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Memory of pressure-induced superconductivity in a phase-change alloy
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The application of pressure has been speculated to boost the search for high-temperature superconductors,
especially in superhydrides. However, the applied pressure as high as hundreds of GPa needed to create supercon-
ductivity in those materials limits their technological application. Finding a route to achieve the high-temperature
superconductivity at near-ambient conditions is attractive. By choosing a phase-change alloy Ge2Sb2Te5, we
study the phase evolution of this material with pressure from the trigonal phase through the amorphous to
the body-centered cubic one by the measurements of x-ray diffraction, Raman scattering, resistivity, and Hall
coefficient. Superconductivity is observed to take place in the last two phases and can maintain at nearly ambient
pressure in the decompression run. Pressure-induced disorder is found to be the key for holding superconductivity
in the compressed phase-change alloy.
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I. INTRODUCTION

Two solid states in phase-change materials, amorphous
and crystalline, can be produced rapidly and reversibly by
heat treatment significantly modifying optical and electronic
properties [1–3]. Materials possessing such functional proper-
ties enable developments of versatile platforms of a versatile
platform for tremendously important applications in memory
storage [3–7]. However, for the further improvement of the
storage devices a multistate rapid switching material extend-
ing binary logic is required [7,8]. Apart from the insulating
amorphous phase, by varying degrees of disorder in the crys-
talline state, one can induce localization of electronic wave
functions and hence trigger an insulator-metal transition upon
annealing [9]. At the same time, pressure as a fundamental
thermodynamic variable can be introduced as a novel stim-
ulus to control disorder in phase-change materials to obtain
the multiple resistive states. Considerable efforts have been
put forward to study the high-pressure behaviors of the pro-
totypical phase-change material, GeSbTe (GST) compounds
along the pseudobinary GeTe × Sb2Te3 line [1,10]. At am-
bient pressure, GST can exist in one amorphous phase and
two crystalline phases with metastable rocksalt cubic and
stable hexagonal structures, respectively. By applying pres-
sure, the different initial phases of GST experience sequential
structural evolutions, which all end up in close-packed bcc
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structures with similar high density, but varying features
depending on the initial composition [11–16]. It has been
proposed that disorder in the amorphous and vacancy-rich
metastable cubic structure of GST can be additionally mod-
ulated leading to a delocalization of the electrons and hence
initiating the insulator-metal transitions [11,12]. Therefore, it
would be an intriguing task to explore the superconductivity
with zero resistivity state in the high-pressure phases of GST.

Exploring superconductivity at high pressures has been of
prominent interest for many years. The application of pres-
sure allows to tune the electronic, magnetic, and structural
interactions thus affecting the emergence of superconducting
states and the superconducting critical temperature (Tc), which
can be used to elucidate mechanisms of superconductivity
[17–19]. Particularly, superconductors with record-high and
even room temperature Tc were synthesized and evidenced
by both the zero-resistivity state and Meissner effect at high
pressures [20–23]. Nevertheless, the necessity of extreme
pressure conditions make these high-Tc superconductors la-
borious to be employed in the practical applications. How
superconductivity achieved by the high pressure approach
can be retained upon decompression to low or even ambi-
ent pressure remains a great challenge and is on demand.
However, the recent example of antimony suggests that the
pressure-induced metastable superconducting phases can be
retained by following a specific thermodynamic path owing
to the associated latent heat of the first-order phase transitions
[24]. In the case of Ge2Sb2Te5, the difference in the structure
of the starting phase leads to a distinct phase sequence on
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the compression-decompression cycle even though the high-
pressure phase is nominally the same manifesting the phase
memory effect [15]. This opens up an opportunity for phase
manipulation exploiting the compression-decompression cy-
cle, thus likely making it possible to recover superconducting
properties upon the pressure release.

In the pseudobinary GeTe × Sb2Te3 system, Ge2Sb2Te5

exhibits the best performance in terms of speed and scalability
[25]. On the other hand, trigonal Ge2Sb2Te5 is shown to be
a promising candidate of thermoelectric material [26]. More-
over, the predicted topological nontrivial features in trigonal
Ge2Sb2Te5 have also drawn great attention [27,28]. The stable
trigonal Ge2Sb2Te5 holds a nine-layered trigonal structure
with cubic close-packed stacking [29]. Nonetheless, the dis-
tribution of Ge, Sb, and Te atoms in the specific layers is
still a matter of debate. Three different stacking sequences of
atomic layers have been proposed to account for the structure
of the trigonal phase [29–31]. So far, the initial structure and
its evolution with pressure with pressure remain unsettled.

