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Multiple superconducting phases driven by pressure in the topological insulator GeSb,Te;
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Tuning superconductivity in topological materials by means of chemical substitution, electrostatic gating,
or pressure is thought to be an effective route towards realizing topological superconductivity with their
inherent Majorana fermions, the manipulation of which may form the basis for future topological quantum
computing. It has recently been established that the pseudo-binary chalcogenides (ACh),,(Pn,Chs), (A = Ge,
Mn, Pb, etc.; Pn = Sb or Bi; Ch = Te, Se) may host novel topological quantum states such as the quantum
anomalous Hall effect and topological axion states. Here we map out the phase diagram of one member in this
series, the topological insulator candidate GeSbsTe; up to pressures of ~35 GPa, through a combination of
electrical resistance measurements, Raman spectroscopy, as well as first-principles calculations. Three distinct
superconducting phases emerge under the pressure above ~11, ~17, and ~31 GPa, which are accompanied
by concomitant structural transitions, evidenced from the changes in the Raman modes. The first-principles
calculations validate the existence of a topological insulating state at ambient pressure and predict two possible
structural transitions at 10 and 17 GPa, in agreement with the experimental observations. Overall, our results
establish the GeSb, Te; family of materials as a fertile arena for further exploring various topological phenomena,

including topological phase transitions and putative topological superconductivity.

DOI: 10.1103/PhysRevB.108.184504

I. INTRODUCTION

Since the first theoretical proposals of two-dimensional
(2D) and three-dimensional (3D) topological insulators (TIs),
the material realizations of nontrivial electronic band topology
with unconventional surface states and peculiar electromag-
netic responses have become one of the most fascinating fields
in solid-state physics [1-4]. Subsequently, time-reversal-
symmetric, nonsymmorphic topological insulators; mirror
Chern insulators; Dirac, Weyl, and nodal-line semimetals;
as well as higher-fold degenerate fermions and high-order
TIs have all been put forward theoretically and been veri-
fied experimentally [5—10]. The success achieved in the past
decade has been further expedited by recently introduced
theories of topological quantum chemistry and symmetry-
based indicators (SIs) that have, in particular, facilitated
high-throughput searches for topological phases of matter
[8,9,11,12]. Although over 50% of all known materials ex-
hibit symmetry-indicated nontrivial topology [13], only a
very limited proportion of them become superconductors
at low temperatures, either at ambient pressure or under
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hydrostatic pressure. This hinders the search for intrinsic topo-
logical superconductors in stoichiometric compounds, thereby
presenting challenges in exploiting Majorana fermions for
topological quantum computing.

In a large number of currently known topological ma-
terials, the layered binary chalcogenides Pn,Ch; (Pn = Bi,
Sb; Ch = Te, Se) were among the first validated TIs, both
theoretically and experimentally [1,4]. These Bi,Tes-type
compounds have tetradymite-like layered structures com-
prised of Te-Bi-Te-Bi-Te quintuple layers (5L, QLs) that are
stacked by van der Waals forces along the c¢ axis [Fig. 1(a)]
[14]. This weak van der Waals force facilitates the chemi-
cal doping or intercalation. For example, the MnTe bilayer
can readily intercalate the QLs, forming the Te-Bi-Te-Mn-
Te-Bi-Te septuple layers (7L, SLs) [Fig. 1(b)]. With these
QLs and SLs as the building blocks, new van der Waals
compounds (ACh),,(PnyChs), (A = Ge, Mn, Pb, etc.; Pn =
Sb or Bi; Ch = Te, Se) can be synthesized [15-21]. Taking
MnBi,Tey, (m =1, n=1) as an example, the structure is
constructed by the stacking of SLs [Fig. 1(b)], whereas in
MnBiyTe; (m = 1, n = 2), it consists of alternating stacking
of QLs and SLs along the ¢ axis, forming naturally grown
superlattices [Fig. 1(c)]. Interestingly, most members in this
family were found to be 3D TIs [4,17,18,22,23], thereby
providing a tunable platform to observe unusual topological
phenomena.
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FIG. 1. (a)—(c) Crystal structures of Pn,Chs, APn,Chy (“124” phase), and APnsCh; (“147” phase) at ambient pressure. The structures are
drawn using the software VESTA [24]. (d) The ambient XRD pattern of a GeSb,Te; single crystal. Inset is an enlarged view of the (0012)
peak with a FWHM of 0.1°. (e) TEM image of the crystal. (f) Temperature dependence of the resistivity at ambient pressure. Inset shows the

magnetoresistance (MR) measured at 7= 2 K at ambient pressure.

