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Here we report the discovery of superconductivity in multiple phases of the compressed GeSb,Tes (GST)
phase change memory alloy, which has attracted considerable attention for the last decade due to its unusual
physical properties with many potential applications. Superconductivity is observed through electrical transport
measurements, both for the amorphous (a-GST) and for the crystalline (c-GST) phases. The superconducting
critical temperature 7, continuously increases with applied pressure, reaching a maximum 7, = 6K at P =
20 GPa for a-GST, whereas the critical temperature of the cubic phase reaches a maximum 7, = 8 K at 30 GPa.
This material system, exhibiting a superconductor-insulator quantum phase transition, has an advantage over
disordered metals since it has a continuous control of the crystal structure and the electronic properties using

pressure as an external stimulus.
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I. INTRODUCTION

In conventional metals and alloys Coulomb interactions are
screened by the conducting electrons, but an attraction between
electrons due to the electron-phonon interaction results in
superconductivity, which appears at a critical temperature 7,
determined by the Debye frequency and the electron-phonon
coupling constant. A system where the electronic properties
can be tuned and the material can undergo a transition from
a metallic to an insulating state by applying an external
stimulus can therefore become a laboratory for studying
fundamental questions about superconductivity and quantum
phase transitions.

GeSb,Te,4 (GST) is a phase change material whose unusual
physical properties [1-6] promise many potential applications
in the electronics industry [7-10]. GST can undergo a
reversible change from an amorphous phase (a-GST) to a
crystalline (c-GST) one at elevated temperatures [1-4], but
also by elevated pressure at ambient temperature [11]. This
transition is accompanied by a significant change of over
four decades in resistance. The observed resistance changes,
as well as a reversible a-GST to c-GST phase transition,
have been explained using numerical simulations [11-13].
The corresponding metal-to-insulator transition (MIT) in
GST is often explained as a disorder-induced Anderson
localization [1].

Superconductivity near a metal-to-insulator transition has
been reported in disordered metals [14] and has been studied
intensively. Nevertheless, a continuous control of the elec-
tronic properties using external stimuli has been lacking. Here,
using pressure as an external stimulus, we show that GST
becomes superconducting at low temperature and elevated
pressure, while preserving its structural symmetry, namely,
remaining in the amorphous state. Therefore, amorphous GST
becomes an excellent tunable system for studying three-
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dimensional superconductor-insulator quantum phase transi-
tions. Furthermore, we demonstrate that superconductivity
with a somewhat higher T, is observed at higher pressures
when the material undergoes a structural transition from the
amorphous (a-GST) into the crystalline (c-GST) phase.

II. RESULTS AND DISCUSSIONS

In our transport studies of GST material under pressure in
a wide temperature range, we used as-grown amorphous (a-
GST) and as-prepared crystalline (c-GST) powders; pressure
was generated using diamond anvil cells (DACs); electrical
transport measurements were performed using a physical prop-
erty measurement system (for details, see the Supplemental
Material (SM) [15]). The lattice of ¢-GST is hexagonal at
ambient temperature and atmospheric pressure, and therefore
the crystalline samples are denoted as h-GST in their initial
conditions. An x-ray diffraction analysis of our amorphous and
crystalline samples, shown in SM [15] (Fig. S1), confirms the
amorphous structure of as-prepared a-GST and the hexagonal
structure of #-GST. Upon application of pressure at ambient
temperature we observe (SM [15], Fig. S2), in agreement with
Ref. [16], a gradual change in the density of the amorphous
GST material, which becomes almost constant for pressures
above 14 GPa, followed by crystallization into a bcc lattice at
pressures above 20 GPa.

We emphasize that the continuous densification observed
in the amorphous phase should not be confused with the
structural phase transition with a symmetry change such as
the one observed at crystallization into a bcc lattice. The
structure of GST at a pressure of 10 GPa, where we observe
superconductivity, is identical to the one at somewhat below
10 GPa, namely, preserving the same amorphous phase with a
somewhat higher density. In fact, the borderline between the
low- and high-density amorphous phases is quite arbitrary.
The authors of Ref. [16] have used the highest change in
densification rate as a criterion for putting the borderline
between them. For our sample, if we use this criterion, the
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FIG. 1. Room temperature resistance under pressure. (a) Six platinum triangles under pressure in one of the measurement setups.
(b) Resistance as a function of pressure of a-GST. (c) Pressure dependence of resistance of ¢-GST. Shaded regions in different colors
[(in both (b) and (c)] are according to previously published XRD data [16,17] and our resistance measurements.

borderline would be at ~14 GPa. We also observe all phases
of crystallographic transitions reported in Ref. [17] for the
initially crystalline #-GST (see SM [15], Fig. S2).

