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The noncentrosymmetric superconductor «-PdBi is a candidate material for the realization of topological
superconductivity. Here, we present a detailed de Haas—van Alphen (dHvA) study together with band-structure
calculations within the framework of density functional theory. The rich dHvA spectra are a manifestation of the
13 bands that cross the Fermi energy Er. We find excellent agreement between calculated and experimentally
observed dHVA frequencies with moderately enhanced effective masses. One of the bands crossing Er, the
so-called « band, exhibits topological character with Weyl nodes lying 43 meV below Ef.

DOI: 10.1103/PhysRevB.101.235139

I. INTRODUCTION

Since several years, noncentrosymmetric (NCS) supercon-
ductors have attracted enormous research interest due to their
unconventional physical properties [1,2]. The absence of an
inversion center in the crystal lattice implies the occurrence
of an intrinsic electric-field gradient that gives rise to a
Rashba-type antisymmetric spin-orbit coupling (SOC) [2,3].
This effect lifts the spin degeneracy of electronic bands and a
parity-mixed superconductivity may develop in consequence
[4,5]. Most remarkably, it has recently been noticed that NCS
superconductors with strong antisymmetric SOC provide an
excellent platform for the realization of topological supercon-
ductivity (TSC) [6-8]. Such a material is a fully gapped bulk
superconductor with topologically protected gapless states at
the Fermi level [7,8]. In such a system, Majorana surface
states with a nontrivial bulk Bogoliubov—de Gennes quasi-
particle wave function can arise, which possess helical spin
polarization locked to momentum. These are highly promising
for the practical achievement of decoherence-robust qubits
with the potential for application in quantum computing
[9-12].

Amidst various candidates for TSC, the NCS compound
a-PdBi is of unique interest. It crystallizes in an orthorhom-
bic lattice and undergoes a structural transition upon cool-
ing below 210°C to a monoclinic structure of its own
type (space group P2, No. 4) [13] and exhibits bulk type-
IT weak-coupling clean-limit superconductivity below 7, =
3.7K [14-20]. Strong SOC has been clearly evidenced experi-
mentally by means of angle- and spin-resolved photoemission
spectroscopy (ARPES) [21-24] as well as scanning tunneling
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spectroscopy (STS) [24,25]. Furthermore, both experimental
techniques revealed the presence of a surface Dirac state
located at about 700 meV below the Fermi level and this has
been supported by first-principle band-structure calculations
[21-25]. While the absence of a topologically nontrivial sur-
face state in the immediate vicinity of the chemical potential
rules out the possibility of TSC in parent «-PdBi with high
likelihood, such effects might arise in this material upon
tuning the Fermi level near the Dirac surface state. Proper
electrical gating or surface engineering provide the means to
achieve this [21].

In order to contrive an efficient route towards realization
of TSC in «-PdBi, an in-depth investigation of its electronic
structure is compulsory. Most recently, the Fermi surface of
the compound has been characterized by means of de Haas—
van Alphen (dHvA) oscillations [26]. These experiments re-
vealed the presence of several Fermi-surface pockets, as did
the spectroscopic measurements [21]. Most strikingly, one of
the bands was found to bear signatures of a topologically
nontrivial bulk state, which evaded detection in both ARPES
and STS. This important finding may imply a nontrivial
character of the superconducting order parameter associated
with that particular Fermi-surface sheet, which in itself hints
at TSC in the compound [27].

Motivated by the results reported in Ref. [26], we ex-
plored the multisheet Fermi surface (FS) of «-PdBi in more
detail using the same experimental technique, namely, dHVA
quantum-oscillation measurements performed at temperatures
as low as 40 mK for various directions of the applied mag-
netic field. We were able to resolve very rich dHVA spectra
for all field orientations. These contain numerous extremal
orbits that are well reflected by our density-functional-theory
(DFT) FES calculations. The experimentally determined band-
resolved mass enhancement is moderate, which corresponds
to the reported 7, of 3.7 K. One of the calculated bands shows

©2020 American Physical Society
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FIG. 1. Field-dependent torque signal of «-PdBi measured at
40 mK and the applied magnetic field B || ¢. Inset: Zoom into the
low-field region of the main panel.

nontrivial topology with Weyl nodes 43 meV below the Fermi
energy Er. In the following, we describe our experimental and
calculated results in more detail.

