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Pressure-induced irreversible evolution of superconductivity in PdBi2
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Both α-PdBi2 and β-PdBi2 are superconductors with topological nontrivial signs. Here we report that the
α-PdBi2 superconductor is converted by pressure into the β-phase superconducting polymorph, with the super-
conductivity being further enhanced upon decompression. Through high-pressure resistance and synchrotron
x-ray-diffraction experiments, we show that the α phase transforms into the β phase at Pc ∼ 8 GPa, above which
the superconductivity is robust up to the maximum pressure investigated in this work. More interestingly, when
the applied pressure is gradually released from 42.9 down to 1.7 GPa, the Tc increases monotonously from 2.5
to 4.0 K. We argue that the observed unusual evolution of superconductivity can be explained by combination of
pressure-manipulated crystal quality and the pressure dependence of Tc of the β-PdBi2 superconductor.
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I. INTRODUCTION

The PdBi2 superconductors, including α-PdBi2 and
β-PdBi2, have attracted much recent interest mainly because
of the observations of topologically protected surface states,
which makes them prospective candidates to realize topolog-
ical superconductivity [1–17]. The β-PdBi2 crystallizes in a
layered tetragonal CuZr2-type structure (I4/mmm) with super-
conducting transition Tc ranging from 4.25 to 5.4 K, depend-
ing on the quality of the crystal sample [1,2,14]. The mecha-
nism of the superconductivity is still under hot debate so far,
concerning multigap [2,3] or single-gap [4,7–9] nature of the
superconductivity, and whether the topological surface state is
important to superconductivity of the β-PdBi2 [5,10,11] or not
[7–9]. On the other hand, the α-PdBi2 which forms a layered
monoclinic (C2/m) structure is superconducting below 1.7 K
[15–17]. More recently, Rashba surface states near Fermi level
were theoretically predicted and experimentally identified via
angle-resolved photoemission spectroscopy, suggesting that
the Majorana fermion could be realized in the α-PdBi2 by
utilizing the Rashba states [15,16].

High pressure is a powerful method to investigate super-
conductivity, since it can effectively tune the lattice structure
and electronic state [18,19]. Particularly, pressure is often
used to explore for new superconductors from their nonsuper-
conducting parent compounds, such as the high-temperature
superconductors [20,21], sulfur hydrides [22,23], and topo-
logical insulators [24,25]. For the PdBi2 superconductors, to
our knowledge, there were only two reports published about
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the pressure effect on the superconductivity in β-PdBi2 and
no relevant report on α-PdBi2 [6,14]. It was reported that the
Tc of the β-PdBi2 decreases linearly with increasing pressure,
but the highest measured pressure is limited to 2.4 GPa [6,14].

In this paper, we investigated the pressure effect on the
superconductivity in α-PdBi2. We found that the superconduc-
tivity is initially favored by pressure and then becomes almost
pressure independent until a critical pressure of Pc ∼ 8 GPa,
where a structural transition from monoclinic α phase to
tetragonal β phase is detected. Above Pc, the superconductiv-
ity in β-PdBi2 is much more robust than expectation based on
a linear extrapolation of the data below 2.4 GPa in previous
reports [6,14]. Upon decompression from 42.9 GPa, the β

phase is reserved to ambient condition but the Tc displays
unusual irreversible pressure dependence.

II. METHODS

Single crystals of α-PdBi2 were synthesized by flux
method [17]. Stoichiometric mixture of Pd powder (99.999%)
and Bi powder (99.999%) was sealed in an evacuated quartz
tube. The tube was sintered at 900 °C for 24 h, then slowly
cooled down to room temperature at a rate of 2–3 °C/h. The
as-grown single crystals have distinct cleavage planes, with
flat surfaces as large as 1 × 1 cm2. The crystal structure and
the stoichiometry of these single crystals were confirmed by
single-crystal x-ray-diffraction (XRD) measurement (Cu Kα

radiation, λ = 1.541 84 Å) and energy-dispersive x-ray spec-
trometry. Temperature-dependent resistivity of the α-PdBi2
crystal was measured in different magnetic fields, using a
standard four-point-probe method down to 0.5 K in a com-
mercial 3He refrigerator. Magnetization measurements were
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FIG. 1. (a) Schematic crystal structure of monoclinic α-PdBi2,
with space group of C2/m. (b) Schematic crystal structure of tetrag-
onal β-PdBi2, with space group of I4/mmm.

performed using a superconducting quantum interference de-
vice magnetometer.

High-pressure resistance measurements were performed in
a nonmagnetic Be-Cu diamond-anvil cell. Diamond anvils
of 300-μm culets and a T301 stainless-steel gasket covered
with a mixture of epoxy and fine cubic boron nitride powder
were used for high-pressure transport measurements. A single
crystal with dimension of 100 × 60 × 10 μm3 was loaded into
the cell together with powdered NaCl powder as the pressure-
transmitting medium. The cell was then put into an in-
house multifunctional physical properties measurement sys-
tem (T : 1.8 ∼ 300 K; H : 0 ∼ ±9 T). The resistance R was
collected using the standard four-probe method via sweeping
temperature.

