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The superconducting gap symmetry of 8-PdBi, is studied by measuring the London penetration depth AA(T')
as well as the heat capacity Cp(T, B). In the low temperature limit, both the penetration depth AX(T") and the
electronic specific heat C,(T")/T follow exponential-type temperature dependence, providing evidence for fully
gapped superconductivity in this compound. Analysis of the superfluid density p,(7) suggests single-gap s-wave
superconductivity for 8-PdBi,, which is further supported by the linear field dependence of the Sommerfeld

coefficient y,(B) determined in the superconducting state.
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I. INTRODUCTION

A topological superconductor (TSC) hosts a fully opened
gap in the bulk and a topologically protected gapless surface
(or edge) state which is essentially zero-energy Andreev
bound state consisting of Majorana fermions at the vortex core
center [1]. The Majorana fermions, their own antiparticles,
are not only of scientific interest for fundamental physics,
but also potential candidates for applications in spintronics
and quantum computation [2,3]. Compared with other TSC
candidates which are achieved exclusively by a carrier doping,
e.g., Cu-intercalated BiySe; [4—7] and In-doped SnTe [8,9],
or by applying pressure, e.g., MrTes (M = Bi, Sb) [10,11],
the recently discovered TSC candidate B-PdBi, has attracted
great attentions because it is in a pure stoichiometric ratio
with a relatively high 7. (~4.25K) [12] and hosts robust
superconductivity to variant dopants and pressure [13,14].
Besides §-PdBi,, several superconducting phases have been
reported in Pd-Bi binary systems: noncentrosymmetric (NCS)
a-PdBi (7. ~ 3.8 K) [15], «-PdBi, (7. ~ 1.7 K) [16], and
y-Pd,sBi; s (T. ~ 3.7 K) [17]. Among them, B8-PdBi, crys-
tallizes in a centrosymmetric tetragonal structure with the
space group of /4/mmm [12]. Band structure calculations
show two holelike and two electronlike pockets formed by Bi-
6p and Pd-4d bands at the Fermi level (Er) which are already
inverted without spin-orbit coupling (SOC) [18,19]. Thus,
B-PdBi; could be a promising platform to realize topological
superconductivity and may offer a rare opportunity to explore
Majorana fermions.

There are extensive studies on the superconducting pair-
ing symmetry for B-PdBi,. Spin- and angle-resolved pho-
toemission spectroscopy (ARPES) and quasiparticle inter-
ference (QPI) imaging measured by scanning tunneling mi-
croscopy (STM) have revealed the presence of spin-polarized
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topological surface states around Er and a fully opened su-
perconducting gap [18,20]. Moreover, evidence for Majorana
bound states is observed at the center of the vortices in
epitaxial thin film [21]. Little-Parks experiments performed
on textured B-PdBi, thin film demonstrate the existence of
half-quantum flux, suggesting a spin-triplet pairing state [22].
Recently, Kolapo et al. provided transport evidence that while
the undoped system is a trivial SC, K-doped B-PdBi, is
a three-dimensional time-reversal-invariant topological SC
[23]. An unprecedented topological quantum phase transi-
tion in the superconducting state is thus suggested. On the
other hand, conventional s-wave superconductivity is sug-
gested from calorimetric studies as well as other tunneling
experiments, muon spin relaxation (#SR), and point-contact
spectroscopy on bulk samples [24-27]. However, it is still not
clear whether it possesses a single gap [25] or multiple energy
gaps [12] in the bulk superconductivity, as inferred from the
specific heat data measured in different groups. It is therefore
highly desired to further characterize the superconducting
pairing state of 8-PdBi, using other experimental techniques.

In this article we report the low-temperature measurements
of London penetration depth AA(T') and the heat capacity
Cp(T, B) for B-PdBi,. Our results demonstrate strong evi-
dence for fully gapped superconductivity.

