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Revealing Band-Hybrid Cooper Pairs on the Surface of a Superconductor
with Spin-Orbit Coupling
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Most superconductors exhibit spin-singlet pairing within a single band. In multiband systems
with strong spin-orbit coupling, more exotic scenarios can emerge, including Cooper pairs between
bands with distinct symmetries. Here, we present evidence of the formation of Cooper pairs between spin-
nondegenerate helical surface bands in the superconductor $-Bi,Pd. Scanning tunneling microscopy
reveals anisotropic Yu-Shiba-Rusinov (YSR) resonances induced by vanadium impurities, with long-range
amplitude modulations attributed to spin-conserving Bogoliubov quasiparticle interference (BQPI).
Analysis of BQPI at the subgap YSR energy shows that only a selective subset of normal-state scattering
processes contributes to Cooper pair formation, indicating interband mixing. We trace this selectivity to the
hybridization of a helical surface band with others via the impurity.

DOI: 10.1103/6jfy-cv89

The complex formation of Cooper pairs in supercon-
ductors underpins many novel states of matter with exotic
properties. Because of the antisymmetric nature of the
global wave function for two interacting fermions, the
orbital character of the electronic bands determines the spin
properties of the Cooper pair condensate. As a conse-
quence, pairs in the s-wave (p-wave) channel form a singlet
(triplet) state [1], leading to even-in-frequency supercon-
ductivity. The presence of spin-orbit coupling (SOC) adds
further complexity to the pair formation by lifting spin
degeneracies at the superconductor’s surface and inducing
helical-like bands. As illustrated in Fig. 1, electron pairing
within spin-nondegenerate helical bands results in a mix-
ture of spin-singlet and spin-triplet components in the
superconducting condensate [2,3], which is essential for
the emergence of topological superconductivity [4].

Multiband superconductors broaden the landscape of
possible Cooper pair formation in the superconducting
condensate [5]. In such a scenario of helical bands as
depicted in Fig. 1, electrons from different bands can pair
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and form hybrid states with finite momentum [6] states
or lift the even symmetry or the condensed wave func-

tion, enabling odd symmetry pairing schemes [1].
s-wave singlet Cooper Pair:
e
Momentum: k -k -k k @
FIG. 1. Illustration of superconducting pairing in a two-helical-

band superconductor with the same helicity reported here.
Singlet Cooper pair wave function (upper) is formed by electrons
in opposite positions in the band (k and —k). In the spin-
nondegenerate helical bands shown here, only pairs of electrons
with locked spin momentum can occur, accounting for mixed singlet
and triplet components (intraband Cooper pairs in the sketch). Band
hybridization also allows pairing between electrons from different
bands, resulting in singlet Cooper pairs of electrons with finite total
momentum, overall with zero center of mass momentum.
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FIG.2. Quasiparticle interference in $-Bi, Pd: (a) Structure of the layered -Bi,Pd superconductor. (b) Schematic band structure on the
-Bi,Pd surface, containing two spin-nondegenerate surface bands, S1 and S2, and two projected bulk bands, B1 and B2. The blue and
red arrows in the contours indicate spin polarization (simplified from Refs. [9,16]). The helical bands S1 and S2 are spin polarized in
plane with the same chirality. The branches with opposite chirality of the Rashba-split bands do not lie on the projected gap [9] and,
hence, are not shown here [9]. The vectors g; represent all possible spin-conserving scattering processes. (c) Fourier transformed d//dV
map measured with STM at 50 mV (details in Note II in Supplemental Material [18]) illustrating six contours (solid white lines)
representing the six possible QPI scattering vectors between the four bands.

However, despite theoretical predictions, the observation
of band-mixed pairing schemes remains challenging
because their different orbital character also hinders band
hybridization [7,8].

