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We investigated the superconducting properties of the topological superconductor a-PdBi, at ambient
and external pressures up to 1.77 GPa using muon spin rotation experiments. The ambient pressure
measurements evince a fully gapped s-wave superconducting state in the bulk of the specimen. Alternating
current magnetic susceptibility and muon spin rotation measurements manifest a continuous suppression of
T. with increasing pressure. In parallel, we observed a significant decrease of superfluid density by ~20%
upon application of external pressure. Remarkably, the superfluid density follows a linear relation with 7',
which was found before in some unconventional topological superconductors and hole-doped cuprates.
This finding signals a possible crossover from Bose-Einstein to Bardeen-Cooper-Schrieffer like

condensation in a-PdBi,.
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Topological superconductors (TSCs) possess a full
pairing gap in the bulk and gapless surface states protected
by time-reversal symmetry (TRS) [1-4]. The general
interest in searching for a novel TSC is associated with
its intimate connection to Majorana bound states as low
energy excitation [4,5], which has potential applications
in quantum computation [6,7]. Thus, TSC has attracted
significant research interest recently due to its scientific
importance and potential application prospects. Despite
serious research efforts, the experimental realizations of
bulk topological superconductivity in real materials remain
considerably limited to a few classes of materials such as
Cu/Sr/Nb-doped Bi,Se; [8-13], layered transition metal
dichalcogenides [14—17], ternary transition metal pnictides
[18,19], In-doped SnTe [20], and a few half-Heusler
compounds [21,22]. Interestingly, recent reports investigat-
ing various members of the Pd-Bi family have reinvigo-
rated the interest in searching for potential TSCs in this
class of materials. Because of its intrinsic capability
to maintain strong spin orbit coupling, the Pd-Bi family
turns out to be quite promising. For instance, noncentro-
symmetric a-PdBi with a superconducting transition at
T. = 3.8 K [23] exhibits Dirac cone electronic dispersion
at 700 meV [24,25] below the Fermi energy. Similarly,
the compound $-PdBi, is another member of the Pd-Bi
family that has been reported to possibly host a topolo-
gical superconducting state below 7. = 5.3 K [26-28].
The Dirac point in this material is located at 2.41 eV
below the Fermi energy [29-32]. In this framework, the
relatively new member of Pd-Bi family, a-PdBi,, crystal-
lizing in monoclinic centrosymmetric structure (space
group C2/m), turns out to be very promising due to its
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superconducting (7, = 1.7 K) as well as nontrivial topo-
logical properties [33-35].

Recent angle-resolved photoemission spectroscopy
(ARPES) results [35] on this compound reveal the presence
of a Dirac point at 1.26 eV below the Fermi energy at the
zone center. Notably, the ARPES data also display multiple
band crossings at the Fermi energy. This tempts us to
speculate that the superconducting gap structure might
consist of multiple gaps. However, the tunnel diode
oscillator based penetration depth study [33] indicates an
isotropic gap structure in this compound with the gap to 7',
ratio A(0)/kgT,. ~ 2.0. It must be noted that tunnel diode
oscillator studies are very sensitive to surface supercon-
ductivity. Therefore, it is desired to probe the supercon-
ducting gap structure by means of a bulk experimental
technique. Further, Zhou et al. [36] recently reported a very
interesting pressure (p)- T, phase diagram in this com-
pound manifesting a sudden increase in 7, at p = 1.3 GPa.
Interestingly, x-ray studies under pressure reveal no struc-
tural change around this pressure. Thus, it is very important
to understand the origin of the rise in 7, and to check
whether the superfluid density also shows such an enhance-
ment with pressure. In this regard, muon spin rotation
(uSR) experiments at ambient and under different hydro-
static pressures are of great importance to address these
aforementioned issues.

In this Letter, we report the results of our detailed uSR
experiments on @-PdBi, at ambient and under different
hydrostatic pressures. Ambient pressure measurements
substantiate single-gap s-wave superconductivity with
preserved TRS state in this compound. Furthermore, by
performing ac-magnetic susceptibility (ACS) and uSR
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experiments under different hydrostatic pressures, we
explored the pressure- 7. phase diagram, which is notice-
ably different from the previous report by Zhou et al. [36].
Our results manifest a substantial and continuous decrease
of superfluid density (~20%) and T, with application of
pressure up to 1.77 GPa.

