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ABSTRACT: Topological insulators (TIs) are a new class of materials
with gapless boundary states inside the bulk insulating gap. This metallic
boundary state hosts intriguing phenomena such as helical spin textures
and Dirac crossing points. Here, we theoretically propose RbZnBi and
CsZnBi as a new family of TIs exhibiting large bulk band gaps and unique
gapless surface states. Our first-principles density functional calculations
show that two materials can be stabilized in two different structures
depending on the stacking order of hexagonal ZnBi layers. While both
materials in the AA-stacked structure become 2 TI, the AB-stacked
RbZnBi and CsZnBi are topological crystalline insulators with hourglass-
shaped Fermion surface states protected by nonsymmorphic glide
symmetry. The calculated bulk gap is about 1.5−1.8 times larger than
that of Bi2Se3, which makes RbZnBi and CsZnBi promising candidates
for future applications.

■ INTRODUCTION
The band structure of topological insulators (TIs) is
characterized by a bulk insulating gap and a conducting edge
or surface state at the boundary.1,2 This nontrivial phase is a
result of bulk band inversion caused by spin−orbit coupling
(SOC). In the presence of time-reversal symmetry (TRS),
conventional TIs are well classified in terms of 2 invariants.

3,4

In 2 TIs, TRS enforces the pair formation of gapless boundary
states, which is topologically protected from scattering and gives
rise to the Dirac points at time-reversal invariant momenta
(TRIM). They are distinctive from TRS-broken Chern
insulators, exhibiting a quantum anomalous Hall effect.1,3−11

From the fact that the gapless boundary states host a unique
helical spin texture and can carry dissipationless spin currents,
TIs have been suggested to be useful for various applications,
e.g., quantum computation and spintronic devices.12,13 In spite
of such remarkable potential, the practical applications at room
temperature have been severely limited until now, largely owing
to the small band gaps in real materials. For example, Bi2Se3 is
arguably the most actively explored, and its band gap is ∼0.3
eV.14−17 Therefore, searching for larger band gap 2 TIs poses
an important challenge and is indeed under active inves-
tigation.18−29

Unlike 2 TIs, topological crystalline insulators (TCIs) have
boundary states protected by crystal symmetry.30 Their
topological property should be characterized by another
invariant, such as mirror Chern number CM.

31 For example,
SnTe is classified as a TCI with CM = −2.32,33 The surface Dirac

point of TCIs can be located anywhere within the mirror
invariant plane, i.e., not confined at the TRIM points. Recently
proposed KHgSb is known to host a distinct type of surface
Fermion states having an “hourglass”-shape dispersion due to
the presence of additional nonsymmorphic symmetry.34 This
has been verified by angle-resolved photoemission spectrosco-
py.35,36 While some other materials have been proposed to be
TCIs, such as PbPo37 and PbTe,38 the small band gap problem is
again an important limitation for applications here as well. For
example, the bulk gap of a representative TCI, SnTe, is ∼0.2
eV.39

In this work, we suggest two materials, namely, RbZnBi and
CsZnBi, as promising candidates for applications. Our density
functional theory (DFT) total energy and phonon calculations
show that they are well stabilized in the form of a layered
honeycomb structure. While the most stable structure is P63/
mmc and P6̅m2 for RbZnBi and CsZnBi, respectively, the energy
difference between these twomaterials is sufficiently small as it is
attributed only to the different stacking of honeycomb ZnBi
layers. It is therefore expected that both RbZnBi and CsZnBi can
be synthesized in both structural phases through the proper
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control of experimental conditions. Our Wannier charge center
(WCC) and surface state analyses clearly show that AA- and AB-
stacked RbZnBi and CsZnBi become 2 TI and TCI,
respectively. In the AB-stacked structure, “hourglass fermion”
surface states are identified as being protected by non-
symmorphic symmetry. Furthermore, the calculated bulk band
gap is as large as 0.4−0.5 eV, which is 1.5−1.8 times greater than
that of Bi2Se3. Considering the well-known feature of
generalized gradient approximation (GGA) to underestimate
the gap size, these two materials are promising new TIs for
applications.