Previously, much effort has been devoted to realizing
superconductivity in the (ACh),,(Pn,Chs), compounds, and
pressure has been demonstrated to be an important tool
for tuning structural phase transitions and superconductivity
thereof [25-30]. For example, in Sb,Tes, four superconduct-
ing phases were revealed under pressures up to 32 GPa that
are correlated with four distinct structures [26]. In SnSb,Tey,
superconductivity was found to be gradually enhanced with
pressure up to 33 GPa [28]. In both crystalline GeSb,Tey
and amorphous GeSb,Tey4, two superconducting phases were
observed for P < 40 GPa and the maximum superconducting
transition temperature was observed at 20-30 GPa [29,30].

Notably, the magnetic members in families such as
MnBi,Tes, and MnBisTe;, have attracted more interest re-
cently, with the desire to observe the quantum anomalous Hall
(QAH) effect and axion insulator state with quantized topo-
logical magnetoelectric effect [15-18,31-34]. Following the
first observation of the QAH effect in Cr-doped (Bi,Sb),Tes
TI thin films [35], the focus has shifted towards intrinsic
magnetic topological materials that are thought to provide
a cleaner platform for studying emergent magnetic topolog-
ical states. Indeed, QAH was observed in MnBi,Te4 thin
flakes with an odd number of SLs [16]. On the other hand,
pressure has also been employed to tune the ground states
of these magnetic topological materials. Specifically, it was

reported that pressure induces several structural transitions
in MnBi,Tes4 and MnBi4Te7, which change their topological
properties simultaneously [36]. However, no superconduc-
tivity was observed in both systems up to ~50 GPa [36].
More recently, pressure-induced superconductivity was ob-
served in the Mn-based “147” antiferromagnet MnSb,Te;
with a maximum 7, of 2.2 K at 50 GPa [37]. A natural
question arises as to the possible role played by the magnetic
fluctuations in its superconductivity since the element Mn
is generally magnetic. In particular, whether the magnetic
fluctuations are energetically favorable or adverse for the
formation of superconductivity in this topological family is
unclear.

With all these in mind, we performed a high-pressure study
of the nonmagnetic counterpart GeSb,Te; that is isostruc-
tural to MnSb,Te;. We reveal three distinct superconducting
phases under pressure above 11, 17, and 31 GPa, which are
concomitant with three structural transitions, different from
the pressure phase diagrams reported in Sb,Tes, SnSb,Teq,
GeSb,Tey, etc. [25-30]. Importantly, the superconducting
transition temperature 7. in pressurized GeSb4Te; is a factor
of 4 higher than that in its pressurized magnetic homologue
MnSb,Te;. This significantly enhanced 7, suggests that the
magnetic fluctuations may have adverse effects on the Cooper
pair formation in this 147 phase of pseudo-binary systems,
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FIG. 2. (a) Temperature dependence of the resistance R(7T") for different pressures measured during the compression process. (b) An
enlarged view of (a) in the low-temperature region. (c) R(T") curves for different pressures measured during the decompression process. (d) A

low-temperature enlargement of panel (c).

although both GeSbsTe; and MnSb,Te; show unambiguous
topological features.

