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Topological superconductors are materials in which superconductivity is closely entangled with topological
electronic states. This provides a promising route to create Majorana bound states that are of fundamental
importance to fault-tolerant quantum computation. In this paper, the recently discovered superconductor CaBi,
has been identified as a three-dimensional topological material. Spin-split topological surface states intersecting
the Fermi energy are experimentally observed via spin- and angle-resolved photoemission spectroscopy. They are
highly consistent with theoretical calculations. Furthermore, the layer-locked spin structure of CaBi, is revealed
via the layer-resolved spin texture analysis. These results unambiguously reveal the topological properties of the
spin-polarized electronic structure in CaBi, and provide important clues in the search for Majorana fermions in

Bi-based topological superconductors.

DOLI: 10.1103/PhysRevB.104.245112

I. INTRODUCTION

Topological superconductors have stimulated extensive
research because of the coexistence of topological and su-
perconducting states where Cooper pairs are formed by
spin-polarized topological surface states. They are promis-
ing materials for the formation of Majorana bound states or
fermions, which are of fundamental importance as potential
quantum bytes for fault-tolerant quantum computation [1,2].

To create Majorana fermions, significant effort has been
devoted to induce a superconducting transition in a topo-
logical insulator through doping or intercalation, such as
Cu-intercalated Bi,Se; [3-6] and In-doped SnTe [7]. A zero-
bias conductance peak in the superconducting gap has been
observed in such systems with scanning tunneling spec-
troscopy, suggesting a possible approach to create Majorana
fermions [6,7]. In addition, recent theoretical predictions
suggest the fabrication of a topological and superconductor
heterostructure where Cooper pairs can tunnel into topologi-
cal surface states because of the proximity effect would form
Majorana bound states at a vortice [8]. The existence of a
Majorana zero mode in a topological insulator heterostructure,
such as Bi,Te;/NbSe,, was confirmed by a series of evi-
dences with scanning tunneling microscopy [9-11]. However,
the realization of Majorana fermions largely depends on the
thickness of the Bi, Te; layer as well as the high quality of the
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interface. This remarkably increases the difficulty for device
fabrication.

The coexistence of superconducting and topological sur-
face states in a single crystal provides a new route to create
Majorana fermions [1,2]. Until now, topological states were
investigated in a few superconducting systems [12-20], such
as $-PdBi, [21-24] and FeTe( ssSeg 45 [25-27] in which ro-
bust zero-bias conductance peaks were also observed at vortex
cores. Nevertheless, the interplay between topological states
and superconductivity in a single crystal remains unclear and
needs further theoretical and experimental characterizations.

Recently, a layered crystal of CaBi, has been identified as
a superconductor with a transition temperature at 2 K [28].
Theoretical calculations suggest that the strong spin-orbit
coupling (SOC) in CaBi, affects the topology of the Fermi
surface and modifies the electron-phonon coupling parameter
that is of fundamental importance to superconductivity [29].
However, the electronic band structures of superconducting
CaBi, have not yet been analyzed in detail. Thus, the under-
lying mechanism of topological electronic states in CaBi, is
still lacking, which prevents an understanding of the interplay
between the band topology and the superconductivity.

Here, we present a comprehensive examination of the
topological properties of superconducting CaBi, crystals. We
found that the layered CaBi, crystal possesses a topologically
nontrival electronic structure where band inversion occurs
at the I point because of SO interactions. Additionally, its
strong topological property was, subsequently, identified by
calculations of Z, invariants, suggesting the existence of topo-
logical surface states. The CaBi, electronic band structures
were experimentally probed with spin- and angle-resolved
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FIG. 1. Crystal structures and band topology of CaBi,. (a) Atomic structure of layered CaBi,. (b) Surface and bulk Brillouin zones of
CaBi,. (c) First-principles calculations of bulk band structures along high-symmetry directions without spin-orbit interactions where the band
overlap at the I" point is indicated by a red rectangle. (d) Calculated bulk band structures with spin-orbit interactions. The parity eigenvalues
at the time-reversal symmetry points are indicated explicitly. (e) and (f) Contributions from p, (blue) and p, (red) orbits of Bi 6p without and
with SOC in the region where band inversion is indicated by red rectangles in (c) and (d), respectively.

photoemission spectroscopy (SARPES). It is unambiguously
unmasked that the spin-split topological surfaces states in-
tersect the Fermi surface, which is required for topological
superconductors. In addition, the bulk electronic states ex-
hibit nonzero spin polarization in surface-sensitive SARPES
because of layer-dependent spin locking revealed by slab
calculations. The spin-polarized electrons in both surface
and bulk states in superconducting CaBi, revealed here may
stimulate further research on Majorana fermions in Bi-based
superconductors, which will remarkably facilitate the realiza-
tion of fault-tolerant quantum computations.

