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ARTICLE INFO ABSTRACT

Communicated by Chennai Guest Editor Due to the rarity of triplet pairing, topological superconductors (SCs) have primarily been realized experimen-
tally in manufactured topological phases, such as heterostructures, where the proximity effect causes triplet
pairing with traditional s-wave SCs. Recently, there has been a lot of interest in investigating novel quantum
materials with spin-triplet pairs in order to develop Majorana physics and creating quantum computers. Bi-based
superconductors are speculated to hold promise for realizing spin-triplet pairing due to its large spin orbit
coupling. In this work, we present the growth of «-BiPd and p-BizPd single crystals using the optical floating zone
technique and their characterization. The single crystals of a-BiPd and f-BizPd are found to crystallize in
monoclinic and tetragonal crystalline system with space group P2; and I4/mmm, respectively. The composition
and microstructure of the grown crystals were analyzed with a scanning electron microscope, through energy
dispersive spectroscopy (EDS) and electron backscattered diffraction (EBSD) analysis. The superconducting
behavior and Hall effect of both «-BiPd and p-BiyPd single crystals have been investigated through resistivity

Keywords:

A2. Single crystal growth

A2. Floating zone technique
Al. Crystal morphology

Al. Crystal structure

B1. Alloys

B2. Superconducting materials

measurements.

1. Introduction

Recently, there has been a lot of interest in investigating novel ma-
terials with quantum behaviors in order to create quantum computing
devices. Superconductor-based qubits have emerged as one of the top
contenders for scalable quantum processors among them [1,2]. Cooper
pairs are created when two electrons condense, producing supercon-
ductivity. Cooper pairs can either be spin singlet (S = 0) with an even
parity gap or spin-triplet (S = 1) with an odd parity gap in supercon-
ductors (SCs). The majority of known SCs are singlet, primarily s-wave,
with some d-wave. Although extremely uncommon, triplet SCs with p-
wave pairs are crucial for Majorana physics and quantum computing.

Triplet pairing is rare, so topological SCs have been experimentally
produced largely utilizing synthetic topological phases, such as hetero-
structures, where the proximity effect leads to triplet pairing with

* Corresponding authors.

conventional s-wave SCs. Recent studies, however, have demonstrated
that singlet s-wave SC-based detection strategies merely exacerbate
confusion and are difficult to implement [3,4]. For devices that can look
at the potential Majorana bound modes, intrinsic triplet p-wave SCs are
necessary.

It is well known that the inversion symmetry requires the centro-
symmetric SCs to be either even-parity singlets or odd-parity triplets.
However, superconductivity in non-centrosymmetric SCs without
inversion symmetry can be a mix of singlet and triplet pairing. Materials
lacking inversion symmetry are ideal for discovering triplet SCs. This has
motivated intensive research activity in recent years on Bi-Pd alloys,
which can form both the non-centrosymmetric a-BiPd superconductor
and the topological p-BisPd superconductor.

Concerning o-BiPd, it exhibits a monoclinic structure and then un-
dergoes the transition to the superconducting phase at Tc = 3.7 K [5].
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Fig. 1. A sketch of modified FZ technique with material loaded and melted in a
sealed tip-shaped quartz tube.

Based on point contact Andreev reflection [6] and penetration depth
measurements [7], it has been proposed that the superconducting phase
is characterized by a two-gap structure, with one gap fully open, and the
second gap highly anisotropic and changing sign across the Fermi sur-
face. This is consistent with the fact that the electric field gradient
present in a crystal with no inversion symmetry originates an antisym-
metric spin-orbit coupling which may lift the spin degeneracy, splitting
the related bands and allowing the mixture of spin-singlet and spin-
triplet states. ARPES spectroscopy [8-11], phase-sensitive experiments
[12] as well as ab initio electronic band structure calculations seem to
confirm the above-mentioned scenario, which has also been shown to be
accompanied by the presence of surface states with Dirac-like disper-
sion. On the other hand, other experiments such as scanning tunneling
spectroscopy [13] and upper critical field measurements [14] gave
indication of a predominately singlet s-wave superconductivity with a
nodeless single gap. In these cases, the absence of a triplet component in
the order parameter led to the hypothesis that the parity-breaking
spin-orbit coupling induced by noncentrosymmetry is maybe too
weak to give rise to observable effects, so the need for further verifica-
tion of the two-band scenario was invoked.