In this Letter, we present evidence of interband pair
formation in the surface of the conventional multiband
superconductor -Bi,Pd by analyzing subgap Bogoliubov
quasiparticle interference (BQPI) patterns arising from
magnetic impurities (vanadium adatoms). Using low-
temperature scanning tunneling microscopy (STM), we
investigate the spatial distribution of Yu-Shiba-Rusinov
(YSR) states generated by the V adatoms adsorbed on
the Bi-terminated surface. The YSR states display wave-
like modulations along the high-symmetry directions of
the substrate, characterized by two distinct wavelengths
that reveal information about the subgap scattering of
Bogoliubov quasiparticles. The band structure on the
surface of (-Bi,Pd near the Fermi level is governed by
two helical bands with a squarelike Fermi contour (as in
Fig. 1), which are spin nondegenerate due to the strong
SOC and exhibit different topological properties [9].
Similar to quasiparticle interference (QPI) in the normal
state [10—14], spin conservation plays a crucial role in the
scattering of Bogoliubov quasiparticles. Consequently,
intraband BQPI patterns are suppressed for helical bands,
allowing for the selective identification of interband scat-
tering processes. Our results agree with the helical nature of
these surface proximitized bands and reveal the formation
of interband-hybrid Cooper pairs in $-Bi,Pd.

p-Bi,Pd is a layered material [Fig. 2(a)] with a super-
conducting transition temperature 7, = 5.4 K and strong
SOC [15]. Despite its complex band structure around the
Fermi level, composed of several bulk bands and surface

states with a squarelike Fermi contours [9], $-Bi,Pd has a
single superconducting gap of A =0.775 meV [16,17].
Owing to the strong SOC, electronic bands at the
surface exhibit in-plane spin polarization. Angle-resolved
photoemission spectroscopy measurements and density
functional theory (DFT) simulations in Refs. [9,16] have
found that the $-Bi,Pd surface hosts two helical surface
bands, S1 and S2 in Fig. 2(b), spin polarized with the same
chirality but with different topological character. The other
Rashba components of the two surface states hybridize with
bulk bands, vanishing from the projected gaps. The surface
of f-Bi,Pd also has projected components from several
bulk bands, among which two of them, labeled B1 and B2
in Fig. 2(b), provide significant (spin-polarized) density of
states (DOS) at the surface.

Using a low-temperature STM, we measured the normal-
state QPI patterns of the as-cleaved Bi-terminated $-Bi,Pd
surface, mapping the differential conductance (d//dV) at
constant sample bias values well above the superconduct-
ing gap (see Sec. I in Supplemental Material [18]). The fast
Fourier transformation (FFT) of these d//dV maps reveals
six squared contours [Fig. 2(c)], indicating the presence
of up to six scattering vectors q; in agreement with
Refs. [9,16] (Supplemental Material, Sec. II [18]). As
depicted in Fig. 2(b), these six vectors and their two-
dimensional (2D) contours represent all spin-conserving
scattering events between four bands crossing Ep: the
surface bands S1 and S2 and the projected bulk bands Bl
and B2 [25]. We observe no scattering within the same
band. As shown in previous studies [10—12] and discussed
in more detail in Supplemental Material, Sec. V [18],
intraband scattering is forbidden by spin conservation,
preventing measurable real-space DOS oscillations.
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FIG. 3. Anisotropic YSR oscillations: (a) Spectrum on top of the V adatom (blue) shown in the topographic image in the inset. The
adatom is 120 pm high. The gray curve is the spectrum of the bare f-Bi,Pd surface. The dashed lines mark the superconducting gap of
the tip, equal to the $-Bi,Pd gap. Set point: V = =3 mV, I = 300 pA, V,,, = 25 pV). (b) Intragap dI/dV maps at the bias of the a,
peak (V =1 mV). The white (blue) colors represent the maximum (minimum) dY/dV signal. The YSR amplitude is focused in
extended beams along the (100) and (010) directions, in agreement with the nesting vectors of the surface bands. The subgap dI/dV
image was measured along a previously recorded tip profile with set point V = -3 mV, I = 600 pA. V,, = 50 pV; image size:
30 x 30 nm. (c) Distance dependence of the particle («, , red) and hole (a_, blue) YSR excitation’s amplitude along the line in the (100)
direction, shown in the topographic inset figure. The quasiparticle interference pattern shows two oscillations, agreeing with the
presence of multiple bands. At larger distances from the impurity, the influence of other impurities may affect the pattern. The BQPI

patterns of all YSR peaks are shown in Supplemental Material, Fig. S51 [18].