II. EXPERIMENTAL METHODS

Single crystals of -PdBi, were synthesized via a melt-
growth method as discussed in Refs. [18,24]. The starting
materials of Bi powder (99.99%, Alfa Aesar) and Pd pow-
der (99.95%, Alfa Aesar), with a prescribed molar ratio of
Bi:Pd = 2:1 (total: 2 g), were sealed in an evacuated quartz
tube. This quartz tube was heated at 900 °C for 24 h, slowly
cooled down to 490 °C in 96 h, and then to 395 °C in 200 h.
To avoid formation of the «-PdBi, phase which stabilizes
below 380 °C, we quenched the crystals from 395 °C down to
room temperature in ice water. The obtained single crystals
have a good cleavage, producing flat surfaces as large as
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FIG. 1. X-ray diffraction of the 8-PdBi, single crystal. An image
of the sample is shown in the inset. The square size on the back-
ground grid is 1 x 1 mm?2,

~5 x 5 mm?, see the inset of Fig. 1. The main panel of
Fig. 1 shows the x-ray diffraction (XRD) of a 8-PdBi, single
crystal using Cu K« radiation at room temperature. All these
patterns can be indexed with a tetragonal unit cell with the
space group of /4/mmm. No impurity phase was presented
and [001] crystallographic orientation of the tetragonal lattice
can be confirmed with interlayer spacing ¢ = 12.96 A, in
good agreement with previous reports [12,24]. Sample com-
positions were identified by using energy dispersive x-ray
spectroscopy (EDS) as Pd:Bi = (1.00 & 0.03) : (1.87 = 0.04),
which are close to the nominal values.

The electrical resistivity was measured using a standard
four-probe method. Measurements of the magnetic suscep-
tibility and specific heat were performed in a commercial
magnetic property measurement system (MPMS-5T) and a
physical property measurement system (PPMS-9T) (Quan-
tum Design), respectively. Measurements of the penetration
depth change AM(T) were performed by utilizing a tunnel
diode oscillator (TDO) based self-inductance technology [28]
down to a base temperature of 0.35 K in a *He cryostat
with a frequency of 7 MHz and a noise level of about
0.1 Hz. With this method, the change of the London pen-
etration depth AA(T) = A(T) — A(0) is proportional to the
resonant frequency shift as AL(T) = GAf(T). Here the cal-
ibration constant G is determined from the sample and coil
geometries [28].

III. RESULTS AND DISCUSSION

Figure 2 shows the electrical resistivity p(7") (a) and mag-
netic susceptibility x (T") (b) of 8-PdBi, near T.. The presence
of a superconducting transition is clearly seen from a sharp
drop of the resistivity onsetting around 4.5 K, together with a
narrow transition width AT = 0.2 K, and also from a diamag-
netic signal in the magnetic susceptibility, suggesting bulk
superconductivity. Here a demagnetizing factor of N = 0.22,
estimated from the sample geometry [29], is considered while
calculating the magnetic susceptibility x(7'), which shows
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FIG. 2. The main panel shows data of -PdBi, near 7: (a) elec-
trical resistivity p(7") and (b) magnetic susceptibility x (7) under a
magnetic field of 10 Oe applied parallel to the ab plane, at zero-field
cooling (ZFC) and field cooling (FC) mode, respectively. Inset to
(a) plots the normal state electrical resistivity po(7T') at zero field in
the temperature range of 7 = 5-300 K with current flowing within
the ab plane.

nearly perfect diamagnetism in the superconducting state. The
inset of Fig. 2(a) presents p(7T") between 5 and 300 K at B = 0,
which shows simple metallic behavior in the normal state.
The residual resistivity of 18.5 u€2cm is in the same order
of magnitude with those reported in literature [12,18,24,27].
Following the method in Ref. [30], we estimated a mean
free path of [ ~ 4000 A using the coherence length &(0) ~
230 A from calorimetric measurements [25] as well as re-
sistivity p(7T.) = 18.5 u€2 cm, normal-state Sommerfeld co-
efficient y, = 5.40 mJ/mol K2, and 7, = 4.5 K from our data.
The derived mean free path is therefore much larger than the
coherence length &, suggesting that our sample is in the clean
limit.

London penetration depth is an important parameter to
characterize the superconducting pairing symmetry. In the
low temperature limit, the penetration depth AA(T) shows
exponential type of temperature dependence for fully gapped
superconductivity, but power-law behavior in the case of nodal
superconductivity. In Fig. 3, temperature dependence of the
penetration depth change AA(T) of B-PdBi, is shown for
sample 1 (7, = 4.45 K) and sample 2 (7. = 4.5 K), which
are cut from different batches. As an example, the inset of
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FIG. 3. Low-temperature in-plane penetration depth AA(T) of
B-PdBi, for two samples: 1 (circles) and 2 (squares). The solid and
dashed lines represent the fits of experimental data to power law
of 7% and BCS model of Eq. (1) below ~0.4T,, respectively. Inset
shows AA(T) for sample 1 at temperatures of 0-5 K.