Differently from «-BiPd, B-BioPd is a compound with centrosym-
metric tetragonal crystal structure, often considered as a possible
candidate for topological superconductivity, that is, a phase character-
ized by a full pairing gap in the bulk and topologically protected gapless
states on the surface. Nonetheless, the results about the origin of the
superconducting phase which develops below Tc = 5.4 K [15-17] are
still controversial, given that for this system there are indications of a
multigap superconductivity [15], of topologically protected surface
states [16,18,19], as well as of a standard conventional s-wave pairing
[17,20-22]. While o-BiPd appears to be topologically trivial, the
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structure of the superconducting gap and the role of the topologically
protected surface states in the superconducting pairing mechanism of
B-BiyPd still remain to be clarified.

The still open questions outlined above make it evident that exper-
iments on o-BiPd and B-BisPd need to be carried out on high-quality
single crystals. Their preparation and characterization represents the
subject of our investigation. In particular, we describe the detailed
synthesis and crystal growth of these two systems, realized by floating
zone technique, together with their structural, compositional, and
electrical properties, both in the superconducting and normal state.

2. Experimental

The individual elements of Bismuth (Bi) and Palladium (Pd) were
weighed in accordance with the stoichiometric ratio of 1:1 mol% of Bi
and Pd, and 2:1 mol% of Bi and Pd to get the crystals BiPd and Bi,Pd,
respectively. The weighed materials were loaded in a quartz tube with a
cone-shaped end (ampoule). Before filling it with materials, the quartz
tube was cleaned with ethanol and dried. Once filled with pieces of Bi
(Alfa Aesar, 99.997 %) and Pd (Aldrich, 99.99 %) in an appropriate
stoichiometric ratio, the ampoule was sealed with vacuum level of 2 x
107% mbar. Before sealing, the quartz tube was purged with argon for
four times. Once sealed, the ampoule was placed in the box furnace for
the following thermal treatment: the temperature was increased from
room temperature to 680 °C at the rate of 50 °C per hour and kept for 12
h, then the furnace was cooled to room temperature at the rate of 20 °C
per hour. After thermal treatment in the box furnace, the ampoules with
synthesized BiPd and BioPd were placed vertically in a two-mirror op-
tical image furnace (NEC Machinery, model SC1-MDH11020). Single
crystals of BiPd and BiyPd were grown using the Optical Floating Zone
(FZ) technique with a high temperature gradient [23].

In particular, a modified FZ technique, developed in the last few
years to synthetize crystals not containing oxygen, such as the semi-
conductor CdS [24] and various topological insulators such as
Pbg.5Sng sTe [25] and Bij 33Sbg ¢7Se3 [26], has been adopted. The set up
for the modified FZ experiments is shown in Fig. 1. The material in the
bottom (tip) of the quartz ampoule is melted by the power of the halogen
lamps focused on the sample placed in the focal point of the ellipsoidal
mirrors, while the halogen lamps of appropriate power sit at the other
focal points of the two mirrors.

This configuration results in a steep temperature gradient. To grow
the BiPd and BiyPd crystals, the ampoule was lowered downward at a
constant growth speed vy = 0.5 mm/h and was kept rotated at 20 rpm
during the whole growth process, Fig. 2(a). Furthermore, a continuous
flow of argon at a rate of 0.25 1/min was applied to the outer quartz tube.

