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A B S T R A C T

BaBiO3 is an oxide perovskite with a wide variety of interesting properties. It was expected that
the compound would behave like a metal. However, experiments revealed that BaBiO3 is not
metallic, which started an extensive debate about the mechanism responsible for this insulating
behavior. The two most important conjectures in this debate are charge disproportionation of
the Bi ion into 3+ and 5+ cations and bond hybridization of the Bi 6s and O 2p orbitals.
Both mechanisms induce a breathing mode of the oxygen octahedra, which is experimentally
observed in single crystals and thin films. Recently, ultra-thin BaBiO3 films were studied with
the aim of suppressing the breathing mode, which was expected to result in re-emergence of
metallicity. However, this expectation was not confirmed so far. Furthermore, theoretical cal-
culations predict that BaBiO3 becomes a topological insulator (TI) when doped with electrons.
Since high-temperature superconductivity was observed when doping the compound with holes,
an interface between a superconductor and a TI can be established within the same parent
compound. In this Review, we discuss the theoretical and experimental findings concerning
the mechanism responsible for the unexpected insulating behavior of BaBiO3 for both single
crystals and thin films. An overview is given of the current state of the art and the experimental
challenges of achieving an oxide topological insulating state in BaBiO3.

. Introduction

The perovskite BaBiO3 was studied extensively in the last five decades, and now it is receiving renewed attention. From a
imple, purely ionic picture of the unit cell formula, one would expect an oxidation state of 4+ for the bismuth atom. The half-
illed Bi 6s shell should give BaBiO3 a metallic character [1–3]. However, in experiments, a semiconducting or even an insulating
ehavior was observed [4–8]. In the search for the mechanism responsible for this insulating character of BaBiO3, researchers
ound that the compound becomes superconducting when doped with holes. This was achieved by substituting potassium [3,6,9–
1] or lead [7,8,12–16] into the A- or B-site of the perovskite, respectively. Meanwhile, various mechanisms were proposed for
xplaining the insulating character of BaBiO3. The two most important explanations are charge disproportionation of Bi3+ and Bi5+
ons [1,5,17,18] and bond hybridization of the Bi 6s and O 2p orbitals [7,13,14,19,20]. Both effects are accompanied by an oxygen
reathing mode. At present, it is still unclear which mechanism is more important.

When it became possible to fabricate thin BaBiO3 films, the compound was studied as a thin layer [21–27]. The film thickness
as used as an additional degree of freedom [28–30] to study possible suppression of the oxygen octahedra breathing mode in the
ltra-thin film limit. In ultra-thin films, the monoclinic distortion would also be suppressed, giving BaBiO3 a cubic crystal structure
or which a metallic behavior is expected. So far, however, very few transport measurements that indicate whether a material
ehaves like an insulator or a metal have been performed on single-crystalline BaBiO3 thin films [31], and there have been no
ollow-ups on the discussion of the mechanism responsible for the insulating character.
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Fig. 1. (a) Schematic of BaBiO3 in the cubic perovskite Pm-3m phase. The green, blue and red dots represent the barium, bismuth and oxygen atoms, respectively.
The drawing is not to scale. The gray-shaded area shows an oxygen octahedron. (b) Band structure for cubic BaBiO3, calculated by linear augmented plane wave
(LAPW) calculations. Reproduced with permission from Ref. [14]. (c) The upper panel shows the BaBiO3 undistorted oxygen octahedra in the cubic phase, the
lower panel schematically shows the presence of the oxygen breathing mode. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

When topological insulators (TIs) were experimentally observed [32–34], it became clear that the bulk conduction shunts the
topological surface states – which give rise to properties that are useful in applications – at room temperatures. Therefore, theorists
started to look into the oxide materials, since their band gaps are intrinsically large enough to avoid the thermal excitation of
bulk carriers. This property would make such materials suitable for room-temperature applications. Also, in BaBiO3, a topological
insulating state has been predicted [35]. However, the Dirac cone is positioned 2 eV above the Fermi energy according to the
theoretical calculations, and is therefore not accessible with standard gating methods [36]. Creative new approaches are needed to
observe experimentally the topological state in BaBiO3. The thin film studies mentioned above are important since BaBiO3 would
only be applicable as a TI under the same conditions as those under which gating is possible.

In this Review, we discuss the mechanism responsible for the insulating character in BaBiO3. In Section 2, we focus on the
experimental and theoretical work on BaBiO3 single crystals. We then summarize the research performed on BaBiO3 thin films and
their possible thickness-dependent insulator-to-metal transition in Section 3. In Section 4, we review the theoretical predictions
and the proposed conditions under which BaBiO3 can become a TI and discuss the challenges of verifying experimentally these
predictions. Here, the central question is how to access the topological insulating state. Conclusions can be found in Section 5.

2. Insulating character of BaBiO3

BaBiO3 has a perovskite structure with a lattice constant of 4.35 Å [1,14,15]. In Fig. 1(a), the schematic structure of BaBiO3 is
shown. The compound has an insulating character with an experimentally-observed optical energy gap of 2 eV [6,8]. However, the
simple ionic picture, as well as the theoretical models for a cubic structure, imply a metallic character for BaBiO3, since an energy
band crosses the Fermi energy [14], as is illustrated in Fig. 1(b). In the literature, various mechanisms for the gap formation and the
resulting insulating character of BaBiO3 have been proposed. In this section, the long-running debate concerning the gap formation
in BaBiO3 is reviewed for single crystals.

2.1. The first charge-ordered insulator?

A BaBiO3 single crystal was fabricated for the first time in 1963 [37]. Since the X-ray powder diagrams were similar for Ba2LaBiO6
and BaBiO3, the system was understood as Ba2Bi3+Bi5+O6. The BaBi4+O3 composition was not considered at the time since the 4+
oxidation state of bismuth was, and still is, not observed. In 1976, Cox and Sleight [1] performed a powder neutron diffraction
structural analysis of BaBiO3 to determine the oxygen positions in a room temperature environment. Their analysis produced
evidence for two different bond lengths between the bismuth and oxygen atoms. From this result, Cox and Sleight concluded that
BaBiO3 has a monoclinic symmetry with the molecule formula Ba2Bi3+Bi5+O6, making BaBiO3 the first charge-ordered perovskite
structure with ordered cations of the same element. Cox and Sleight performed additional measurements in later work [4]. With
electrical-resistivity measurements a semiconducting behavior was observed, and neutron reflection experiments over a temperature
range from 298 K to 723 K showed that the two different Bi–O distances remained unchanged. Both results appeared to confirm the
2
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presence of both Bi3+ and Bi5+ ions in the compound. Meanwhile, De Hair and Blasse claimed that the 4+ oxidation state of Bi does
exist and is present in BaBiO3 [38]. This was concluded by determining the absorption band maxima with infrared spectroscopy.