High-pressure angle-dispersive synchrotron XRD experi-
ments were performed with crushed PdBi2 single crystals in a
Mao-Bell cell at room temperature at the beamline BL15U1 of
Shanghai Synchrotron Radiation Facility (SSRF). The x-ray
wavelength is 0.6199 Å and neon gas was used as transmitting
medium. The DIOPTAS [26] and RIETICA [27] programs were
used for image integrations and XRD profile Rietveld refine-
ments, respectively. Pressure was applied at room temperature
and calibrated by using the ruby fluorescence shift for all
experiments [28].

III. RESULTS AND DISCUSSION

In Fig. 1, we show the schematic crystal structures for
α-PdBi2 and β-PdBi2, respectively, for the ease of under-
standing the results below. As one can see, the layers of
monoclinic α-PdBi2 are constructed with six-coordinated
PdBi6 building blocks, while tetragonal β-PdBi2 consists of
layers of eight-coordinated PdBi8 building blocks. Notewor-
thy, the lattice volume V/Z (unit-cell volume per chemical

FIG. 2. (a) Temperature dependence of resistivity ρ(T) for an α-PdBi2 single-crystal sample. Inset: Zoom-in of the data near supercon-
ducting transition temperature. (b) ρ(T) curves near superconducting transition measured in different magnetic fields up to 500 Oe, which is
applied along the a axis. (c) Phase diagram of upper critical field μ0Hc2(Tc ) versus temperature, where Tc was defined as the temperature
with 90% of normal state resistivity. Closed diamonds represent the μ0Hc2(T ) data. The solid lines represent the fitting line with the
Werthamer-Helfand-Hohenberg model. (d) Magnetization of the α-PdBi2 superconductor as a function of temperature with zero-field cooling
(ZFC) and field-cooling (FC) sequences. (e) Magnetization of the α-PdBi2 as a function of magnetic field at temperature of 0.5 K.
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FIG. 3. (a) Temperature dependence of resistance R(T) measured at different pressures in the compression process. (b), (c) Low-
temperature zoom-ins of panel (a); the inset of (b) depicts the definition of Tc

onset by an arrow. (d) R(T) curves in the decompression process.
(e) Low-temperature zoom-in of panel (d). (f) Pressure-temperature phase diagram of the sample. The black arrows indicate the compression
and decompression processes. For comparison, the pressure dependence of Tc for pure β-PdBi2 from G. Pristáš et al. [14] and Zhao et al. [6]
are also shown in the phase diagram.

formula) of α-PdBi2, 75.58 Å
3
, is slightly larger by ∼3% than

the 73.38 Å
3

of β-PdBi2.
Figure 2(a) displays the temperature dependence of resis-

tivity ρ(T) for an α-PdBi2 single-crystal sample. As shown in
the inset, a sharp superconducting resistive transition (�Tc ∼
0.17 K) is observed at an onset transition temperature of
Tc

onset ∼ 1.6 K, which is close to the reported 1.7 K by other
groups [16,17]. As for the normal state, the ρ(T) shows a
metallic behavior with a nearly linear temperature dependence
in a large range from 300 down to 20 K, in agreement with
previous reports [16,17]. The linear temperature dependence
of resistivity was usually observed in unconventional super-
conductors, such as cuprates, iron pnictides, or heavy-fermion
metals, and could be correlated with spin fluctuations near
quantum criticality [29–31]. Here in the nonmagnetic com-
pound α-PdBi2, the origin of the linear behavior of resistivity
is unclear. The value of residual resistivity ratio (27.1) is larger
than that in previous reports [16,17], indicative of high quality
of our sample.

Figure 2(b) displays the temperature dependence of re-
sistivity for the α-PdBi2 in different magnetic fields up to
500 Oe. Clearly, the superconducting transition was gradually
suppressed with increasing magnetic field. In Fig. 2(c), we

show the phase diagram of upper critical field μ0Hc2(T )
against temperature. By fitting the data to the Werthamer-
Helfand-Hohenberg (WHH) model [32], the zero-temperature
upper critical field μ0Hc2(0) of 290 Oe is obtained. In
Figs. 2(d) and 2(e), we show the results of magnetization
measurements on an α-PdBi2 single-crystal sample. As one
can see from Fig. 2(d), the magnetization undergoes a sharp
superconducting transition at 1.6 K, consistent with the resis-
tivity measurements. Figure 2(e) evidences that the α-PdBi2
superconductor is a type II superconductor, with the lower
critical field of μ0Hc1 = 40 Oe nd the upper critical field of
μ0Hc2 = 260 Oe, which is roughly equal to that obtained by
WHH fitting of the resistivity data.