II. EXPERIMENTS AND METHODS

Single crystals of CaBi, were grown using a Bi self-flux
method [28]. Calcium pieces (99.99%) and bismuth granules
(99.99%) were weighted and mixed at the Ca:Bi molar ratio
of 3:17 in an Ar-filled glovebox (H,O, O, < 0.1 ppm). The
mixture was placed in an alumina crucible and then sealed in
a quartz ampule under high vacuum. The ampule was heated
823 K and maintained for 6 h and then gradually cooled to
583 K at a rate of 3 K/h. At 583 K, the quartz ampule was
removed from the furnace and centrifuged to separate the
crystals from the flux. ARPES was performed at the BLO3U
beamline of the Shanghai Synchrotron Radiation Facility with
a hemispherical electron-energy analyzer (Scienta-Omicron
DA30) [30,31]. SARPES was performed with a home-made
image-type spin detector with a 0.25 Sherman function; it

was attached to a hemispherical electron-energy analyzer
[32]. SARPES spectra were acquired with a monochromatic
He-discharge (He la, 21.2-eV) excitation source with a total
instrumental energy resolution of 30 meV. Electronic band
structure calculations were performed in the framework of
density functional theory using the Vienna ab initio simulation
package [33-35]. Surface electronic states and the Z, topolog-
ical index were calculated by constructing localized Wannier
functions [36,37] with the WANNIERTOOLS package [38].

III. RESULTS
A. Band topology of CaBi,

According to previous theoretical and experimental reports
[28,29,39], CaBi, has an orthorhombic lattice structure, which
belongs to the Cmcm nonsymmorphic symmetry group (No.
63). The layered CaBi, crystal structure is shown in Fig. 1(a)
where the Bi layer is sandwiched between two corrugated Ca-
Bi layers. These trilayers are stacked along the [010] direction.
The natural cleavage plane is between the upper and the lower
Ca-Bi layers as indicated by the red dashed line. The projected
surface Brillouin zone is shown in Fig. 1(b), according to
the [010] direction of the experimentally cleaved surface. The
high-symmetry points are labeled.

Calculated bulk electronic band structures without SOC
along high-symmetry directions are shown in Fig. 1(c). We fo-
cused on bands near the Fermi energy. Band overlap occurs in
the vicinity of the I" point above the Fermi energy as indicated
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FIG. 2. Wannier charge centers evolution for the time-reversal invariant planes of CaBi,. (a) Z, = 1 for k, = 0. (b) Z, = 1 for k, = 0. (c)

Zo = 1fork, =0.(d) Z, =0fork, =m/a.(e) Z, =0 forky = n /b. (f) Zy = O fork, = 7 /c.

by a red rectangle. When SOC is included, a gap-opening
occurs between the valance (o) and conduction () bands,
which are, respectively, plotted in blue and red in Fig. 1(d).
Meanwhile, the parity eigenvalues at the time-reversal sym-
metry points are indicated explicitly. The opposite parity at
the I point is shown relative to those at the S and Y points,
suggesting the occurrence of band inversion in the center of
the Brillouin zone. To gain a deeper insight into the mech-
anism of the band inversion, the orbital contributions to the
electronic states near the I" point without and with SOC were
plotted in Figs. 1(e) and 1(f), respectively. Electronic states
near the Fermi energy are mainly derived from Bi p, and p,
orbitals between which the band inversion is clearly observed
at 0.5 eV above the Fermi energy.