Fig. 3 shows the London penetration depth change AA(T)
of sample 1 over a wider temperature range from 5 K above
T. down to about 0.35 K. A sharp superconducting transition
with 7, = 4.45 K is observed, which is in good agreement
with the values derived from the resistivity and magneti-
zation measurements. The main panel of Fig. 3 presents
the penetration depth below 2.5 K, which exhibits a weak
temperature dependence at low temperatures, suggesting fully
gapped superconductivity. As shown in this plot, this behavior
is well producible between the two samples. The power-law
behavior of AL(T) ~ T" with n =1 or 2 fails to illustrate
AM(T) data (see the dashed line in Fig. 3), excluding nodal
superconductivity for 8-PdBi,. For an s-wave SC at T < T,
[31], AX(T) can be approximated by

AMT) = MOK = =

7A0) exp [_ A(O)} 0

where A(0) and A(0) are the penetration depth and super-
conducting gap amplitude at zero temperature, respectively
(in units with kg = 1). Here A(0) = 2630 A is determined
from the transverse field £ SR experiments [26]. In Fig. 3, the
dashed line shows the best fit of our experimental data AA(T')
to the BCS model for T < 0.4T,, with the fitting parameter
A(0) = 1.85T.. The fitted gap values are well consistent for
both samples.

To further characterize the superconducting pairing state
of B-PdBi,, we also analyze the in-plane normalized super-
fluid density, which was converted from A(7") using ps(T) =
[A(0)/A(T)]*. Here A(T) = A(0) + AA(T), with a fixed value
of A(0) = 2630 A [26]. In the main panel of Fig. 4 we plot
the derived superfluid density py(7") versus the normalized
temperature 7 /7, for sample 1 and sample 2. We analyze
our superfluid density p,(7) in terms of a single-gap s-wave
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FIG. 4. In-plane superfluid density p, plotted in the normalized
temperature scale for 8-PdBi,: sample 1 (circles) and 2 (squares),
together with the normalized wSR data [26] (triangles). Solid,
dashed, and dashed-dotted lines are the fits of the experimental data
using single-gap BCS s-wave, p-wave, and two-dimensional d-wave
pairing states, respectively (see context).

model in the clean limit [32], i.e.,

ps(T)=1+z</°°% E dE>, @)

Ak 3E /E2 _ A% s

where f(E,T)=[1+exp(E/T)]~" denotes the Fermi dis-
tribution function and (- - - )gs represents an average over the
Fermi surface. The superconducting gap function is defined
as Ay(T) = A(T)g, with an angular-dependent parameter
gr =1, sinf, and cos 2¢ for the s-, p-, and d-wave models,
respectively, where 6 is the polar angle and ¢ is the azimuthal
angle. The temperature dependence of the gap A(T) is ap-
proximated as [33]

T 0.51
A(T) = A(0) tanh {1.82[1.018(% - 1)} } A3)

Here the zero temperature gap magnitude A(0) is the only
adjustable parameter in the fitting. As shown in Fig. 4, p(T')
of B-PdBi, can be nicely fitted by the s-wave model as
described above (solid line): A(0) = 2.07; for sample 1 and
A(0) = 1.98T, for sample 2, respectively. The gap magnitude
is larger than the value of 1.76T, for weakly coupled BCS
SC, suggesting moderately strong coupling for S-PdBi,. Fur-
thermore, the p,(T) data from the uSR experiments [26] are
also included, which overlap well with our data from the TDO
measurements. The so-obtained gap magnitude A(0) agrees
well with the values derived from our fits to the penetration
depth and the specific heat data discussed below. On the other
hand, two nodal superconducting scenarios are also displayed
for comparison: spin-triplet p-wave model [34] with point
nodes (dashed line) and spin-singlet d-wave model [28] with
line nodes (dashed-dotted line). Since the superfluid density
becomes saturated at low temperatures below around 0.257,
it is obvious from Fig. 4 that the nodal gap functions cannot

054514-3



CHEN, WANG, PANG, SU, CHEN, AND YUAN

PHYSICAL REVIEW B 101, 054514 (2020)

CIT (mJ/imol-K?)