The crucial question whether the Bi ion in BaBiO3 is valence-skipping has implications for explaining the relatively high
critical temperature of the observed superconductivity in the doped compounds. In a lattice, the combination of on-site electronic
correlations and polarizability of the surrounding (both electronic and polaronic) can render the on-site Coulomb interaction (U)
attractive in nature [39]. It has been suggested that BaBiO3 is, perhaps, the first negative-U pairing-mediated superconductor [40].

Contrary to Cox and Sleight [1,4], the X-ray spectroscopy experiments performed in 1982 by Wertheim et al. [16] showed
that the lattice sites for the Bi ion in BaBiO3 are only marginally distinguishable. These authors claimed that the semiconducting
character of BaBiO3 results from the completely filled oxygen 2p band, since this band disappears when substituting Bi by Pb. Using
the linear augmented plane-wave (LAPW) method to calculate the band structure, Mattheiss and Hamann [13,14] predicted that a
gap is formed in the band structure of BaBiO3 by a Fermi surface instability induced by the 6s-2p anti-bonding state. According to
Mattheiss and Hamann, Cox and Sleight [1] misinterpreted the origin of the different bond lengths between bismuth and oxygen
as an ordered array of Bi3+ and Bi5+ cations. Based on earlier infrared and X-ray photoemission spectroscopy (XPS) measurements,
Mattheiss and Hamann proposed a breathing mode – where oxygen octahedra are alternately expanded and compressed – as the
cause of the two different bond lengths. In Fig. 1(c), the cubic perovskite structure, with all octahedra – indicated by the gray-
shaded areas – having the same size, is shown in the upper panel. The lower panel shows the structure in the presence of the
oxygen breathing mode, where to octahedra are alternatively expanded and compressed.

In 1985, Chaillout and Remeika [41] reported results, which are in agreement with the two aforementioned articles. In this
work, a neutron powder diffraction experiment was performed, which has indicated that the two different sites for bismuth are
both occupied with a valence of 4+. This can be a consequence of randomly distributed Bi3+ and Bi5+ ions as the samples studied
showed a low ordering of 3+ and 5+ cations.

2.2. Oxygen octahedra expanding and contracting

Also in 1985, Tajima et al. [7] reported the optical reflectivity spectra of BaBiO3 in a large energy range. It was shown that, in
the whole energy range considered, the reflectivity is relatively low, consistent with the absence of free electrons and, therefore,
confirming the semiconducting character of the material. From the reflectivity measurements, Tajima et al. concluded that the 6s
level of the bismuth atom is hybridized with the 2𝑝𝑧 level of the oxygen atoms. A gap near the Fermi energy is formed by the
oxygen breathing mode – a conclusion in agreement with Mattheiss and Hamann [13,14]. Tajima et al. [7], also in agreement with
Cox and Sleight [1], claimed that the breathing mode phonons cause an alternating array of two differently charged bismuth atoms.
Therefore, Tajima et al. concluded that a combination of the two mechanisms, the oxygen breathing mode and charge-ordering of
Bi3+ and Bi5+, can be associated with the semiconducting character of BaBiO3. Subsequently, the same research group [8] reported
direct evidence indicating that the breathing mode distortion is the main reason behind the gap formation. This evidence was
obtained by examining the Raman spectrum in the backscattering configuration, and the energy gap was found to be approximately
2 eV.

In 1987, Takegahara and Kasuya [15] applied augmented plane wave band calculations with the muffin-tin approximation on the
band structure of BaBiO3. These authors assumed an ideal perovskite structure with a lattice constant of 4.35 Å. Around each atom,

spherically-symmetric potential was chosen within a muffin-tin approximation volume, and outside of this volume the potential
as taken to be constant. From the calculated band structure, it was concluded that the charge ordering on the bismuth sites is
ot strong enough to explain the semiconducting character of BaBiO3. Takegahara and Kasuya suggested two new mechanisms for

the gap formation: spin density wave and the formation of a dense Kondo system. The experimentally observed gap of 2 eV can be
assigned to pairing of a hole in the oxygen 2p band and an electron in the bismuth 6s band.

Pei et al. [3] also carried out a neutron powder diffraction experiment, the results of which were published in 1990. It was
laimed that the insulating gap is formed by antiferromagnetism or charge density waves. The latter is caused by electrons that
rom a standing wave by the electrons, as explained by Grüner [42]. Pei et al. [3] noted that the neutron diffraction data of Cox
nd Sleight [1,4] also show the oxygen breathing mode. However, Cox and Sleight have not made this conclusion in Refs. [1,4].
ei et al. looked primarily at the crystal structure and found that the two main distortions in BaBiO3 are an octahedral tilt and an

oxygen octahedra breathing mode, and that the latter renders the alternating Bi sites inequivalent, thus causing BaBiO3 to become
emiconducting.

In 1994, Takegahara [43] published a follow-up on Ref. [15], where the same augmented plane wave model was used to calculate
he band structure. In this work, a large breathing mode distortion, which causes the whole oxygen environment to move towards
r away from the Bi3+ and Bi5+ sites, was included into consideration. As a result, a direct band gap of 0.9 eV was induced, but
he bands overlap elsewhere in the Brillouin zone. Therefore, no indirect band gap was shown in the density of states. Takegahara
uggested in Ref. [43] that the gap formation is due to a strong correlation effect of the bismuth 6s electrons, in addition to the
reathing mode distortion.

In 1995, Lobo and Gervais [5] obtained infrared and visible reflectivity spectra of BaBiO3. The disproportionation of Bi3+ and
Bi5+ was observed to be partly static and, therefore, responsible for opening up of the energy gap. The Bi–O bond distances
were observed to be shorter than what was expected from the radii of Bi3+ and Bi5+ ions. It was proposed that the dynamic
part of the bismuth disproportionation, and the related oxygen breathing mode, cause shorter bond lengths. However, in 2006,
Thonhauser and Rabe [44] showed by using density functional theory (DFT) calculations that the experimentally-observed peaks in
the infrared spectra are already present if we only add a breathing mode distortion to the simple cubic structure. That is, no charge
3

disproportionation is necessary to explain this spectrum theoretically.
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2.3. Modern theoretical calculations: from charge to bond disproportionation

In 2009, Franchini et al. [17] used ab initio calculations to show that BaBiO3 has an indirect band gap of 0.65 eV, with bismuth
being charge-disproportionated. The valence and conductions band were shown to be dominated by orbitals close to the Bi3+ and

i5+ atoms, respectively. One year later, Franchini et al. [18] published a follow-up paper where a breathing mode and the tilting
f the oxygen octahedra were added to the cubic perovskite structure. Still, charge disproportionation was considered to be present.
y including non-local exchange effects and hybrid functionals, which are not part of the standard DFT calculations, the complex
xperimentally-observed behavior was reproduced. It became clear that one should be careful with the standard DFT calculations
n the case of BaBiO3.

