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Coexistence of giant Rashba splitting, multiple band inversion, and multiple Dirac surface states
in the three-dimensional topological insulator XSnBi (X=Rb, Cs)
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Composite quantum compounds (CQCs) have emerged as a key tool for examining the interactions between
two different physical phenomena. Some of these CQCs that have lately received a lot of community attention are
topological superconductors and axion insulators, among others. Despite being two distinct quantum phenomena,
Rashba spin physics and topological nontriviality can coexist in a CQC platform. In this work, we have performed
ab initio calculations to discover materials that inherit both giant Rashba splitting and topological nontrivial
states in a single crystalline system, coined as intrinsic CQCs. In this regard, we have investigated two materials,
RbSnBi and CsSnBi, that are found to be strong topological insulators along with giant Rashba splitting energy in
valence bands (133 and 228 meV, respectively) with Rashba coefficient αR to be 4.26 and 6.4 eV Å, respectively.
These values of αR are quite large, and the Rashba coefficient of CsSnBi is the largest, corresponding to valance
bands, among previously reported topological materials. Coexisting characteristics of Rashba spin physics and
topological nontriviality have the potential to unveil new physical phenomena. For both RbSnBi and CsSnBi, the
topological insulating state is found to be associated with coexisting multiple band inversion and multiple Dirac
surface states.

DOI: 10.1103/PhysRevB.107.075143

I. INTRODUCTION

A topological insulator (TI) is a material with a nontrivial
Dirac surface state crossing the Fermi level and exchange
of band characteristics between the valance and the conduc-
tion band. This results in the dissipationless spin transport
through the edges while the material remains insulating from
the bulk [1–4]. The topological insulators are characterized by
a nonzero Z2 topological invariant, signifying the odd num-
ber of gapless spin-helical topological surface states (TSS)
protected by time-reversal symmetry (TRS) [5–7]. These ma-
terials are promising candidates for various applications like
spintronics, quantum computing, high-performance infrared
detectors, and thermoelectric devices [8].

Though one pair of exchange of band characteristics (sin-
gle band inversion) and one Dirac surface state is enough
for a material to be topological with nonzero Z2 invariant
[9–12], multiple band inversion and multiple Dirac surface
states are special features. Multiple band inversion is one of
the novel phenomena in topological insulators and has been
recently reported in a topological excitonic insulator Ta2NiSe5

with two different phases, namely, orthorhombic and mon-
oclinic. The multiple p − d and d − d type band inversions
are present even when spin-orbit coupling (SOC) strength
was not included, while the SOC-induced band inversion is
only present in the monoclinic phase at the � point [13].
Multiple Dirac surface states have been reported theoretically
in the topological metal LaBi at the (001) surface, two at the
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M point and one at the � point [14]. A different approach
leading to multiple Dirac surface states is via construction of
multiple layered structures, giving rise to the surface states
corresponding to each layer in the composite system, as re-
ported by Papagno et al. [15]. The multiple layered structure
of PbBi6Te10 consisted of combination of septuple layers
and quintuple layers in a particular sequence such that the
three distinct surface terminations resulted in multiple Dirac
cones, centered at the � point, having similar characteristics to
two-dimensional individual layered surface states [15]. Until
now, multiple band inversion and multiple Dirac surface states
have been observed separately [13–15]; however, these can
be intertwined in some materials, as the band inversion is a
prerequisite and surface state is a hallmark of TI.

In the search for new quantum phenomena and to gain
understanding about the intrinsic nature of the quantum ma-
terials, composite quantum compounds (CQCs) are one of
the most promising materials. The underlying concept be-
hind CQCs is to combine two or more distinct phenomena
in physics together in a single crystal [16,17]. A variety of
attempts have been made to discover CQCs with different
pairs of phenomena, e.g., combining topology and supercon-
ductivity leads to a topological superconductor which is an
excellent candidate for generating distinct qubits for quantum
computing [18,19]. Merging topological characteristic with
magnetism leads to a topological axion insulator which shows
quantized magnetoelectric effects and a magnetic topologi-
cal insulator [20–22]. Topological insulators along with giant
Rashba spin splitting, another combination of two distinct
quantum phenomena together in a single material [23–25],
within the regime of CQCs, leads to the emergence of rich
phenomena. For instance, two different topological phases,
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Weyl semimetal and TI, coexist in the doped single matrix po-
lar compound KSnSbxBi1−x [17] and KMgSbxBi1−x [24]. The
discovery of intrinsic CQCs, on the other hand, that already
possess topological insulating properties and are accompanied
by giant Rashba splitting may result in richer physics and
potentially undiscovered phenomena.

