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A large-energy-gap oxide topological insulator
based on the superconductor BaBiO3

Binghai Yan1,2,3*, Martin Jansen1 and Claudia Felser1,3

Topological insulators are a new class of quantum materials
that are characterized by robust topological surface states
(TSSs) inside the bulk insulating gap1,2, which hold great po-
tential for applications in quantum information and spintronics
as well as thermoelectrics. One major obstacle is the relatively
small size of the bulk bandgap, which is typically around
0.3 eV for the known topological insulator materials (ref. 3
and references therein). Here we demonstrate through ab initio
calculations that a known superconductor BaBiO3 (BBO) with a
Tc of nearly 30 K (refs 4,5) emerges as a topological insulator
in the electron-doped region. BBO exhibits a large topological
energy gap of 0.7 eV, inside which a Dirac type of TSSs exists.
As the first oxide topological insulator, BBO is naturally sta-
ble against surface oxidization and degradation, distinct from
chalcogenide topological insulators6–8. An extra advantage of
BBO lies in its ability to serve as an interface between TSSs
and superconductors to realize Majorana fermions for future
applications in quantum computation9.

Mixed-valent perovskite oxides based on BBO (refs 4,5) are,
like cuprates, well-known superconductors. The parent compound
BBO crystallizes in a mononclinic lattice10 that is distorted from the
perovskite structure, and this distortion is attributed to the coexis-
tence of two valence states, Bi3+ (6s2) and Bi5+ (6s0), due to charge
disproportion of the formal Bi4+. Octahedral BiO6 breathes out and
in for Bi3+ and Bi5+, respectively10. Under hole-doping conditions,
such as in Ba1−xKxBiO3 (x∼ 0.4; ref. 5) and BaBi1−xPbxO3 (x∼ 0.3;
refs 4,11), the breathing distortion is suppressed, resulting in a sim-
ple perovskite lattice12 in which superconductivity emerges. Recent
ab initio calculations13 have assigned the higher Tc superconduc-
tivity to a correlation-enhanced electron–phonon coupling mech-
anism, stimulating the prediction and synthesis of new supercon-
ductor candidates among mixed-valent thallium perovskites14–16.
The existing superconductivity has meant that research has mainly
focused on hole-doped compounds, leaving electron-doped com-
pounds relatively unexplored. In addition, the spin–orbit coupling
(SOC) effect was not taken into account in previous theoretical
study (ref. 13 and references therein), because the electronic states in
the superconducting (hole-doped) region mainly result from Bi-6s
andO-2p orbitals whose SOC effect is usually negligible.

By including the SOC effect in density-functional theory (DFT)
calculations of the BBO band structure, we discovered a band inver-
sion between the first (Bi-6s state) and second (Bi-6p state) conduc-
tion bands, which is stable against lattice distortions. This inversion
indicates that BBO is a three-dimensional topological insulator with
a large indirect energy gap of 0.7 eVwhendoped by electrons instead
of holes. The band structure of ideal cubic BBO reveals that the con-
duction bands are modified markedly when SOC is included owing
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to the presence of the Bi-6p states, as illustrated in Fig. 1a. The first
conduction band crossing the Fermi energy (EF) has a considerable
Bi-6s contribution over the whole Brillouin zone, except at the R
momentum point where the Bi-6p contribution is dominant with
the Bi-6s lying above it. Although one can see an inversion between
Bi-6p and 6s states here, there is a zero energy gap at R without
SOC because of the degeneracy of the p states. In previous literature
that did not employ SOC, actually, this feature was already revealed.
When SOC is included, we found that the |p,j=3/2〉 and |p,j=1/2〉
states split, which results in the large indirect energy gap of 0.7 eV
in the vicinity of the R point. We point out that the band inversion
strength is as large as nearly 2 eV, which is the energy difference be-
tween Bi-6s and |p,j=1/2〉 states at theR point, as shown in Fig. 1b.
Unlike bulk HgTe (ref. 17), a well-known topological insulator, this
inversion occurs between the |s,j = 1/2〉 state and the |p,j = 1/2〉
state, rather than the |p,j=3/2〉 state. As the Bi atom is the inversion
centre of the perovskite lattice, the Bi-6s and Bi-6p states have + and
− parities, respectively. Thus, a topological insulator state can be
obtained if EF is shifted up into this energy gap. The parities of all the
valence bands below this gapwere also calculated at all time-reversal
invariant momenta, 0, X, M and R, which yielded Z2 topological
invariants (1;111), confirming the topological non-trivial feature
according to the parity criteria18. This is also consistent with a
previous study of a topological insulator phasewithZ2 (1;111) in the
perovskite lattice based on the model Hamiltonian19. At a doping
rate of one electron per formula unit, EF shifts inside the s–p inver-
sion gap, and all the Bi ions become Bi3+. Consequently, a cubic
phase appears when the BiO6 breathing distortion is suppressed,
similar to the hole-doping case12. When the lone-pair Bi-6s state is
fully occupied, we found that the new cubic lattice expands slightly
in comparison with the undoped lattice. Although the s band
becomes narrower in this case, the band inversion remains owing to
the large s–p inversion strength (see Supplementary Fig. S1).