Korotin et al. [45] supported the claim that the standard DFT should be extended to incorporate distortions like an oxygen
reathing mode. In Ref. [45], the standard DFT was extended with the generalized gradient approximation and a Hubbard U
orrection for the charge-disproportionated BaBiO3 structure. A Wannier function was taken as a basis set instead of the atomic
rbitals, so that the strong hybridization between the Bi 6s and O 2p states – which form a half-filled band – was incorporated. The
ubbard U term corrects for the contribution of oxygen states to the aforementioned half-filled band. Korotin et al. [45] succeeded

n calculating the energy gap and the structural parameters that are in agreement with experimental data.
In 2015, Foyevtsova et al. [19] published a theoretical study of BaBiO3. In this reference, DFT calculations were performed

ithin the local density approximations. Similarly to Korotin et al. [45], Foyevtsova et al. predicted a strong hybridization and
eferred to this state as to a bond-disproportionated state. However, in contrast to Korotin et al., Foyevtsova et al. observed
hat the hybridization excludes charge disproportionation of Bi3+ and Bi5+ ions. The main difference between charge and bond

disproportionation is in how the lower part of the conduction band is formed. In the case of charge disproportionation, the wave
function is localized at the Bi 6s states whereas, for bond disproportionation, the wave function is mainly localized in the oxygen 2p
orbitals. The experimentally observed values for the breathing and tilting distortions were also studied. It was found that a tilting
distortion is needed to stabilize the breathing distortion — agreeing with Ref. [46], where it was argued that tilting of 10 degrees
is energetically most favorable.

In subsequent work, Balandeh et al. [47] presented a combination of experimental and theoretically work on BaBiO3 single
crystals. In particular, a monoclinic phase was observed at room temperature. The XPS analysis of the oxygen 1s peak confirmed
the presence of an oxygen 2p hole density in the ground state, as expected from the DFT calculations of Ref. [19]. This result supports
the conjecture of bond disproportionation state because the hole density in the O 2p state originates from the strong hybridization
between the Bi 6s and O 2p states.

In another theoretical work by the same group [20], Khazraie et al. further examined the bond disproportionation in BaBiO3 by
looking at the role of the created hole density. A hole pair, also referred to as a ligand hole, is positioned spatially on a contracted
O6 octahedra. All bismuth atoms are Bi3+ ions while the holes compensate for the ionic charge and keep the system electrically
neutral. Therefore, all charges in the Bi and O sublattices remain the same. A simple tight-binding (TB) model was derived to verify
the DFT predictions. It was shown that, by including a breathing mode and a tilt of the oxygen octahedra, a gap opening around
the Fermi energy and narrowing of the bands can be obtained. In Ref. [20], it was claimed that the breathing mode is responsible
for the semiconducting behavior. It was shown that a simple TB model is able to capture the influence of lattice distortions on the
electronic structure of BaBiO3. In subsequent experimental work [48], it was shown that monoclinic BaBiO3 single crystals consist
of two differently-oriented domains.

Dalpain et al. [49] also argued, based on DFT calculations, that all Bi ions have the same charge even though they are located
in different local environments. Going from a single local environment, where all X atoms in an AXO3 perovskite structure have the
same environment (as illustrated in Fig. 2(a)), to one where X atoms have different local environments (see Fig. 2(b)) can lower
the total energy of the system. This leads to double perovskites, A2XYO6, where X and Y have different local environments. It
was shown using DFT calculations that it is possible to predict the appearance of different local environments. The different local
environments surrounding the Bi atom in BaBiO3 lead to the bond disproportionation as described above [20]. A ligand hole is
formed to compensate for the large 5+ charge on the bismuth ion. In the case of BaBiO3, the oxygen is the ligand. The presence
of the bismuth atoms ensures a strong metal-to-ligand coupling, which, in turn, results in splitting of the ligand valence band into
occupied and unoccupied states, where the latter is the ligand hole (see the small octahedra in Fig. 2(b)). In the supplementary
information of Ref. [49], the exact angles used during the calculations are provided. For the A2XYO6 structure, a monoclinic angle
of 𝛽 = 125.72◦ was used. This is, however, not supported by experimental data: Cox and Sleight [1] and Bharath et al. [50] found
an angle of 𝛽 = 90.17◦ and Balandeh et al. [47] an angle of 𝛽 = 90.13◦ at T = 210 K in single crystals.

Recently, Bharath et al. [50] fabricated BaBiO3 single crystals via the solid state method. In diffraction experiments, a monoclinic
structure was observed. The core level spectra were studied with XPS, and it was concluded that only Bi3+ ions are present in the
material system. Bharath et al. supported their experimental results with an extended DFT calculation, concluding that the state of
the Bi ions hybridize with the O 2p states, leading to holes in the oxygen 2p state — as experimentally observed in Ref. [47] and in
accordance with the theoretically-proposed bond disproportionation [19,20,49]. According to Bharath et al. [50], a breathing mode
is present because of an unequal transfer of electrons from the O 2p state to the different bismuth sites.

Summarizing, BaBiO3 single crystals have been experimentally and theoretically studied for over half a century. While simple
DFT calculations predict metallic behavior, experiments clearly show an insulating state. When superconductivity was discovered in
K- and Pb-doped BaBiO3, it became important to understand the mechanism for opening up the energy gap in the parent compound.
The two different Bi–O bond lengths were first explained by a charge disproportionation state where Bi3+ and Bi5+ ions were
4

alternating. However, later on, this was no longer seen as the correct picture. Contracting and expanding oxygen octahedra also
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Fig. 2. (a) Schematic representation of BaBiO3 under the assumption that all octahedra have the same size. A metallic character is expected because the Bi 6s
orbital is half-filled. (b) The configuration wherein different local environments surround the Bi atom and a bond disproportionation is present. Because of the
metal-to-ligand coupling, the ligand valence band is split into occupied and unoccupied states. The small octahedra (left) push the ligand hole up in energy,
while the larger octahedra (right) push the occupied state down. If the difference is large enough, a band gap will open. The (empty) filled boxes represent
(un)occupied orbitals.
Source: Reproduced with permission from [49].

cause different Bi–O bond lengths, but do not necessarily change the oxidation state of the bismuth atom. Theoretical calculations
showed that hybridization of the Bi 6s and O 2p states plays an important role in the energy gap formation — also referred to as
bond disproportionation, wherein the two different Bi sites have different local environments. The insulating character of BaBiO3
single crystals is not explained by only one mechanism, but by a combination of an oxygen breathing mode and either a charge
or a bond disproportionation. Thin film studies, reviewed in the next section, can hopefully indicate which mechanism is more
important. Indeed, the oxygen breathing mode is expected to be suppressed in the ultra-thin film limit [28].