II. EXPERIMENT

Single crystals of GeSbsTe; were grown by the flux
method reported in Ref. [38]. Single crystal and powder x-
ray diffraction (XRD) measurements were performed at room
temperature using a diffractometer with Cu K« radiation. The
actual composition of the single crystals was characterized
by an energy dispersive x-ray spectroscopy (EDXS) analyzer
equipped on a scanning electronic microscope and a transmis-
sion electron microscope (TEM). The EDXS results confirm
that the atomic ratio for Ge:Sb:Te is very close to 1:4:7.
The specific heat data were measured on a physical property
measurement system (PPMS-9, Quantum Design). The trans-
port data under pressure were acquired from measurements
in a diamond-anvil cell with NaCl as the pressure transmit-
ting medium. High-pressure Raman spectroscopy data were
collected by a Renishaw inVia Raman system with a laser
wavelength of 532 nm.

The electronic band structure calculations were performed
using the full-potential linearized augmented plane wave
method implemented in the WIEN2K code [39]. We employed
a tight-binding dependent package WANNIERTOOLS for topo-
logical properties investigations [40]. The iterative Green’s
function was used for obtaining the surface-state spectrum.

We used the in-house developed crystal structure predic-
tion package CRYSTREE to search for the stable structures of
GeSb,Te; under pressure [41]. We then employed the QUAN-
TUM ESPRESSO package [42] with Perdew-Burke-Ernzerhof
exchange-correlation functional to compute the enthalpies of
the predicted structures under various pressures. The cutoff
values for charge density and the wave function were set to be
600 and 60 Ry, respectively.

III. RESULTS

Figure 1(d) shows the single crystal XRD pattern for one
GeSb,Te; crystal under ambient conditions. Only the reflec-
tions from the (00/) planes are observed, indicating that the
crystallographic ¢ axis is normal to the sample surface. The
sharp peaks demonstrate the high quality of the single crystal,
with a FWHM of the (0012) peak of about 0.1°, exemplified
in the inset of Fig. 1(d). As shown in Fig. S1 of the Sup-
plemental Material, all peaks of the powder XRD from the
pulverized crystals can be well indexed by the trigonal P3m1
(No. 164) space group [43]. The calculated lattice parameters
are a = 4.23 A and ¢ = 23.82 A, in excellent agreement with
the published results [44]. The TEM image further demon-
strates the high quality of the single crystal, as illustrated in
Fig. 1(e). The temperature-dependent resistivity shows typical
metallic behavior from room temperature all the way down
to 2 K [Fig. 1(f)], with no superconductivity observed in this
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temperature range. The residual resistivity ratio (R3po k/R2 k)
is rather small (~3.3), indicating significant electron scatter-
ing. The inset of Fig. 1(f) shows the magnetoresistance (MR)
measured at 2 K. In comparison with many TIs, the MR value
is relatively small, which may also be related to significant
electron scattering. The heat capacity characterization of the
sample shows no evident anomaly below 200 K (Fig. S2 of
Ref. [43]). The fit based on the electron and phonon con-
tributions C(T) = y,T + BT + nT> yields a Sommerfeld
coefficient y, = 2.43 mJ/mol K2, and a Debye temperature
®p = 187.5 K. This small Sommerfeld coefficient implies
weak electron correlations in this material.

The R(T) profiles measured under various pressures upon
compression are shown in Fig. 2. With increasing pressure,
the R(T) curves are gradually suppressed up to 8.5 GPa,
above which the R(T) curve shows a sudden increase (see
11.2 GPa data). Simultaneously, in the low-T region, the
R(T) curve (P = 11.2 GPa) shows a small resistance drop,
indicating incipient superconductivity. As P further increases,
the superconducting transition becomes prominent and zero
resistance can be observed. Meanwhile, the normal-state R(T")
curve shifts downwards again. As seen in Fig. 2(b), the
superconducting transition gradually moves towards higher
temperatures as P changes from 13.7 to 24.5 GPa. How-
ever, for P > 24.5 GPa, the superconducting transition barely
changes with increasing P. Above 31.0 GPa, a large enhance-
ment of 7, can be seen, reaching a maximum value of 8 K at
34 GPa, the highest pressure measured in this study. In paral-
lel, Figs. 2(c) and 2(d) show the resistance during the pressure
decompression process, measured with the same electrical
contacts as in the pressure compression course. With decreas-
ing pressure, the above-mentioned main features in the R(7")
curves and P-dependent superconducting transitions can be
overall reproduced, with the exception that superconductivity
can now be seen at much lower pressures. Specifically, at the
lowest pressure of ~6.4 GPa measured upon decompression,
the superconducting transition can still be observed below
~3.8 K, whereas when compressing, the critical pressure for
observing superconductivity is approximately ~11.2 GPa.