■ COMPUTATIONAL DETAILS
First-principles calculations were carried out within the DFT
framework. We used GGA exchange−correlation functional by
Perdew, Burke, and Ernzerhof (PBE)40 as implemented in the
Vienna Ab initio Simulation Package (VASP).41,42 The wave
functions were expanded in plane waves up to an energy cutoff of
500 eV, and Brillouin zone (BZ) integration was performed
using a set of k-points with a grid spacing of 2π × 0.12 Å−1. 12
×12 × 8 and 12 × 12 × 4 Γ-centered k-point meshes were used
for the P6̅m2 and P63/mmc crystal structure, respectively. The
lattice geometry was fully optimized until the residual forces
were less than 1 meV/Å. The (010) surface electronic structure
was investigated with a × ×3 1 1 supercell geometry for
which 6 × 10 × 8 and 6 × 10 × 4 Γ-centered k-point meshes
were used for the P6̅m2 and P63/mmc structures, respectively.
For WCC calculations, we constructed maximally localized
Wannier functions and a tight-binding Hamiltonian using the
WANNIER90 code.43 The surface electronic spectra were
obtained using the iterative Green’s function method44 as
implemented in the WannierTools code.45

■ RESULTS AND DISCUSSION
Crystal Structures of RbZnBi and CsZnBi. AZnX (A = Li,

Na, K, Rb, Cs; X = Sb, Bi) Zintl compounds have attracted great
interest due to their electronic properties46−48 and potential
applications to photovoltaics49 and thermoelectrics.50−52 They

exhibit a variety of crystal structures that are highly dependent
on the type of cation A. Li-based compounds have been
synthesized in a hexagonal LiGaGe-type structure with the
P63mc space group,

53,54 whereas Na-based compounds crystal-
lize in a tetragonal PbFCl structure with the space group P4/
nmm.55,56 As the cation A size increases, a hexagonal ZrBeSi-
type structure (space group P63/mmc) is known to become
more favorable. Examples include KZnSb,55 KZnBi,47

RbZnSb,57 and CsZnSb.57 In particular, P63/mmc Zintl
compounds have AB-stacked ZnX hexagonal layers with alkali
metals embedded between the layers; see Figure 1a. The AA
stacking Zintl phase is also reported in KZnSb, for example,
which results in the P6̅m2 structure shown in Figure 1a.58

Our proposed materials, RbZnBi and CsZnBi, have not been
experimentally synthesized yet. Here, we explore their stability,
crystal structure, and electronic properties. Four possible crystal
structures are considered: Pnma, P4/nmm, P63/mmc, and P6̅m2.
The orthorhombic PnmaMgSrSi-type structure can be obtained
by distorting the high-symmetry P63/mmc structure,59 as
observed in NaCdX (X = Sb, Bi).55,56 The DFT total energy
calculation results are summarized in Figure 1b. The P63/mmc
and P6̅m2 phases are found to be themost stable for RbZnBi and
CsZnBi, respectively. Since these two structures differ only by
the stacking order of ZnBi layers, the relative energy difference is
small in both RbZnBi and CsZnBi; |ΔE| ∼ 14.2 and 0.8 meV/f.u.
for RbZnBi and CsZnBi, respectively. See the inset of Figure 1b.
We note that this is smaller than |ΔE| = 29.6 meV/f.u. between
P63/mmc- and P6̅m2-KZnSb. Further results of the calculations
to check stability can be found in Appendix A. Our results
indicate that both structural phases can be synthesized in
experiments by controlling synthesis conditions.