Pieces consisting of many single crystals (not cleaved) of
a-PdBi, obtained using melt growth technique [33] were
used for the present study. Ambient pressure and high
pressure transverse-field (TF) ySR experiments were per-
formed on HAL-9500 and GPD spectrometers at the Paul
Scherrer Institute (Villigen, Switzerland), respectively. For
pressure dependent measurements, we used a double-wall
piston cylinder type of cell with an inner channel made of
CuBe material, especially designed to perform uSR experi-
ments under pressure [37-39], and Daphne oil (7373) as a
pressure-transmitting medium. All TF experiments were
done after a field-cooling procedure. The SR asymmetry
spectra were analyzed using the open software package
MUSRFIT [40].

Figure 1(a) depicts TF-uSR asymmetry spectra for
a-PdBi, at two selected temperatures above (2.5 K) and
below (0.08 K) T'., measured in an applied magnetic field of
10 mT. Above T, the spectra exhibits a very small relaxation
due to the presence of random local fields associated with the
nuclear magnetic moments. On the contrary, in the super-
conducting state, the formation of flux line lattice produces an
inhomogeneous distribution of magnetic field [inset of Fig. 1
(b)], which increases the relaxation rate of the uSR signal.
Figure 1(b) shows the normalized Fourier spectra for single-
crystal a-PdBi, at temperatures above (2.5 K) and below
(0.08 K) T, obtained by means of the maximum entropy
Fourier transform technique. While we observed a sharp peak
in the Fourier amplitude around 10 mT (external applied field)
at 2.5 K, confirming homogeneous field distribution through-
out the sample, a fairly asymmetric broad signal was seen at
0.08 K, evincing the fact that the sample is indeed in the
superconducting mixed state. The formation of the flux line
lattice causes this broadening of the line shape.

The temperature dependence of o (7) for a-PdBi,
measured at an applied field of yyH = 10 mT is presented
in Fig. 1(c). From the observed temperature dependence of
6. (T), the nature of the superconducting gap can be
determined as o,.(T), which is proportional to the super-
fluid density. The solid red and blue lines in Fig. 1(c)
represent fitting of the experimental data with isotropic
s-wave and d-wave models [52-54], respectively (see the
SM [41]). It is quite evident from the figure that the
observed o, (T) excludes the presence of any nodes and
can be best described using a single isotropic gap (s wave)
yielding a gap value of A(0)=0.18(1) meV and
T.=1.27(3). In this context, it is to be noted that the
T . obtained from uSR measurements is slightly lower than
that determined from heat capacity measurements. This is
because of the fact that SR measurements were carried out
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FIG. 1. (a) TF uSR asymmetry spectra obtained above and
below T. for a-PdBi,. The spectra were recorded after field
cooling the sample from above T in an applied magnetic field of
uoH = 10 mT. Solid lines correspond to the fitting of the spectra
as described in the Supplemental Material (SM) [41]. (b) Nor-
malized Fourier spectra at 0.08 K (green) and 2 K (red) obtained
by fast Fourier transformation of the spectra in (a). Inset:
Schematic illustration of how muons, as local probes, sense
the inhomogeneous magnetic field distribution in the vortex state
of a type-II superconductor. (c) Temperature dependence of the
superconducting muon spin depolarization rate o, of a-PdBi,
measured in an applied magnetic field of pyH = 10 mT. The
solid lines correspond to different theoretical models as discussed
in the text. (d) Field dependence of o fitted with the Brandt
formula for an isotropic single s-wave gap (solid line) as
discussed in the text.

in an applied field of 10 mT, which slightly lowered the
superconducting transition temperature. From ySR measure-
ments we obtained the superconducting gap to 7, ratio as
A(0)/kgT,. = 1.64(1), which is very close to the value
expected (1.764) for Bardeen-Cooper-Schrieffer (BCS)
superconductors. It is worthwhile to emphasize that previous
ARPES and band structure calculations [34,35] evince the
presence of a Rashba state near the Fermi energy in this
compound. Itis theoretically predicted that in the presence of
an in-plane magnetic field, the Majorana zero mode can be
realized using the coupling of an s-wave superconductor with
a material exhibiting Rashba states [55]. Thus, the observa-
tion of s-wave superconductivity in a-PdBi, is quite crucial
in the search for Majorana fermions.