Hll'..-.l

1.0 1.2

TIT,

FIG. 5. The main panel shows the electronic specific heat
C.(T)/y,T vs T/T. for B-PdBi, after subtracting the phonon con-
tributions. Dashed line: The fit to the BCS model with Ay = 2.05T...
Inset shows C(T')/T measured at B = 0 (triangles) and 1.5 T (cir-
cles), respectively. Solid line: The power-law fitting (see context) in
the temperature range of 1-6 K.

describe the experimental data, of which the superfluid density
show strong temperature dependence due to the existence of
low energy excitations. Therefore, our measurements of the
penetration depth give strong evidence for single-gap s-wave
superconductivity in 8-PdBi,.

Temperature dependence of the specific heat C(T) for
B-PdBi, was previously reported by two groups, indepen-
dently. Both show exponential behavior at low temperatures,
but are fitted with different gap functions, i.e., one-gap [25]
versus two-gap [12] BCS superconductivity. In order to clarify
this uncertainty and then compare it with the penetration
depth, we remeasured the heat capacity of §-PdBi,, both at
zero and applied magnetic field. The inset of Fig. 5 plots the
specific heat of 8-PdBi; at B = 0 [Cy(T ), triangles] and 1.5 T
[Cy.57(T), circles]. At zero field, the superconducting transi-
tion is observed at 7. = 4.48 K, which is consistent with our
transport and penetration depth measurements. At B = 1.5 T,
larger than the upper critical field from Ref. [25], one can see
that bulk superconducting transition is suppressed below our
base temperature. The specific heat data at B = 1.5 T can be
nicely fitted by the polynomial expression: Cy st(T) = v, T +
(B3T3 + BsT?), in which y,T and Cy, = (B3T> + BsT?) rep-
resent the normal-state electronic and phonon contributions,
respectively. The normal-state Sommerfeld coefficient y, =
5.40 mJ/mol K? is thus obtained. The electronic heat capacity
in the superconducting state can be therefore obtained by
subtracting the field-independent phonon contribution Cpy
from the total heat capacity by C.(T, B) = C(T, B) — Con(T).
The main panel of Fig. 5 plots the so-derived electronic heat
capacity C,/y,T vs T /T. near the superconducting transition,
which is well consistent with data from Ref. [25], showing a
very weak temperature dependence far below the supercon-
ducting transition (7T < 0.37;). The specific heat jump at T,
ie., AC/y,T, = 1.97, is larger than the BCS value of 1.43,
suggesting strong coupling for -PdBi, [35]. Following the
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FIG. 6. The main panel shows the magnetic field dependence
of the normalized Sommerfeld coefficient for 8-PdBi,, plotted as
[Yo(B) — ¥0(0)1/yx. versus B/B.(0) for B-PdBi, (this work, circles
with error bars), MgB, [39] (squares), CePt;Si for BJ|[100] [40]
(triangles), and Nbs;Zry; [41] (stars), respectively. Solid lines are
guides to the eyes, while the dashed line is a square-root fitting (see
the context). Inset shows the evolution of C,(7")/T with the applied
magnetic fields of B = 0—0.6 T, which increases along the arrow
direction.

procedures described in Ref. [36], C.(T") data, as well as the
superconducting jump, is well fitted by the one-gap o model
with an energy gap of A(0) = 2.057,. This is consistent with
the above penetration depth and superfluid density results
and indicates a moderately enhanced superconducting gap
magnitude.