II. EXPERIMENTAL DETAILS

Ultrahigh-quality single crystals of PdBi used in the
present study were selected from the same batch as those
studied in Ref. [21]. These were grown by a modified Bridg-
man method and characterized by means of x-ray diffraction,
energy-dispersive x-ray spectroscopy, magnetic susceptibility,
electrical resistivity, and heat-capacity measurements, as de-
scribed before [21].

Angle-dependent quantum-oscillation measurements were
performed using capacitive torque magnetometry, employing
50-um-thick CuBe cantilevers. These experiments were con-
ducted in a superconducting magnet system equipped with a
top-loading dilution refrigerator reaching 18 T and 40 mK,
respectively.

III. dHvA RESULTS

Figure 1 shows a typical torque signal for «-PdBi measured
at 40 mK with the magnetic field B applied parallel to c¢. Note
that throughout this paper, we use the P112; convention of
the space group P2; (No. 4), i.e., the screw axis is parallel
to c. This is consistent with the definition used by Yaresko
et al. [28], but different from the convention used by Khan
et al. [26]. The inset of Fig. 1 shows the data below 2 T in
enlarged scale. A pronounced peak effect emerges near the
superconducting upper critical field, which was estimated to
be approximately 75 mT from specific-heat and STS measure-
ments [19,25]. Quantum oscillations become visible above
about 1.5 T and greatly increase in amplitude towards higher
fields [29].

Figure 2 shows the corresponding dHVA frequency spectra,
obtained by subtracting a third-order polynomial from the
torque data and subsequently performing a Fourier transfor-
mation of the resulting data within the field range specified in
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FIG. 2. dHvA frequency spectra obtained from the torque data
shown in Fig. 1 for different field ranges. Note the different scaling of
the frequency axes between the top panel and the two bottom panels.

the different panels of Fig. 2. Even in the lowest field range
(2-5 T), clear dHVA frequency peaks are resolved. Towards
higher magnetic fields, further peaks appear, reflecting the
presence of several additional extremal orbits of FS sheets.
The large number of dHVA frequencies evidence the existence
of a rather evolved FS topology originating from many bands,
as confirmed by our band-structure calculations below.
Figure 3 shows the temperature dependence of the dHvA
oscillation amplitudes obtained for B || ¢ between 3 and 6 T.
The amplitudes clearly decrease with increasing tempera-
ture. As described by the Lifshitz-Kosevich formula, this
reduction in amplitudes is proportional to x/sinhx, where
x = «Tm* /B, with the effective cyclotron mass m* and o =
2m%kgm,/(eh) = 14.69 T/K [30]. Here, we used the Boltz-
mann constant kg, the electron charge e, and the reduced
Planck constant /i. m* represents the effective mass given

1.0 T T T T T T T T T T
0.8 | o-PdBi F=39T .
Bllc m*=02m,
2 | Fieldrange:3-6T
e
S 06 i
2
@©
° F=89T
° m* =0.7 mg
2 04 e ookt 7
g‘ |m*=1.1m,
<
0.2 F =2.39KkT 7]
m*=0.7m,
OO n 1 n 1 n 1 n 1 n 1

0.0 0.2 0.4 0.6 0.8 10 12
Temperature (K)

FIG. 3. Effective masses determined by fits of the Lifshitz-
Kosevich formula (lines) to the temperature-dependent dHVA oscil-
lation amplitudes (symbols).
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TABLE I. Experimental and calculated dHvA frequencies and
effective masses of a-PdBi for B || ¢. The experimental masses were
averaged over several different field ranges. See text for further
information.