In this work, we report the discovery of superconductivity
in Ge2Sb2Te5 with structure transformations from the start-
ing trigonal phase in the compression and decompression
process. Taking into account the high-pressure behaviors of
GeSb2Te4 [32,33], we further demonstrate the general nature
of the emergent superconductivity in high-pressure phases of
GST. The trigonal Ge2Sb2Te5 characterized as a structure with
randomly occupied Ge/Sb layers at ambient goes from the
trigonal phase to amorphous and then to the body-centered cu-
bic one with pressure. While pressure is slowly released, most
remarkably, we achieve the memory of superconductivity in
Ge2Sb2Te5 until nearly ambient pressure.

II. EXPERIMENT

Ge2Sb2Te5 materials were synthesized by the melting-
quenching-annealing method. Raw materials of Ge, Sb, and
Te were weighed and sealed in quartz tubes under vacuum
in the Ar-filled glove box. The tubes were heated to 1273 K
for 10 hours, held at this temperature for 12 hours, and then
quenched in water. Afterwards, the tubes were annealed at
853 K for three days. The ingots were ground into fine pow-
ders using an agate mortar, and sintered at 773 K at a uniaxial
pressure of 50 MPa for 5 minutes by Spark Plasma Sintering
(Sumitomo, SPS-2040).

The phase structure of the Ge2Sb2Te5 sample at ambient
was characterized by using x-ray diffraction (XRD) under Cu
Kα radiation (λ = 1.5406 Å). The high-pressure synchrotron
XRD experiments were performed at the PETRA III beamline
P02.2 at DESY (Hamburg) with a wavelength of 0.2910 Å. A
symmetric diamond anvil cell (DAC) with culet size of 300
μm in diameter was used to generate pressure. Neon was
loaded as the pressure transmitting medium to ensure the hy-
drostatic pressure environment. The pressure was determined
by the spectral shift of the ruby fluorescence R1 peak. The
DIOPTAS software was used to integrate the raw XRD patterns
into two dimensional data set [34]. The data further underwent
the Rietveld refinement based on the GSAS package [35].

The temperature-dependent resistivity and thermal con-
ductivity at ambient pressure were measured in a ther-
mal transport option setup by using Quantum Design’s

Physical Property Measurement System. A miniature non-
magnetic DAC with anvils in a 300-μm culet was employed
for the electrical transport and Hall coefficient measurements
at high pressures. The cubic boron nitride gasket was pre-
indented to 40 μm in thickness situated between tips of two
diamond anvils. Then a 140 μm diameter hole was laser-
drilled to act as the sample champer. The Ge2Sb2Te5 sample
was cut with dimensions of 80 × 80 × 15 μm3. Four Pt wires
were adhered to the sample with the silver epoxy. The elec-
trode leads were electrically insulated from the steel gasket
by the c-BN (mixed with epoxy) layers. Daphne oil 7373
was used as the pressure transmitting medium. The resistivity
and Hall coefficient were obtained using the Van Der Pauw
method [36] in Quantum Design’s Physical Property Mea-
surement System.

For the high pressure Raman scattering measurements,
we used diamond anvils with the ultralow fluorescent back-
ground. The preparation of DAC was in the same way as that
in the XRD measurements. Raman spectra were collected in
back scattering geometry with a laser wavelength of 488 nm
by using an in-house system with charge coupled device and
spectrometer from Princeton Instrument. The laser power was
kept down to 2 mW to avoid damage to the samples.

