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Pd;Bi,Se, is a rare realization of a superconducting metal with a nonzero Z, topological invariant. Here, we
report the growth of high-quality single crystals of layered Pd;Bi,Se, with a superconducting transition at 7, ~
0.80 K and upper critical fields of ~10 and ~5 mT for the in-plane and out-of-plane directions, respectively. Our
density-functional theory (DFT) calculations reveal three pairs of doubly degenerate bands crossing the Fermi
level, all displaying clear three-dimensional dispersion consistent with the overall low electronic anisotropy
(<2). The multiband electronic nature of Pd;Bi,Se; is evident in magnetotransport measurements, yielding
a sign-changing Hall resistivity at low temperatures. The magnetoresistance is nonsaturating and follows
Kohler’s scaling rule. We interpret the magnetotransport data in terms of open orbits that are revealed in the
DFT-calculated Fermi surface. de Haas—van Alphen (dHvA) oscillation measurements using torque magne-
tometry on single crystals yield four frequencies for out-of-plane fields: F, =150 £26T, Fg =293 £ 10T,
F, =375+£20T, and F;, = 1017 £ 12T, with the low frequency dominating the spectrum. Through the mea-
surement of angular-dependent dHVA oscillations and DFT calculations we identify the F, frequency with an
approximately ellipsoidal electron pocket centered on the L, point of the Brillouin zone. Lifshitz-Kosevich
analysis of the dHVA oscillations reveals a small cyclotron effective mass m* = (0.11 % 0.02)m, and a nontrivial
Berry phase for the dominant orbit. The presence of nontrivial topology in a bulk superconductor positions

Pd;Bi,Se, as a potential candidate for exploring topological superconductivity.

DOI: 10.1103/PhysRevB.110.075152

I. INTRODUCTION

Topological materials remain as a frontier in condensed-
matter physics, owing to their fascinating physical properties.
Specifically, topological insulators and topological supercon-
ductors are being extensively explored due to their potential
applications in quantum computation and spintronic tech-
nologies [1-6]. Topological superconductors are envisioned
to exist in materials that possess topologically nontrivial
bands and a superconducting ground state [6—12]. To achieve
such exotic states, various approaches have been employed
including doping topological insulators [13-15], applying
external pressure to topological systems [16,17], and fab-
ricating heterostructures consisting of topological insulators
and conventional superconductors [18-21]. However, super-
conductivity induced by chemical doping or pressure faces
difficulties in achieving high superconducting volume fraction
[17,19], and it can be challenging to fabricate an atomically
sharp interface between two different materials [18-21]. An
alternative approach to realizing topological superconductiv-
ity is to identify nontrivial topological bands within bulk
superconductors [22-25], though materials in this category
remain scarce [9,26]. Only a few candidates, such as the non-
centrosymmetric CePt3Si [26] and orthorhombic UTe, [27]
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heavy-fermion superconductors, and the layered transition-
metal chalcogenide superconductors, like centrosymmetric
PdTe, [28,29] and noncentrosymmetric PbTaSe, [30], have
shown promise. Joining these candidates, kagome supercon-
ductors AV3Sbs (A = Cs, Rb, K) have recently been identified
as having topologically nontrivial band structures with a
nonzero Z, invariant [31,32].

In parallel, the topological properties and Fermi surfaces
within the parkerite and shandite family of compounds with
composition TsM>X, (T = Ni, Co, Rh, Pd, Pt; M = In,
Sn, Pb, Bi; X = S, Se, Te) [33-40], have attracted con-
siderable attention. Many of these ternary compounds, such
as Rh3Bi;Se, and Rh3Bi;S,, exhibit superconductivity and
charge-density wave (CDW) order [33,34]. Other members,
such as Co3Sn,S, and Pd;Bi,S,, are known to host nontrivial
topology [41-43]. However, the Fermi surface topology of su-
perconducting parkerites remains poorly understood [33—40].
One such parkerite-type compound, Pd3;Bi,Se,, is a supercon-
ductor with 7, =~ 1 K, with its superconducting properties
reported in polycrystalline samples [35], thin films [37],
and nanoparticles [38]. Recently, a nonzero Z, topological
invariant of monoclinic parkerite-type Pd;Bi,Se, has been
proposed theoretically [42—46], and unusual magnetotransport
attributed to two-dimensional fermions has been reported in
thin-film samples [39]. A possible CDW transition has also
been identified in low-pressure (~0.15 GPa) measurements
[47]. Nevertheless, a detailed understanding of the Fermi
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surface, which is a prerequisite for comprehending correlated
electronic behavior, has not yet been reported for Pd;Bi,Se;
[33—40,48,49].