The complex quasiparticle scattering in the normal state
anticipates striking effects in the superconducting state, i.e.,
at subgap energies. To study these, we deposited vanadium
atoms on the cold f-Bi,Pd substrate [inset of Fig. 3(a)].
The V adatoms act as a spin-dependent scattering potential
for Bogoliubov quasiparticles (BQPs), resulting in YSR
bound states [26-28]. YSR states are localized around
the impurity and are measured as subgap excitations by
tunneling electrons or holes, appearing in tunneling spectra
as pairs of narrow peaks inside the superconducting gap
[29,30]. High-resolution d//dV spectra measured over the
V adatoms using a -Bi,Pd-coated tip [31,32] for enhanc-
ing the energy resolution [33-36] shows three pairs of YSR
peaks, labeled a, f., and y, in Fig. 3(a). The peaks
correspond to the particle (and hole, at negative bias)
excitation of three YSR states formed by the interaction of
three spin-polarized d orbitals of V with the p-Bi,Pd
substrate. As shown in Fig. S4 in [18], the distribution
of the YSR signal over the V adatoms follows a pattern of
lobes and nodal planes that resembles the amplitude of
three different 3d orbitals, in accordance with the survival
of a 3d; valence state of V on the surface [37,38].

Anisotropic spatial extension of YSR states—The subgap
YSR states are not simply localized around the impurity,
but their amplitude extends for more than 14 nm away from
the impurity with a characteristic crosslike tail along the
(100) and (010) directions of the substrate [Fig. 3(b)]. The
length of these YSR tails is comparable to the coherence
length of 5-Bi,Pd (&,;, ~ 23 nm [15,17,39-41]). Since each
YSR state corresponds to the hybridization of an atomic
orbital with one of the surface bands [37,38], the long-
range oscillatory pattern seen for the @ YSR state in
Fig. 3(b) entails information about the band hybridized
with the impurity and its Fermi contour [42]. The exten-
sion of BQPI patterns increases for low-dimensional

bands [43,44], but also can be extended by focusing
BQPs along one direction, an effect occurring for Fermi
band contours with flat portions [37,42,45]. This is the case
in f-Bi,Pd, where all bands around Er are quasi-two-
dimensional and square shaped [9], with abundant nesting
vectors that focus the BQPI scattering along the high-
symmetry directions of the surface. This explains the YSR
cross-shaped patterns seen in the experimental d//dV
images [Fig. 3(b)] and the long, quasi-1D decay of the
YSR state [42,45].

Two spatial modulations—A closer look at the YSR
beams shows that their amplitude spatially oscillates with two
different wavelengths, amounting to 4; ~ 0.7 and 4, ~ 3 nm.
The three YSR states, a, f, and y, show similar long-
range patterns for both particle- and holelike excitations
(Supplemental Material, Fig. S51 [18]). Figure 3(c) compares
particle and hole components of the +a YSR state. The
shortest oscillation shows a finite particle (p) and hole ()
components dephasing. For the longest oscillation, the p — &
dephasing is negligible. The dephasing arises from a finite
scalar scattering potential in the impurity; see Supplemental
Material, Eq. (1) [18]. The different dephasings can be due to
a distinct scattering potential for each band.