2 TI Phase in AA-Stacked RbZnBi and CsZnBi. The
P6̅m2 structure with an AA layer stacking is characterized by
three important symmetries: A 3-fold rotation symmetry C3z
about the z-axis and two mirror symmetries,My: (x,y,z) → (x,−
y,z) and Mz: (x,y,z) → (x,y,−z). Our calculations, including
SOC, show that both RbZnBi and CsZnBi in this structure are
semiconducting with a band gap of 0.53 and 0.48 eV,

Figure 1. (a) Crystal structures of RbZnBi/CsZnBi with the space groups P6̅m2 (left) and P63/mmc (right), in which hexagonal ZnBi layers are
stacked in AA and AB types, respectively. Red, green, and blue spheres represent Rb/Cs, Zn, and Bi atoms, respectively. (b) Calculated total energies of
RbZnBi (red) and CsZnBi (blue) in the four different crystal structures Pnma, P4/nmm, P63/mmc, and P6̅m2. The inset shows an enlarged view of the
two most stable P63/mmc and P6̅m2. (c) Bulk and the (010) surface BZ with the labeled high-symmetry momenta.
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respectively. See Figure 2a,c, where 2-fold band degeneracy is
clearly observed along the mirror invariant Γ−M and A−L lines
as implied by the anticommutation relation betweenMy andMz.
The calculation without SOC verifies that SOC is indispensable
for band gap opening in both materials. Figure 2a,c also shows
the orbital character of each band. Bi-p states (depicted in
yellow) dominate the valence band region down to about−5 eV
below the Fermi energy and also appear near the conduction
band edge state along the Γ−A line. This can be indicative of the
characteristic band inversion of the TI.
In order to clarify their band topology, we investigate WCCs

on the six invariant planes, and the results are shown in Appendix

B. It is clear that the WCC flow is nontrivial only in the two
planes of kz = 0 and kz = π/c, indicating a weak TI with (ν0;
ν1ν2ν3) = (0; 001). This conclusion can be further verified by
examining the surface states on the surfaces perpendicular to the
(001) plane. Figure 2b,d presents our electronic structure
calculations of the (010) surface. The well-identified features are
the gapless surface states across the bulk band gap along the U̅−
Z̅−Γ̅−X̅. While TRS enforces 2-fold band degeneracy at TRIM
points, the Kramers partner exchange occurs in U̅−Z̅ as well as
Γ̅−X̅. This typical feature of a two-dimensional TI is consistent
with the result of 2 indices obtained from WCC calculations.

Figure 2. (a,c) Calculated bulk band dispersions of (a) RbZnBi and (c) CsZnBi in the AA-stacked P6̅m2 structure. The color bar represents the degree
of Bi-p orbital contribution to each eigenvalue. (b,d) Surface electronic structures of (b) RbZnBi and (d) CsZnBi projected onto the (010) surface.

Figure 3. (a,d) Calculated bulk band structures of (a) RbZnBi and (d) CsZnBi in the P63/mmc structure, including SOC. The color bar represents the
Bi-p orbital contribution. (b,c,e,f) (010) surface electronic structures of (b,c) RbZnBi and (e,f) CsZnBi projected onto the (010) surface. Enlarged
views of the hourglass Fermion surface states along Z̅−Γ̅ are presented in (c,f).
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We hereby conclude that P6̅m2-structured RbZnBi and CsZnBi
are weak 2 TIs.
TCI Phase in AB-Stacked RbZnBi and CsZnBi. In contrast

to P6̅m2, the P63/mmc structure has an inversion symmetry (P).
WhileC3z andMy are still maintained, theMzmirror symmetry is
broken in P63/mmc. Instead, there are two nonsymmorphic
glide symmetries: +M x y z x y z: ( , , ) ( , , 1/2)x and

+M x y z x y z: ( , , ) ( , , 1/2)z . In Figure 3a,d, we present
the band structures of P63/mmc RbZnbi and CsZnBi,
respectively. As in the case of P6̅m2, they are semiconducting,
with sizable SOC-induced bulk gaps of 0.47 and 0.44 eV,
respectively.
Just as in P6̅m2, band inversion is clearly observed in Figure