III. RESULTS AND DISCUSSION

A. Identification of the initial phase

For all proposed stacking sequences of the hexagonal
Ge2Sb2Te5, the calculated total energy is only slightly dif-
ferent [37]. Owing to the similar electron counts of Sb and
Te, distributions of atoms on all positions cannot be analyzed
accurately by the powder XRD pattern [38]. However, dis-
order arising from the mixed Ge/Sb layers would lead to
the lower lattice thermal conductivity than that of the or-
dered layered structures [39]. Figures 1(b) and 1(c) show the
temperature dependence of the electrical conductivity σ and
thermal conductivity κ of bulk Ge2Sb2Te5 from 2 to 300 K.
The electronic part κele is estimated by the Wiedemann-Franz
relation κele = LσT , where L is the Lorenz number (L = 2.44
× 10−8 W � K−2 in theory for semiconductors). The lattice
thermal conductivity κlatt is the difference between κ and κele.
Hence we can obtain the lattice thermal conductivity of 0.6
Wm−1K−1 at 300 K comparable to the value of the Ge/Sb
mixed layered structure from the theoretical work. Figure 1(a)
shows the XRD pattern of the polycrystalline Ge2Sb2Te5. The
structure model proposed by Matsunaga et al. [29] has been
applied to analyze the XRD profile. Combining with the XRD
results, the high electrical conductivity and pretty low lattice
thermal conductivity obtained from the resistivity and thermal
transport measurements, we identify the existence of mixed
Ge/Sb layers in the trigonal phase. Thus, the long-standing
structure issue [29–31] in this phase-change material has been
settled down.

B. Structural evolution with pressure

Figure 2(a) shows the XRD patterns acquired in situ of the
powdered Ge2Sb2Te5 sample at high pressures. The pressure-
induced phase transitions can be clearly observed from these
patterns and profiles. The initial trigonal phase of Ge2Sb2Te5

is confirmed by the diffraction patterns at pressure of 2.3 GPa
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FIG. 1. (a) Measured and calculated XRD profiles of trigonal Ge2Sb2Te5 at room temperature, the difference curve is presented at the
bottom. The red vertical spikes illustrate the reflection markers. The inset shows its crystal structure. (b) The temperature dependence of
electrical conductivity σ from 2 K to 300 K. (c) The temperature dependence of the thermal conductivity κ and its electronic component κele

and lattice component κlatt.

as shown in the Fig. 2(b). The extracted lattice constants of
a = 4.172 Å and c = 16.789 Å are listed in the lower panel
of Fig. 2(b). Upon compression, the intensities of the Bragg
peaks decrease and diffuse bands at the different positions
appear at pressure above 11.4 GPa, suggesting the amor-
phization of Ge2Sb2Te5. The amorphous phase remains stable
until the appearance of a new crystalline phase at pressures
above 28.8 GPa. The high-pressure crystalline phase can be
regarded as the random solid solution and was indexed as a
body centered cubic (bcc) structure with unit cell dimension
a = 3.392 Å at pressure of 49.8 GPa [Fig. 2(b)] based on
the peak positions and their intensities. Figure 2(d) shows
the crystalline structures of the trigonal and bcc phases,
respectively.

The pressure-dependent lattice parameter(s) and relative
unit cell volume are shown in Fig. 2(c). In the pressure range
of 11.4 to 28.8 GPa, Ge2Sb2Te5 keeps the amorphous phase
character. By comparing lattice parameter(s) and lattice sym-
metry at higher pressures, we could rule out the possibility
of the crystalline peaks resulting from the decomposition of
Ge2Sb2Te5 (Ge, Sb, and Te metals) or the atomic diffusion
of steel gasket (Fe) and pressure marker (Au). The volume
decrease of the crystalline phases upon compression can be
described by the second order Birch-Murnaghan equation of
state [40] with the bulk modulus K0 = 44 ± 1 GPa for the trig-
onal phase and K0 = 85 ± 4 GPa for the cubic phase using the
first derivative of the bulk modulus K ′

0 = 4 from the previous
study [15].

The phase transformation sequences of both GeSb2Te4 and
Ge2Sb2Te5 upon compression are summarized as follows:
cubic-amorphous-(orthorhombic, for GeSb2Te4 only)-bcc(c)
for the starting meta-stable fcc cubic phase and trigonal-
orthorhombic-bcc(h) for the starting stable trigonal phase,
respectively [15,16]. By applying pressure, the different initial
phases of GST experience sequential structural evolutions,
which all end up in close-packed bcc structures with similar
high density, but varying features depending on the initial
composition. It has been proposed that disorder in the amor-
phous and vacancy-rich metastable cubic structure of GST
can be additionally modulated leading to a delocalization of
the electrons and hence initiating the insulator-metal or even
insulator-superconductor transitions [11,12,32,33]. However,
we found the novel pressure-induced phase transitions rou-
tine: trigonal-amorphous-bcc, the difference is likely due to
difference in the microstructure of the initial trigonal phase.
Therefore, it would be an intriguing task to explore the elec-
tronic behavior of Ge2Sb2Te5 with pressure.