Here, we present the synthesis of large high-quality single
crystals of Pd;BiySe, and detail its superconducting char-
acteristics, normal-state magnetotransport, and de Haas—van
Alphen (dHvA) oscillations, to shed light on the electronic
structure and Fermi surface (FS) topology. Superconductiv-
ity is observed in electrical resistivity with the onset of the
transition at 7, &~ 0.83 K in zero field. The temperature de-
pendence of the upper critical field, H, (T) exhibits a modest
anisotropy of less than 2, with zero-temperature values for
the in-plane and out-of-plane directions of 9.7 and 5.2 mT,
respectively with corresponding large Ginzburg-Landau co-
herence lengths of 190 and 111 nm. The temperature variation
of the penetration depth, based on tunnel diode oscillator
(TDO) measurements, is consistent with a complete super-
conducting gap. In the normal state, we observed clear dHVA
oscillations at fields above 10 T and at low temperatures
(<60 K), from which four frequencies are identified: F, =
150, Fg =293, F, = 375, and F, = 1017 T, with the F, fre-
quency dominating the spectrum. Lifshitz-Kosevich analysis
yields a small cyclotron effective mass (m* = 0.11mg) and
a nontrivial, Berry phase (®p ~ 7) for the dominant orbit.
These results are corroborated by density-functional theory
(DFT) calculations of the electronic structure, which reveal
three doubly degenerate bands crossing the Fermi level. One
of these bands results in a small, approximately ellipsoidal
electron pocket centered on the L, point of the Brillouin zone
with a cyclotron effective mass of 0.15mg for a magnetic field
applied perpendicular to the ab plane. The observed angular
dependence of the F, oscillations is well described using a
model based on an ellipsoidal FS centered on the L, point and
aligned with the D-D, direction in the Brillouin zone.

Multiple dHVA oscillation frequencies indicate multiple
bands crossing the Fermi level. Indeed, the presence of multi-
ple Fermi surface pockets is confirmed by the Hall resistivity
measurements, which show nonlinear variation with the ap-
plied magnetic field. Despite the multiband nature, we observe
nonsaturating magnetoresistance that follows Kohler’s scaling
rule remarkably well, implying transport may be dominated
by a single band or single-scattering mechanism. Further-
more, our DFT calculations reveal a large three-dimensional
Fermi surface sheet, supporting multiple open orbits that may
account for the observed magnetotransport behavior and the
overall low electronic anisotropy of Pd;Bi,Se,.

II. METHODS

Single crystals of Pd;Bi,Se, were grown using the self-
flux method. The starting materials, stoichiometric Pd powder
(99.95%), Bi powder (99.99%), and Se powder (99.99),
were mixed with excess Bi-Se (50% more by molar ratio),
pressed into a pellet, and placed into an alumina crucible that
was then sealed in a fused silica tube under a vacuum of
~10 mTorr. The mixture was then heated to 610 °C and
held for 24 h, slowly cooled to 500 °C at a rate of 1 C/h,
and subsequently quenched to room temperature. Platelike
single crystals with typical size ~ 1.5 x 1 x 0.5 mm® were
obtained (see inset of Fig. S1 in the Supplemental Material

[50]). The structure of the as-grown crystals was determined
through single-crystal x-ray-diffraction (XRD) measurements
(Bruker SMART APEX II, MoK, radiation). Details of
the structural refinement are provided in the Supplemental
Material [50]. The orientation of larger single crystals was
determined through XRD measurement using a PANalyti-
cal X’Pert Pro diffractometer with CuK, radiation. X-ray
diffraction shows that our samples of Pd;Bi,Se; crystallize
in the monoclinic space group C2/m (No. 12) with refined
lattice parameters a = 11.7403(8) A, b = 8.4339(6) A, ¢ =
8.4163(6) A, and B = 133.834(1)°, in good agreement with
previous studies [47-49]. Electrical resistivity was measured
using the standard four-probe technique in a Physical Prop-
erties Measurement System (PPMS-14T, Quantum Design)
and in a dilution refrigerator (Bluefors) equipped with a
9-1-1 T triple-axis vector magnet. The TDO measurements
were performed in a custom-built system operating at ~14.5
MHz in a *He cryostat. In this technique, the change in
the resonator frequency A f(T) is proportional to the change
in magnetic susceptibility as Af(T) = —4nGAx (T ), where
the geometrical factor G depends on the physical dimen-
sions and geometry of the sample and resonator coil. In the
Meissner state, the change in magnetic susceptibility reflects
the change of the London penetration depth A(7) such that
Af(T) o< AMT). The very small magnitude of the rf mag-
netic field (~20 mG) ensures that the sample remains fully
in the Meissner state during measurements. Magnetic torque
measurements were performed using piezoresistive torque
magnetometry with a 35-T resistive magnet at the National
High Magnetic Field Laboratory in Tallahassee, Florida. The
samples were mounted on self-sensing cantilevers that were
placed in a *He cryostat. Measurements were performed with
a balanced Wheatstone bridge that uses two piezoresistive
paths on the cantilever, as well as two resistors at room
temperature that can be adjusted to balance the circuit. The
voltage across the Wheatstone bridge was measured using a
lock-in amplifier (Stanford Research Systems, SR860).

