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The Enabling Electronic Motif for Topological Insulation  
in ABO3 Perovskites

Xiuwen Zhang,* Leonardo B. Abdalla, Qihang Liu,* and Alex Zunger*

Stable oxide topological insulators (TIs) have been sought for years, but none 
have been found; whereas heavier (selenides, tellurides) chalcogenides can 
be TIs. The basic contradiction between topological insulation and thermo
dynamic stability is pointed out, offering a narrow window of opportunity. The 
electronic motif is first identified and can achieve topological band inversion 
in ABO3 as a lone-pair, electron-rich B atom (e.g., Te, I, Bi) at the octahedral 
site. Then, twelve ABO3 compounds are designed in the assumed cubic 
perovskite structure, which satisfy this electronic motif and are indeed found 
by density function theory calculations to be TIs. Next, it is illustrated that 
poorly screened ionic oxides with large inversion energies undergo energy-
lowering atomic distortions that destabilize the cubic TI phase and remove 
band inversion. The coexistence windows of topological band inversion and 
structure stability can nevertheless be expanded under moderate pressures 
(15 and 35 GPa, respectively, for BaTeO3 and RbIO3). This study traces the 
principles needed to design stable oxide topological insulators at ambient 
pressures as a) a search for oxides with small inversion energies; b) design 
of large inversion-energy oxide TIs that can be stabilized by pressure; and 
c) a search for covalent oxides where TI-removing atomic displacements can 
be effectively screened out.
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such heavy-atom compounds tend to pose 
defective crystal structures (e.g., sponta-
neous vacancy formation causing metallic 
behavior) associated with the relatively low 
cohesion of the weak heavy-atom chemical 
bonds.[12–14] The recent quest of topological 
insulators in oxides[15–21] has been partially 
motivated by the hope that this will deliver 
defect-tolerant lattices, often characteristic 
of metal oxides,[22] while at the same time 
affording the integration of topological 
properties with rich oxide functionalities, 
such as transparent conductivity,[23] fer-
roelectricity,[24] ferromagnetism,[25] or 
superconductivity.[26] However, the elec-
tronic structures of common octet metal 
oxides, such as ABO3 perovskites or 
A2BO4 spinels, show that, while they 
may be stable and have wide energy band 
gaps

Te3
[5]), stable oxide TIs are yet unknown: 

Anecdotal examples abound of theoretically proposed wide-gap 
oxide TIs in assumed hypothetical crystal structures that turned 
out, however, to be significantly unstable when energy-low-
ering structural relaxations were explored in such hypothetical 
structures.[15–21,27–32]

We conjecture that the conditions needed for topological 
insulation (i.e., the properties carried by materials that are 
topological insulators)—depopulation of bonding valence band 
states and the occupation of antibonding conduction band 
states—may be contraindicated to thermodynamic stability, 
if carried out throughout a significant portion of the BZ. If 
left unscreened (as in strongly ionic systems), such destabi-
lizing forces may drive structural deformations that alter the 
crystal symmetry and could undo the band inversion, as illus-
trated below. Although metastable structures can certainly be 
made,[33–35] it would be desirable to predict compounds that are 
TIs in not-too-unstable structures, which can be synthesized 
without the fear of producing a topologically trivial but stabler 
structure, or decomposing after synthesis to a combination of 
phases that may not be TIs. In this work, we report the results 
of ab initio coevaluation of topological insulation and stability 
for a class of ABO3 oxide perovskites, elucidating the physical 