To illustrate the TSSs, we calculated the surface band structure
using a slab model based on the Wannier functions extracted from
the electron-doped bulk band structures. As an example, we take
the surface to be oriented along the (001) direction on which the
bulk R point is projected onto the M̄ point (0.5,0.5,0) of the surface
Brillouin zone. The slab is 30 BBO units thick with the outermost
atomic layers being Ba–O. The TSSs, shown in Fig. 1c, exhibit a
simple Dirac-cone-like energy dispersion. The Dirac cone exhibits
square warping at higher energies due to the cubic symmetry of
the lattice. The Fermi surface below the Dirac point exhibits a
right-hand helical spin-texture on the top surface, similar to that of
Bi2Se3-type topological insulator materials20. The spin polarization
orients dominantly inside the surface plane with negligible out-
of-plane components. The Fermi velocity near the Dirac point is
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Figure 1 | Crystal structures and band structures of BBO. a, Ideal cubic perovskite lattice with the cubic Brillouin zone, and the band inversion process. The
Bi atom is represented by the purple ball, O atoms by red balls and Ba atoms by green balls. Without SOC the Bi-s and Bi-p states are already inverted,
resulting in two degenerate Bi-p bands at the R point. Subsequently, SOC splits this degeneracy and opens a large energy gap. b, Bulk band structure
of the cubic lattice. The dispersions are shown along high-symmetry lines 0(0 0 0)–X(0.5 0 0)–M(0.5 0.5 0)–R(0.5 0.5 0.5)–0, as labelled in the cubic
Brillouin zone at the top of a. The Fermi energy is shifted to zero. The red and green dots indicate the Bi-s and Bi-p states, respectively, and corresponding
parities are labelled. c, Surface band structure of an electron-doped BBO. The surface normal is along the (001) direction. Dispersions are along
0̄ (0 0)–M̄ (0.5 0.5)–X̄ (0.5 0) in the surface Brillouin zone. The red lines highlight the topological surface states inside the bulk bandgap. On the right of c
is the three-dimensional plot of the surface Dirac cone near the M̄ point with helical spin textures. d, Bulk band structure and lattice structure of the
monoclinic BiBaO3. The original R point of a cubic Brillouin zone in a is projected to the 0 point of the monoclinic Brillouin zone in d. Thus the band inversion
exists at the 0 point in the monoclinic band structure, where Bi-s and Bi-p states are indicated. The effect of SOC is included in band structures b–d.

estimated to be approximately 0.75×105 ms−1, and inside the large
bulk energy gap, the TSSs are well localized on the surface atomic
layers to about two BBO units or around 1 nm in thickness. On
the other hand, to obtain the minimal effective model of the band
topology, we derive a four-band Hamiltonian similar to that for
Bi2Se3(ref. 6) in the basis of |p; j = 1/2,mj = +1/2〉, |s; j = 1/2,
mj=+1/2〉,|p;j=1/2,mj=−1/2〉, and |s;j=1/2,mj=−1/2〉:

H (k)= ε0(k)I4×4+


M(k) Akz 0 Ak−
Akz −M(k) Ak− 0
0 Ak+ M(k) −Akz

Ak+ 0 −Akz −M(k)

 (1)

where k = k0 − kR (0.5, 0.5, 0.5) is centred at the R point, and
k± = kx ± iky , ε0(k)= C +Dk2 and M(k)=M −Bk2. The main
difference from that of the Bi2Se3 Hamiltonian is that equation (1)
is isotropic to k owing to the cubic symmetry. We obtain the
parameters of equation (1) by fitting the energy spectrum of the
effective Hamiltonian to that of the ab initio calculations for the
electron-doped cubic BBO using M = −0.625 eV, A = 2.5 eVÅ,
B=−9.0eVÅ2 andD= 1.5 eVÅ2. Subsequently, the Fermi velocity
of the TSSs is given by v=A/h̄'0.5×105 ms−1, which is consistent
with the ab initio calculations.