The pressure dependences of the R(T) curves, the su-
perconducting transition temperatures, as well as the room-
temperature resistances during compression are summarized
in the phase diagram in Fig. 3. As noted, the emergence of
superconductivity around 11 GPa is accompanied by a sud-
den increase of the resistance at 300 K, implying a possible
phase transition around ~11 GPa. With increasing pressure,
T. is gradually enhanced at a rate of ~0.21 K/GPa while
the resistance at room temperature is smoothly suppressed.
We designate this superconducting phase as SC 1. As the
pressure increases to 18.4 GPa, the resistance displays a small
drop around 6 K initially, followed by a major decrease at
4 K. This two-step drop of resistance suggests two possible
superconducting transitions and was also seen under 22 GPa.
For P > 24.5 GPa, only one SC transition can be observed and
T, barely changes with pressure, displaying a 7.(P) plateau
with a T; value of ~6 K. A similar weak pressure dependence
of T, has also been observed in the pressure phase diagrams of
Bi,Se; and Sb,Tes, which was shown to be closely related to
the charge-carrier density [25,26]. We denote this phase as SC
II. When P > 31 GPa, T, shows a large increase, and Rzook

(@) 300 AT ; '_8 0.070
250 @i T_(scu) A 7
; i 1 = 0035
o 200 ‘;.TJ.S&“#-%; 16 @
= 150 - i 15 ! 0.0
100 i S
50 ¥ ’3 ~
] e : 2
15120 25 3p
P (GPa)
(b) 0.07 T T T T il T T T T ]

0.06 -\ .
% 0051\ /5/0\ -
go04l g i -

L . 9 :
0.03 | R X P
: 9—Q :
r ! : N, .9-D9-_4
002 i 1 ‘: 1 E 1 o| 0 |io
5 10 15 20 25 30
P (GPa)

FIG. 3. (a) Pressure-dependent phase diagram based on the data
measured during the compression process. The right vertical coor-
dinate denotes the onset superconducting transition temperature 7T..
(b) Pressure dependence of the resistance at 300 K.

starts to decrease again. These changes suggest a possible
phase transition taking place around 31 GPa and we therefore
label the superconducting phase for P > 31 GPa as SC IIL
The room-temperature resistance as a function of pressure is
displayed in Fig. 3(b). For the phase diagram for the decom-
pression process, see Fig. S3 in Ref. [43].

The distinction between the SC II and SC III phases is
not only manifested in their different pressure dependence of
T, but is also reflected in their temperature-dependent upper
critical field (uoH,,) behaviors as displayed in Fig. 4(c). The
noH, values are extracted from the superconducting transi-
tions under different fields shown in Figs. 4(a) and 4(b), based
on the commonly used 90% criterion where the resistance
drops to 90% of the normal-state value. It is worth noting
that choosing a different criterion (e.g., 50% criterion or zero
resistance) does not qualitatively change the overall behav-
ior. In Fig. 4(c), the fittings based on the Ginzburg-Landau
formula poHo(T) = poH2(0)(1 —12)/(1 +£%), where t =
T/T., lead to uoH,(0) =3.1 T for 18.4 GPa (SC II) and
noH»(0) = 1.6 T for 34.0 GPa (SC III). Generally, for the
same superconducting phase, a higher superconducting transi-
tion temperature often results in a higher woH.(0). However,
here the superconductivity at 34 GPa (SC III) has a higher
T, value but with a lower poH:,(0), in contrast to the ~6 K
superconductivity of SC II, and therefore one can conclude
that these two superconductivity phases are different in nature.