C. Realization of superconductivity and its reversibility
with pressure

Figure 3(a) shows the resistance of Ge2Sb2Te5 as a func-
tion of temperature in the pressure range of 2.0 to 44.3 GPa. At
13.4 GPa, around the pressure-induced amorphization point, a
sharp drop of the resistance below 4 K is clearly observed,
suggesting the occurrence of superconductivity within the
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FIG. 2. (a) The XRD patterns at various pressure up to 49.8 GPa. (b) The XRD patterns and Rietveld refinement results at representative
pressure of 2.3 GPa and 49.8 GPa. The experimental and fitted data points are plotted together by the open circles and thin curves. The reflection
markers are represented by vertical sticks at the lower patterns. The differences between the experiments and calculations are indicated by thin
curves at the bottom of each panel. (c) The pressure dependence of the lattice parameter(s) and the normalized unit cell volume per (Te) atom
of the trigonal and cubic phases in the pressure range of 0–11.6 GPa and 28.8–49.8 GPa, respectively. (d) The crystalline structures of the
Im-3m and P-3m1 phases.

amorphous phase. The superconducting transition becomes
more obvious with increasing pressure. Upon further com-
pression, Tc suddenly increases to 8.2 K, concomitantly with
the entrance of the cubic phase based on the XRD results.
Here Tc is defined to be the onset temperature at which the
resistance starts to drop. Superconducting state remains up
to 44.3 GPa which is highest pressure studied. The zero re-
sistivity state has been achieved in both the amorphous and
cubic phases. The suppression of the superconducting state
by applied magnetic fields can be observed at pressure of
40.4 GPa [Fig. 3(c)] and 3.9 GPa [Fig. 3(d)]. With increasing
magnetic field, Tc decreases gradually. This is characteristic of
superconductivity in the high-pressure phases of Ge2Sb2Te5.

The typical temperature-dependent resistance curves in the
decompression process are plotted in Fig. 3(b). Surprisingly,
the sharp superconducting transition in Ge2Sb2Te5 persists
down to 2.5 GPa with Tc of 4.2 K while releasing pressure.
Eventually, the superconductivity cannot be detected at lower
pressures and the normal metallic behavior above supercon-
ducting state gradually converts into insulating behavior.

Figures 3(c) and 3(d) present the resistance versus tem-
perature at various magnetic fields to trace the upper critical
field μ0Hc2 at selected pressure of 40.4 GPa and 3.9 GPa in
the loading and releasing process, respectively. The obtained
μ0Hc2 is 2.9 Tesla at 40.4 GPa and 3.8 Tesla at 3.9 GPa
based on the Werthamer-Helfand-Hohenberg (WHH) model.
In Figs. 3(c) and 3(d), the colored area represents the tem-
perature dependence of μ0Hc2 based on the Ginzburg-Landau
theory.

The reversible evolution of Tc upon decompression has
been reported in In2Se3 [41]. Generally, the compound un-
dergoes phase transitions by the applied pressure. In the
decompression process, the high-pressure phases hosting su-
perconductivity could be quenched to low pressures until the
system returns back to the low-pressure phases. In the case
of Ge2Sb2Te5, both the rearrangement of atomic structures
and the electrical properties are found to be strongly corre-
lated with the evolution of the defects and vacancies. The
delay of the phase transition pressure during decompression
is due to the frustration of the vacancies since the local order
of the intermediate amorphous phase is different from the
initial trigonal phase. Thus, the high-pressure superconduct-
ing amorphous and cubic phases can persist until pretty low
pressures. The retention of superconductivity in Ge2Sb2Te5

at nearly ambient pressure provides a hint for practical ap-
plications of the near room-temperature superconductivity by
introducing disorder in the superhydrides. When the ther-
mal equilibrium is not reached, the vacancies tend to remain
disordered after pressure released and the final state is dif-
ferent compared to the initial trigonal phase. The randomly
distributed vacancies would trigger the insulator to metal tran-
sition [9,42].