3. Thin films and their crystal structure

When deposition techniques were developed, BaBiO3 was also studied as a thin film. In 1989, Sato et al. [6] were the first to
look at BaBiO3 thin films with an average thickness of 300 nm, fabricated by sputter deposition. SrTiO3 (STO) substrates, oriented
along the [011] direction, were used. Optical conductivity, reflectivity and transmission measurements were carried out in order to
find the origin of the insulating state. A sharp absorption peak at 2 eV was observed, which indicates that BaBiO3 is an insulator.
This is in good agreement with the optical gap found by Tajima et al. [8]. Here a Bi3+ and Bi5+ charge ordering is caused by
the breathing mode distortion, which subsequently gives rise to charge density waves. As a result, an energy gap opens up at the
anti-bonding bismuth 6s and oxygen 2p orbitals – as suggested by Mattheiss and Hamann [14] – which form the conduction band.
Since the breathing mode is a periodic lattice distortion, which leads to formation of the band gap, BaBiO3 is classified as a Peierls
insulator [51].

In 1993, Makita et al. [52] used molecular beam epitaxy (MBE) to fabricate BaBiO3 thin films. They used STO substrates with two
orientations, (001) and (011). In X-ray diffraction (XRD) experiments, they found that BaBiO3 on STO(001) has a mixed orientation
of (001) and (011). With an additional XPS study, they observed an increase in the Ba intensity relative to the Bi intensity in the
initial growth stage. In a subsequent article [53], it was shown that a BaO buffer layer enhances the (001) orientation in BaBiO3
thin films.

Norton et al. [54] also used MBE to deposit thin BaBiO3 films, but single crystal MgO substrates were used instead. Contrary to
Makita et al. [52], a BaBi2O𝑦 composition was observed — with too much bismuth and too little oxygen present. A disordered BaO
layer is initially formed before the epitaxial growth of BaBi2O𝑦 [55]. In 1995, Iyori et al. [56] used the same fabrication technique
for BaBiO3 thin films. An oxygen radical beam source was adapted in the setup to create a good oxygen availability and oxidation
at low energy. Again, MgO(001) substrates were used. In this work, a single orientation was found, namely (110), in the BaBiO3
films. With XPS, both Bi3+ and Bi5+ valence states were observed.

3.1. Improved deposition techniques

Over time, deposition and in situ characterization techniques have improved, and therefore the quality of thin films improved
as well. In 2007, Gozar et al. [21] demonstrated a crystalline BaBiO3 thin film of single orientation with a thickness of 96 nm and
roughness below 4 Å. The film was grown on a STO substrate and deposited with atomic layer-by-layer MBE. Surprisingly, Gozar
et al. found that the film had a structure very close to that of a cubic perovskite at 300 K, inconsistent with the monoclinic structure
5
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Fig. 3. Conventional 2𝜃-𝜔 XRD scans of BaBiO3 thin films on various substrates, (a) Si(001) (adapted with permission from [23]); (b) MgO(001) (with permission
from [22]); and (c) STO(110) (with permission from [52]).

found in single crystals [1,3,4]. As discussed in Refs. [1,3,4,7,8], this lattice distortion is often claimed to be related to the insulating
character of BaBiO3. It was not reported by Gozar et al. [21] whether the thin film grown had a metallic character — as expected
for a cubic crystal structure [14].

In 2008, Inumaru et al. [22] deposited thin films of BaBiO3 on top of MgO(001) and STO(011) substrates by pulsed laser
deposition (PLD) and performed XRD measurements, which indicated that the BaBiO3 film follows the orientation of the substrate in
both cases. Furthermore, a cubic structure with lattice size twice that of a simple perovskite structure. The X-ray scans confirmed the
presence of a breathing distortion in the structure, contrary to Gozar et al. [21]. However, tilting of the octahedra was not observed.
The film still had an insulating character, which was confirmed with an electric transport measurement. Inumaru et al. [22] believes
the breathing distortion is the mechanism responsible for the gap formation in BaBiO3 and that it is closely related to the charge
disproportionation of the bismuth atoms.

The structure reported by Inumaru et al. [22] is similar to the cubic structure observed in the BaBiO3 single crystals above
750 K. The substrate temperature was 773 K during the deposition. A possible explanation for the observed double unit cell in the
BaBiO3 films could be that the structure was frozen in during the deposition, since the substrate temperature is higher than the bulk
transition temperature. However, when lowering the substrate temperature, polycrystalline films were obtained. The films studied
in this work were between 42 nm and 52 nm thick.

3.2. Hunting the insulator-to-metal transition

In 2015, Kim et al. [28] reasoned the other way around: if the breathing mode causes BaBiO3 to be insulating, one can control
it to study its influence on the electronic properties. Kim et al. proposed that the charge density wave, caused by the breathing
distortion, is only stable above a certain critical thickness, 𝑑𝑐 – implying that a thickness-dependent study should yield a phase
transition, which is what was indeed demonstrated. Films were fabricated using PLD with a thickness varying between 2 and 170
unit cells (u.c.) on STO(001) substrates. For BaBiO3 films with a thickness above 𝑑𝑐 , a tetragonal structure with a static breathing
mode distortion was observed, which is inconsistent with the monoclinic structure observed in bulk crystals [1,3,4]. In a 9 unit
cell-thick film, an increase in the c-axis parameter was observed by XRD reciprocal space maps so that 𝑎 = 𝑏 = 𝑐 = 4.377 Å –
indicating a cubic structure and thus the suppression of the breathing mode. Raman spectroscopy produced a result consistent with
the above finding. Namely, for all films with a thickness below 9 u.c., the Raman response of the BaBiO3 has vanished completely.
If the breathing mode is responsible for the insulating character of BaBiO3, the observed structural phase transition is expected to
be accompanied by an insulator-to-metal transition. However, no reliable transport measurements were performed yet.

In 2016, the first angle-resolved photoemission spectroscopy (ARPES) measurements for this compound were published by Plumb
et al. [26]. Their goal was to understand better the insulating phase and superconducting properties of BaBiO3 doped with potassium
or lead. BaBiO3 thin films fabricated in situ with a thickness of approximately 12 nm were studied. The films were grown by PLD on
STO(001) substrates with a conducting SrRuO3 buffer layer underneath, which prevented charging during the ARPES measurements.
Density functional theory calculations showed a good agreement with the experimental data. As charge ordering of Bi3+ and Bi5+
ions is often assumed to be responsible for the insulating character of BaBiO3 [1,5,18], Plumb et al. [26] also studied the Bi core
levels and observed solely Bi3+ ions. By looking at the character of the observed dispersion bands, Plumb et al. [26] found that the
highest occupied band is, mainly, oxygen 2p states while the Bi 6s states lie much deeper in the energy spectrum. This observation
is consistent with the theoretically-proposed bond disproportionation [19,20,49].