High-pressure resistance measurements up to 42.9 GPa
were performed on an α-PdBi2 single-crystal sample. In
Figs. 3(a)–3(e), we show the recorded R(T) curves at repre-
sentative pressures both in compression and decompression
processes, and summarize the Tc

onset versus pressure with
a phase diagram in Fig. 3(f). As one can see in Fig. 3(a),
the metallic conduction behavior in the normal state persists
upon compression, with the entire R(T) curve gradually up-
shifted. At the beginning pressure of 1.3 GPa, a small drop
of resistance is observed at ∼2.4 K as seen from the inset
of Fig. 3(b), although the α-PdBi2 at ambient pressure is
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FIG. 4. Superconducting transition of the sample measured in
magnetic fields H�bc plane for pressures of (a) 3.3 GPa, (b)
17.1 GPa, and (c) 42.8 GPa. (d) Phase diagram of upper critical field
Hc2(T ) versus temperature for the different pressures. The solid lines
represent the fitting lines based on the WHH model. Here, Tc in the
phase diagram was defined as the temperature with 90% of normal
state resistance.

superconducting below 1.6 K. With further increasing pres-
sure, the drop of resistance becomes more and more pro-
nounced, which indicates that the superconductivity is favored
under pressure. Zero resistance appears at 3.3 GPa and Tc

onset

is almost pressure independent below a critical pressure point

of Pc ∼ 8.1 GPa. Above Pc, Tc
onset starts to increase until

approaching a maximum of 2.8 K at 17.1 GPa and then
gradually gets suppressed by pressure. In the decompres-
sion process, the metallic conduction behavior is not much
changed, but unlike in the compression, the evolution of the
R(T) curve against pressure is not monotonous anymore. More
surprisingly, the Tc

onset increases progressively up to 4.0 K
with releasing pressure down to 1.7 GPa, rather than showing
a reversible behavior; see Figs. 3(e) and 3(f).

In order to trace the pressure evolution of the upper critical
field μ0Hc2(T ), we measured the R(T) curve under differ-
ent magnetic fields at selected pressures of 3.3, 17.1, and
42.8 GPa. We present the recorded R(T) curves in Figs. 4(a)–
4(c) and show the summary of upper critical-field values in
Fig. 4(d), together with the data for ambient pressure. At all
pressures, the superconductivity is gradually suppressed with
increasing magnetic field. Based on the WHH model fitting,
the obtained μ0Hc2(0) are 2.0 kOe for 3.3 GPa, 6.2 kOe for
17.1 GPa, and 5.6 kOe for 42.8 GPa, respectively, which
are dramatically enhanced compared with the 290.3 Oe at
ambient pressure [see the red dashed line in Fig. 4(d)]. All
the values are much lower than the Pauli limiting field of
HP(0) = 1.84Tc [33,34], suggesting that the dominant pair-
breaking mechanism is not of Pauli type.

Motivated by the abnormally irreversible pressure depen-
dence of Tc, we investigated the evolution of the lattice
structure by performing angle-dispersive synchrotron XRD
experiments on ground crystals of α-PdBi2 under pressures
up to 40.4 GPa. Representative XRD patterns are displayed
in Fig. 5(a) and typical standard Rietveld refinements at 2.3
and 40.4 GPa are displayed in Fig. 5(b). Starting at 2.3 GPa,

FIG. 5. (a) Typical high-pressure XRD patterns of the sample measured with pressure increasing from 2.3 to 40.4 GPa, and then decreasing
to 3.7 GPa (labeled as “d”). A peak at 8.4 GPa indicated by arrow evidences a structural transition. (b) Representative Rietveld refinements of
the XRD patterns at 2.3 and 40.4 GPa. (c) Pressure dependence of the refined lattice parameters a (circles), b (squares), and c (triangle) for the
α-PdBi2, as well as the high-pressure phase.
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FIG. 6. (a) Unit-cell volume for both the α phase and high-
pressure β phase of PdBi2 as functions of pressure. The solid
lines depict a fit to the experimental data using the third-order
Birch-Murnaghan EOS [35]. (b) Pressure dependence of the volume
fractions of α phase (black) and β phase (red).

the XRD pattern can be well indexed by single-phase mono-
clinic crystal structure with space group C2/m (No. 12), which
is the same as that of α-PdBi2 measured at ambient pressure.
At 8.4 GPa, additional diffraction peaks begin to occur [see
the arrow in Fig. 5(a)]. Two-phase Rietveld refinements of
the XRD patterns above 8.4 GPa prove that the emergent
high-pressure phase is in a tetragonal structure with space
group I4/mmm (No. 144), which is the same as that of β-PdBi2
at ambient pressure. It is found that the α phase and high-
pressure β phase coexist until the highest measured pressure
of 40.4 GPa. When the pressure is released down to 3.7
GPa (denoted by d), the XRD pattern is not much changed
from the high-pressure one, except the shift in diffraction
angles, indicative of the retention of the high-pressure struc-
ture. In Fig. 5(c), we present the gradual contraction of the
lattice constants for both α- and β phases with increasing
pressure.