Phase formation and purity of the synthesized crystals were analyzed
by x-ray diffraction using a Bruker D2 PHASER 2nd generation with
CuK, radiation of 1.54 A. Elemental composition analysis of the grown

(b)

Fig. 2. (a) A sketch of growth process for Bi-Pd single crystals. Molten BiPd or Bi,Pd was cooled through its melting point in a high temperature gradient while sealed
in a quartz tube. (b) A schematic of the 5-point wire configuration used for the longitudinal and Hall resistivity measurements.
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Fig. 3. Pictures of (a) crystal boule, and cleaved pieces of BiPd crystals and (b) cleaved BiyPd crystals.
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Fig. 4. X-ray diffraction data acquired on powders obtained from grinding (a) BiPd and (b) Bi,Pd crystals. The pattern (green and blue) below each diffractogram
corresponds to the reference pattern obtained using X'Pert HighScore software. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

crystals was performed using energy dispersive spectroscopy (EDS) in-
side a scanning electron microscope (SEM), LEO model EVO 50.
Furthermore, electron back-scattered diffraction (EBSD) measurements
were carried out on different as-grown cleaved crystals of both BiPd and
BiyPd to analyze the sample crystallinity and in plane microstructure.
The EBSD measurements were performed using an Inca Crystal 300
EBSD system added to the SEM with a LaB6 gun. During EBSD mea-
surements, the SEM was used with an aperture size of 30 um, a working
distance of 18 mm, an accelerating voltage of 20 kV and a probe current
of 5nA. Finally, electronic transport measurements were carried out
using the ac resistivity option on a Quantum Design Physical Properties
Measurement System (PPMS) with a temperature range from 1.8 to 300
K and applied fields up to 9 T. Hall effect measurements were carried out
using a 5-point configuration shown in Fig. 1(b). Longitudinal resistivity

data have been symmetrised to remove any field dependence caused by
transverse resistivity contributions from contact misalignment.

3. Results and discussion

The pictures of as grown crystals of both BiPd and BiyPd synthetized
by FZ technique are shown in Fig. 3 (a) and (b), respectively.

Powder x-ray diffraction (XRD) was used to characterize the phase
purity as well as the symmetry of grown crystals. XRD analysis was
carried out on powders obtained from grinding both a-BiPd and p-BiPd
crystals, see Fig. 4. The diffractograms were analysed with X'Pert
HighScore software and matched with a corresponding reference pattern
(green and blue patterns at the bottom of the two panels of Fig. 4). A
number of reflections in the experimental patterns do not match the



R. Arumugam et al.

(@ ~

(=]
e

=zt

S

=

£

S

s

£

w

g k

£l = p ~

20 30 40 50 60

20 (deg)

Journal of Crystal Growth 630 (2024) 127592

(b)

(004)

(006)
(008)

Intensity (arb. units)

k‘l—_]‘(gljb .kﬁ JL.
10 20 30 40 50 60 70
20 (deg)

Fig. 5. X-ray diffraction diffractograms acquired on cleaved surface of BiPd crystals (a) and BiyPd crystals (b). The peaks labelled as kg are the reflections due to the

CuKj radiation.

\ A " )

Pd

Fig. 6. SEM image (a), and EDS elemental maps for bismuth (b), and palladium (c) of a cleaved surface of a-BiPd crystal.
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Fig. 7. SEM image of a cleaved surface of -BiyPd crystal (a), and EDS maps of the corresponding area for bismuth (b), and palladium (c) elements.

intensities of the reference pattern. That is specifically observed in the
case of the BiyPd crystals, a layered material that tends to cleave easily
forming thin flakes, so it required a great care to be finely ground.

Diffraction peaks in panel (a), obtained by powdered BiPd crystals,
can be indexed to the monoclinic a-BiPd structure, with space group P2
[27], while all the peaks in panel (b), related to XRD analysis performed
on powdered Bi,Pd crystals, correspond to the body-centered tetragonal
crystalline structure with the space group [4/mmm [28]. It is worth
mentioning that no impurities have been detected for both BiPd and
BiyPd samples.