In the same year, Ferreyra et al. [23] were the first to grow BaBiO3 films on Si(100) substrates using PLD. The films were non-
epitaxial but highly textured along the (100) orientation, with the thicknesses between 32.5 nm and 480 nm. In XRD experiments,
a BaO(200) diffraction peak was observed besides the BaBiO3(200) peak. By means of a thickness-dependent study, these authors
demonstrated that the BaO layer is localized at the Si/BaBiO3 interface. The result of a single-oriented film with a naturally formed
buffer layer is in agreement with the studies performed by Makita et al. [52,53] and Norton et al. [55].

In the work published by Ferreyra et al. [23], the BaBiO3(200) diffraction peak appears around 28◦ in a standard XRD 2𝜃-𝜔 scan,
as presented in Fig. 3(a). However, in other work [21,22,25,53], the (200) diffraction peak (or (100), depending if the unit cell is
6
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Fig. 4. Schematics of perovskite BaBiO3. The red dots represent the oxygen atoms, the green and blue dots correspond to the barium and bismuth atoms,
respectively. The atom radii are depicted not to scale. (a) The yellow plane indicates how the [001] direction is normally depicted. The pink plane depicts the
[011] direction. (b) The structure rotated 45◦ with respect to (a). This orientation no longer has a specific termination. (c) The pink plane from (b) is now the
plane facing the reader and present how the structure is shown in [31]. Here, both Ba and Bi atom are present in the topmost layer. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

interpreted as a double or single perovskite, respectively) appears around 21◦, as shown in Fig. 3(b) [22]. In the multi-oriented
films of Makita et al. [52,53], the diffraction peak around 28◦ is linked to BaBiO3(110), see Fig. 3(c). Furthermore, the extracted
out-of-plane lattice constant of 6.18 Å [23] is similar to the bulk lattice constant of 6.1814 Å. However, this is not the out-of-plane
lattice constant of the bulk, but the in-plane constant [1,22] of the monoclinic structure. Therefore, Ferreyra et al. [23] interpreted
the orientation and the lattice constant of the film differently than what was done in other research.

3.3. The prediction of a two-dimensional electron gas

Ferreyra et al. [23] were motivated by the theoretical prediction (by Vildosola et al. [57], published in 2013) of the existence
of a two-dimensional electron gas (2DEG) at the surface of a Bi-terminated BaBiO3 thin film. According to the ab initio calculations,
the 2DEG is formed because of an incomplete oxygen environment of the surface octahedral of the Bi ions. In that case, the charge
disproportionation and the coupled breathing mode – which together are assumed to be responsible for the insulating character –
are disrupted. Therefore, a metallic character is expected at the surface, and the two outermost layers turn cubic. Already before
this prediction was made, Gozar et al. [21] verified that BaBiO3 thin films were BiO2 terminated.

Subsequently, Ferreyra and Vildosola together published a follow-up [31] of previous experimental [23] and theoretical [57]
work. In Ref. [31] it is shown that, by increasing the energy density of the laser during the PLD process, the BaBiO3 thin films are
no longer single-orientated. It became clear how Ferreyra et al. [23] interpreted the orientation of the film differently compared to
previous research [21,22,53], see Fig. 3. In Fig. 4(a) the perovskite BaBiO3 is depicted as it is typically presented in the literature.
The yellow plane shows the [001] direction and the pink plane corresponds to the [011] plane. In Fig. 4(b), the structure is rotated
by 45◦ with respect to (a). Rotating the pink plane, so that it is facing the reader, corresponds to the structure depicted in Fig. 4(c)
and to how the structure is depicted in Ref. [31]. In Ref. [31], the authors refer to this structure as to the (100) surface of BaBiO3,
where no particular Bi- or Ba-termination is present.

The calculations performed for the Bi-terminated surface of BaBiO3 in Ref. [57] were redone in Ref. [31] for the surface structure
depicted in Fig. 4(c), where both barium and bismuth atoms are present in the topmost layer. In a slab calculations, the five
outermost layers of the BaBiO3 thin film are considered. The three innermost layers show a semiconducting character with a charge
disproportionation of Bi3+ and Bi5+ – as in the bulk, according to [57]. The two outermost layers are also semiconducting, but all
Bi ions have a valence of 3+. As a consequence, the Bi–O bonds shorten and the band gap is reduced in width. These theoretical
calculations are supported by transport measurements. A single-oriented film with the surface structure as shown in Fig. 4(c) has a
lower resistance than a multi-oriented film. According to Ferreyra and Vildosola et al. [31], this is a direct proof for the reduced
band gap at the surface of the single-oriented film. However, no 2DEG exists at the surface of the (011)-oriented BaBiO3 thin film
on the Si(001) substrate.

In 2018, Oh et al. [27] also published ARPES measurements for this compound. The BaBiO3 films were fabricated in situ by
PLD and had the thickness of 30 u.c. (approximately 13 nm), which is comparable to the film width studied by Plumb et al. [26].
Instead of a conducting buffer layer, a conducting Nb-doped STO(001) substrate was used. Oh et al. [27] were also motivated by
the possible existence of a 2DEG at the surface of Bi-terminated BaBiO3 as theoretically predicted by [57]. By changing the emission
angle, a depth profile for the core level spectra was obtained, confirming the Bi-terminated surface, in agreement with the result
obtained by Gozar et al. [21]. If the 2DEG is present, metallic surface states can be expected. However, no hints of metallic surface
states were observed in the whole Brillouin zone.

The band dispersion spectra are in good agreement with the results obtained by Plumb et al. [26]. Surprising is the energy shift
in the spectrum. The highest occupied band, the Bi 6s-O 2p anti-bonding state, is situated at 0.5 eV or 1.9 eV below the Fermi
energy according to Plumb et al. [26] and Oh et al. [27], respectively. Apparently, the Fermi energy is situated at a different energy
level in the band gap. By evaporating potassium atoms onto the surface, Oh et al. [27] investigated which bands are originating
from the surface and which from the bulk material. A band, situated approximately 3.8 eV below the Fermi energy, was confirmed
7
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to be originating from the surface. This band also appears in the calculations by Vildosola et al. [57], giving another hint that the
metallic surface states should be present. However, as of this writing, there is still no proof found of metallic surface states.

In the comment [58], Vildosola et al. (who initially predicted 2DEG [57]) strongly disagreed with the conclusions drawn by Oh
t al. in Ref. [27]. The argument was that, in order for the 2DEG to appear, a high-quality, single Bi-terminated BaBiO3 surface is

required. Considering the large lattice mismatch between BaBiO3 and the substrate used of approximately 12% in terms of lattice
onstant, it is unlikely that the BaBiO3 film is single-terminated. Furthermore, Vildosola et al. argued that the angle-dependent
RPES data alone are not sufficient to claim single-terminated surface as Oh et al. did in Ref. [27].