To identify the bands involved in the YSR oscillations,
we increased the coverage of V adatoms and mapped the
resulting dense network of YSR oscillations for its FFT
analysis. Figure 4(b) presents an intragap d//dV map of an
80 x 80 nm region of $-Bi,Pd with 1% V atom coverage,
corresponding to the topographic image in Fig. 4(a).
Despite the relatively low coverage, YSR resonances from
the a, state extend from the adatoms, covering approx-
imately 50% of the sample surface. The FFT analysis of the
d//dV map in Fig. 4(b) reveals two square contours
representing the distribution of BQP scattering vectors
q; in the a state [Fig. 4(c)]. From these contours, we
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FIG. 4. Fourier transform of Bogoliubov quasiparticle interference: (a) Constant current image (set point: / = 100 pA, V = 50 mV)
and (b) d7/dV map of the -Bi,Pd substrate at the energy of the a state (V = 1 mV) with 1% coverage of V adatoms. (c) Two-
dimensional fast Fourier transform (2DFFT) of the image of (b). The 2DFFT image shows only two contours, in contrast with the
2DFFT of the same sample at energies outside the superconducting gap shown in Fig. 2(c). (d) Comparison of a FFT amplitude along the
I'M direction between the normal state [blue line, see Fig. 2(c)] and in-gap energy [red line, see white arrow in (c)]. The FFT intensity is
averaged over a small area around TM. (e) Schematic band’s contours from Refs. [9,16], with spin helicity and allowed scattering

vectors between the three bands participating in BQPL

determine scattering vectors q; = 2.2 and q, = 8.9 nm™!
[Fig. 4(d)], which correspond to real-space dI/dV modu-
lations of 3.1 and 0.7 nm, respectively [Fig. 3(c)].

While the shape of the FFT contours is consistent with
the squared symmetry of the f-Bi,Pd surface electronic
bands [42], the detection of only two square features
contrasts with the six scattering contours observed for
normal-state QPI in Fig. 2(c). In Fig. 4(d), we compare the
FFT intensity along the k, or TM direction of the BQPI
patterns with similar cuts in the (normal state) QPI-FFT
map of Fig. 2(c) (see Supplemental Material, Sec. II [18]).
The two BQPI vectors q; and q, coincide with q and qg of
the (normal-state) QPI pattern, respectively, while all the
other scattering vectors in the normal case are missing in
the YSR map. The scattering vectors qg and q connect the
outer surface band S2 with the edge of the projected bulk
band g (with opposite spin helicity) and with the surface
band S1 (same spin helicity), respectively, as shown in
Fig. 2(b). Therefore, these three bands necessarily are
involved in the YSR state. Note that, although measured
at different energies, the QPI and BQPI can be compared.
The bands responsible for the scattering patterns are
dispersive, but their relative position (related to the QPI
length) are fairly constant, as pointed out in Refs. [9,16].

Band hybridization—Model calculations presented in
Supplemental Material, Sec. V [18] demonstrate that band
hybridization is essential to explain the observed BQPI
patterns. For a superconducting system with a magnetic
impurity coupled to one of two independent helical bands
[straight bands in Fig. 5(a)], the DOS decays smoothly with
distance [blue line in Fig. 5(b)]. The absence of oscillations
indicates that both intra- and interband BQPI are forbidden,
as they involve either different spin states or orthogonal
bands. Thus, the lack of oscillations associated with
intraband scattering in the experiment agrees with the
helical-like polarization of the band structure around Ep.

At the same time, we conclude that the observation of
two-component YSR oscillations with interband scattering
vectors necessarily implies that the participating bands are
hybridized.

To account for hybridization between bands, we inserted
interband hopping elements in the model of Supplemental
Material, Sec. V [18], which coupled the two bands, as
shown in Fig. 5(a). The newly formed hybrid bands now
allow for the emergence of BQPI oscillations in the DOS
[Fig. 5(b)]. Consequently, band hybridization is crucial for
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FIG. 5. Theoretical calculations: (a),(c) 1D band structure for a