The electronic structure of Pd;Bi,Se, was computed us-
ing DFT calculations. We employed the projector-augmented
wave method as implemented in the Vienna Ab initio
Simulation Package (VASP) within the generalized gradi-
ent approximation using the revised Perdew-Burke-Ernzerhof
exchange-correlation functional for solids (PBEsol) [51,52].
Potentials for each atom were chosen corresponding to
the following electron configurations: Bi (54'° 6s% 6p*), Pd
(4d° 5s'), and Se (45> 4p™). First, optimization of the atomic
positions, unit-cell shape, and unit-cell volume was performed
on the primitive unit cell to a convergence level of 1078 eV
using an energy cutoff of 501 eV and including contribu-
tions from spin-orbit coupling and a Hubbard U correction
for the Pd d states (Upg = 2.19eV). Geometry and unit-cell
parameters of the relaxed cell are given in Table S3 [50].
After relaxation, the charge density was first determined via a
self-consistent calculation using a regular I"-centered k-point
mesh with the maximum distance between k points set to
0.1 A=, The density of states was determined using the same
k-point mesh, the Fermi surface was calculated using a I'-
centered mesh of 1000 k-points spanning the Brillouin zone,
and the band structure was determined along high-symmetry
k-point paths through the Brillouin zone. The C2X and XCRYS-
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FIG. 1. (a) Temperature dependence of the electrical resistivity, p,,(T), of Pd;Bi,Se, measured between 300 and 1.8 K. The upper inset
displays p,»(T) measured between 1.8 and 0.03 K. The horizontal dotted line represents the midpoint of the transition, used as a criterion for
T,. The lower inset shows py;, vs T2. The solid line is a fit of the form p = p(0) + AT>. The temperature dependence of the TDO frequency
shift between 0.4 and 1.1 K is shown as measured on a single crystal with H||ab (b), and H Lab (c). Inset: Zero-field data with BCS-like fit.
(d) He, vs T superconducting phase boundaries in reduced temperature 7./T, for both orientations and techniques. The solid lines are WHH

model fits [57,58].

DEN software packages [53,54] were utilized to visualize the
Fermi surface, and the band structure was visualized using the
PYMATGEN PYTHON library. Calculations of cyclotron effec-
tive masses and dHvA frequencies were derived from the VASP
output using in-house code.

III. RESULTS AND DISCUSSION

The main panel of Fig. 1(a) shows the temperature de-
pendence of the in-plane electrical resistivity, p.(T), of
Pd;Bi,Se,, measured between 300 and 1.8 K. p,,(T) exhibits
typical metallic behavior, decreasing monotonically with tem-
perature; pg(1.8 K) & 0.82 u€2 cm and the residual resistivity
ratio (RRR), pa» (300 K)/pgp (1.8 K) & 60. This RRR value is
much larger than that reported earlier for polycrystalline [35]
and thin-film samples [37], and combined with low residual
resistivity, reflects the high quality of our single crystals.
The upper inset of Fig. 1(a) displays p,(7T) between 1.8 and
0.03 K measured in a dilution refrigerator. Superconductivity
is observed in the electrical resistivity with a ;. opset Of & 0.83
K, and zero resistance is reached at ~ 0.78 K. Note that the 7
~ 0.80 K (defined as the midpoint of the transition) value of

our single-crystal sample is slightly lower than that reported
for a polycrystalline sample (= 0.95K) [35]. The normal-
state resistivity data can be fitted to po,(T) = pg + AT? below
40 K with pp =0.76 uS2cm and A =22nQ2cm K2 [see
lower inset of Fig. 1(a)]. The value of A falls within the
range typically seen for correlated transition metals and A15-
type superconductors [55,56]. The T? dependence of py
signals conventional Fermi-liquid ground state with dominant
electron-electron scattering at low temperatures. p.;(7) above
40 K is approximately linear, reflecting dominant electron-
phonon scattering at high temperatures.