Two cells of a-GST were prepared (samples 1 and 2),
one of which was made of nonmagnetic materials to enable
low temperature transport measurements at various magnetic
fields (sample 1). Two cells of the £-GST sample were also
measured as a function of temperature for various pressures.
In Fig. 1(a), we show the typical contact configuration for
measuring resistance at various pressures as a function of
temperature.

At ambient temperature, the a-GST samples show a
dramatic, over five orders of magnitude, drop in resistance,
when it is compressed by applying quasihydrostatic pressure,
followed by saturation above 9 GPa, as shown in Fig. 1(b).
The behavior of A-GST also saturates above 10 GPa, as
seen Fig. 1(c), however, the overall change in resistance is
much smaller. The dramatic drop in resistance for the a-GST
sample is corroborated with the corresponding change of the
mechanism of conductivity.

For low pressures, below 5 GPa, the variation of resistance
versus temperature indicates that the a-GST is an Anderson
insulator with a typical transition from a simply activated to
Mott variable range hopping mechanism of the electronic
transport, as depicted in Fig. 2. At pressures exceeding
9.5 GPa, when the resistivity drops below approximately
I mQ cm, the value reported previously [1] as a precursor
of the metal-insulator transition (MIT), a-GST becomes a
superconductor (Fig. 2).

In Fig. 3, we show resistance versus temperature for
two amorphous samples. The plots in Fig. 3 show that for
pressures below P = 21 GPa, there is a monotonous increase
of the superconductor transition temperature with pressure,
accompanied with a decrease of the normal state resistance.
The behavior changes drastically when the pressure is further
increased above 21 GPa. One can clearly see that the curves
have two distinct transitions, signifying the appearance of an
additional phase with a higher transition temperature. This
double transition is observed in both samples.

As demonstrated by our x-ray diffraction (XRD) data in
SM [15], and as was reported previously by others [16],
at this range of pressure, a crystallographic phase transition
occurs, forming the bcc ordered phase, beec-GST. We can
therefore interpret the double transition as the coexistence
of a-GST with bcc-GST, both being superconductors with
a higher value of T, for the crystalline phase. In Fig. 4(a),
we show magnetoresistance measurements at 2 K for sample
1 at different pressures. From these curves we can extract
the upper critical field H¢», defined as the field for which
the resistance attains half of the normal state resistance
value. A closer inspection of the curves shown in Fig. 4(b)
reveals a double transition versus magnetic field. These double
transitions in the magnetic field appear at a somewhat higher
pressure than the corresponding double transitions observed
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FIG. 2. Temperature dependence of a-GST samples demonstrat-
ing the superconductor-insulator transition (SIT). The Mott variable
range hopping is clearly observed at pressures between 3.0 and
7.5 GPa, as seen from the inset.
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FIG. 3. Superconducting transitions of a-GST. (a) Temperature dependence of resistance at different pressures using four-probe geometry
(sample 1) and (b) using quasi-four-probe geometry (sample 2). Two distinct superconducting transitions are observed.

in R(T) curves. For these pressures, exceeding 40 GPa, only a
single bce phase is expected to remain. This inconsistency
is the subject for further investigation. The values of the
corresponding upper critical field are plotted in Fig. 4(c). Our
definition of H¢, is not appropriate for the pressure range
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FIG. 4. Pressure dependence of the critical field of a-GST
(sample 1). (a) Resistance as a function of magnetic field at different
pressures. (b) Zoomed portion of the transitions from (a) for 34.3,
40.6, and 45.2 GPa showing two transitions in the last two pressures.
(c) Variation of the critical field as a function of pressure.

where we observe a double transition (coexistence regime).
In the latter case we estimated H¢, as the midpoint value
of each transition for each phase. Using a typical value of
Hc, = 2.8 T within the Ginzburg-Landau and BCS formalism
[18], we estimate the microscopic parameters as follows:
the Ginzburg Landau coherence length, &6 (7") &~ 30 nm at
T ~ 2 K. Assuming that our samples are in a clean limit,
£ > &, which is a reasonable assumption for a metallic GST
with resistivity p < 10 £ cm, we can estimate the Pippard
coherence length at low temperatures to be &, ~ 40 nm. If
we assume that the superconducting gap follows BCS theory,
A = 3.5kpT,, then we can estimate the Fermi velocity by using
the relation &y = %’ and taking 7, = 7 K for bcc-GST, we find
vy &~ 3 x 10° m/s. Additional current-voltage measurements
can be found in SM [15] (Fig. S3).