two-band (three-band) model. We plot the original bands (thin
lines) and the hybridized ones (thick lines). (b),(d) Decay of the
DOS at the YSR energy for the two-band (three-band) model
without (blue) and with (orange) interband hopping. The position
is normalized by the coherence length £. The vectors correspond-
ing to the observed oscillations are marked as ¢; and ¢,. ¢; and #,
refer to the hopping between first and second, and first and third
bands, respectively.
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generating BQPI (as well as in normal-state QPI) from a
single impurity in a system with orthogonal helical bands.
It is worth noting that the strong band mixing in the
superconducting state of $-Bi,Pd is fully consistent with its
single-gap superconductivity. Furthermore, this behavior
can be attributed to the significant band overlap in momen-
tum space, as revealed by DFT calculations [9,16].

Intriguingly, the BQPI pattern exhibits only two scattering
vectors, ¢; = qr and q, = qg, connecting the outer band S2
with bands S1 and B2 [Fig. 4(e)], while the third expected
vector qg connecting S1 with B2 is absent. This selectivity
arises because YSR excitations, being subgap states, are
restricted to bands hybridized with the magnetic impurity.
The predominant role of S2 in the BQPI patterns indicates
that this band forms the YSR channel through its hybridi-
zation with the vanadium d orbitals. Consequently, only
hybrid pairs with spectral weight in S2 contribute to the
BQPI at subgap energies, while other hybrid pairs, such as
those mixing bands S1 and B2 (connected through qg), do
not couple with the impurity, and their quasiparticle exci-
tation energy remains outside the bulk gap.

To demonstrate such selective band interference, we
simulate in Fig. 5(c) the DOS of three helical bands, with
only one of them coupled to a magnetic impurity. In the
absence of interband hopping, the DOS decays smoothly
away from the impurity without oscillations [blue line in
Fig. 5(d)]. Mixing all the bands with interband hopping
elements leads to a single hybrid band with three identical
gaps, from which scattering vectors can be obtained. In real
space, this configuration results in a two-component BQPI
pattern similar to the one we observe in the experiment
[orange line in Fig. 5(d)]. Thus, the experimental patterns
reflect band mixing effects in the superconducting con-
densate through the interference pattern of their fermionic
excitations.

Above the superconducting gap, all bands are degener-
ate, and their quasiparticles are sensitive to potential
scattering by defects or impurities. In this scenario, all
spin-conserving QPI emerges either because interband
hopping mixes all bands or, simply, by multi-impurity
scattering (both mechanisms are effectively similar, as
shown in Supplemental Material, Sec. VI [18]). While
SOC could also intrinsically couple the bands, the obser-
vation of only spin-conserving wave vectors suggests that a
hopping term is a more realistic mechanism to hybridize the
selected initial band structure.

Discussion—The multifrequency interference patterns of
p-Bi,Pd provide interesting information on pairing mech-
anisms in this material. First, the lack of BQPI patterns
associated with S2 intraband scattering corroborates its
predicted helical nature. Consequently, the formation of
Cooper pairs within this band involves a mixture of singlet
and triplet components because an intraband singlet cannot
be formed (as depicted in Fig. 1). Furthermore, exotic
symmetries in the BCS condensate such as triplet or odd

frequency are expected from the hybridization of spin-
helical bands with different orbital symmetries [1,46—48].

Since the mixed bands also have different wave vectors,
the hybrid Cooper pairs should have a finite momentum.
This case resembles the Fulde-Ferrell-Larkin-Ovchinnikov
states [49,50], but produced with helical states instead
of the Zeeman-split Fermi surface [6]. In this case, the
momentum of the BCS condensate averages to zero, but an
in-plane magnetic field can induce a net Cooper pair
momentum, leading to nonreciprocal currents [51,52] in
the surface of the material. Although experimental signa-
tures of such a nontrivial formation of the BCS condensate
are not directly evident from the BQPI patterns, our
measurements reveal key ingredients for detecting their
existence. We foresee that these kinds of BQPI studies, in
combination with in-plane magnetic fields [53], could
provide further evidence of exotic pairing schemes enabled
by multiband coupling.
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