3a,d. The (010) surface electronic structure also confirms the
existence of gapless surface states, indicative of a TI; see Figure
3b,e. Unlike the AA-stacked structure, on the other hand, the
P63/mmc case exhibits unique hourglass Fermion dispersions
along Z̅−Γ̅, as highlighted in Figure 3c,f. This unique surface
state in P63/mmc-RbZnBi is in good agreement with the
previous prediction.60 Kramers partner exchange does not occur
in U̅−Z̅, but it does in Γ̅−X̅. Also, it is clearly observed that two
surface states go up along X̅−Γ̅−X̅ and the other two down,
crossing from the valence to the conduction band. This implies a
Chern number of ±2 corresponding to each state. In fact, our
WCC calculation for the kz = 0 plane confirms that the mirror
Chern number is 2; see Appendix C. This is consistent with the
characteristic surface electronic structure, verifying that AB-
stacked RbZnBi and CsZnBi are well-identified as TCIs.
The characteristic hourglass dispersion is attributed to TRS in

combination with Mx. The eigenstates in the Z̅−Γ̅ line have
eigenvalues of±ie ik c/2z forMx. At the TRIMpoints Z̅ and Γ̅, the
eigenvalues of the time-reversed (Θ) partner Θ|ψ±(k)⟩ for Mx
can be obtained as follows

| = |

= |

± ±

±

M M

ie

k k

k

( ( ) ) ( )

( ) ,

xx

ikzc
2 (1)

where we used the commutation relation [ ] =M , 0x . Thus,
the pairs sharing the same energy should have the same
eigenvalues at Z̅ (e.g., {+1,+1} or {−1,−1}), but at Γ̅, they differ
in their signs (e.g., {+i,−i}). Considering the continuity of the
aforementioned eigenvalues for Mx, this constraint leads to the
hourglass formation.
2-Fold surface band degeneracy along U̅−Z̅ is attributed to

TRS and Mx (see Figure 3b,e). This can be easily understood by
introducing an effective time-reversal operator Mx that
satisfies =M( ) ex

ik c2 z . As it becomes −1 at kz = π/c,
Kramers’ theorem can be applied to Mx and elucidates the 2-
fold degeneracy.
Finally, it is also important to note the symmetry property

along the A−L line. Figure 3a,d shows the 4-fold degeneracy
along this line, whereas 2-fold band degeneracy is enforced in the
other part of BZ by the coexistence of inversion P and Θ. As
shown in the following, this is a consequence of four
intercombined symmetries: P, Θ, My, and Mz. First of all,
along A−L, the Hamiltonian H(k) is invariant under not only
the operation I ≡ PΘ (where Θ and P are applied sequentially)
but also under Mz andMy. The eigenstate |ψ(k)⟩ of Hamiltonian
H(k) can be labeled as |ψ±(k)⟩ with the eigenvalues ±i for Mz.

In other words, | = ± |± ±M ik k( ) ( )z . Now, we note that,
along A−L

| = |

= |

± ±

±

M I e IM

ie I

k k

k

( ( ) ) ( )

( ) ,

z
ik c

z

ik c

z

z
(2)

where | = |± ±M P PMk k( ) e ( )z
ik c

z
z is used. Namely,

Kramers pairs share the same eigenvalues with Mz at kz = π/c.
As for My|ψ±(k)⟩

| = |

= |
± ±

±

M M M M

iM

k k

k

( ( ) ) ( )

( ) .

z y y z

y (3)

From the fact that a spin-1/2 system satisfies the
anticommutation relation { } =M M, 0z y , My|ψ±(k)⟩ should
have different eigenvalues from Mz. Also, the time-reversed
partner of My|ψ±(k)⟩, IMy|ψ±(k)⟩, has the eigenvalues ±ieik cz ,
which are the same as those ofMy|ψ±(k)⟩ at kz = π/c. Given the
Kramers’ degeneracy theorem that Kramers pair states are
orthogonal, these series of relations indicate thatMy|ψ±(k)⟩ are
orthogonal to |ψ±(k)⟩ as well. As three operations, i.e., Mz, My,
and I, are commutative with HamiltonianH(k), four orthogonal
states |ψ±(k)⟩, I|ψ±(k)⟩, My|ψ±(k)⟩, and IMy|ψ±(k)⟩ share the
same energy in the A−L line.