Furthermore, we also studied the field dependence of
TF-relaxation rate o, (B). Figure 1(d) illustrates the field
dependence of o, (B) at 0.08 K. At each point, data were
taken after field cooling the sample from 2 K. We analyzed
6. (B) using the Brandt formula [56] for an single s wave.
Fitting with this model is shown by the red solid line in
Fig. 1(d). From this analysis, we determined the values of
upper critical field [uyH,(0)] and effective London pen-
etration depth (A.) as 29.7(3) mT and 176(2) nm, respec-
tively. Thus, the obtained value of poH,(0) and A are in
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reasonably good agreement with the previous reports
[33,36]. A is related to the superconducting carrier density
ng via the relation A2, = (m*/ugnge*), where m* is the
effective mass. Now m* can be estimated from the relation
m* = (14 A,_pn)m, where m, is the electron rest mass
and ,_pp is the electron-phonon coupling constant found
out to be 0.54 from heat capacity (see the SM [41]). Thus,
we estimated n, = 1.41 x 10*7 m~3. This is comparable to
the ones seen in some other TSCs, e.g., Nbj,5Bi,Ses
(ny =025 x 10 m=3) [13], T,-MoTe, (n, =1.67 x
106 m=3) [14], and 2M-WS, (n, = 2.8 x 10%6 m™3)
[15]. Hall conductivity measurements estimating the carrier
density in the normal state of this compound will be quite
informative as they will allow us to compare the carrier
densities in the normal and superconducting states. This
will also provide information on whether the single-gap
superconductivity in a-PdBi, originates from the super-
conducting gap occurring only on the electron or holelike
Fermi surface. Moreover, results of our zero-field (ZF) uSR
measurements (not shown) confirm that the TRS state is
preserved in the superconducting state of a-PdBi,.

Figures 2(a) and 2(b) show the real (y’) and imaginary
(") components of the magnetic ACS of a-PdBi,. The data
in Figs. 2(a) and 2(b) are shifted vertically for better
visualization. In the superconducting state, we see a clear
drop in ¥’ and a pronounced peak in y”. For constructing
the pressure (p)-T, phase diagram from ACS measure-
ments [see Fig. 3(a)], we considered the position of the
peak in y” [Fig. 2(b)] as T,. It is quite evident that up to
1.77 GPa, T, decreases with increasing pressure. A linear
fit to T.(p) [blue solid line in Fig. 3(a)] yields a slope
(6T./6p)|acs = —0.10(3) K/GPa. This observation is in
contrast to that previously reported by Zhou et al. [36],
where 7. showed a sudden jump with increasing pressure.
It is important to note that for their transport measurements,
Zhou et al. used NaCl powder as the pressure transmitting
medium, which does not guarantee proper hydrostatic
conditions. We speculate that such nonhydrostatic con-
ditions can generate unexpectedly high pressures in micro
grains of the sample resulting in local structural transition
to #-PdBi, phase. This might have increased the T, locally.
As electrical transport measurements are sensitive to the
filamentary superconducting channels, the enhancement in
T, with increasing pressure as reported by Zhou et al. [36]
might be an artifact of nonhydrostatic condition. On the
other hand, as discussed the SM [41], all of our measure-
ments were performed under hydrostatic conditions.

The TF-uSR asymmetry spectra obtained from GPD
experiments were analyzed as per the formalism presented
in Ref. [39]. In Fig. 3(b), we present the temperature
dependence of 6. ( p, T') under various hydrostatic pressures,
after normalizing it to the zero temperature value at ambient
pressure [i.e., o,.(p = 0,7 = 0)]. As shown by the solid
lines in Fig. 3(b), a single-gap s-wave model describes
the o,.(T) data very well up to the highest pressure inves-
tigated. The pressure evolution of 7. determined from SR
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FIG. 2. Temperature dependence of the real, y/, (a) and
imaginary, y”, (b) components of ACS of a-PdBi, (mounted
inside a double-wall piston cylinder type pressure cell made of
CuBe/MP35N material) at different selected pressures. For better
visualization, we vertically shifted the y axis in both (a) and (b).

experiments is shown in Fig 3(a). We note that the slope
(6T./dp)| sk = —0.11(1) K/GPa is very close to that
determined from ACS measurements. The inset of Fig 3(a)
shows the pressure variation of the gap value normalized to its
zero pressure value, Ag(p)/Ag(p = 0), which also decreases
with increasing pressure.

Remarkably, the ratio [o.(p,T =0)/06,.(p =0,T =0)],
which is a direct measure of relative change of the super-
fluid density, is decreased considerably by ~20% at
1.77 GPa. Such a significant reduction in superfluid
density clearly indicates unconventional superconduc-
tivity in @-PdBi, as in conventional BCS superconduc-
tors the superfluid density either exhibits very weak
pressure dependency or remains independent of pressure
as highlighted by the horizontal dashed line in Fig. 4(a).
Figure 4(a) shows the relative change of superfluid density
and T, at different applied pressures presented in a color
contour plot. This plot allows us to directly visualize the
influence of pressure on these superconducting parameters
and make a comparison with other known superconductors
[14,16,57-62]. Notably, in the case of @-PdBi,, we observe
a clear deviation from the horizontal line that accounts for
the BCS superconductors. For comparison, we included a
few examples of unconventional superconductors that also
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FIG. 3. (a) Pressure(p)-T. phase diagram of a-PdBi, con-

structed from ACS (green) and SR (red) measurements under
various applied hydrostatic pressures. Solid lines represent
the linear fit through the experimentally obtained data points.
Note that 7.’s from uSR measurement are lower than those
obtained from ACS because we performed the ySR experiments
under an applied field of 10 mT. (b) The temperature dependence
of 64 (T) (normalized to its value at the zero applied pressure)
under different applied pressures. Inset shows the pressure
dependence of the superconducting gap A, normalized to the
zero pressure value.