Experiment FPLO calculation A
F (T) m* (m,) Band F&T) my(m,) m*/my—1
0.039 0.20(3) 333 0.031 0.14 04
0.089 0.67(3) 332 0.065 0.30 1.2
0.33 1.3(1) 329/330 0.33 0.67 0.9
0.80 1.1(1) 332 0.75 0.66 0.7
1.34 2.0(1) 332 1.18 0.88 1.3
1.40 1.1(1)
1.52 1.1(1)
2.13 0.65(2)  321/322 2.15 0.46 04
2.39 0.71(3)  323/324 2.46 0.50 0.4
3.78 0.87(3) 327 3.80 0.81 0.1
3.82 1.0(1) 325/326 3.86 0.70 04
4.95 1.5(1) 327 4.90 0.89 0.7
5.91 1.2(1) 329/330 5.92 1.10 0.1

in multiples of the free electron mass m,. By fitting this
formula to the temperature dependence of the amplitudes, we
obtain m* as a fit parameter, with B being the average in
inverse fields. Since the dHvA amplitude reduction of low-
mass extremal orbits at higher field ranges is too small for a
reasonable extraction of m*, we use adapted field ranges for
the analysis of m*: 2-5, 3—6, 7-14, and 8-18 T. Within error
bars, the effective masses of all extremal orbits investigated
are not field dependent. Altogether, the effective masses are
low, ranging from 0.20(3) to 2.0(1) m,. An overview of ex-
perimentally determined effective masses is given in Table I,
together with calculated band masses.

Next, we measure the angular dependence of the dHVA
frequencies, rotating from B || ¢ to B || [110] and from B || ¢
to B || [110] x [001] (i.e., the axis which is perpendicular to
both [110] and [001]). All angles are measured rotating away
from the crystallographic ¢ axis. After carefully analyzing
the frequency spectra for different field ranges and removing
higher harmonics of fundamental dHvA frequencies, we ob-
tain the angular dependence indicated by symbols in Fig. 4.
The frequency branches « and & reported in Ref. [26] are
in excellent agreement with branches appearing in our ex-
periments between B || ¢ and B || [110]. In addition, we also
observe most of the frequency peaks reported for ® = 70°
in Ref. [26]. Small deviations may arise due to the unknown
in-plane angle in Ref. [26]. Besides these previously known
dHvA orbits, several additional dHvA frequency branches
occur in our experiments. Four of these appear at all angles
and several more were only resolvable for a limited angular
range. Due to the abundance of frequencies, different branches
could only be assigned with the help of FS calculations, which
we discuss below.

IV. FERMI-SURFACE CALCULATIONS

In order to determine the FSs that account for the ex-
perimentally detected dHVA frequencies, we conducted DFT

-
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-

[110X[001]
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Angle (degree) Angle (degree)

FIG. 4. Angular dependence of the experimentally observed
dHvA frequencies (symbols) and of the calculated extremal Fermi-
surface cross sections (lines) in «-PdBi. The line colors correspond
to the band and FS colors shown in Fig. 5. Open symbols denote
frequencies which could not clearly be assigned to a calculated
frequency branch. Since spin-split bands in «-PdBi produce similar
Fermi-surface sheets and, hence, similar dHvA frequencies, we
assigned and color-coordinated the experimental data only to the
pair of bands. « and § label the frequency branches which were also
observed by Khan et al. [26].

calculations for «-PdBi using the FPLO code (Version 15.02-
50) [31] with a fully relativistic formalism [32]. We chose
the local density approximation of Perdew and Wang for the
exchange-correlation potential [33]. As shown by Yaresko
et al., the correct determination of the band structure requires
the primitive unit cell [28]. The structural parameters were
set to the room-temperature data reported by Ionov et al
[28,34]. Altogether, there are eight inequivalent atomic sites
in «-PdBi. This, coupled with the low crystal symmetry
brings about computationally intensive calculations. While a
comparatively fine 24 x 24 x 24 k mesh could be used for
calculating the self-consistent density, we were restricted to
an only 4 times denser grid to compute the FSs [35].