Discussion. From the point of view of practical applications,
the small band gap of TIs is a serious obstacle, and therefore,
searching for a large gap material has been an important research
direction. Previous DFT calculations suggested some promising
candidates, including BiC2Br,

26 PbCH3,
28 and SrPoO3,

29 whose
band gaps within GGA-PBE were predicted to be 0.99, 0.98, and
0.87 eV, respectively. Unfortunately, however, their experimen-
tal realization has not been reported yet. Our proposed
materials, RbZnBi and CsZnBi, not only have a sizable bulk
gap but also seem highly likely to be synthesized in both
structures of AA- and AB-stacking. First, their energetic stability
and dynamical stability are well supported by our computations
(see Appendix A). Also, it is noted that KZnBi has already been
synthesized in the same hexagonal structure of P63/mmc.47 As
for the band gap size, RbZnBi and CsZnBi show 150−180%

Figure 4. Calculated fundamental and direct band gaps of RbZnBi and
CsZnBi in comparison to those of other topological materials in the
“TopoMat” database.61 Purple square, orange square, purple triangle,
and orange triangle (in a red dashed circle) refer to the results of P6̅m2-
RbZnBi, P6̅m2-CsZnBi, P63/mmc-RbZnBi, and P63/mmc-CsZnBi,
respectively. The blue, green, and red circles show the gap of CsPbBr3,
Sb2Te2Se, and Bi2Se3, respectively. All other materials are represented
by gray circles.
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enhancement (within GGA-PBE) compared to Bi2Se3, which is
arguably the most practical TI material at this moment. The gap
size we report here is larger than those of 4050 known TIs in the
“TopoMat” database;61 see Figure 4. In addition, we point out
that it is possible to design 2 TIs by simply changing the
stacking pattern in the layered structure of P63/mmc. In recent
theoretical calculations,60 several 2 TI phases were reported
for AB-stacked BMBi compounds (B = Na, K, Rb; M = Mg, Ca,
Sr, Ba, Zn, Cd, Hg). Among these materials, NaCaBi was
suggested as a 2 TI with a band gap of 0.34 eV.We find that our
proposed AA-stacked RbZnBi and CsZnBi are more attractive
because they are 2 TIs with larger band gaps than that of
NaCaBi.

■ CONCLUSIONS
Based on first-principles DFT calculations, we suggest RbZnBi
and CsZnBi as a new family of wide bulk gap topological
materials. The results of total energy, phonon spectrum, and
molecular dynamics (MD) simulation show their stability in
P6̅m2 and P63/mmc. The small energy difference between the
two structures indicates that they can be synthesized in both

forms by controlling the experimental conditions. Interestingly,
the two different structures give rise to two different topological
phases. In the P6̅m2 structure with the AA-stacked hexagonal
ZnBi layers, RbZnBi and CsZnBi become weak TIs with (ν0;
ν1ν2ν3) = (0; 001). In the AB-stacked P63/mmc, they become
TCIs with hourglass surface states. The GGA-PBE bulk gap is as
large as 0.48−0.53 and 0.44−0.47 eV for P6̅m2 and P63/mmc.
These values are about 1.5−1.8 times greater than that of Bi2Se3.
The suggested new materials can be good candidate TIs for
future device applications.