.4. The use of buffer layers to overcome large lattice mismatches

Lee et al. [30] also studied BaBiO3 thin films, but focused on the difficulty of fabricating this material as a thin film and on the
arge lattice mismatch with the commercially-available substrates. To overcome the almost 12% lattice mismatch between STO(001)
ubstrates and BaBiO3, a double buffer layer was used. BaCeO3 functions as the main buffer layer, where BaZrO3 helps overcome
he large lattice mismatch between STO and BaCeO3. By means of the XRD analysis, it was shown that BaCeO3 and BaBiO3 have
he same in-plane lattice constant. The double buffer layer offers a template to strain-engineer BaBiO3 and other oxide perovskites
ith large lattice constants compared to commercially-available substrates.

In 2018, the same group published a sequel where they have studied the oxygen breathing distortion in fully strained epitaxial
aBiO3 thin films [59]. The same double-layer buffer template of BaCeO3 and BaZrO3 was used to achieve high-quality BaBiO3.
imilarly to Kim et al. [28], the Raman response of the BaBiO3 as a function of thickness was studied in order to detect a possible
nsulator-to-metal transition where a suppression was found for a thickness of 9 u.c. [28]. In Ref. [59], the BaBiO3 response was
ot suppressed until 6 u.c., implying a lower critical thickness when a double buffer layer is used.

Using PLD, Chouhan et al. [60] fabricated BaBiO3 films, which only became crystalline after a post-annealing step at 600◦C.
iffraction peaks indicated a multi-oriented structure. Furthermore, in XPS spectra, a peak splitting of 2 eV was found, implying the
resence of both Bi3+ and Bi5+ ions in the films. A direct and indirect band gap of 2.25 eV and 2.02 eV, respectively, were observed
n optical measurements. It has to be noted that the thickness of films in Ref. [60] (approximately 1 μm) was much larger than in
ther studies since Ref. [60] is focused on application of BaBiO3 in solar cells.

.5. Insulator-to-metal transition still not observed

In 2018, Zapf et al. [24] published a study focused on fabrication of high-quality BaBiO3 thin films on a SrTiO3 substrate by
LD, in spite of the aforementioned lattice mismatch of 12%. Mainly from a transmission electron microscopy (TEM) study, it
as concluded that there is a structural rearrangement at the interface. Over a thickness of 1.7 nm, no clear crystal structure was
bserved. Starting from this width, BaBiO3 grows in an unstrained manner. Two domains were observed in the TEM images separated
y an anti-phase boundary (APB) – defined by a shift of half a unit cell, which is one of the reasons according to [58] why it is
nlikely that the BaBiO3 films of Oh et al. [27] are single-terminated.

One year later, Bouwmeester et al. [25] demonstrated the same type of anti-phase boundaries in high-quality BaBiO3 thin films
imilar to those investigated by Zapf et al. [24], and also observed a transition layer at the interface with the STO substrate. By
eans of high-resolution scanning TEM study, it was found that a dislocation at every ninth unit cell (counting in one direction)

ccommodates for the 12% lattice mismatch between BaBiO3 and the STO(001) substrate. In Fig. 5(a), the positions of the
islocations are indicated by vertical dotted lines. At the interface, two AO layers – where A indicates an intermixing of Sr and
a atoms – form a rocksalt structure where the bottom layer is fully strained by the substrate and the top layer decouples the film
rom the substrate. The rocksalt layer is schematically shown in Fig. 5(c) where the purple dots represent the A-sites of the rocksalt
ayer. With a geometric phase analysis, it is shown that all the strain is, locally, resolved at the dislocation in the top AO layer
indicated by ‘‘T’’).

Once the growth mechanism was understood better, Zapf et al. [29], in a subsequent study, focused on the physical properties
f the BaBiO3 films. This research was motivated by the observation of Kim et al. [28] that the Raman response of BaBiO3 thin
ilms vanishes below 9 u.c. and this phenomenon is, possibly, related to an insulator-to-metal transition. A set of BaBiO3 thin films
ere prepared with the thicknesses varying between 1 u.c. and 40 u.c. Repeating the Raman response experiments of [28,59], Zapf
t al. [29] observed that the BaBiO3 phonon excitation peak vanishes gradually below 7 u.c – in a good agreement with the critical
hickness of 6 u.c. [59]. However, in Ref. [29] it is claimed that the Raman response vanishes because of the transition layer at
he interface [24,25]. When studying the valence band with XPS for ultra-thin samples, no Fermi step, which could indicating a
semi)metallic character, was observed. Therefore, Zapf et al. [29] concluded that no insulator-to-metal transition occurs in this
aterial system.

The electronic properties of BaBiO3 were studied in in situ scanning tunneling spectroscopy experiments [62]. A modification
f the band gap size was found as a function of the BaBiO3 film thickness. For films with a thickness of 16 u.c., a band gap of
.2 eV was determined. When the thickness was decreased to 3 u.c., the band gap has reduced to ∼0.07 eV. The dependence of the
and gap width on the film thickness was found to be similar that of the Raman response intensity. Again, no metallic states were
bserved.

In a recent work, Talha et al. [63] studied BaBiO3 films fabricated using PLD on three different substrates: MgO(100), STO(001)
nd STO(011). They assumed that a charge disproportionation of Bi3+ and Bi5+ ions is present and that it is accompanied by a
8
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Fig. 5. BaBiO3/SrTiO3 interface. (a) High-angle annular dark-field (HAADF) STEM image along the [110] zone axis. The dotted lines indicate the position of the
dislocation, which accommodates the lattice mismatch between BaBiO3 and SrTiO3. The dotted ellipse surrounds the position where the A-sites of the rocksalt
interfacial layer are aligned (adapted with permission from [25]). (b) An HAADF STEM image along the [110] zone axis. The dotted lines indicate the position
of the anti-phase boundary (APB). The dislocations at the interface are marked by a ‘‘T’’ (adapted with permission from [61]). (c) A schematic view of the
interface. The green, yellow, blue, dark green and red dots represent the strontium, titanium, barium, bismuth and oxygen atoms, respectively. The rocksalt layer
at the interface is represented by purple dots. The dotted line and the letter ‘‘T’’ indicate the dislocation position. The dotted ellipse shows where the A-sites of
the rocksalt layer are aligned. The dots are shown not to scale. (Adapted with permission from [25]). (d) Annular bright-field (ABF) STEM image. The purple
arrow points to the bottom of the interface. The colors of the dots correspond to the same elements as in (c). By resolving the oxygen atoms, a fluorite structure
is observed. (Adapted with permission from [61]). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

the BaBiO3 grown on MgO(100) is strained. These authors were the first to publish transport measurements and reported a sheet
resistance in the order of magnitude of M𝛺 with a 2-probe method at room temperature. The measurement was performed on a
100-nm-thick BaBiO3 film, fabricated using a STO(011) substrate [64].