The temperature dependence of the TDO frequency shift
between 0.4 and 1.1 K measured on a single crystal under
Hl|ab is shown in Fig. 1(b). The sample displays supercon-
ductivity with the onset of the transition 7, ~ 0.83 K in
zero field, which is consistent with the value observed in the
electrical resistivity discussed above. With increasing field,
the transition onset shifts to lower temperatures and is largely
suppressed by 5 mT. As shown in Fig. 1(c), similar behavior
is observed under H L ab. We attempt to analyze the zero-field
temperature dependence TDO signal, A f(7). The solid line
in the inset of Fig. 1(c) represents a fit of the data to the BCS
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FIG. 2. (a) Transverse magnetoresistance of Pd;Bi,Se, at various temperatures. (b) Kohler scaling plot produced using the data in (a).
Solid line (red) is a fit of the form MR = 6.38[H/p(0)]'* to the data at 1.8 K. (c) Hall resistivity (pxy) measured at various temperatures. Solid
line (red) is a linear fit to the data at 1.8 K in higher-field regime (>5 T).

weak-coupling behavior. Although the accessible temperature
range below T is too small for a complete analysis of the
low-temperature variation of the TDO signal, the available
data suggest that A f(T) saturates at low temperatures, indica-
tive of an exponential temperature dependence of A(7) and a
complete superconducting gap.

To construct the complete superconducting-phase diagram,
we performed resistivity measurements in a dilution refriger-
ator following two protocols: with temperature sweep at fixed
field and with field sweep at fixed low temperatures below
T. (shown in Fig. S3 [50]). From the data in Figs. 1(b) and
1(c) and Fig. S3, the superconducting-phase diagram is con-
structed as shown in Fig. 1(d) (see Ref. [50] for the detailed
criteria used to estimate 7, and H,.,). A Werthamer-Helfand-
Hohenberg (WHH) fit [56-58] to the data yields the upper
critical field poH(0) ~ 9.7 mT for in-plane direction (H ||ab)
and poH(0) ~5.3 mT for out-of-plane direction (H Lab),
and upper critical field slopes at 7z of —19.3 and —11.3 mT/K,
respectively. The corresponding GL coherence lengths can be
evaluated using the GL relations, yielding large coherence
lengths of &y of plane(0) A~ 111 nm and & prane(0) ~ 190 nm.
We notice a modest anisotropy of the upper critical field,
H%/HS < 2, consistent with the three-dimensional Fermi
surface observed through dHvVA oscillation measurement and
DFT calculation that we will discuss later. Our measured & ex-
ceeds that reported for polycrystalline samples (=32 nm) [35]
by more than a factor of 5 and is comparable to that of epi-
taxial thin films (140 nm) [37]. Such evolution is expected
since the superconducting coherence length increases with
increasing purity (RRR), that is, increasing electron mean-free
path (), as expressed by the dirty-limit relation £ ~ (1&))"/?,
where & is the BCS coherence length.

While there is no sign of any magnetic anomaly in pg;, (T)
[Fig. 1(a)], the electrical transport exhibits a large response
to the application of a magnetic field. Figure 2(a) displays the
transverse (H Lab, I||ab) magnetoresistance MR = W
measured at various temperatures. The MR is positive at
all temperatures and increases with decreasing temperature,
reaching 300% at 1.8 K and 14 T, a value much larger than that
reported for a thin-film sample [39]. For a system with either a
single band (or a dominant single band) or multiple bands with

electron-hole compensation, the transverse MR is expected to
follow Kohler’s scaling law [59,60], provided that electron
transport can be described by a single-scattering time whose
anisotropy does not change with temperature or field. In that
case, all field- and temperature-dependent data collapse onto a
single curve when plotted as MR versus % described by the
equation MR = F[H/p(0, T)] [59,60]. Here, F is a scaling
function that reflects the electronic band structure. For small

values of the argument ﬁ, the MR is typically quadratic,

MR ~ H?, while the high-field behavior depends on details
of the electronic structure. In compensated materials, the MR
keeps growing as H>. In contrast, in uncompensated materials
with all closed electron orbits, the MR in high fields saturates
while open orbits induce saturation or an H? variation, de-
pending on the details of the orbits. Polycrystalline samples,
averaging over all types of orbits, display a linear high-field
MR [61,62]. Figure 2(b) shows the magnetotransport data
of our single-crystal Pd;Bi,Se, following Kohler’s scaling
rule remarkably well. As we will see, the DFT-calculated
electronic band structures described below indicate multiple
electron- and hole bands at the Fermi level. Therefore, the
scaling property implies that magneto-transport is dominated
by a single band and the overall dependence at 1.8 K is well
described by MR = 6.38[H/p(0)]'*, represented by the solid
line in Fig. 2(b). In fields up to 14 T, we do not observe any
signs of saturation, although in a log-log plot (Fig. S4 [50])
the slope of MR vs H in high fields is seen to decrease from
1.7 at low H/p(0) to 1.4.