Perovskites

1. Introduction

Topological insulators (TIs) are materials having an inverted 
order of the occupied valence and unoccupied conduction bands 
at time-reversal invariant wave vectors in the Brillouin zone (BZ), 
and can be characterized by the non-trivial topological invar-
iant[1,2] Z2 = 1. Theory then assures that in lower-dimensional 
forms (2D surface or 1D edge) of the topological bulk system, 
there will be states that possess passivation-resistant, linearly 
dispersed, and mutually crossing (metallic) energy bands.[3] 
The required band inversion in the parent bulk system is gen-
erally achieved by introducing high atomic number (Z) cations 
and anions having strong spin–orbit coupling.[4–11] However, 
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origin of the hitherto mysterious difficulty to obtain simultane-
ously electronic band inversion and thermodynamic stability. 
We will refer to the electronic structure associated with the geo-
metrical motif shown in Figure 1 (which we will show, enables 
topological insulation) as the “topological gene.” We then iden-
tify the topological gene in oxide perovskites as being a lone-
pair electron-rich B atom (e.g., Te, I, Bi rather than Ti, Nb, Y, 
respectively) at the octahedral site in the cubic ABO3. Oxides 
tend to have larger predicted inversion energies (Δ
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There are also some 2D oxides that have been predicted 
theoretically to be TIs in hypothetical structures.[19–21] Exam-
ples include the assumed (111) bilayers of LaAuO3 and SrIrO3 
compounds, which, however, were shown to undergo TI to 
antiferromagnetic insulator transition.[20] Similarly, a single 
monolayer of ZrSiO, assumed to be exfoliated from its stable 
3D layered form, has recently been predicted to be a topological 
insulator.[21] However, given the large calculated binding energy 
>1 eV of the 2D ZrSiO monolayer to its bulk 3D lattice,[21] 
one would doubt if the isolated 2D layer could be stabilized. 
Another topological property (Dirac semimetal) was theoreti-
cally illustrated[29] in BiO2 in the assumed β-cristobalite (SiO2) 
structure (forcing a 4+ oxidation state on Bi); however, its stable 
experimental structure[30] (β-Sb2O4-type, C2/c, a charge ordered 
structure with stable oxidation states 3+ and 5+ of Bi) that 
has much lower total energy than β-cristobalite BiO2,[31,32] is a 
normal insulator.

3. Topological Gene and Stability Gene

To address the issue of possible conflict between band inver-
sion and stability, we introduce two constructs: We first identify 

an electronic motif within a group of ABO3 oxides that would 
generate band inversion—the “topological gene” of this group 
of compounds. As Figure 1c,d illustrates, the topological gene 
here is the octahedral BO6 motif with lone-pair B atom (gener-
ated, e.g., by replacing an electron-poor Ti atom in BaTiO3 by 
an electron-rich Te atom in BaTeO3 that has an additional d10s2 
shell). Second, we examine the stability of the crystal structure 
that hosts the topological gene, relative to the ground state 
structures that hosts the “stability gene” of this group of com-
pounds. The key challenge is to see if structures with the topo-
logical gene can also have the stability gene. Thus, coevaluation 
of the electronic structure and stability is required.[37]
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being the lowest-energy structures of specific ABO3 com-
pounds), relative to the lowest-energy phase. The A position 
in ABO3 with the S1 (prototype compound: CaTiO3) structure 
is the cube vertices (Ca sites in CaTiO3) and the B position is 
part of the BO6 octahedra (Ti sites in TiO6 of CaTiO3), simi-
larly for S2–S15 types. We considered the swapping of A and B 
elements on the ABO3 atomic site to create BAO3, and found 
that this lowers the energy for 33 structures in our calcula-
tions, which are marked by italics text in Figure 4, meaning 
that the lowest energy structure is BAO3. The lattice para
meters (as well as band gaps) of the relaxed crystal structures 

in Figure 4 are provided in Table S1 (Supporting Information). 
In addition to stability, Figure 4 also denotes if according to 
the calculated topological invariant Z2 the compound is a TI 
or a normal insulator. We find from such total energy mini-
mizations that the BO6 octahedral unit with the said electron 
rich B atom tends to distort toward a stabler, noncubic crystal 
structure[31,32] and that this distortion removes the topological 
insulation. Therefore, the stability gene and TI gene tend to 
contradict each other for the ABO3 compounds at ambient 
conditions: ABO3 oxides that are stable are not TIs and struc-
tures that are TIs are not stable.
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Figure 3.  Electronic structures in the cubic perovskite (Pm-3m) structure of KNbO3 with a) electron-poor BO6 or b) KIO3 with electron-rich 
BO6 octahedra (at zero pressure). BI denotes band inversion. The dotted lines with different colors denote the band projection onto different 
atomic orbitals.