In 2020, Jin et al. [61] took a closer look at the interface. Similarly to Bouwmeester et al. [25], a misfit dislocation was observed
at every ninth plane at the interface and anti-phase boundaries were present. In Fig. 5(b), the positions of the dislocations are
indicated by a white letter ‘‘T’’ and the anti-phase boundaries by the dotted lines. However, whereas Bouwmeester et al. have
concluded a rocksalt structure formed at the interface, Jin et al. determined the structure in a more detailed manner by also
resolving the oxygen atoms in an annular bright-field TEM and concluded that a fluorite structure is present in the transition layer,
see Fig. 5(d). The thickness variations in the transition layer are the origin of the anti-phase boundaries.

We can summarize this section as follows. When fabrication of high-quality thin films became possible, the interest in BaBiO3
was revived. While some researchers were still interested in finding the origin of the insulating state, others started to focus on the
growth mechanisms and improving the quality of thin films. Some conflicting results regarding the presence on the breathing mode
were published [21,22]. Despite the proposal to use the thickness as a new degree of freedom to eventually suppress the breathing
mode [28], no metallic state in BaBiO3 has been reported so far. Furthermore, it became apparent that inclusion of an initial BaO
layer improves the quality of the BaBiO3 thin films [23,31,52,53,55] as it functions as a natural buffer layer. Artificial buffer layers
were also used to improve the quality of the BaBiO3 [30]. Furthermore, the BaBiO3/SrTiO3 interface was studied intensively, where,
first, a Ba/Sr-rich rocksalt layer was observed [25], later in time a fluorite structure was seen in a more extended TEM study [61].
The theoretical prediction of a 2DEG at the Bi-terminated surface [57] also gave the field an additional motivation. However,
no 2DEG has been observed despite the observation of Bi-terminated surfaces [21,27]. The research performed in thin films still
did not succeed in excluding the mechanism responsible for the insulating behavior of BaBiO . However, the steps taken towards
9
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Fig. 6. (a) Calculated band structures for cubic crystal phase and (b) for the monoclinic structure, reproduced with permission from [35] (where the band
inversion is still present), (c) for monoclinic structure of electron-doped BaBiO3 (band inversion is still present) and (d) the same structure and system as in (c),
but now after relaxation of the system — the band inversion is lost, reproduced with permission from [70].

improvement of the film quality are very important for possible applications. Topological insulators, the topic of the next section,
are only useful as thin films for future applications.

4. BaBiO3 as topological insulator

In the last decade, the material class of topological insulators (TIs) received a lot of attention. Their nontrivial band structure
forms a gapless surface state when physically connected to a trivial insulator [65]. After the experimental verification of two- and
three-dimensional topological insulators [32–34], a search started for topological insulators with bulk band gaps that are large
enough to avoid thermal excitation of bulk carriers and therefore enable the application of TIs at room temperatures.

This is where the oxide materials came to the fore, as their bulk band gap are intrinsically large enough to exceed thermal
excitation levels. Already in 2011, Rüegg et al. [66] investigated heterostructures of transition-metal oxides, where a (111)-oriented
bilayer is sandwiched between a band insulator. Even though the interplay of orbitals is studied on a general level, a (111)-oriented
bilayer of the perovskite LaNiO3 sandwiched between LaAlO3 was mentioned as a practical example. Using a TB model, it was
shown that topological phases appear by spontaneous ordering of the complex orbitals and local interactions.

Xiao et al. [67] studied the same transition-metal oxide systems with various materials. They found that LaOsO3, LaAgO3 and
LaAuO3 sandwiched between LaAlO3 and SrIrO3 sandwiched between SrTiO3 are topological insulators. In 2018, Kim et al. [68]
applied the same three-layer geometry, but chose BaBiO3 as the (111)-oriented bilayer. A Bi4+ was considered, which could be the
case in ultra-thin layers [28]. By choosing various perovskites to sandwich the BaBiO3 bilayer and also using different bottom and
top sandwiching layers, the band gap can be tuned. The largest bulk band gap is found in a symmetric structure, when BaBiO3
is sandwiched symmetrically between BaTiO3. However, when charge disproportionation of the Bi ion is assumed [1,5,17,18], the
topological phase is no longer stable. The possibility of bond disproportionation [20], where all Bi ions are Bi3+, has not been
considered so far.

4.1. The largest topological gap known

In 2013, Yan et al. [35] predicted theoretically that BaBiO3 is a topological insulator when doped with electrons. They claimed
that BaBiO3 has a distorted perovskite structure as a consequence of the two valence states of bismuth, referring to the results
published by Cox and Sleight [1]. When considering doping with electrons, spin–orbit coupling (SOC) effects are much more
pronounced. Yan et al. [35] performed DFT calculations for an ideal cubic structure and included the SOC strength, a band inversion
between the 6s state and the 6p state of bismuth was discovered. The indirect bulk band gap was found to be 0.7 eV, as is shown in
Fig. 6(a). This makes BaBiO3 a topologically insulating material with the largest bulk band gap known so far, which is also stable
against the oxidation effects [69]. This is a very promising result. When calculating the band structure for a monoclinic crystal
phase (see Fig. 6(b)), the band inversion is still present with an unchanged band gap size [35], implying that the observed topology
is stable against lattice distortions.

An interesting finding is that, without including SOC into consideration in theoretical calculations, the Bi s- and p-states are
already inverted [35]. Consequently, accounting for SOC results in prediction of a nonzero energy gap. The same is observed in the
TB models of Pi et al. [71], where oxides with a rocksalt lattice were studied. This is in contrast to the conventional topological
insulators [33,34,72,73], where the SOC is responsible for the band inversion. Unfortunately, a topological insulating state in pure
BaBiO3 can be experimentally observed only if the Fermi energy is increased by 2 eV, as can be seen in Figs. 6(a) and (b). This is
equivalent to a doping concentration of one electron per unit cell, approximately 1022 electrons/cm3 [70,74]. To observe the Dirac
cone, a monolayer of BaBiO3 already requires a carrier density of 4.3⋅1014 cm−2, which is close to the maximum carrier densities
reached by dielectric gating and ionic liquid gating, respectively, ∼ 1013 cm−2 [75] and ∼ 4⋅1014 cm−2 [76].
10
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4.2. A second band inversion

Inspired by the previously-discussed work of Yan et al. [35] and the discovery of the high-temperature superconducting phases in
a1−𝑥K𝑥BiO3 [3,6,9–11] and BaPb1−𝑥Bi𝑥O3 [7,8,12–16], where the system is effectively doped with holes, Li et al. [69] investigated
hether the topological phases are also present when the level of hole-dopants is increased. By calculating theoretically the band

tructure of the cubic perovskite KBiO3, the same band inversion as for BaBiO3 was observed: the Bi s- and p-orbitals interchange.
In this case, the band inversion is 4 eV above the Fermi energy. An additional band inversion is found almost 6 eV below the Fermi
energy. An ideal technique to detect these states is ARPES, since it probes the occupied states. The topological nature of BaBiO3 is
also robust against Pb-doping. When studying the cubic BaPbO3, the band inversions are still present — both above and below the
Fermi energy. However, when adding electron doping to the system to reach the Dirac cone, BaPbO3 will behave like a topological
metal.