Figure 2(c) shows the field dependence of the Hall re-
sistivity (poyy) of Pd3Bi,Se, at different temperatures. While
Oxy varies linearly with H with a positive slope at high
temperature and low field, a nonlinearity in p,,(H) grad-
ually develops and becomes obvious above 7 T at 50 K,
leading to a sign change at high H. Generally, a nonlinear
Hall resistivity with a sign change indicates that electron
and hole bands with unequal carrier concentrations and
mobilities both contribute to transport [61]. Accordingly,
we analyzed the magnetotransport data using the standard
two-band model [61,62]. Even though this model contains
extensive assumptions and simplifications, it is nevertheless
useful for exploring trends in transport behavior. While the
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nonsaturating magnetoresistance following Kohler’s scaling
rule could indicate electron-hole compensation (n, = ny), the
nonlinear sign-changing Hall resistivity is not consistent with
compensation. Then, the limiting linear variation of oy at 1.8
K and high fields [red solid line in Fig. 2(c)] signals the ap-
proach to the high-field limit where the Hall coefficient (Ry)
is given through (nj —n.) = 1/eRy = —1.3 x 10?2 cm—>.
Thus, this model predicts n, > ny, in the system. Together with
the additional constraints given by the experimental values
of the zero-field conductivity, g = e(n.it. + nyuy), and the
Hall resistivity, pu/H = e(nyu} — n.pu2)/od, we deduce an
overall charge density of order 10?> cm 3. While this value is
near the low end of electron concentrations typically seen in
good metals, it is nevertheless consistent with the metallic be-
havior of Pd;Bi,Se, observed in the resistivity measurement
[Fig. 1(a)]. However, we note that within the two-band ansatz,
the approach to the high-field limit in o,y and the simultaneous
absence of saturation in py, in the same field range are incon-
sistent. We therefore conclude that the magnetotransport data
in Fig. 2 cannot be accounted for within the two-band model
in its standard form. One of the assumptions of this model
relates to the absence of open orbits [60,61]. The inclusion of
such orbits will, depending on their geometry, induce nonsatu-
rating magnetoresistance and an additional contribution to the
Hall resistivity, such that the standard relation with the carrier
concentration is no longer valid [61-63], in agreement with
our observed magnetotransport data.

To explore the possibility of open orbits, we per-
formed DFT calculations of the electronic band structure of
Pd;Bi,Se;. The band structure presented in Fig. 3(a) reveals

three pairs of doubly degenerate bands crossing the Fermi
level. As shown in Figs. 3(b) and 3(c), bands No. 143 forms
two large pockets centered at I' and M, and band No. 145
consists of a complex continuous three-dimensional sheet. In
particular, the Fermi surface sheet associated with band No.
145 supports the notion of open orbits in this system, with
infinite channels running along both the a and c¢* directions
(Fig. S9 [50]). These open orbits may thus contribute to the
observed magnetoresistance described above. Band No. 147
crosses the Fermi level (Er) twice: once at the L, point of the
Brillouin zone and again at a nonhigh-symmetry point along
the path between I' and Y,. These crossings manifest as two
closed-electron Fermi surface pockets in the Brillouin zone
shown in Fig. 3(d). The bands associated with these electron
pockets are highly dispersed and nearly parabolic close to
Ep, so the resulting Fermi surface is very sensitive to the
precise value of the Fermi energy [48]. For instance, with
the magnetic field H oriented along c* (perpendicular to the
crystal layers), DFT yields a dHvA frequency of 14 T for the
Fermi surface pocket at L,. However, raising Er by ~0.10 eV
[dashed line in Fig. 3(a)] enlarges the L, pocket and brings
the calculated frequency in line with the experimental value
(F, =~ 1457T).

In concert, a cyclotron effective mass of 0.15 mq (my is the
free-electron mass) is calculated, in good agreement with the
measured m* = (0.11 £ 0.02)my, discussed later. The Fermi
surfaces shown in Figs. 3(b), 3(c), and 3(d) are calculated
using the shifted Fermi level, i.e., electron doping. A plau-
sible source for such electron doping could be Se>~ vacancies
introduced during synthesis [37,64]. Assuming a rigid-band
model of the electronic structure, a shift of 0.10 eV amounts
to 0.2 electrons per formula unit, corresponding to an &~ 5%
Se deficiency. Neither single-crystal x-ray diffraction (Table
S2), energy-dispersive x-ray spectroscopy (Fig. S2), nor in-
ductively coupled plasma spectroscopy (Table S4 [50]) reveals
Se deficiency at this scale, although such nonstoichiometry
may lie at the detection limit of these techniques. It should
also be noted that the assumptions inherent to DFT may
not precisely capture the nuances of the band structure near
Eg, introducing a quantitative error in the estimated doping
level. Further theoretical work and experimental validation are
desirable for a comprehensive understanding of these discrep-
ancies. Nevertheless, the angular dependence of our measured
dHvA frequency (see below) and a good agreement with the
cyclotron effective mass allow us to identify the L, pocket as
the origin of F;,, as we will discuss in detail below.