An important application of CQC materials is in the field
of spintronics, where dissipationless spin current is present
in topological material with large Rashba splitting. Rashba
splitting was first recognized by Rashba, who commented
that if asymmetric electric potential breaks inversion sym-
metry, SOC creates an effective magnetic field, resulting in
the breaking of the degeneracy of spin and polarized bands
[26–28]. The magnitude of the Rashba coefficient is the ratio
of spin splitting energy �E and the momentum offset �K, i.e.,
αR = 2�E/�K. The Rashba splitting is generally considered
as “giant” when the energy scale is of the order of or greater
than 100 meV [29]. A noncentrosymmetric structure with
local electric dipoles induced by polar atomic sites is crucial
for the Rashba effect, and band anticrossing is a hallmark
of a strong αR [28]. Large αR implies large energy splitting
between spin-up and spin-down states, making it useful in
spintronics and current-induced switching in memory and
logic devices [30]. It also enhances spin-momentum locking,
which can be useful in topological quantum computing and
quantum information processing [30]. Additionally, giant αR

leads to enhanced spin-Hall conductivity [31] and spin-Hall
angle [32], and enables easier manipulation of electronic
spin without the external magnetic field [33,34], potentially
leading to more energy-efficient spintronics technologies and
control of electronic transport properties in devices.

In the present study, electronic properties of computation-
ally predicted n-type thermoelectric material XSnBi (where
X = Rb, Cs) [35] have been investigated via first-principles
calculations. The study reveals that RbSnBi and CsSnBi pos-
sess giant Rashba splitting and also show properties indicative
of a strong topological insulator, similar to KSnBi, which
has already been reported as a strong topological insulator
with a weak Rashba splitting (αR = 1.34). The topological
properties of RbSnBi and CsSnBi have also been confirmed
by Z2 topological number and Dirac surface states. Further
investigation leads to multiple band inversion in both RbSnBi
and CsSnBi, which is confirmed by multiple surface states
crossing the Fermi level and corresponding Fermi ring. Hence,
both materials are predicted to be intrinsic CQCs, where
topological insulating behavior coexists with giant Rashba
splitting. Interestingly, multiple band inversion and multiple
Dirac surface states occur simultaneously in the respective
single crystal of RbSnBi and CsSnBi.

II. RESULTS AND DISCUSSION

The n-type thermoelectric material RbSnBi (CsSnBi)
belongs to space group P63mc (186) and possesses a
hexagonal crystal structure with optimized lattice parameter
a = 4.61 Å and c = 13.95 Å (a = 4.69 Å and c = 14.33 Å)
as shown in Fig. 1(a). The absence of imaginary phonon
frequencies has demonstrated the dynamic stability of
both materials [35]. The potential imbalance present in the
structure leads to giant Rashba spin splitting in the M − �

FIG. 1. (a) Crystal structure of RbSnBi and CsSnBi. (b) Bulk
and surface Brillouin zone [(100),(010),(001)] of hexagonal struc-
ture. SOC-induced electronic bulk band structure of (c) RbSnBi
and (d) CsSnBi. The SOC-induced electronic band structure for
M − � − K path representing the Rashba splitting and Rashba coef-
ficient in valance and conduction band for (e) RbSnBi and (f) CsSnBi
and magnified image of Rashba bands is shown for both valence and
conduction band.

and � − K path in the Brillouin zone. The three-dimensional
(3D) and two-dimensional (2D) Brillouin zones are shown
in Fig. 1(b). The electronic band structure of RbSnBi and
CsSnBi including SOC strength is shown in Figs. 1(c) and
1(d), which have band anticrossing in the spin-splitting
band that gives rise to large Rashba splitting in both the
valance band and conduction band. The giant Rashba
splitting energy �E and Rashba coefficient αR in the valance
band for RbSnBi (CsSnBi) are 133 meV and 4.26 eV Å
(228 meV and 6.4 eV Å), where as Rashba splitting energy
�E and Rashba coefficient αR in the conduction band for
RbSnBi (CsSnBi) are 12.5 meV and 3.33 eV Å (12.6 meV
and 2.68 eV Å), respectively, as shown in Figs. 1(e) and
1(f). The magnified image of the Rashba bands is shown
for the identification of �E and �K. The values of α in
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FIG. 2. Multiple band inversion in RbSnBi including SOC strength: (a) Rb:s and Rb:pz, (b) Sn:s and Sn:dz2, (c) Sn:pz and Sn:dx2−y2 + dxy,
(d) Sn:dxz + dyz and Bi:pz, and (e) Bi:s and Bi:dz2. Multiple band inversion in CsSnBi including SOC strength: (f) Cs:s and Cs:pz, (g) Sn:s and
Sn:dz2, (h) Sn:pz and Sn:dx2−y2 + dxy, (i) Sn:dxz + dyz and Bi:pz, and (j) Bi:s and Bi:dz2.

the valence band are quiet large; especially, the α value of
CsSnBi is much larger than KSnSbxBi1−x (αR = 4.83 eVÅ)
[17], BiTeI (αR = 4.548 eV Å), GeTe (αR = 4.352 eV Å),
BiTeCl (αR = 3.564 eV Å), Sb2TeSe2 (αR = 3.885 eV Å)
[28], which suggests that RbSnBi and CsSnBi are ideal
candidates for intrinsic CQCs.