Furthermore, it is remarkable that both types of crystals cleave
readily. While the BiyPd crystals show large, shine, and flat cleaved
surfaces, the BiPd cleaved crystals exhibit rough surfaces and sometimes

internally cracked regions due to the o-p phase transition.

XRD performed on the cleaved surface of the single crystals of BiPd
and BiyPd has been used to demonstrate the crystalline nature of the
samples, as shown in Fig. 5. The XRD diffractogram in the Fig. 5(a)
shows reflections from the (0 k 0) planes only of the monoclinic phase
a-BiPd, [27]. This result indicates that the cleaved surface of the pro-
duced a-BiPd crystals is perpendicular to the b-axis of its monoclinic
structure, as found previously [8,29-31].

Regarding the XRD study of freshly cleaved p-BioPd, only reflections
associated with the (0 0 1) planes for the expected tetragonal structure
[28] are observed (Fig. 5(b)) indicating that the cleave is along the (h k
0) plane, in agreement with the results of Xu et al. [32].

The phase purity of the two crystals was further confirmed by EDS
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Fig. 8. Kikuchi Electron diffraction pattern collected on the crystalline cleaved
surface of an o-BiPd crystal.

compositional maps. Panels (b) and (c) of Figs. 6 and 7 show the
elemental maps acquired on cleaved surfaces of a-BiPd and p-BiPd
crystals, respectively. In Fig. 6(b-c) EDS map acquired on BiPd crystal
shows a homogeneous distribution of bismuth and palladium corre-
sponding to the composition Bij g4Pdg 6.

Similarly, EDS maps acquired on B-BiyPd crystals (Fig. 7) display a
homogeneous composition of Bij g3Pd; o7.

Additionally, a different occurrence of step edges on the surface of
cleaved a-BiPd and p-BisPd crystals has been observed, as especially
evidenced by SEM images. This can be noticeably observed comparing,
for example, the images reported in panel (a) of Figs. 6 and 7. It is visible
that the cleaved surface of a-BiPd crystal exhibits a large number of step
edges on the surface (Fig. 6(a)). This feature, due to the layered crystal
structure of a-BiPd with an easy-cleavage (01 0) plane which favors the
occurrence of step edges, was very recently hypothesized by Juraszek
et al. [33]. The presence of step edges in a-BiPd crystals grown by
Bridgman-Stockbarger technique was also observed by scanning

Journal of Crystal Growth 630 (2024) 127592

tunneling microscopy by Yim et al [34] and by Sun et al. [13]. In this
work, through SEM images it has been possible to spot the presence of
many step edges on a-BiPd crystals synthesized by FZ method.

To better clarify the microstructure, the crystallinity, and the in-
plane orientation of a-BiPd and p-BiyPd crystals grown by FZ tech-
nique, SEM imaging combined with EBSD [35] was carried out. Through
EBSD technique the electron beam scans a selected area of the sample,
and for the crystalline regions of the sample Kikuchi electron diffraction
patterns [36] are generated. During EBSD analysis, the sample was
typically tilted at 70° to the horizontal plane to optimize both the
contrast in the diffraction pattern and the fraction of electrons scattered
from the sample.

It is worth mentioning that high-quality Kikuchi diffraction patterns
were observed for both «-BiPd and p-BisPd crystals only on freshly
cleaved surfaces. The crystal surfaces used for EBSD measurements were
obtained by cleavage in air and after that rapidly inserted in the SEM
vacuum chamber to be kept at a pressure of 10 mbar. The Kikuchi
electron diffraction pattern observed on a smooth «-BiPd surface is
shown in Fig. 8.