To obtain experimental signatures of the Fermi surface of
Pd;Bi,Se,, we measured quantum oscillations using highly
sensitive torque magnetometry at low temperatures and high
magnetic fields up to 35 T. Figure 4(a) displays the field
dependence of the magnetic torque, 7(H), measured at 0.5 K
in a field applied approximately perpendicular to the ab plane
(parallel to c*) (also see Fig. S7 in the Supplemental Ma-
terial [50]). dHVA oscillations are visible above =~ 10 T. By
subtracting a smooth polynomial background, we extract the
oscillatory part of the magnetic torque, Az, as shown in the
inset of Fig. 4(a). Figure 4(b) shows At plotted as a function
of the inverse magnetic field (H~') at various temperatures,
revealing the rapid suppression of the oscillation amplitude
with increasing temperature. Nevertheless, the oscillations
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FIG. 4. (a) Field dependence of the magnetic torque t (H) of Pd;Bi,Se; at 0.5 K. The field is applied at an angle # ~ 14° from the ¢* axis
as depicted in the upper inset. This tilt angle was chosen for the temperature-dependent measurement as the oscillations are more pronounced at
0 ~ 14°, and is not far from the H Lab plane [50]. The red curve is a third-order polynomial fit to the data. Lower inset: background-subtracted
At vs H. (b) At plotted as a function of H~! at various temperatures. (c) FFT amplitude as a function of frequency at 0.5 K. Inset: variation
of FFT amplitude with temperature for the « band. The solid line is a fit with thermal damping term of Eq. (1). (d) Landau-level fan plot
constructed for the dominating o band. The red line is a linear fit to the data.

persist up above 60 K, allowing us to determine the carrier cy-
clotron effective mass as discussed later. From the fast Fourier
transform (FFT) performed in the field range of 15-35 T,
four oscillation frequencies are identified as F,, = 150 £ 26T,
Fg=293+£10T, F, =375£20T, and F, = 1017 £ 12T,
shown in Fig. 4(c) and Fig. S5 [50] with the low frequency
dominating the spectrum. The error bars are determined by
the half width at half height of the FFT peaks. The dominant
frequency, F, = 150T, occupies a small portion (=~ 1.3%)
of the total area of the primitive in-plane Brillouin zone of
monoclinic Pd;Bi,Se,.

The dHvVA oscillations can be described by the Lifshitz-
Kosevich formula [65,66]:

A laFfﬂR RpRgsin |2 F ! d 60
X TR e NTRPRSSI AT A S ’

where F (in units of tesla) is the frequency of the oscillation,
. A

0 is the field angle, Ry = W(%)%)

ing factor, A = 24" — 14 7T/K, Rp = exp(—AZ ) is

the Dingle damping factor (7p is the Dingle temperature),

and Rg = cos( g*%) is the spin reduction factor (m* is the

is the thermal damp-

cyclotron effective mass and g* is the effective g factor). The
exponent A = 1 is chosen for a two-dimensional (2D) FS, and
A = 3/2 for a three-dimensional (3D) FS [67]. In addition, the
phase factor, ® = % + &, where ®p is the Berry phase, and
8 = 0 for a 2D and £1/8 for a 3D FS (& sign corresponds to
the minima (4)/maxima (—) of the cross-sectional area of the
FS for the case of an electron band; for a 3D hole band, the
sign of § is opposite [68]. The quantum oscillation frequency
is related to the area (S) of the extremal orbit through the
Onsager relation, F = (%)S.

The temperature dependence of the FFT amplitude of the
a band is displayed in the inset of Fig. 4(c). From a fit
of the thermal damping factor Ry [defined in Eq. (1)] to
these data, we obtain a light cyclotron effective mass of
m;, = (0.11 = 0.02)my. This is in good agreement with m} =
0.15myq derived from our DFT calculation, corroborating our
assignment of the L, pocket as discussed earlier. Owing to
their approximate 1:2 ratio, the Fg frequency (Fg =293T)
may be the second harmonic of F,. The amplitude of this
oscillation frequency is too small to confirm this hypothesis
by extracting an effective mass, which would be expected to
be twice that of the fundamental mass m;} (i.e., mg = 0.22my).
Our DFT calculations reveal that the area of the electron
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FIG. 5. (a) At(H) vs H™' of Pd;Bi,Se, measured at 7 = 0.5 K and at different angles 6 [defined in the inset of (c)]. A vertical shift is
added to the data for visual clarity. These data are obtained after subtracting a smooth background from the field-dependent torque data, 7 (H)
(Fig. S7 [50]). In the background-subtracted data, the change in frequency and the phase of the oscillations are more apparent. (b) The FFT
spectrum obtained from the data in (a). The dashed line is a visual guide, indicating the progression of the « band. (c) Angular dependence of
F, measured (red). The error bars are taken as the half-width at half height of the FFT peaks. Solid lines represent 2D FS (gray), 3D ellipsoidal
FS (green), and the DFT-calculated values (blue) as described in the text. Inset: sketch defining the field-angle direction.

pocket near Y, corresponds to a dHvVA frequency of 289 T,
providing an alternative explanation for the Fg frequency.
Notably, the closed Fermi surface branches originating from
band No. 143 produce dHVA frequencies greatly exceeding
any of our measured values.