Projected band structures for RbSnBi and CsSnBi are pre-
sented in Figs. 2(a)–2(j) showing multiple band inversion. We
observe five different pairs of band exchange characteristics,
with multiple bands in each pair as shown by orbital weigh-
tage. The s − p, s − d, and p − d multiple band inversions
are present in both RbSnBi and CsSnBi even when SOC is
not included in the system. When SOC strength is included,
the degeneracy of the bands breaks, and the band inversion is
present in spin-split bands. The weightage of s and pz orbitals
of Rb atoms depicts the interchange of their band character-
istics as shown in Fig. 2(a). Similar multiple band character
exchange phenomena are seen in s and dz2 orbitals of Sn atoms
[Fig. 2(b)]. The bands are also inverted between the pz orbital
and dx2−y2 + dxy orbital of Sn atoms [Fig. 2(c)]. Additionally,
the band inversion can be observed between the dxz + dyz

orbital of Sn atoms with pz orbitals of Bi atoms [Fig. 2(d)].
Band inversion is also present in the s and dz2 orbitals of
Bi atoms, shown in Fig. 2(e). Similarly, for CsSnBi multiple
band inversion includes the s and pz orbitals of Cs atoms in
Fig. 2(f), the s and dz2 orbitals of Sn atoms in Fig. 2(g), the
pz and dx2−y2 + dxy orbitals of Sn atoms in Fig. 2(h), the pz

orbital of Bi and dxz+yz orbital of Sn atoms in Fig. 2(i), and
the s and dz2 orbitals of Bi atoms in Fig. 2(j).

As band inversion is a prerequisite for TI, we first de-
termine the Z2 invariant number using the Wannier charge
center (WCC) to corroborate the topological insulating nature
of the material. The representation of Wilson flow of WCC
for the six-time reversal invariant momentum plane for ki = 0
and 0.5 [i = 1,2,3] for RbSnBi is shown in Figs. 3(a)–3(f) and
for CsSnBi is shown in Figs. 3(g)–3(l). In Figs. 3(a), 3(c) and
3(e), where ki = 0, the odd number of WCC evaluation lines

(green lines) crossing the horizontal reference line (red dashed
line) results in Z2 = 1, whereas in Figs. 3(b), 3(d) and 3(f),
where ki = 0.5, the even number of WCC evaluation lines
crossing the horizontal reference line gives Z2 = 0. Similarly,
for CsSnBi in Figs. 3(g), 3(i), and 3(k), where ki = 0, the odd
number of evaluation lines crossing the horizontal reference
line gives Z2 = 1, whereas in Figs. 3(h), 3(j), and 3(l), where
ki = 0.5, the even number of WCC evaluation lines crossing
the horizontal reference line results in Z2 = 0.

The Z2 invariant is indicated as (ν0; ν1ν2ν3), where
ν0, ν1, ν2, ν3 are four distinct Z2 invariants where ν0 =
[Z2(ki = 0) + Z2(ki = 0.5)] mod 2 and νi = Z2(ki = 0.5).
According to these values, topological materials are catego-
rized into strong TI, weak TI, and trivial insulators. If ν0 = 1,
then the material is a strong TI, whereas if ν0 = 0, and at least
one among the ν1, ν2, and ν3 is nonzero, then the material
is a weak TI; however, if all ν0, ν1, ν2, and ν3 are zero, this
indicates a trivial insulator. The Z2 invariant calculated in this
way is (1000) for both RbSnBi and CsSnBi, indicating that
both materials are strong topological insulators.