demonstrate a clear deviation from the horizontal line. For
better visualization, we have also presented do,../dp as a
function of dT. . /dp in Fig. 4(b), which manifests that
the data points corresponding to the unconventional super-
conductors situated away from the horizontal line.
Moreover, we observed a linear dependence between T
and the superfluid density for a-PdBi, [purple dashed line
in Fig. 4(a)]. Similar linear dependence was also observed
in the case of another TSC: MoTe,. In this context, it
should be emphasized that the nearly linear relationship
was originally observed in hole-doped cuprates in the
underdoped region of the phase diagram [63,64]. Such
linear relationship is expected only in the Bose-Einstein
condensation (BEC)-like picture [63,65,66]. However, in
the case of cuprates, the ratio between 7' and their effective
Fermi temperature Ty is about T./Tp ~0.05, which
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FIG. 4. (a) Normalized superfluid density as a function of

T.(p)/T.(p = 0) at different applied pressures shown in a color
contour plot. We compared the pressure effect with a few other
conventional and unconventional superconductors. Black dashed
horizontal line manifests the BCS prediction. Purple dashed line
indicates the deviation from the BCS prediction and highlights
the linear dependence between superfluid density and 7. in
a-PdBi,. (b) do,,/dp as a function of dT.,,,/dp (where
Xoor = [(X, = X,,—0)/ X ,—o], with X being T'. or o for different
superconductors depicted in panel (a).

suggests about a 4 to 5 times reduction of 7, from the
ideal BEC temperature for noninteracting Bose gas. These
results were discussed in terms of the crossover from BEC
to BCS-like condensation. Following the same line of
reasoning, we anticipate a similar mechanism in a-PdBi,.

In unconventional superconductors, one of the major
factors determining 7, is the superfluid density. Consi-
dering the linear dependency between 7. and superfluid
density, we speculate that the suppression of T, is a result
of a reduction of superfluid density in this compound.
Another possibility to observe negative pressure effect on
T. is related to any weakening of the anharmonic electron-
lattice interactions with increasing pressure [15]. How-
ever, this picture cannot explain the substantial (~20%)
reduction of superfluid density in a-PdBi,. Nevertheless,
pressure dependent detailed density functional calculations
will be crucial to address this conjecture.
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The pressure effect on the superconducting properties of
a-PdBi, reported by Zhou et al. [36] was found to be
irreversible. Therefore, it seemed very important to check
whether the effect observed by us in a-PdBi, was reversible
or irreversible. We note that after releasing the pressure, we
performed a quick temperature dependent TF-uSR meas-
urement that revealed that o, (7T) overlaps with that
observed before applying any pressure (for details, see
the SM [41]). This clearly suggests that the changes in
superconducting properties seen here up to 1.77 GPa are
completely reversible.

In summary, we have performed TF and ZF-uSR mea-
surements on a topological superconductor candidate
a-PdBi,. The TF-uSR results reveal the absence of any
nodes in the superconducting gap structure of this com-
pound, and it can be best described by a fully gapped s-wave
model. Observation of s-wave superconductivity in this
system along with its unique band structure and Fermi
surface topology, as demonstrated previously, endorse this
compound as a promising candidate in the search for
Majorana zero modes. Further, our ZF-uSR study manifests
that time reversal symmetry is preserved in the supercon-
ducting state of a-PdBi,. Interestingly, ACS and TF-uSR
experiments under different hydrostatic pressures reveal a
negative pressure effect on 7'., which is suppressed at an rate
of —0.10 k/GPa, upon application of pressure up to
1.77 GPa. Notably, the superconducting gap value and the
superfluid density also decrease with increasing pressure up
to 1.77 GPa. The most intriguing observation of the present
study is the linear dependence between 7' and the superfluid
density manifesting in unconventional superconductivity in
this compound. This also signals possible crossover from
BEC to BCS in this compound. Further experimental and
theoretical works under hydrostatic pressure conditions are
called for to fully comprehend the pressure dependent phase
diagram of a-PdBi,. Our results on a-PdBi, indicating a
substantial content of novel physics in this compound open
more prospects for studies on TSC and its potential
application.
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