We can confirm that the topological insulator phase is stable
against lattice distortions. The monoclinic phase of BBO, as shown
in Fig. 1d, is related to the O-breathing and -tilting distortions. In
the monoclinic Brillouin zone, the original R point of a cubic lattice
is projected to the 0 point owing to band folding. One can see
that the s–p band inversion at this 0 point is still present and the
indirect gap is unchanged (0.7 eV) in the bulk band structure. In
addition, traditional ab initio DFT calculations may overestimate
the band inversion owing to the underestimation of the bandgap.
Therefore, we performed band structure calculations using the
hybrid functional method21, which is known to treat the dynamical
correlation effect well for BBO (ref. 22). Here, we further validated
the existence of band inversion for pristine cubic, electron-doped
cubic and monoclinic distorted structures. (Details are described in
the Supplementary Information.)

Experimentally, electron-doped BBO may be achieved in
BaBi(O0.67F0.33)3 by substituting F for O atoms. The O and F
atom have comparable atomic radii and electronegativities, which
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Figure 2 | Schematic of the interface between the topological insulator
and superconducting state in a double-gated thin-film device. The top and
bottom surfaces are the topological insulator and superconducting regions,
respectively. The position of the Fermi energy (dashed lines) shifts down
from the top to bottom surfaces in the band structure. In the middle region,
TSSs are interfaced with superconducting states and become
superconducting owing to the proximity effect.

can keep the octahedral BiO6 stable. For example, F substitution
for O was applied for the iron-based superconductor LaOFeAs
to realize electron doping23. It is also possible to employ a
state-of-the-art electrolyte gating technique to BBO to induce heavy
electron doping, which has been realized for several mixed-valent
compounds such as ZrNCl (ref. 24) and VO2 (ref. 25). In
particular, the electrolyte gating of VO2 leads to the creation of
oxygen vacancies, which induce a stable metallic phase even when
removing the electrolyte25. As for the VO2 case, we expect that
electrolyte gating can also reach large electron doping by generating
considerable oxygen vacancies, which were commonly observed
as electron donors for BBO in previous experiments26. On the
other hand, although the TSSs are unoccupied in pristine BBO
compounds, it may be possible to monitor these states directly
through monochromatic two-photon photoemission, as was re-
cently employed tomonitor the emptyTSSs of Bi chalcogenides27.

Thus far we can state that BBO becomes a superconductor
with hole doping and a potential topological insulator with
electron doping. If pn-junction-type devices are fabricated with
BBO, an interface between the TSSs and the superconductor
may be realized, which is necessary for the realization of the
Majorana fermion proposal9 for quantum computation. Here, we
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outline a double-gated thin-film configuration, as illustrated in
Fig. 2. If the bottom and top regions of the film are predoped
as p and n type, respectively, the double-gated structure may
feasibly induce a hole-rich bottom surface and an electron-rich
top surface, resulting in TSSs and superconductivity states on
the top and bottom surfaces, respectively. In the middle region
of the slab, the TSSs overlap with the bulk bands and penetrate
the bulk. These TSSs can then become superconducting as a
result of the proximity effect with the bottom superconducting
regime. Such a structure is likely to be attainable as high-quality
BBO thin films, which have been successfully grown on SrTiO3
(refs 28–30) and MgO (ref. 30) substrates. Moreover, the O-
tilting lattice distortion was recently found to be suppressed in a
BBO(001) thin film on MgO (ref. 30), which is very close to our
required cubic structure.

The band structure of BaBiO3 can act as a prototype for
designing new perovskite topological insulators. Sc, Y or La can
be substituted for Ba to obtain new compounds as analogues of
an electron-doped BBO. We found in calculations that a similar
band inversion exists in this case. However, these compounds are
semimetals (the Sc/Y/La-d orbitals are lower in energy than the
Bi-p states) and induce topological semimetals (see Supplementary
Information). In contrast, CsTlCl3-type halide perovskites, which
are predicted to be superconductor candidates14–16, have band
structures that are similar to BBO. However, we did not
observe s–p inversion for ATlX3 (A = Cs, Rb, X = F, Cl, Br,
I), because the SOC of Tl is not strong enough. When we
can substitute Sn or Pb for Tl, we find that heavier members
of this family, such as CsPbI3, are near the boundary of
a topological trivial–non-trivial phase transition. Compressive
pressure is necessary to drive these boundary materials into
the topological insulator region, which is consistent with recent
theoretical calculations of these halides31.

Methods
In band structure calculations, we employed ab initio DFT with the generalized
gradient approximation. We employed the Vienna ab initio simulation
package with a plane wave basis32. The core electrons were represented by
the projector-augmented-wave potential. For hybrid-functional calculations, we
adopted theHSE06 (ref. 21) type of functionals and interpolated the band structures
using Wannier functions33, where the DFT wavefunctions were projected to Bi-sp,
Ba-d and O-p orbitals. We adopted the lattice constants from their experimental
values for both the cubic34 (a=4.35Å) andmonoclinic structures10.
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