D. Examination of phase stability

Raman spectroscopy offers a powerful method for monitor-
ing the evolution of atomic structures during pressure-induced
phase transitions through the probe of local vibrational modes.
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FIG. 3. The representative temperature-dependent resistance of Ge2Sb2Te5 in the (a) compression and (b) decompression runs. The upper
inset of (a) shows the micrography of Ge2Sb2Te5 for the in situ electrical transport measurements under pressure. The lower inset of (a) shows
the resistance in the temperature range of 2–10 K at the pressure of 13.2 GPa. The magnetic field dependence of the resistance of the Ge2Sb2Te5

at various temperatures at the pressure of (c) 40.4 GPa and (d) 3.9 GPa. The solid circles represent the compression data and the open circles
represent the decompression data. Inset: The upper critical field μ0Hc2 versus temperature. The μ0Hc2(T ) curve is plotted by the color area by
using the expression: μ0Hc2(T ) = μ0Hc2(0)[1 − (T/Tc )2]/[1 + (T/Tc )2] based on Ginzburg-Landau theory.

The trigonal Ge2Sb2Te5 belongs to the P-3m1 space group.
Therefore, phonon modes at the � point can be denoted as �

= 4(A1g + Eg + Eu + A2u) according to the irreducible repre-
sentations. Since the Ge and Sb randomly occupy the same
layer, a partial breaking of the P-3m1 symmetry occurs and
leads to a lower symmetry state with the P-3m symmetry
[43]. Hence the Raman modes of the trigonal phase can be
simplified as A-type and E -type with atomic displacements
along and perpendicular to the c axis, respectively.

Figure 4(a) shows the Raman spectra of Ge2Sb2Te5 for
the selected pressures of interest at room temperature. For
the Raman spectra obtained at ambient, the peak at 47 cm−1,
owing to the A-type Raman mode, can be assigned as the
characteristic one of the trigonal phase compared with Raman
modes of the metastable cubic phase [44]. In accordance with
previous theoretical works, peaks at 94 cm−1, 121 cm−1, and
141 cm−1 belong to the E -type Raman-active phonons and
peaks at 71 cm−1 and 174 cm−1 can be attributed to the A-type
Raman-active phonons [43]. With increasing pressure, most
of the Raman peaks shift toward higher frequencies as shown
in Fig. 4(c). The E -type Raman mode (vibrations in the ab
plane) at 141 cm−1 at ambient pressure presents an anomalous

softening tendency with pressure, indicating the instability of
the layered structure of the trigonal phase. At 6.6 GPa a new
peak appears at 39 cm−1 while the peaks of the trigonal phase
become weaker and merge. No obvious structural transitions
can be deduced on the basis of the XRD measurements (Fig. 2,
caption). It implies a possibility of the transformation from the
mixed Ge/Sb layered structure [29] to the distinguished lay-
ered structure without mixing occupancy [30,31]. Therefore,
the strong Raman peak at 39 cm−1 can be characterized as
an A1g mode which serves as the unique feature of the Kooi
structure [43]. The A1g mode softens and persists until the
system enters into the cubic phase.

Above 11.6 GPa, the distinct Raman modes at high fre-
quencies gradually become a broad band, suggesting the
amorphization of Ge2Sb2Te5. The anomalous slope changing
of the A-type mode at 200 cm−1 can be ascribed to the com-
petition between the hexagonal and amorphous phase. The
A1g mode splits into two modes. One of the Raman modes
preserves in the cubic phase. For the cubic structure with the
Im-3m space group, no Raman-active mode is expected. Our
observation on unloading down to 21.3 GPa is consistent with
this picture [Fig. 4(b)]. In the loading process, the observed
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Raman peak in the cubic phase could originate from the local
symmetry breaking owing to the presence of vacancies and
defects upon the crystallization from the amorphous phase.
The behaviors of structural evolution obtained by the Raman
scattering measurements are similar to the above XRD results.

While pressure is slowly released, the cubic phase first
converts into the amorphous phase at 16 GPa as shown in
Fig. 4(d). Below 2.4 GPa, most of the Raman peaks can be
reproduced as those in the starting hexagonal phase, revealing
that the system turns back to the hexagonal structure. How-
ever, the absence of the Raman modes at low frequencies
suggests the existence of considerable randomly distributed
vacancies and defects in the hexagonal structure after a cycle
of compression and decompression. Therefore, we can at-
tribute that disorder enhanced by the applying pressure would
indeed give rise to a hysteresis in pressure cycling. Consistent
with the resistivity measurements, the pressure-induced su-
perconducting cubic and amorphous phases can be preserved
until 16 GPa and 2.4 GPa, respectively.