The field dependence of the oscillation amplitude at a
given temperature can provide information about the Din-
gle temperature, Tp, through the analysis of Dingle plots
(see Fig. S6 [50]). From Tp (=~ 37K), the quantum relax-
ation time, t,, can be estimated through the relation 7, =
ﬁ =0.32 x 10~ "*s, which, in turn, is proportional to
the quantum mobility, @, = :,‘Z = 0.05 m?%/V s. Additional
parameters obtained from the analysis of the dHVA oscilla-
tions are listed in Table S5 [50]. Within the Drude model, the
conductivity associated with the L, pockets can be estimated
using the parameters obtained from the dHvA measurements
as o = enp, where p is the mobility given above and n is
the volume concentration [69] of electrons per L, pocket
given as n = %2(%)3/2@1{3@1“ ~ 1.5 x 10" cm™3, result-
ing in a resistivity of ~395 u2 cm for the two L, pockets
in the Brillouin zone. Here, Fp,i, ~ 116 T and F.x ~ 260 T
are the minimum and maximum cyclotron frequency as de-
termined within an ellipsoidal model from angular-dependent
dHvA measurements as described below. Even though their
mobility is high, the contribution of the L, pockets to the
electric transport is small, chiefly because of their small
size. These estimates suggest that magnetotransport is dom-
inated by the large Fermi surface sheets shown in Figs. 3(b)
and 3(c).

Phase analysis of the dHvVA oscillations can reveal the
topological properties of the associated carriers. For such
analysis, the Berry phase can be extracted from the Landau-
level (LL) fan diagram [5,65,67,70]. Since the dHVA spectrum
is dominated by a single low-frequency (« band), the LL fan
diagram can be constructed unambiguously without filtering

the signal [71,72]. Since the magnetic torque is proportional
to the density of states at the Fermi level [65,67], the LL fan
diagram is constructed by assigning the oscillation minima
in At to N — 1/4 and maxima to N +1/4, where N is the
Landau-level index [65]. As shown in Fig. 4(d), N(H 1) can
be fitted with N = 0.27 + 147/H. The y axis intercept of
the linear fit, following Eq. (1), yields the Berry phase as
]

52 ~ 0.4, close to the value of 0.5 expected for a topological

orbit. In this estimate, we used § = —%, appropriate for a 3D
maximal electron orbit as discussed above. The slope of the
linear fit corresponds to the frequency F, = 147 T, in good
agreement with that obtained from the FFT spectra.

The Topological Materials Database [42,44-46] identifies
Pd;Bi,Se; as a Z, topological material, which is characterized
by a continuous direct gap at each k point in the Brillouin
zone. The observed m phase would thus be consistent with
the nontrivial topological nature of the o band. Furthermore,
the Landau-level fan diagrams constructed for various angles
reveal an angular dependence of the phase factor for the o
band (Figs. S8(a) and S8(b) [50]), which may signal a topo-
logical phase transition [73—76]. Such interpretations should
be taken with caution, however, as it has been noted that
additional contributions to the phase shift of the quantum
oscillations can arise from orbital momentum and Zeeman
coupling [77]. Since these other contributions are presently
not known for Pd;Bi,Se;, a definite statement on the change
of the topological state of the o band requires further studies.

The angular dependence of quantum oscillations can pro-
vide further information about the Fermi surface topology.
Figure 5(a) displays At (H) versus H~! of Pd;Bi,Se, mea-
sured at T = 0. 5 K for different angles 0 [defined in the inset
in frame 5(c)]. Upon the variation of 6, the dHVA oscillations
change in both amplitude and peak position. Through FFT
analysis, shown in Fig. 5(b), we can systematically track the
dominant « band for various measured angles. Unfortunately,
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the other bands could not be unambiguously tracked due to
their much smaller amplitudes.