Figure 4.  Presence of topological properties (indicated by red, with R1 denoting the single band inversion at R point in the BZ, similarly for Z1 and Γ1) 
versus absence (indicated by black, with NI denoting normal insulator) and relative DFT total energies (meV per atom, with zero indicating the ground 
state, shown in parentheses) of ABO3 compounds with different crystal structures S1–S15 (see Table 1) at zero pressure. The A and B positions are 
the cube vertices and part of the BO6 octahedra, respectively. We considered the swapping of A and B elements on the ABO3 atomic site, i.e., BAO3, 
and marked by italics text if the lowest energy structure is BAO3. All considered compounds except YBiO3, ScBiO3, GaBiO3, and AlBiO3 (note that in 
their lower-energy S1 structure, Bi is at the A site), are thermodynamically stable in their lowest-energy structure, as found by DFT calculations of the 
convex hull.[31,32] The initial S2 structure of BaBiO3 relaxes into the S1 structure, thus the total energy of S1 but not S2 structure is reported. For BaBiO3 
and SrBiO3, we calculate the band inversion after doping by one electron/formula unit (rigidly moving Fermi level up; denoted by “(+e)”). For other 
compounds, we calculate the band inversion at the band edges.
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6. Model DFT Calculation of the Evolution  
of the Electronic Structures with Decreasing 
Inversion Energy

To get a deeper understanding on the interplay between struc-
tural stability and band inversion, we perform constrained DFT 
calculations constructed for tuning band inversion to examine 
its effect on the total energy. The tuning of the inversion energy 
can be done by using an external potential that shifts upward 
the B atom p orbital energy, thus, according to Figure 1d, the 
inverted structure (p-below-s) can be tuned to be uninverted 
(s-below-p). This constraint can be implemented, for example, by 
adding an external potential term[45] Vp to the DFT Hamiltonian 
acting on the I-p orbital in RbIO3. We then monitor the total 
energy of the cubic perovskite structure (S1) relative to its stable 
R3m rhombohedral phase (S2 in Table 1) as a function of Δi. 
Figure 5a shows that as Δi decreases, the energy of the cubic S1 
phase (relative to S2) also decreases, indicating that band inver-
sion is contraindicated with the stability of crystal structure.

Figure 6 illustrates the evolution of band structures of cubic 
RbIO3 with inversion energies tuned by Vp, demonstrating that 
as the inversion energy decreases (Vp increases), the I-p states 
moves up relative to the I-s states and the p-below-s band inver-
sion is gradually removed. The method of adding to the Ham-
iltonian an external potential Vp to independently control the 
band inversion is a useful device for answering the question of 
whether the band inversion energetically drives the structural 
distortions, or whether other factors drive the structural distor-
tions and the band inversion is removed only as a side effect (it 
is the former). However, we remind the reader that this poten-
tial term does not represent an actual material. Figure 6c shows 
the band structure of cubic RbIO3



1701266  (7 of 10) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

demonstrate that the cubic perovskite (S1, see red squares in 
Figure 7a,b) tends to be stabilized by external pressure. At pres-
sure of 15 GPa (35 GPa), the S1 phase that contains the topo-
logical gene becomes the lowest-enthalpy structure for BaTeO3 
(RbIO3). We further check the effect of external pressure on 
the band inversions in cubic BaTeO3 and RbIO3, finding that 
the band inversion is not removed by external pressure (see 
Figure 7c,d), but on the contrary, increased by the pressure 
from 2.3 eV at 0 GPa to 3.4 eV at 35 GPa for BaTeO3, and from 
3.0 eV at 0 GPa to 3.8 eV at 35 GPa for RbIO3
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unstable than band-inverted oxides is because destabilizing band 
inversion drives structural distortions that often remove the topo-



1701266  (9 of 10) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1701266  (10 of 10) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2017, 1701266

[19]	 D. Xiao, W. Zhu, Y. Ran, N. Nagaosa, S. Okamoto, Nat. Commun. 
2011, 2, 596.