Further, we calculate the surface band structure of RbSnBi
and CsSnBi, suspecting that the multiple band inversion may
lead to multiple surface Dirac states in these materials. In this
regard, we calculate the surface band structure of (001), (010),
and (100) surfaces. For RbSnBi, we calculate the (001) sur-
face band structure (Rb-terminated) and observe the surface
state crossing the Fermi level at the � point [Fig. 4(a)], and
its corresponding Fermi ring is shown in Fig. 4(b). There is
a ring at the � point to indicate the topological surface state,
and an additional ring corresponds to the surface state crossing
the bulk region of the conduction band between the M and
� point [represented by the black dashed circle in Fig. 4(a)].
Figures 4(c) and 4(d) show the (100) surface band structures
of RbSnBi at Z − � − Z and X − � − X paths, respectively,
having the surface state crossing the Fermi level at the � point.
The surface state also crosses the conduction bulk region at
both sides of the � point represented by the black dashed
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FIG. 3. The Wilson loop for RbSnBi in the time-reversal invariant plane (TRIP) along (a) k1 = 0.0, (b) k1 = 0.5, (c) k2 = 0.0, (d) k2 = 0.5,
(e) k3 = 0.0, and (f) k3 = 0.5. The Wilson loop for CsSnBi in TRIP along (g) k1 = 0.0, (h) k1 = 0.5, (i) k2 = 0.0, (j) k2 = 0.5, (k) k3 = 0.0,
and (l) k3 = 0.5.

circles in Fig. 4(d). The surface ring corresponding to the
(100) surface for RbSnBi is shown in Fig. 4(e). There are
three Fermi rings merged together and taking the form of an
asymmetric dumbbell, one representing the crossing at the
� point and two representing the surface state crossing the
conduction bulk band at both sides of the � point. Figure 4(g)
shows the (010) surface band structure of the Sn2-terminated
surface of CsSnBi, which has a surface state crossing the
Fermi level at the � point, whereas in Fig. 4(f) the (010)
surface at path Y − � − Y has surface states crossing at three
points, one at the � point and two crossing at both sides of �

point. The Fermi ring corresponding to the (010) surface for
CsSnBi is shown in Fig. 4(h), where we observe three separate
Fermi rings corresponding to three crossing at the Y − � − Y
surface. These multiple surface states and their corresponding
Fermi rings confirm the presence of the multiple band inver-
sion in both materials.

III. COMPUTATIONAL METHODS

Electronic properties of XSnBi compounds have been in-
vestigated by the first-principles calculation based on standard
density functional theory with the full potential linearized
augmented plane-wave method provided by the WIEN2K

package [36]. Generalized gradient approximation (GGA)
with projector augmented wave (PAW) potentials have been

utilized to incorporate the exchange-correlation function.
RMTKmax was set to 6.5 to acquire the plane wave cutoff.
The 12 × 12 × 4 k-mesh is used to perform self-consistent
calculations (SCF). Maximally localized Wannier functions
(MLWF) are used to develop the tight binding model, which
is used to calculate the surface states of the materials using
WANNIER90 code [37]. WANNIERTOOLS is used to obtain topo-
logical characteristics such as Wilson loops (Wannier charge
centers), Z2 invariants, topological surface state, and Fermi
surface ring [38].

IV. CONCLUSION

In conclusion, we employ the first-principles calculations
to search for intrinsic CQC materials that possess both the
topological nontrivial characteristic and giant Rashba split-
ting, accompanied by multiple band inversion and multiple
Dirac surface states. Large spin-orbital coupling due to heavy
elements, breaking of inversion symmetry, and the band
anticrossing imposed on the system leads to giant Rashba
splitting. We predict two intrinsic CQCs: n-type thermoelec-
tric materials RbSnBi and CsSnBi, possessing topological
nontrivial states, and giant Rashba splitting. Additionally, the
Rashba coefficient of RbSnBi in the valance band is quite
large (αR = 4.26 and 6.4 eV Å, respectively). CsSnBi has the
largest Rashba coefficient in the valance band reported so
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FIG. 4. Surface state of RbSnBi: (a) (001) plane at M − � − K and (b) Fermi ring corresponding to (001) surface. The surface state of
RbSnBi (100) surface: (c) Z − � − Z , (d) X − � − X , and (e) Fermi ring corresponding to (100) surface. Surface state of CsSnBi (010)
surface: (f) Y − � − Y , (g) Z − � − Z , and (h) Fermi ring corresponding to (010) surface.

far, making it an ideal candidate for further investigation
by experimental means. Wannier charge center based inves-
tigation yields Z2 invariant (1000) for both the materials,
indicating that the materials are strong topological insula-
tors. These n-type thermoelectric materials having a strong
topological nature with multiple surface Dirac states may
have unique properties that could be used in various appli-
cations. Multiple Dirac surface states can host several exotic
physical phenomena, such as chiral anomaly and negative

magnetoresistance, which can be exploited for a variety of
applications in spintronics and quantum computing. We antic-
ipate that the findings presented here will encourage physicists
to investigate these materials experimentally.
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