■ APPENDIX A

Stability of AA- and AB-stacked structures of RbZnBi and
CsZnBi
To explore the stable crystal structures of RbZnBi and CsZnBi,
we performed the crystal structure search calculations based on
the evolutionary algorithm implemented in the AMADEUS
code.62 We considered a four-formula-unit cell and used 20
sampled populations for each generation. The crystal structure
was fully optimized in each generation. We used an energy cutoff
of 400 eV for the plane-wave expansion and a k-point mesh with

Figure A1. Total energy distribution of the configurations generated from ab initio evolutionary crystal structure search calculations: (a) RbZnBi and
(b) CsZnBi. A total of 2000 configurations have been computed, and the AA-stacked hexagonal structure with P6̅m2 is found to be the most stable
structure for both RbZnBi and CsZnBi.

Figure A2. Calculated phonon dispersions of (a) P6̅m2-RbZnBi, (b) P6̅m2-CsZnBi, (c) P63/mmc-RbZnBi, and (d) P63/mmc-CsZnBi.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03506
ACS Omega 2024, 9, 29820−29828

29824

https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03506?fig=figA2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a grid spacing of 2π × 0.25 Å−1. This algorithmic search gives rise
to the result that the AA-stacking P6̅m2 phase is most stable for
both RbZnBi and CsZnBi, as shown in Figure A1. However, we
carried out more precise DFT calculations for the low-lying
configurations and verified that, for the case of RbZnBi, the AB-
stacked is lower in energy than the AA-stacked. P63/mmc is
slightly more stable with the energy difference of 14.2 meV per
formula unit.
We also investigated the dynamical stability by calculating the

phonon dispersion based on the finite displacement method
implemented in the PHONOPY code.63,64 The results are
shown in Figure A2. No imaginary phonon mode is found over

the whole BZ in both AA- and AB-stacked structures. To
examine thermal stability, we performed ab initio MD
simulations at 400 K. We used 2 × 2 × 2 and 2 × 2 × 1
supercells for P6̅m2 and P63/mmc structures, respectively. As
shown in Figure A3, their crystal structures are well maintained.

■ APPENDIX B

2 indices of AA-stacked RbZnBi and CsZnBi
To determine the 2 indices for AA-stacked RbZnBi and
CsZnBi, we performed the WCC calculations for six different
planes of kx = 0, kx = π/a, ky = 0, ky = π/b, kz = 0, and kz = π/c. As

Figure A3. MD simulations at 400 K for (a) P6̅m2-RbZnBi, (b) P6̅m2-CsZnBi, (c) P63/mmc-RbZnBi, and (d) P63/mmc-CsZnBi.

Figure A4.WCC evolutions in the AA-stacked (a−f) RbZnBi and (g−l) CsZnBi. A × ×3 1 1 supercell geometry was used for the calculations.
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shown in Figure A4, an odd number of crossings (with respect to
the horizontal reference line) are observed in the half BZ for kz =
0 and kz = π/c. For the other planes, even numbers of crossings
are noticed. This indicates that only these two planes are
topologically nontrivial. With the conventional 2 indices, one
can determine four independent three-dimensional topological
invariants (ν0; ν1ν2ν3) = (0; 001). RbZnBi andCsZnBi belong to
the class of TRS-protected two-dimensional TIs.

■ APPENDIX C

Mirror Chern Numbers of AB-Stacked RbZnBi and CsZnBi
For AB-stacked RbZnBi andCsZnBi, the 2 indices are found to
be zero for all six planes of kx = 0, kx = π/a, ky = 0, ky = π/b, kz = 0,
and kz = π/c. Paying attention to the nonsymmorphic glide
symmetry Mz, we calculated the mirror Chern numbers. Here,
we used Quantum ESPRESSO65 and Z2Pack codes.66 The

× ×3 1 1 supercell calculation was conducted with norm-
conserving Vanderbilt pseudopotential, 50 Ry energy cutoff, and
6 × 10 × 4 k mesh. Figure A5 shows the flow of WCCs (black)
on the kz = 0 plane and their sums (red) for the +i and −i
eigenstates. It is clear that for both cases, Chern numbers C±i are
nonzero. The mirror Chern number CM = (C+i − C−i)/2 = +2,
which establishes that RbZnBi and CsZnBi in this structure are
TCIs.
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