to cubic 
NaCl-type structures. Pt2 represents the phase transition pressure from cubic 
NaCl-type to orthorhombic structures. 

Fig. 6. HRTEM images and FFT patterns of GeTe samples. (a), (b) and (c) are the HRTEM images of the starting sample and the recovered samples decompressed 
from 21.8 GPa and 22.5 GPa under non-hydrostatic and hydrostatic environments, respectively. (d), (e) and (f) stand for the corresponding FFT patterns of samples. 
PM: pressure medium. 
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sample and the recovered GeTe samples decompressed from 22.1 GPa 
and 22.3 GPa under non-hydrostatic and hydrostatic environments, 
respectively. All of these AFM images were acquired utilizing a Multi
mode 8 mass spectrometer (Bruker) by the peak force tapping mode to 
obtain high-resolution AFM images. As illustrated in Fig. 7, there is no 
obvious difference in the morphology for the initial and recovered 
samples. More specifically, all of the initial and recovered samples dis
played some easy cleavages in the AFM images, suggesting strong 
layered features, which is similar to some typically layered metallic 
chalcogenides (e.g., MoS2, MoSe2, MoTe2, ReS2, Sb2S3, Ga2Se3, As2Te3) 
[16,18,21,22,25,26,36]. A subtle discrepancy from the AFM images is 
the sample height: ~60 nm for the initial sample; ~40 and ~10 nm for 
the recovered samples under non-hydrostatic and hydrostatic environ
ments, respectively, which is presumably caused by the reduction of 
average particle size due to the high pressure. In brief, those microscopic 
observations from the images of HRTEM, FFT and AFM give solid evi
dence that the structural phase transition in GeTe is reversible under 
both non-hydrostatic and hydrostatic environments. This is in good 
accordance with our high-pressure Raman scattering and electrical 
conductivity results. 

4. Conclusion 

In this paper, we reported the reversible high-pressure vibrational 
and electrical transport behaviors of GeTe under hydrostatic and non- 
hydrostatic environments up to 22.9 GPa in a DAC using in-situ Raman 
spectroscopy, AC impedance spectroscopy, HRTEM and AFM. Under 
non-hydrostatic condition, two pressure-induced phase transitions from 
the rhombohedral to cubic NaCl-type to orthorhombic structures of 
GeTe occurred at 3.2 GPa and 12.3 GPa, respectively, which were 
confirmed by the changes of the pressure-dependent Raman peaks and 
Raman shifts. Under hydrostatic condition, the corresponding phase 
transitions were revealed at higher pressures of 5.0 GPa and 15.4 GPa, 
respectively. Furthermore, a semiconductor-to-metal phase transition of 
GeTe was detected at the pressure of 3.3 GPa, close to the transition to 
NaCl-type structure. In here, we emphasize the important role of the 
hydrostaticity within sample chamber, which may be responsible for the 
discrepancy of the phase transition pressures of GeTe in the present 
study. Upon decompression, the phase transition of GeTe is reversible as 
evidenced from the recoverable Raman spectra, electrical conductivity 
magnitude and the microscopic observations of the HRTEM, FFT and 
AFM images under both hydrostatic and non-hydrostatic environments. 
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