To confirm the CaBi, topological classification, four Z,
topological invariants (vg, vy, vz, and v3) were computed
based on the Wannier charge-centers method [40-42], where
v is a strong topological index and (v;, v, and vs) are three
weak topological indices [43]. Such a Z, number can be ob-
tained via Wannier charge centers (WCCs) calculations on six
time-reversal invariant planes (k,, k,, and k, = 0, 7r) making
use of the WANNIERTOOLS package [38]. Based on the band
calculation in Fig. 1(d), the o and 8 bands are continuously
gapped throughout the Brillouin zone with each other, which
meets the condition of Z, topological invariants calculations.
All the bands below B have been taken into account to cal-
culate the WCCs, and the computed results are shown in
Fig. 2, which suggest that the Z; indices are 1 for k., k,, k; =
0 planes, whereas zero for k., k,, and k, = planes. The
results show that 7, topological invariants of CaBi, are
(1, 000), categorizing CaBi, as a strong topological mate-
rial [40] and suggesting the existence of topological surface
states.

B. Electronic band structures of CaBi,

The topological properties in CaBi, were investigated with
ARPES. Although CaBi, has a layered crystal structure, the
layered coupling along the [010] direction is not negligible.
Figure 3 shows detailed photon-energy-dependent electronic
states on the k,-k, planes at different binding energies, which
were obtained via changing the photon energy from 89 to
158 eV. As can be seen, electronic states along the k, direction
exhibit periodic dispersions at different constant-energy con-
tours, which are shown in Figs. 3(a)-3(c). The holelike pocket
periodically appears at the 0.45-eV binding energy below Ep,
which is consistent well with band calculations in Fig. 3(d),
thus, the high-symmetry momentum positions (I" and Y') are
precisely identified.

Moreover, an inner potential Vy = 26 eV can be deduced
with the free-electron final-state model via the best fit to
the periodic variation with the lattice constant b = 17.081 A.
Then it can be calculated that ~v = 31, 54 eV corresponds to
the Brillouin-zone center whereas hv = 22, 42 eV is close to
the Y point during the range of low photon energy.

Figure 4(a) shows a three-dimensional view of the band
dispersions of CaBi, probed with a 53-eV photon energy
where the excited electronic states are close to the Brillouin-
zone center along the k, direction. According to the bulk
band calculations in Fig. 1(d), the band inversion occurs
along the I'-S direction, which is projected into the surface
Brillouin zone as the experimentally measured T'-X direction
[Fig. 4(b)]. For a better comparison, the calculated bulk bands
(o and B) along the I'-X direction are superimposed with
the ARPES spectrum as shown in Fig. 4(b). The electronic
states indicated by green arrows are suggested surface states
that pass through the energy gap of the inverted bulk bands o
and 8.
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FIG. 3. Band structures along the k, direction probed by continuously varied photon energy. (a)-(c) Constant-energy contours of the
photoemission spectra along the k,-k, sheet at different binding energies in which the Brillouin zone is indicated by the dashed hexagons.
(d) Band dispersions along the k. direction at k, = 0 A~" in which the related band calculations along the I'-Y direction are superimposed with

the blue lines.

As mentioned above, the strong SOC is a key factor to
induce the band inversion of o and S bands, although the
inverted bands are located above the Fermi energy, which can-
not be observed through the ARPES measurement. Using the
WANNIERTOOLS package [38], we performed first-principles
simulations to calculate the surface and bulk states of CaBi,
along the X-T'-X direction without and with SOC, respec-
tively. The computed results are shown in Figs. 4(c) and 4(d).
As can be seen, the dispersion of bulk states changes a lot
when SOC is included where the gap opening at binding
energy of 0.5 and 1.5 eV in Fig. 4(d) is visible. Meanwhile,
two topological surface states (TSSs) that intersect the Fermi
energy and connect the valence band («) to the conduction
band (B) agree well with the experimentally observed band
dispersion, which are indicated by red arrows. Such TSSs
that originate from the band inversion at the I" point between
the p, and the p, electrons were also found in PdTe, and
NiTe, [44,45] where the derived surface states stretch from
the vicinity of the T point into the Brillion-zone boundary.
This indicates that the generation of such topological states
is not restricted to CaBi,, but a common characteristic of
p-electron systems with strong SO interactions. Moreover,
a Rashba-like surface state occurs at the X point near the
Fermi energy, which has been observed in the experimental
spectrum. Nevertheless, since most part of such Rashba-like
surface states are located above the Fermi energy, it cannot be
clearly resolved by the ARPES method in the present paper.