Figure 5(a) shows the calculated band structure of «-
PdBi. We find a total of 13 bands crossing the Fermi energy,
consistent with the results reported in Ref. [26]. The non-
centrosymmetric crystal structure leads to a finite spin-orbit
coupling (SOC), which removes the spin degeneracy of the
bands except for some symmetry lines in the Brillouin zone
(BZ). On the one hand, the energy scale of the splitting is
fairly small compared to the energy scale of the band widths,
leading to pairwise similar bands 321 and 322, 323 and 324,
etc. On the other hand, due to the high nuclear charge of
the Bi atoms, SOC is comparatively strong, amounting to up
to about 0.2 eV, depending on the location in the BZ and
the bands. Hence, most of the FS sheets corresponding to
spin-split bands are very much alike, as shown in Fig. 5(c).
However, the energy splitting greatly changes the FS shapes of
bands which are close to the Fermi energy in extended regions
of the BZ. For example, band 331 crosses the Fermi energy
multiple times along I'-Y -C, whilst band 332 does not cross it
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FIG. 5. (a) Calculated band structure of «-PdBi along lines of the Brillouin zone indicated in the sketch. Along the symmetry lines E-M;-A
and M-D-Z, SOC is zero, leading to degeneracy of the bands 321/322, 323 /324, etc. Note that band 333 crosses the Fermi energy only outside
the lines shown here. A detailed investigation of the Fermi-energy crossing of bands 331 to 333 is shown in Fig. 6. (b) Corresponding density
of states. The shaded areas mark contributions of different atomic orbitals. (¢) Calculated FSs. The colors correspond to those of the conduction

bands in panel (a).

at all along these lines. Thus, the FSs of the bands 331 and 332
differ significantly: Band 331 possesses two additional tiny
FS pockets, whereas a larger part of the FS sheet of band 332
around the X point is completely separated. Similarly, band
326 produces an additional small pocket compared to band
325. Band 333 only dips below the Fermi energy in a small
region outside of the lines shown in Fig. 5(a), while band 334
remains entirely above the Fermi level. The crossings of bands
332 and 333 are discussed further below.

The calculated density of states (DOS) is shown in
Fig. 5(b). The DOS at the Fermi level is D(Ep) = 1.1
states/(eV formula unit). Using yeae = 72kzD(EF)/3, we de-
termine a Sommerfeld coefficient of yq = 2.6 mJ/(mol K2?).
An effective-mass enhancement due to many-body effects is
implied by the discrepancy between the experimental value
of ¥ =4 mJ/(mol K?) [14] and the theoretically obtained
one. From A, =y /ycac — 1, we obtain a moderate mass
enhancement of A, = 0.5. This includes the averaged mass
enhancement due to electron-phonon and electron-electron
interactions.

Every fundamental dHVA frequency F is related to an ex-
tremal cross section S of a FS sheet according to the Onsager
relation: F' = iS/(2mwe) [30]. Thus, we are able to calculate
theoretical dHVA frequencies from the FS sheets we obtained
[Fig. 5(c)]. Figure 4 shows the comparison between the ex-
perimental and theoretical dHVA frequencies. The similarity
of the spin-split bands manifests itself in their FS sheets and
corresponding extremal cross sections in turn. Therefore, we
assigned some of the experimental data to the pair of bands.

Furthermore, the multitude of calculated cross sections means
that some of the experimental frequencies cannot be allocated
to calculated branches unambiguously.

Each of the simply connected pockets of bands 321-324
produce a single-frequency branch which spans all angles.
These branches are well reproduced by the experiment. Be-
tween the data points of bands 321/322 and 323/324, we
find additional dHvVA frequencies in the experimental data
(open circles in Fig. 4). Since these pairs of bands come
very close in some parts of the BZ, for example, along the
line M;-A [see Fig. 5(a)], electrons can tunnel between the
two bands. Consequently, magnetic breakdown is a likely
reason for the appearance of the additional frequencies ob-
served in experiments [30]. The hourglasslike shape of the
FSs of bands 325/326 causes large changes of the related
frequency branches when rotating away from the ¢ axis, which
become even more pronounced for the corrugated cylindrical
FS sheets of bands 327/328. These calculated frequencies are
also in very good agreement with experimental data.

Bands 329-332 produce complicated three-dimensional FS
sheets with multiple connections. Not all of the calculated
extremal cross sections were found experimentally for these
sheets. The strong curvature of the FS sheets, which causes
a reduction of the dHvA oscillation amplitudes [30], is the
most likely reason for the missing dHvA frequencies. Fur-
thermore, the comparatively coarse k mesh we used for the
FS calculations may have been unable to resolve some fine
details of the FSs [36]. Additionally, bands 329 and 330
feature a small pocket around the Z point, which corresponds
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to frequency branches between 0.3 and 1 kT. These were
only partially confirmed experimentally. In some cases, the
Fourier spectra show double-peak structures (Fig. 2). These
cannot be caused by spin splitting, since spin degeneracy is
lifted by SOC, but may be due to twinning. For «-PdBi with
noncentrosymmetric crystal structure, such twinning is hardly
avoidable, as discussed in more detail in Refs. [24,25]. Finally,
band 333 only crosses the Fermi level near the k, = 0 plane of
the BZ. This crossing is outside of the symmetry lines shown
in Fig. 5(a) and yields small FS pockets. The corresponding
frequency branch, identical to the o frequency reported in
Ref. [26], was found at all investigated angles.