The FFT amplitude of the « band displays a distinct an-
gular dependence such that for 6 > 60° it can no longer
be identified unambiguously. Several factors may contribute
to such angular variation. The torque technique introduces
angular dependencies of the oscillation amplitude stemming
from the fact that this technique probes the magnetization
component that is transverse to the applied field direction.
These are contained in the factor +4£ in Eq.(1) [65], which

F do ; :
| dF _ _ (I=T)cos@®)sin®) i)

Fdo — cos?(0)+T2sin*(9) ’
I'= 1@ the anisotropy of the dHVA frequency. This relation
yieldsnﬁxle expected vanishing torque at the symmetry points at
6 = 0° and 6 = 90°, and a rapid decrease of the torque at an-
gles larger than & 60°. This drop becomes more precipitous;
the larger the anisotropy is, the smaller I" is. Furthermore, fre-
quently a strong suppression of dHvA oscillations on layered
materials is found for the in-plane field orientation [78,79].
A possible reason is related to the reduced electron mobility
in the interlayer direction which would induce an increased
Dingle temperature at large angle and the corresponding ex-
ponential suppression of the oscillations.

Figure 5(c) summarizes the angular dependence of F.
The measured dHVA frequency increases symmetrically for
positive and negative angles, implying that the FS pocket is
symmetric about the plane spanned by the zero-angle field
direction and the rotation axis. Referring to the geometry of
the Brillouin zone in Fig. 3(d) and Fig. S10 [50], this finding
is consistent with the a axis of the conventional base-centered
monoclinic cell being the rotation axis. In k space, this axis
corresponds to the I'-M, direction. By the same reasoning,
the Y4 pocket has an irregular shape [see Fig. 3(d)] such that
no rotation will yield a symmetric angular dependence of the
oscillation frequency, excluding this pocket as the source of
F,,. The observed increase of F, with angle falls short of the
w+@ variation of a 2D FS but is consistent with a FS pocket
in the shape of an ellipsoid. In fact, a fit for an ellipsoidal FS
pocket aligned with the D-D, direction and rotated around the
['-M, axis (Fig. 5(c) and Fig. S10 [50]) describes the data well
with an anisotropy of I' &~ 0.45. We note that the rotation axis
is not aligned with a principal axis of the ellipsoid but sub-
tends an angle of approximately 45°. Therefore, the minimum
frequency is Fiin &~ 116 T, and not the frequency measured
at & = 0°, which is 145 T. Also included in Fig. 5(c) are the
dHvA frequencies calculated using DFT with Ef shifted by
~ 0.10eV. While this calculation underestimates the angular
dependence of F, by approximately 20% at 60°, it qualita-
tively reproduces the monotonic increase in frequency with
increasing 6.

for an ellipsoid is given as —

IV. SUMMARY

In summary, we report on the growth of single-crystal
samples of Pd;Bi;Se, and present their superconducting and
normal-state magnetotransport properties. Superconductivity
is observed in the electrical resistivity and TDO measure-
ments, with a transition temperature at 7. =~ 0.80 K. The
availability of large bulk single crystals enables the study of
their anisotropic electronic properties. The samples are of high

purity, as evidenced by a large residual resistivity ratio of
~ 60 and the observation of dHVA oscillations in fields as
low as 10 T. Our magnetoresistance data exhibit Kohler-type
scaling behavior, with an unusual H'* dependence, suggest-
ing contributions from multiple bands, as reflected in the Hall
resistivity with nonlinear field dependence. Through analysis
of the observed dHvVA oscillations, we identify four bands
with frequencies of F, = 150T, Fg =293 T, F, = 375T, and
F, = 1017T. Among these bands, the o band (150 T) is the
most dominant.

Angular-dependent dHvA measurements, in conjunction
with DFT calculations, allow us to assign the « band to a
nearly ellipsoidal electron pocket centered on the L, point of
the Brillouin zone. The calculated dHVA frequency of the «
pocket originating from band No. 147 can be aligned with our
experimental results with an upward shift of the Fermi level
by 0.10 eV, implying light electron doping of the sample by
0.2 electrons per formula unit. This ellipsoidal pocket displays
modest anisotropy in the angular dependence of the dHVA os-
cillations. Lifshitz-Kosevich analysis of the dHvA oscillations
reveals a small cyclotron effective mass m* = (0.11 £ 0.02)my
for this electron pocket, in good agreement with the value of
0.15mq obtained from DFT calculations. The DFT calcula-
tions further reveal a large, three-dimensional extended Fermi
surface sheet originating from band No. 145. This Fermi
surface supports open orbits in the ab plane of the crystal
and may account for the observed magnetotransport behavior
and the overall low electronic anisotropy of Pd;Bi,Se,. For
instance, the anisotropy of the upper critical field measured
in fields parallel and perpendicular to the ab planes is found
to be less than 2. Landau fan diagrams constructed from the
dHvA oscillations yield a nontrivial Berry phase for the domi-
nant orbit, indicating nontrivial band topology. The nontrivial
topology present in the bulk superconductor Pd;Bi,Se, makes
it a promising candidate for exploring potential topological
superconductivity.
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