C. Spin-polarized topological surface states

To clarify the surface nature of topological states, the
photon-energy-dependent ARPES measurement has been per-
formed via changing the photon energy from 47 to 62 eV
along the T-X-T' direction, which has covered nearly one
bulk Brillouin zone along the k, direction. The surface state is
clearly observed at such an energy range as shown in Fig. 5(a).
TSS2 is indicated by the blue arrows and traced by the blue
dashed line on the hv-k, plane. As can be seen, TSS2 exhibits
as a straight line in the hv-k, spectrum and shows negligible
dispersion along the k, direction, which evidences a surface
state nature of TSS2. In addition, the « band indicated by the

red arrows shows a broadening shape and a dispersive feature
at the I point along the k, direction, which proved its bulk
state nature.

To observe such TSSs more clearly, photon energy of hv =
21 eV was used for better energy and momentum resolution.
The excited electronic states are close to the boundary of the
Brillouin zone (Y point) along the k, direction [Fig. 5(c)].
TSS1 extends from the Fermi energy to the 0.2-eV binding
energy, and TSS2 intersects with TSS1 near the Fermi energy,
extending to the X point of the « band. This is very consistent
with the surface-state calculations in Fig. 4(d). The calculated
spin-polarized electronic states along the X-I'-X direction
close to the Fermi energy are plotted in Fig. 5(d). It suggests
that the electrons in these two TSSs have opposite spin po-
larizations. The spin directions are perpendicular to that of
the electron momentum, indicating a spin-momentum locked
texture. However, the calculated electronic states around the T’
point near the Fermi energy have a relatively weak spectrum
weight in Fig. 5(c). It may be affected by the photoemission
process due to the horizontal-polarized synchrotron radiation
light.

The SARPES measurement was performed with a home-
made image-type spin polarimeter based on the very-low-
energy-electron diffraction mechanism [5], which is attached
to a hemispherical electron energy analyzer as schematically
shown in Fig. 6(a). The two-dimensional images of band
dispersions formed on the exit plane of the hemispherical
analyzer are transferred to an oxygen-passivated ferromag-
netic Fe(001)-p(1 x 1)-O target, realizing parallel detecting
with 78 and 87 channels in angular- and energy-directions,
respectively [26]. The spin texture was experimentally verified
by spin-resolved measurements using monochromatic 21-eV
photons. Figures 6(b) and 6(c) exhibit photoemission spectra
with intensities and spin polarization along the I'-X direction,
respectively. The experimentally identified spin polarization
of TSS1 adjacent to the Fermi energy is consistent with our
calculations where it connects to other surface states with op-
posite spin polarization at the higher binding energy of 0.2 eV.
Unfortunately, the TSS2 intensity is relatively weak in the
photoemission spectrum [Fig. 6(b)] because of the He-lamp
21-eV photon source. According to the spin calculations in
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FIG. 4. Electronic states around the I" point of the Brillouin zone.
(a) Electronic band structures of CaBi, measured with 53-eV photon
energy where the probed electronic states are close to the center of
the Brillouin zone in the &, direction. (b) Measured band dispersions
of CaBi, along the X-T-X direction where the calculations of in-
verted «- and B-bulk bands are superimposed. Surface states located
between the «- and the S-bulk bands are marked by green arrows.

(c) Calculated electronic states along the X-I"-X direction without
SOC. (d) Calculated electronic states along the X-T-X direction with
SOC where the topological surface states transfer across the Fermi

surface, indicated by two red arrows.

Fig. 5(d), bulk states at 0.2-eV binding energy are adjacent to
TSS2 with the same spin orientation. As a result, it appears
that TSS2 is integrated into the experimentally observed bulk
states [Fig. 6(c)].

The energy distribution curve is shown in Fig. 6(d), which
is obtained by integration of the intensity in the green dashed
box denoted in (c). The spin polarization of TSS1 can be
clearly resolved in the vicinity of the Fermi energy, which is
indicated by the red arrow. It is worth noting that the mea-
sured spin polarization of TSS1 is low (about 10%) because
the background intensity of the photoemission spectrum is
relatively high, which decreased the experimentally measured
spin polarization. Despite this, the spin orientation of TSS1
is correctly identified, which indicates the spin-momentum-
locked texture. In addition, the electronic states along the
M-X-M direction has been investigated by previous work,
which is focused on the band topology at the X point at the

(a) (c) X r X
T T
S TSS1, ISS2
> e
@ < High
& 3
5 i
k] i
=
o
(d) = Low
T T T
00f 71361 —\~TSS2
\ s Sl
s-02f / ' [ { &
@
w04t / 4 / 1
| 06F 1
I\ I / 1 \\ L Down