Pressure-dependent Raman spectra were measured and are
displayed in Fig. 4(d). At P ~ 3.3 GPa, two distinct Raman
modes at 106 cm™! (E,) and 121 cm™! (Ayg) are observed
[45]. As P increases, the Raman peaks move towards higher
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FIG. 4. (a) and (b) The superconducting transitions measured under different magnetic fields. (c) Temperature dependence of the upper
critical field poH,,. The solid lines are fits based on the Ginzburg-Landau formula, that is, woH,,(T) = poH»(0)(1 —t2)/(1 + t?), where
t =T/T.,yielding woH-(0) = 3.1 T for SC Il and puoH,(0) = 1.6 T for SC III. (d) Raman spectra measured under different pressures.

wave numbers. When P is increased from 9.7 to 16.2 GPa, a
new vibration mode labeled by a red star emerges, suggestive
of a structural phase transition. This structural phase transi-
tion is also consistent with the transition revealed from the
transport measurements discussed above. When P is increased
from 22.5 to 28.3, the main E, mode disappears, implying
the occurrence of another structural phase transition, which
agrees with the transition from the SC I to SC II. For P >
30 GPa, the Raman peaks become very weak, which probably
results from the pressure-induced amorphization or another
structural transition.

The electronic band structure of the pristine phase (P3m1)
at ambient pressure is shown in Fig. 5(b). A small energy gap
of ~0.07 eV opens up around the Fermi level, suggesting a
semiconducting ground state. The metallic behaviors revealed
in the resistivity measurements indicate that the as-grown
samples are naturally doped due to small off-stoichiometry
or native defects. As seen, the valence bands are predomi-
nantly contributed by Te atoms, whereas the conduction bands
are dominated by Sb orbitals. We also studied the topolog-
ical properties of the P3ml1 phase under the tight-binding
framework. The Z, topological indices (vy, viv,v3) can be
estimated through the calculation of Wannier charge centers
in six time-reversal invariant planes (i.e., k, =0, 7, k, = 0, m,
and k, = 0, m planes). The resultant topological index for the

P3m1 phase is (1, 001), which indicates that the P3m1 phase
is a strong topological insulator. Figure 5(c) illustrated the
surface-state spectrum of the (0 O 1) surface of GeSb4Te;,
with evident Dirac surface states crossing the Fermi level
in the bulk band gap, indicating its topological insulator
properties.

To illuminate the nature of the transitions revealed in the
transport and Raman spectroscopy measurements, we made
an attempt to predict the crystal structure under pressure using
the first-principles calculations, as shown in Fig. 5(d). Here
we calculated the enthalpy of different phases with increasing
pressure and the most stable phase has the lowest enthalpy in
general. Our results show that GeSb4Te; maintains the ambi-
ent structure up to P ~ 10 GPa, above which the C2/m phase
becomes the most stable. This phase is energetically favorable
until a pressure of ~17 GPa where GeSb,sTe; undergoes a
structural transition to the Cm phase. This structural predic-
tion may be overall consistent with the first two structural
transitions seen in the experiments. However, our calculations
cannot resolve the third transition around 30 GPa, which
merits further studies in the future. The band structures of
the high-pressure C2/m and Cm phases are also calculated
(see Fig. S4 in Ref. [43]). The nontrivial topological charac-
teristics are manifested in these pressure-induced new phases,
evidenced from nonzero Z, invariants. Specifically, the cal-
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FIG. 5. (a) Bulk and (001)-surface Brillouin zone of GeSb,Te; for the P3m1 phase. (b) The electronic band structure of the P3m1 phase
colored by elemental characters at ambient pressure. (c) Surface state for the (001) surface along high-symmetry directions. (d) Calculated
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enthalpy, i.e., AH = H(phase) — H(P3m]1).

culation of the C2/m phase at 10 GPa exhibits a Z, index of
(1, 010), demonstrating that it is a strong topological insulator,
whereas for the Cm phase at 20 GPa, the calculated Z, index
is (0, 111), indicating it is a weak topological material.