[20]	 S.  Okamoto, W.  Zhu, Y.  Nomura, R.  Arita, D.  Xiao, N.  Nagaosa, 
Phys. Rev. B 2014, 89, 195121.

[21]	 Q. Xu, Z. Song, S. Nie, H. Weng, Z. Fang, X. Dai, Phys. Rev. B 2015, 
92, 205310.

[22]	 J. L.G. Fierro, Metal Oxides: Chemistry and Applications, CRC Press, 
Boca Raton 2006.

[23]	 H.  Kawazoe, M.  Yasukawa, H.  Hyodo, M.  Kurita, H.  Yanagi, 
H. Hosono, Nature 1997, 389, 939.

[24]	 R. E. Cohen, Nature 1992, 358, 136.
[25]	 A. Goldman, Handbook of Modern Ferromagnetic Materials, Springer, 

Boston 1999.
[26]	 J. G. Bednorz, K. A. Müller, Z. Phys. B: Condens. Matter 1986, 64, 189.
[27]	 Inorganic Crystal Structure Database, Fachinformationszentrum, 

Karlsruhe, Germany 2006.
[28]	 L. M. Schoop, L. Müchler, C. Felser, R. J. Cava, Inorg. Chem. 2013, 

52, 5479.
[29]	 S. M.  Young, S.  Zaheer, J. C.Y.  Teo, C. L.  Kane, E. J.  Mele,  

A. M. Rappe, Phys. Rev. Lett. 2012, 108, 140405.
[30]	 N. Kumada, N. Kinomura, P. M. Woodward, A. W. Sleight, J. Solid 

State Chem. 1995, 116, 281.
[31]	 S.  Kirklin, J. E.  Saal, B.  Meredig, A.  Thompson, J. W.  Doak,  

M. Aykol, S. Rühl, C. Wolverton, J. Comput. Mater. 2015, 1, 15010.

[32]	 A.  Jain, S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, 
S.  Cholia, D.  Gunter, D.  Skinner, G.  Ceder, K. A.  Persson, APL 
Mater. 2013, 1, 011002.

[33]	 S. Terada, H. Tanaka, K. Kubota, J. Cryst. Growth 1989, 94, 567.
[34]	 L. G. Wang, A. Zunger, Phys. Rev. Lett. 2003, 90, 256401.
[35]	 D. M. Wood, A. Zunger, Phys. Rev. B 1989, 40, 4062.
[36]	 H. Raebiger, S. Lany, A. Zunger, Nature 2008, 453, 763.
[37]	 Q. Liu, X. Zhang, L. B. Abdalla, A. Zunger, Adv. Func. Mater. 2016, 

26, 3259.
[38]	 J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
[39]	 G. Kresse, J. Furthmüller, Comput. Mater. Sci. 1996, 6, 15.
[40]	 G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[41]	 R. Yu, X. L. Qi, A. Bernevig, Z. Fang, X. Dai, Phys. Rev. B 2011, 84, 

075119.
[42]	 L. Fu, C. L. Kane, Phys. Rev. B 2007, 76, 045302.
[43]	 J.  Heyd, G. E.  Scuseria, M.  Ernzerhof, J. Chem. Phys. 2003, 118, 

8207; J. Chem. Phys. 2006, 124, 219906.
[44]	 C. G. Darwin, Proc. R. Soc. A 1928, 118, 654.
[45]	 S. L.  Dudarev, G. A. 