-0.5

0.0
k, (1/A)

FIG. 5. Topologically nontrivial states intersecting the Fermi en-
ergy in CaBi,. (a) Constant-energy contours of the photoemission
spectra along the hv-k, sheet at the Fermi energy. (b) Electronic
band dispersions along the T-X-T direction obtained with the photon
energy of 53 eV. (c) Electronic band structures of CaBi, along the
X-T-X direction measured with 21-eV photons. Two TSSs passing
through the Fermi energy are observed as indicated by red and blue
arrows. (d) Calculated spin-polarized electronic states corresponding
to the angle-resolved photoemission spectroscopy feature in (c).

binding energy of 0.53 eV below the Fermi energy [46]. For
the electronic states at the X point, the band gap occurs, but the
topological surface states are not clearly observed in Figs. 4(b)
and 5(c), which may need further experimental and theoretical
investigations.

D. Layer-locked spin texture

Furthermore, the measured spin polarizations in the bulk
states are nonzero, although the spin in the bulk states should
be compensated due to the space-inversion symmetry of
the whole CaBi, crystal. However, recent theoretical and
experimental works suggest that the dipole field in the cen-
trosymmetric crystal may induce layer-locked spin-polarized
electronic states because of the strong SOC [47,48]. With
the SARPES surface sensitivity, the contribution to the pro-
jected spin polarization from the first layer will be enhanced
relative to those from deeper layers. This results in the ex-
perimentally observed spin polarization in the bulk states
[49-51].

We constructed a 10-unit-cell supercell for slab calcula-
tions to examine layer-dependent spin polarization in CaBi,.
Figure 7 shows that the atoms in each layer have sizable spin
polarizations where the calculated spin polarization of the
bulk states locked on the first Bi layer is consistent with the
experimental observation in Fig. 6(c). Although the electronic
states near the Fermi energy are mainly contributed from the
Bi 6p orbitals, the layer-locked spin-polarized states of Ca
atoms also appear because of Ca and Bi hybridizations. This
is shown in Figs. 7(c) and 7(f), which corresponds to Ca
layers.

Recent theoretical and experimental works suggest that the
strong SO interactions of Bi can affect the strength of electron-
phonon coupling in Bi-based superconductors [28,29,52,53],
even remarkably enhancing the superconducting temperatures
of the KBi, and SrBi; systems [54-57]. CaBi, is similar to
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FIG. 6. Spin-resolved surface electronic states of CaBi,. (a) Schematic of the image-type SARPES. (b) and (c) Spin-resolved photoemis-
sion spectra measured with 21-eV photons where the red and blue lines are visual guides based on the measured band dispersions. (d) Energy
distribution curves obtained by integration of the intensity in the green dashed boxes denoted in (c).

these Bi-based superconducting materials where Bi 6p SO
interactions play a key role in inducing spin-split TSSs and the
layer-locked spin texture. Hence, these spin-polarized states
close to the Fermi energy may be able to form superconduct-
ing triplet states. This would change the superconductivity
relative to that derived from spin-singlet states. Therefore,
a new route may be provided to characterize topological
superconducting properties in CaBi, and other Bi-based
superconductors.

Bi: @

Ca: @

IV. CONCLUSION

To summarize, the superconductor CaBi, was identified
as a three-dimensional topological material because of the
band inversion of Bi p, and p, orbitals. TSSs were clearly
resolved with SARPES, which intersect the Fermi energy
with a spin-momentum-locked texture. Moreover, the calcu-
lated electronic bulk states for each layer exhibit nonzero
spin polarization that suggests a layer-locked spin texture in
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FIG. 7. Layer-resolved spin texture of CaBi, by slab calculation. (a) Layered CaBi, crystal structure where the first six layers are labeled.
(b)—(g) Calculated layer-dependent spin polarization contributed by each of the six layers.
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CaBi,. The spin texture is manifested by the surface-sensitive
SARPES measurements that show finite spin polarization
from observed bulk states. The spin-polarized electronic states
are all derived from strong SOC in Bi that has a large effect on
previously reported superconducting temperatures in Bi-based
materials. Therefore, the confirmation of such topologically
nontrivial electronic states in superconducting CaBi, may
provide a route to study the interplay between band topology
and superconductivity. This will stimulate further research to
explore Majorana bound states in Bi-based superconductors.
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