IV. DISCUSSION AND CONCLUSION

Having established the phase diagram of the title com-
pound under pressure, it is important to understand its
topological properties and superconductivity by comparing
to those in the same family of (ACh),,(PnyChs),. Topolog-
ical surface states have been unambiguously demonstrated
in spin-resolved angle-resolved photoelectron spectroscopy
(ARPES) measurements on Ge(Bi;_,Sb, )4 Te; with x ranging
from x = 0 to x = 0.25 [22]. With increasing Sb content, the
Dirac point on the surface moves towards the Fermi level,
changing from n- to p-type carriers at x = 0.15. Albeit with
no direct ARPES measurement on the end member GeSb,Te;
thus far, it is conceivable that it also harbors Dirac cones
on its surface, as suggested from our first-principles cal-
culations above. Recently, versatile topological phases have
been reported in the 147 magnetic MnSbsTe; whose topo-
logical properties can be tuned either by carrier doping or
by magnetic field, through the change of magnetic configu-
rations via the latter [23]. On the other hand, extensive efforts

have been made to tune the superconductivity in this class
of materials by pressure but most of them are unsuccessful.
For example, applying pressure on MnBi,Te, and MnBiyTe;
only induces several structural transitions and the concomitant
changes of topological properties, with no superconductivity
being observed up to 50 GPa [36]. In magnetic MnSb,Te;
with weaker magnetic interactions, evidenced from its lower
magnetic transition temperatures compared with MnBi,Te4
and MnBisTe;, superconductivity was observed when P >
30 GPa, reaching a maximum 7, of 2 K at 50 GPa [37].
This does seem to suggest that magnetic fluctuations play an
adverse role in the superconductivity, at least in this class of
materials. This argument gets further support from the obser-
vations of superconductivity in the nonmagnetic counterpart
GeSb4Te; uncovered in this study, as well as the reported
pressure-induced superconductivity in GeSb,Tey (T, = 6 K at
P = 20 GPa) [29,30], which are both nonmagnetic.

From the structural point of view, the 147 phase can be
viewed as the combination of PnyChjs and the 124 phase (see
Fig. 1). Naively, given the weak van der Waals force between
the quintuple layer and the septuple layer, one may expect that
the pressure effect for the 147 phase would be a combination
of that for the Pn,Ch; phase and the 124 phase. However,
the pressure effect on GeSb,Te7, as revealed in this study, is
quite different from both that of Sb,Te; and the 124 GeSb,Te,4
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[26,29,30]. In Sb,Tes, for example, superconductivity was
observed under pressures as low as 4.0 GPa, and four super-
conducting phases have been identified up to 32 GPa [26].
In GeSb,Te, (here we only consider the crystalline GeSb, Tey
phase [29]), superconductivity was induced at ~10 GPa and
two superconducting phases were suggested with a maximum
T. (~8 K) around 20-30 GPa [29]. For GeSb4Te7, the low-
est pressure for observing superconductivity is also around
10 GPa, which is comparable to that for GeSb, Te4 but much
higher than that of Sb,Te;. In the pressure range of 10—
30 GPa, the phase diagrams for GeSb,Tes and GeSb,Te; are
quite similar. However, a definite third superconducting phase
(SC III) is observed in GeSbsTe; for P > 30 GPa, which
appears to be absent in GeSb,Tey.

In summary, we have performed a systematic high-pressure
study of the topological insulator GeSbsTe; which reveals
multiple phase transitions upon compression. Three super-
conducting phases were uncovered in our high-pressure
study up to 35 GPa, where the corresponding changes in
their Raman spectroscopy suggest the presence of structural

transitions under pressure. However, first-principles calcula-
tions only reproduced the first two transitions and therefore
point to the need for future studies to reveal the nature of
all these structural transitions. This work not only provides
further impetus for studying novel topological phenomena
in these pseudo-binary chalcogenides (ACh),,(PnyChs),, but
also calls for future investigations into the interplay between
the topological states and the emergent superconductivity in
the pressurized phases of this class of materials.
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