Fig. 9(a) shows a SEM image of a cleaved surface of a-BiPd crystal on
which EBSD mapping has been performed. The EBSD orientation maps
of the surface bounded by the dashed line, Fig. 9(b), report the orien-
tation of the a-BiPd crystalline cell along the three directions normal
(ND), rolling (RD), and transverse (TD) with respect to the sample sur-
face and orthogonal to each other (see sketch at the bottom right of
Fig. 9(a)).

The EBSD orientation maps show a uniform color for the ND and RD,
while in the TD two colors are clearly visible. This non-uniform color
represents a different crystalline cell orientation, and in particular cor-
responds to regions with antiparallel orientations of the crystallographic
b-axis. As described in the panels (1) and (2) of Fig. 9, the blue domains
are characterized by a (01 0) termination, while the green ones expose a
(0 1 0) termination.

Similar type of twin boundaries has been observed also in a-BiPd
crystals grown with a different technique [10,13,34].

Excellent crystalline quality has been observed on freshly cleaved
flat surface of p-BisPd crystals, similar to what is observed in a-BiPd, and
is shown in Fig. 10(a). Moreover, in the case of -BisPd crystals the EBSD
measurements exhibited that they cleave along (001) planes, i.e with
the c-axis orthogonal to the cleaved plane. In all the inspected samples a
uniform orientation has been observed, without the presence of grain
boundaries. An example of SEM image and EBSD orientation maps ac-
quired on cleaved surface of B-BisPd crystal is shown in Fig. 10(b) and
(c). From the EBSD orientation maps in Fig. 10(c), an orientation of the

@ {010}<001>

P E

{0-10}<001>

ICHS

M Bismuth [ Palladium

Fig. 9. (a) SEM image and (b) corresponding EBSD orientation maps of an «-BiPd crystal. Panels (1) and (2) report the crystalline cell pictures of the a-BiPd phase as
inferred by EBSD orientation maps in panel (b). In particular, panels (1) and (2) refer to the blue domains (denoted with 1) and the green domains (labelled as 2) in
the TD map. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(C) )]

10 pm

Fig. 10. (a) Kikuchi electron diffraction pattern collected on the crystalline cleaved surface of B-Bi,Pd crystal, (b) SEM image of cleaved B-Bi,Pd crystal and its
crystallographic cell orientation inferred by EBSD orientation maps; (c) EBSD orientation maps acquired along the normal (ND), rolling (RD) and transverse (TD)
directions on the surface in panel (b). The atoms labels in the inset of Fig. 8(b) are bismuth red, and palladium green. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

o
N
T

o
(@)
T
1

o
oo
T

toH=1mT |

2 3 45 6
Temperature (K)

S
~
T

o
(@)
T

wH =1 mT-
2 3 4 5
Temperature (K)

Fig. 11. Magnetic susceptibility as a function of temperature for (a) a-BiPd and (b) p-Bi,Pd in an applied field of 1 mT, collected in zero-field cooled warming (ZFCW)

and field-cooled cooling (FCC) modes.

B-BipPd crystalline cell can be inferred with the c-axis pointing out to the
examined surface while a and b-axis are placed at 45° with respect to the
edges of the analysed crystal piece (see the inset of Fig. 10(a)).

To gain insight into the superconducting behaviour of both a-BiPd
and B-BiyPd crystals, measurements of the magnetic susceptibility y as a
function of temperature have been performed (Fig. 11). The data were
collected in zero-field-cooled warming (ZFCW) and field-cooled cooling
(FCC) mode in a field of 1 mT applied perpendicular to the cleaved
plane. A full Meissner fraction for both systems is seen in the ZFCW
mode while some flux expulsion is observed in the FCC. These data
confirm that superconductivity arises in both BiPd and BisPd at the
critical temperatures T. = 3.87(5) K and 4.82(5) K, respectively.