The evolutions of volume V/Z (the unit-cell volume per
chemical formula) with increasing pressure for the α phase
and high-pressure β phase are plotted in Fig. 6(a). The isother-
mal equations of state (EoS) were fitted to the third-order
Birch-Murnaghan formula [35]:

P = 3
2 B0[(V0/V )7/3 − (V0/V )5/3]

× {
1 + 3

4 (B′
0 − 4)[(V0/V )2/3 − 1]

}
, (1)

where V0, B0, and B′
0 are the zero-pressure volume, bulk

modulus −V/(dV/dP), and first-order derivative of the bulk
modulus at zero pressure, respectively. The fitting yields V0 =
76.1 Å

3
, B0 = 36.9 GPa, and B′

0 = 13.4 for the α phase; and

72.7 Å
3
, 63.8 GPa, and 6.6 for the high-pressure β phase.

A volume collapse over the structural transition is detected
and estimated to be �V/V ∼ 2.7%, which characterizes
a first-order transition. To provide a clear picture of the
pressure-driven structural transition, we estimate the volume
fractions of the two coexisting phases and present the results
in Fig. 6(b). As one can see, the volume fraction of β phase
begins to be detected at Pc and increases rapidly upon further
compression. Beyond 17 GPa, the β-phase volume fraction
gradually gets saturated and, simultaneously, the Tc changes
to decay [see Fig. 3(f)].

At pressures below Pc ∼ 8 GPa where the lattice struc-
ture of α-PdBi2 is stable, the superconductivity is initially
favored with Tc keeping a nearly constant value around 2.4 K.
Similar pressure-independent feature of Tc was also observed
in Bi2Se3, Cd3As2, and PtBi2, which was considered as
an indication of unconventional superconductivity [36–38].
Compared with α-PdBi2, the β-PdBi2 has a smaller unit-
cell volume or a higher atomic density; therefore, the β

phase would become more stable under high pressure. Above
Pc ∼ 8 GPa, the emergent β phase with a higher Tc coexists
and competes with the original α phase, which leads to the
increase of Tc. With further increasing pressure, while the
growing volume fraction or improved sample quality of β

phase contributes to an enhancement of Tc, the pressure itself
may have a suppression effect on Tc of β phase. Actually, the
pressure effect on the superconductivity of the β phase has
been investigated by G. Pristáš et al. [14] and Zhao et al.
[6]. Both reports show that the Tc decreases linearly with
increasing pressure up to 2.4 GPa. If such linear correlation
persists to higher pressures, the superconductivity would be
completely suppressed at ∼19.9 GPa. Nevertheless, we find
that the superconductivity in the β phase is much more robust
than expectation.

Interestingly, when the applied pressure is gradually re-
leased from 42.9 down to 1.7 GPa, the superconductivity gets
enhanced monotonically. At first glance, the superconductiv-
ity enhancement could be assigned to the negative correlation
between Tc and pressure in the β-PdBi2 which is retained to
ambient pressure. However, since the β phase dominates at
pressures above Pc ∼ 8 GPa in both compression and decom-
pression processes, normally the evolution of Tc in decom-
pression should follow the trend in compression at least above
8 GPa. As mentioned above, the Tc of β-PdBi2 at ambient
condition varies from 4.25 to 5.4 K depending on the sample
quality [1,2,14]. After experiencing a pressure circling, the
improvement of sample quality (i.e., crystallinity of β phase)
could be expected. Thereby, the irreversible evolutions of Tc,
including the decompression-induced enhancement, can be
explained by competition between the pressure-manipulated
sample quality and pressure effects on superconductivity in
this pressure-quenchable phase. We note that similar behav-
ior of decompression-enhanced superconductivity was also
observed in In2Se3 [39]. We speculate that the scenario of
pressure-enhanced sample quality might also apply to the
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situation in In2Se3, although a phonon softening mechanism is
proposed there [39]. Further relevant researches are expected
to address this issue.

IV. CONCLUSION

In summary, we have investigated the pressure effects on
the superconductivity and structural properties of α-PdBi2 sin-
gle crystal. The α-PdBi2 is stable up to Pc ∼ 8 GPa, at which
the structural transition to β-PdBi2 was detected. Beyond Pc,
a dome shape of Tc, as well as a pressure-quenchable or even
a decompression-enhanced superconductivity, is observed and
considered as a result of the competition between the improve-
ment of sample quality and suppression effect of pressure on
superconductivity in the β phase.
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