We further characterize the superconducting pairing state
of B-PdBi, by measuring the specific heat C(T) at various
magnetic fields. The residual Sommerfeld coefficient y,(B) in
the superconducting state gives important information about
the low-energy excitations which exist near the Abrikosov
vortex line. In a fully gapped SC, the low-lying excitations
are usually confined to the vortex cores in the normal state,
and the residual Sommerfeld coefficient is proportional to
the vortex density which is a linear function of the applied
magnetic field [37], i.e., yo(B) ~ B. On the other hand, for a
highly anisotropic SC or SC with nodes in the energy gap, the
quasiparticle excitations can spread outside the vortex cores,
contributing significantly to the specific heat over the cores
themselves at low temperatures. Volovik predicted that [38] in
anodal SC, a Doppler shift on the excitation energy may result
in a square-root field dependence of the residual Sommerfeld
coefficient, i.e., yo(B) o B!/ 2, Figure 6 presents the magnetic
field dependence of the normalized Sommerfeld coefficient,
plotted as [yo(B) — y9(0)]/y, versus B/B.,(0) for 8-PdBi,
(circles). Here the values of C,/T at 0.68 K (the lowest
temperature measured) for B > 0 and 0.37 K for B =0 are
taken as yy. For comparison, we also plot the data previously
reported for MgB, [39] (squares), CePt;Si for B||[100] [40]
(triangles), and Nb77Zrp3 [41] (stars), respectively. One can
see that yo(B) of B-PdBi,, similar to that of the BCS SC
Nby;Zry3 [41], increases linearly with increasing the applied
magnetic field, clearly deviating either from the behavior of
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the two-band SC MgB, [39], which increases fast at low fields
before saturating at high fields near B, (0), or from the square-
root field dependence ([yo(B) — y0(0)]/v» = 0.95[B/B.»(0)],
see the dashed line) of the heavy-fermion NCS SC CePt;Si
[40], providing further evidence for single-gap s-wave super-
conductivity for 8-PdBij,.

As shown above, all our measurements consistently
demonstrate fully gapped superconductivity for B-PdBij,,
which can be well described by a single-gap BCS model.
The obtained superconducting gap A(0) ~ 1.85—2.057,, de-
termined either from the bulk calorimetric measurements or
the penetration depth, is in full agreement with the previous
measurements from Hall-probe magnetometry [25] and point
contact Andreev reflection spectroscopy [27], but larger than
the values (0.76-0.8 meV =~ 1.70—1.85T,) derived from the
spectroscopic measurements of SR [26], STM [24], and QPI
[20]. The reason for differences in the superconducting gap is
likely attributed to the variance of 7, which might be affected
by the sample quality [12].

The large spin-orbit coupling in Pd-Bi binaries has stim-
ulated extensive investigations on the possible topological
surface states. Among the superconducting Pd-Bi family, un-
like «-PdBi, and B-PdBi, which are both centrosymmetric,
a-PdBi lacks an inversion center. Rashba-type antisymmetric
spin-orbit coupling in NCS SC «-PdBi can lift the spin
degeneracy and lead to a mixed pairing of both spin-singlet
and spin-triplet superconductivity [42]. Spin-polarized sur-
face state at high-binding energy for «-PdBi was experimen-
tally observed from a spin-resolved ARPES study [43]. Low-
energy surface states that develop from Rashba splitting in
close proximity to the Fermi energy for «-PdBi, are identified,
providing the potential signature of Majorana fermions [44].
Although extensive theoretical and experimental studies have
provided the existence of topological surface states in Pd-Bi
binaries [18,20,43,44], fully gapped s-wave (singlet) super-
conductivity is demonstrated in the bulk measurements [45],
being similar to the case of PbTaSe, with a NCS structure,
which was also proposed as a candidate of TSC [46]. In
PbTaSe,, band structure calculations reveal nodal lines [47]
and STM experiments show a zero bias peak at the vortex core
[48]. Measurements of penetration depth suggest fully gapped

superconductivity [49], exactly similar to what we observed
here in 8-PdBi,. More recently, evidence for nematic super-
conductivity with a clear twofold symmetry while rotating the
magnetic field in the ab plane was clearly observed in the soft
point-contact zero bias conductance and the resistive upper
critical field, but is absent in the bulk measurements [50]. This
is in contrast to the doped topological insulators Cu,Bi,Ses,
Sr,Bi,Ses, and Nb, Bi,Ses, where nematic superconductivity
is evidenced in the bulk properties: rotation symmetry break-
ing in spin rotation and superconducting gap amplitude [51].
Therefore, it might be very interesting to perform similar
experiments on B-PdBi, which might help elucidate the
possible existence of topological superconductivity in this
compound.

IV. CONCLUSION

In summary, we have studied the superconducting gap
symmetry of 8-PdBi, single crystals by measuring the Lon-
don penetration depth AA(T') as well as the heat capacity
C(T, B) at low temperatures. The temperature dependence of
the penetration depth AA(T), the superfluid density p,(T ), as
well as the electronic specific heat C,(T)/T can be consis-
tently described by a single-gap BCS model. The Sommerfeld
coefficient follows a linear field dependence as yy(B) ~ B.
All these findings suggest that 8-PdBi, behaves like a fully
gapped superconductor with a moderately enhanced super-
conducting gap magnitude.
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