E. Superconducting phase diagram

A comprehensive temperature-pressure phase diagram for
Ge2Sb2Te5 is mapped out in Fig. 5(a) by combining the
XRD, Raman-scattering, and electrical transport measure-
ments. To further understand the close connection between
the lattice and electronic structure and physical properties
at high pressures, we also measured the Hall coefficient
(RH ) for Ge2Sb2Te5 at 10 K during the compression and

decompression runs. The pressure dependence of the carrier
concentration nH at temperature of 10 K is summarized in
Fig. 5(b). The starting trigonal phase presents the p-type
conduction characteristic with nH of ∼ 1020 cm−3, being
consistent with the earlier reports [9]. The carrier change from
the p-type to n-type provides another evidence for the phase
transition from the trigonal to amorphous structure. Upon
further compression, the system still maintains the n-type
conduction, indicating that the dominant electron carriers are
responsible for the superconducting state. During decompres-
sion, the electronic properties have similar features as those in
the loading process.

For the phonon-mediated superconductivity, Tc mainly de-
pends on the average phonon frequency and electron-phonon
coupling constant [45]. The latter can be determined by the
combination of the lattice stiffness and electronic stiffness
[46]. Owing to the tight connection to the electron density
of state at the Fermi surface, the electronic stiffness can be
reflected by the obtained value of nH . The pressure-induced
increase in the electronic stiffness usually help to promote
Tc [47]. As previously established in the transition metal
carbides and nitrides, phonon softening associated with the
structural instability leads to the large enhancement of Tc

[48,49]. Therefore, the scenario can be applied to account for
the evolution of Tc in Ge2Sb2Te5 with pressure. The combina-
tion of the dramatic increase of nH with the phonon softening
accounts for the occurrence of superconductivity and the later
enhancement in the amorphous phase. At higher pressures, the
compound enters into a good metal state in a cubic structure
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and decompression runs, respectively.

but with a higher Tc of ∼ 8 K. As the pressure is increased,
the difference in the behavior between the increasing nH and
decreasing Tc can be attributed to the phonon stiffening in the
cubic phase. When pressure is slowly released, Tc increases
and then remains finite due to the decompression-induced
phonon softening in the cubic structure. Conversely, phonon
modes harden with decreasing pressure and hence lead to the

Tc reduction. The Tc vanishes while the system turns back to
the trigonal structure.

The interplay between superconductivity and disorder has
been discussed for decades. Pressure-induced disorder usu-
ally competes with superconductivity in the high-Tc cuprate
superconductors [50]. On the other hand, by overcoming
the kinetic barrier upon compression, superhydrides possess
strong electron-phonon coupling owing to the proximity of
electronic and structural instability [51]. Very recently, it is
suggested that the metal ions such as lanthanum atoms are
“overdoped” with the hydrogen clathrate lattice [52]. Thus,
optimizing electron density in the alloy compounds would
give rise to extraordinarily high Tc. Through partially substi-
tuting the metal ions by adjacent elements, we may expect
the order-disorder transitions in superhydrides and hence the
near room-temperature superconductors at nearly ambient
conditions.

IV. CONCLUSION

In summary, we found the novel high-pressure structural
evolution for Ge2Sb2Te5 as following pathway: trigonal-
amorphous-cubic. Superconductivity emerges in the amor-
phous and cubic phases during compression and persists until
nearly ambient pressure of 2.5 GPa in the decompression
process. Disorder triggered by pressure plays a crucial role in
the memory effect of the superconductivity for the quenchable
high-pressure phases. The disorder in Ge2Sb2Te5 is suggested
to frustrate the crystallization during decompression. Thus,
compressing this typical phase-change material opens an av-
enue to study the disorder-driven insulator to superconductor
transition. During decompression, the metal to insulator tran-
sition of Ge2Sb2Te5 may be employed in the impending
multistate memory devices by introducing chemical pressure
or strain. The discovery implies that it is possible to retain
the near room-temperature superconductivity at ambient con-
ditions in superhydrides by introducing disorder.
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