We also performed low temperature studies on two samples
prepared in the hexagonal phase, which were measured in
different DACs. As we already mentioned, the behavior of
h-GST under pressure is quite different: First, the resistivity
changes by less than an order of magnitude at 300 K when
compressed [see Fig. 1(b)], and second, it exhibits normal
metallic behavior at pressures below 10 GPa. The first crys-
talline sample was compressed at room temperature to 28 GPa,
decompressed, and recompressed again. The variation of room
temperature resistance upon this cycle is depicted in SM [15]
(Fig. S4). Since our as-prepared a-GST was superconducting
when transformed into the bce phase, one could expect that the
as-prepared h-GST sample will also exhibit superconductivity
upon compression, following decompression from 28 GPa,
where bce-GST is formed according to SM [15] (Fig. S2) and
Ref. [17]. We indeed observe the appearance of superconduc-
tivity upon recompression at pressures above 14 GPa, as shown
in Fig. 5(b). There are two separate transitions in the R(T")
curve which are quite distinct. We attribute the highest 7, to
the bee phase, since it is very close to the value of T, observed
in as-prepared a-GST samples undergoing a crystallographic
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FIG. 5. Superconducting transitions of ¢-GST. (a) Temperature
dependence of resistance at different pressures. (b) Same measure-
ments using two wires after subtracting residual resistance values
(1.329 and 1.564 <2 for 14.2 and 30.7 GPa, respectively).

transition to the bcc phase, whereas the lower transition is
attributed to superconductivity in the orthorhombic phase (see
SM [15], Fig. S2, and Ref. [17]). The measurements of the
second #-GST sample were performed only in the compression
mode. These measurements reveal behavior that is similar to
the first sample, i.e., they do not exhibit superconductivity
at temperatures around 4 K for pressures below 14 GPa
[Fig. 5(a)]. At higher pressures, where h-GST transforms
into different crystallographic phases (SM [15], Fig. S2), we
observe superconductivity at the same temperatures as the
first sample upon recompression [see Fig. 5(b)]. We use a
similar definition for the critical temperature 7, as we used
for defining Hc,, namely, as the temperature for which the
value of the resistance is one half of its value at the normal
state, prior to the transition. We can get a T'- P phase diagram,
which summarizes our findings for both as-prepared a-GST
and h-GST samples, by plotting the variation of 7, vs P in
Fig. 6 for both measurement sets. At the range presented in
our phase diagram it appears that the low-density amorphous
and the hexagonal phases are not exhibiting superconduc-
tivity. Much lower temperatures than those available in our
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current experimental setup are needed to complete the phase
diagram.

III. CONCLUSIONS

In conclusion, we have demonstrated superconductivity in
both amorphous and a few crystalline phases of GeSb,Tey
compound with a maximum transition temperature of 7, = 8 K
at a pressure of 30 GPa. We believe that in addition to
being a phase change material, GST becomes a laboratory
for studying superconductor-to-insulator transitions (SITs)
with the pressure being an external tuning parameter. It also
provides a unique opportunity to study and compare the
disorder-driven SIT quantum phase transition observed in the
amorphous phase.

One of the remaining open questions regarding the nature of
the observed quantum phase transition [19] in the amorphous
phase, which we hope to answer in the future, is the existence
of a quantum critical point where 7, vanishes (an Anderson-
like transition) or 7, remains finite, indicating a Mott-like
transition. Moreover, most of the systems where the SITs
were observed are either two dimensional (thin films of
InOx, Bi, MoGe, TaN), or almost two dimensional (layered
high temperature perovskite superconductors). There are some
experimental indications as well as theoretical predictions
[20] that there might be an anomalous metallic phase with
the high values of conductivity in between the insulating
and the superconducting states. The conductivity of this
anomalous metal exceeds by orders of magnitude the Drude
conductivity in the normal state. Our amorphous GST, being a
three-dimensional system, could provide an answer in future
studies whether the anomalous metallic phase is not restricted
only for two dimensions.
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