Using the assignments of the calculated extremal FS cross
sections and experimental dHVA frequencies, we calculated
the band masses m;, and compared them to the experimen-
tal effective masses m™*, as shown in Table I. This allows
us to estimate the band-resolved mass-enhancement factors,
A =m*/my — 1. The values for A lie between 0.1 and 1.3,
which is in good agreement with the mass enhancement
estimated from specific-heat data, A,, = 0.5 (see above). This
estimate comprises the averaged A over all bands and ori-
entations. A large variation in the orientation- and band-
resolved mass-enhancement factors is well known from other
superconductors [37].

In Ref. [26], the frequency «, related to pocket 333, was
reported to possess a nontrivial Berry phase, as extracted from
a phase analysis of the dHvA oscillation. In our experiment we
cannot safely determine the phase of the « oscillation due to
the interference from the large number of other frequencies.
In particular, we detected a neighboring low frequency at
many angles, as can be seen in the upper panel of Fig. 2
as a side peak of the o frequency at 39 T, which can cause
a large phase shift due to beatings. It is noteworthy that
even a correct determination of the phase does not allow for
conclusive statements on the existence of a Berry phase. A
recent theory work by Alexandradinata et al. analyzes this
in detail [38].

Nevertheless, it is still possible to further investigate the
band structure of PdBi in the region where band 333 crosses
the Fermi energy. For the pocket 333, we find a linear band
crossing at ko = (kxo, kyo, kz0) = (0.399706, 0.056 504, 0) -
27 /a, 43 meV below the Fermi energy, as shown in Fig. 6
[39]. This linear band crossing is a Weyl node and renders its
surrounding FS sheet topologically nontrivial, which appears
to support the suggested presence of topological states given
in Refs. [26,42]. Note that the linear crossing is symmetry
protected in the k; = 0 plane, whereas the k. and &, positions
are subject to numerical uncertainty. Furthermore, the twofold
symmetry of the crystal structure is imparted on the band
structure, producing a second Weyl node at (—k,o, —ky0, 0).

It remains, however, questionable whether these Weyl
nodes have any decisive effect on transport or other macro-
scopic electronic properties in «-PdBi. The energetic distance
of the Weyl nodes from the Fermi energy (43 meV) seems
to be too large to influence such properties even at room
temperature. In addition, the linear dispersion is only found
over a very limited energy range and only in one out of the 13
bands crossing Er. Close to Er, the dispersion of band 333

Bands: —331 —332 333 334
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FIG. 6. Band structure of ¢-PdBi in the vicinity of the Weyl node
atky = (ky, kyo, k) = (0.399706, 0.056 504, 0)27 /a. The cuts are
running parallel to the (a) k,, (b) k,, and (c) k, directions. The band
colors are identical to those used in Fig. 5(a). Panels (d), (e), and (f)
are zooms into panels (a), (b), and (c), respectively. In these zoomed
images, we used a fine k spacing of steps in the range |k — ko| <
1073 in order to show that the crossing is indeed nearly linear in all
directions.

is much more curved and far from linear and the partial DOS
resulting from this band contributes only about 0.23% to the
total DOS.

V. CONCLUSIONS

We performed a comprehensive dHvA study of the non-
centrosymmetric superconductor a-PdBi. The dHVA results
agree very well with FPLO DFT calculations. Altogether, 13
bands cross the Fermi energy leading to rich dHvA spectra.
All observed FS sheets reveal rather small effective masses
(2.0 m, or less). Their moderate mass enhancement is in line
with the average value of 0.5, which was estimated from
specific-heat data and corresponds to the observed T of 3.7 K.
One of the 13 bands, the so-called « band with the smallest
extremal area, shows topologically nontrivial Weyl points
43 meV below the Fermi energy. Whether the electrons in
this band give rise to topological superconductivity seems
unlikely, but merits further study.
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