The superconducting transition in both systems is also made evident
by the behavior of the transverse resistivity p,, shown in Fig. 12 as a
function of temperature. For both a-BiPd and f-BizPd p,, has a typical
metallic behavior, with a monotonous decrease to a plateau developing
before the transition to the superconducting phase occurs. Interestingly,
there is an upturn in the resistivity just before the superconducting
transition in p-BioPd. The residual resistivity ratio (psgox/Piox) for
a-BiPd is 177 and for p-BisPd is 2.6, which is consistent with previous

reports [17,33] for both systems and is indicative of good crystalline
quality. The upper insets in the (a) and (b) panels of Fig. 12 show the
pictures, with attached leads, of the single crystals of a-BiPd and p-BisPd
that were used for transport measurements. The bottom insets in the
same panels show the dependence of p,, close to the superconducting
transition, indicating that T, for a-BiPd and p-BiyPd crystals is 3.75(5) K
and 4.64(5) K, respectively, in agreement with previous reports [17,33].
These values are very close to the ones obtained from the magnetic
susceptibility measurements previously shown.

The temperature dependence of resistivity was also determined in
the presence of a magnetic field, allowing the upper critical field He2(T)
of both a-BiPd and f-BiyPd to be estimated (Fig. 13). Experimental data
have been analyzed in terms of the phenomenological Ginzburg-Landau
(GL) expression He2(T) = Hez2(0) {1 7(T/TC)2]/[1 +(T/Tc)2}, leading
to an estimate of Hc(0) equal to 17.2(2) mT and 788(2) mT for a-BiPd
and p-BiyPd, respectively.

Hall effect measurements of a-BiPd and -BisPd at 2 K have also been
performed to determine the behavior of the transverse resistivity p,,
(Fig. 14). For a-BiPd the current is applied along the ac plane and the
field is applied along the b axis. A purely linear field dependence is
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not typical of an anomalous Hall effect contribution.
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observed indicating that there is only a contribution from the ordinary
Hall effect giving a Hall coefficient of 5.35 x 10"> cm/C. For p-BiyPd the
current is applied along the ab plane while the field is applied along the c
axis. A linear field dependence is observed above the upper critical field
indicating that there is only a contribution from the ordinary Hall effect
in this region, with the Hall coefficient found to be equal to —92.3 x 10~
cm/C.

Below the upper critical field an anomalous field dependence is
observed. Fig. 15 shows the leftover contribution to the longitudinal
resistivity p,, once the ordinary Hall effect contribution is subtracted
from the signal. Unusually, this leftover signal is symmetric with respect
to the field dependence. This effect has previously been observed in
B-BiyPd thin films [32] but this is the first observation of this behavior in
bulk crystals of BipPd. In thin films of BiyPd this even in-field p,,
behavior is postulated to arise from the ratchet effect which originates
from asymmetric pinning giving rise to vortex motion. However, in
single crystals there is also the possibility of anisotropic resistivity [37]
and electronic nematicity [38] giving rise to this effect.

4. Conclusions

a-BiPd and f-BiyPd single crystals have been successfully grown by
the floating zone technique using a two-mirror optical floating-zone
furnace. The as grown boules are roughly 10-15 mm in length and 6
mm in diameter, from which crystals having size of few millimeters can
be selected for experiments. Both «-BiPd and p-BipPd crystals cleave
easily, and the excellent crystallinity of the cleaved surface is confirmed
by the quality of the Kikuchi pattern. The presence of twin boundaries in
a-BiPd crystals, previously observed with STM/STS experiments, has
been revealed for the first time using electron back-scattered diffraction.
Next, magnetic susceptibility and resistivity measurements were per-
formed on both types of crystals, along with the determination of the
upper critical field. It was verified that the superconducting transition
occurred at critical temperature values consistent with the results of
previous reports. Finally, Hall effect measurements at 2 K indicated an
ordinary Hall effect for the a-BiPd, while an anomalous Hall effect below
the upper critical field has been observed in B-BipPd crystals. This
finding, reported up to now only on BiyPd thin films, is observed for the
first time in bulk crystals of Bi;Pd and deserve further study.
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