In a DFT study by Khamari et al. [77], various Bi-based perovskites were studied. The previously-found two band inversions [69]
appear to be a characteristic feature for this class of TIs, formed by bonding and anti-bonding states for the valence and conduction
band, respectively. As for KBiO3 and BaPbO3 [69], the two band inversions are also present in BaBiO3 [77]. The band inversion in
the valence band is due to a SOC strength of the Bi p states, but the inversion in the conduction band is caused by hybridization —
the lower and upper bands exchange their s- and p-character, even when no SOC strength is present. By solving the TB model for
cubic BaBiO3 without SOC but including second-neighbor Bi–Bi interactions, the band inversion is present in the conduction band.
The SOC only serves to further separate the bands – in a good agreement with [35,71].

When slab calculations for a 15 u.c.-thick BaBiO3 slab were performed [77], no surface states were observed without including
SOC in the model. This result implies that band inversion by second-neighbor interactions does not play an important role in
formation of the surface states. This is so because the top and bottom surface states can couple and make the surface states vanish.
When SOC is included into consideration, linear dispersive bands are exist at both inversion points, in the valence and in the
conduction band, at approximately -6.5 eV and +1.7 eV, respectively, relative to the Fermi energy. These linear dispersive bands
can be classified as surface states since their orbital weights are only significant in the four layers closest to the surface of the slab.
The Dirac point in the valence band is isolated from other bands, while the one in the conduction band is surrounded by other
bands — making it difficult to observe in transport experiments. In the appendix of Khamari et al. [77], the breathing distortion is
also included in the calculations. In the slab calculations, with SOC, the two band inversions are still present.

By using a TB model, the influence of the enlargement of the unit cell on the topology was studied in a subsequent article [78].
Whereas, for other compounds, high pressure is required for the appearance of these surface states, in BaBiO3 the ambient conditions
are sufficient. When the structure is expanded, the topological band gap is reduced in width. When the structure is further enlarged,
the band gap vanishes, the band inversion is lost, and a trivial band gap opens up. Only cubic crystal structures were considered in
this work.

4.3. Stability analysis

In 2017, Zhang et al. [70] extended the theoretical calculations of the band structure of BaBiO3. Similarly to Yan et al. [35] and
Khamari et al. [77], the monoclinic structure was considered — which is also observed experimentally [1,3,4,47,48]. At first, the
BaBiO3 system appears to also be a topological insulator with, again, a band inversion 2 eV above the Fermi energy. With doping at
the level of one electron per unit cell, the Fermi energy is shifted up to the energy gap as is illustrated in Fig. 6(c). However, when
the solution is iterated to self-consistency, the band inversion vanishes as shown in Figure (d), implying the previously-discussed
solution (in Ref. [35]) was not converged. Since the monoclinic phase is more stable than the cubic structure and is comparable to
the self-consistently found solution, the previously predicted topological phase in both the cubic and monoclinic compound [35] is
expected to vanish when the structure relaxes into the monoclinic structure.

Zhang et al. [70] even come up with a general rule for ABO3 perovskites: ‘‘ABO3 oxides that are stable are not TIs and structures
that are TIs are not stable’’. In his comment in Nature [79], Zunger emphasizes the importance of stability analysis, such as calculating
the total energy of the system. Furthermore, in the case of BaBiO3, where the Fermi energy needs to be increased by 2 eV to
access the inverted bands, the extra electrons will occupy the anti-bonding states. This massive occupation will destabilize the
structure and make experimental realization impossible [74]. Many theoretically-predicted TIs are not experimentally-realizable, or
are investigated theoretically for unstable crystal structures.

4.4. Chemical doping to shift the Fermi energy

In 2019, Khamari et al. [36] investigated chemical doping as an alternative approach to reach the Dirac cone in BaBiO3 by
substituting fluorine for oxygen. Earlier experimental studies showed that fluorine substitutions in perovskites are possible [80,81].
By replacing one third of the oxygen atoms by fluorine, an effective doping of one electron per unit cell can be realized. The cubic
compound BaBiO2F was studied via DFT calculations, and the lattice constant of 4.60 Å was assumed. When SOC strength was
included, the calculations confirm that the Fermi energy lies inside the band gap — so that it is effectively shifted up by 2 eV.
Since the p-state of fluorine dominates the valence band of BaBiO2F, the band inversion in the valence band is no longer present.
Phonon dispersion curves were calculated for stability analysis. At the temperatures higher than 500 K, no negative frequencies
were observed, implying that the structure is stable above this temperature. For monoclinic BaBiO2F, the band inversion was shown
11
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In response, Malyi et al. [74] stated that it is not possible to replace one third of the oxygen atoms by fluorine. By DFT calculations

hey found that cubic BaBiO2F is highly unstable and decomposes into Bi2O3, BaF2 and Ba2Bi2O5. Furthermore, doping leads to
occupations of previously unoccupied anti-bonding states. As a consequence, bonds re-arrange and a new band structure is formed.
For the case of monoclinic BaBiO3 with electron doping, the band structure is one of a regular insulator.

Another theoretical proposal was made by Pi et al. [71], namely, to dope BaBiO3 via the B-site. By replacing half of bismuth
atoms with either bromine (Br) or iodine (I), the system can be doped with two more electrons per unit formula Ba2Bi(Br,I)O6 as
compared to pure BaBiO3, where all Bi ions are assumed to have the 3+ valency. It was shown that, for this compound, the band
inversion persists and that the Dirac cone is directly accessible in the gap, even though half the bismuth has been replaced. Both
systems show a band touching at the 𝛤 -point without account of SOC. However, when SOC is included, a gap opens up. Topological
properties are only expected with Ba-terminated surfaces, with a gap of 0.55 eV in Ba2BiIO6. The question still remains whether
this proposed structure is stable, since no stability analysis was performed.

In addition to Br and I, other dopants with the 5+ valence are known in the literature. In 2018, Ge et al. [82] fabricated
BaBiO3 films doped with Nb5+ ions. However, these films are nanoporous, since these are designed to be applicable in the field
of photoelectrochemical water splitting processes — where a semiconductor is used to split water into hydrogen and oxygen using
sunlight. Nevertheless, the 4d-orbitals of the Nb ion contribute to the conduction band minimum and, therefore, also effectively dope
the pure BaBiO3 compound with electrons. Via chemical solution methods, Ba2Bi(Bi1−𝑥Nb𝑥)O6 nanoporous films where fabricated
with 0 ≤ x ≤ 0.93. Optical transmission spectra showed an increase of the band gap width upon stronger doping. Raman response
experiments confirmed the oxygen breathing mode for the pure compound, as observed in Ref. [28,29]. Whether a band inversion
is still present in this system was not determined since this is irrelevant for the intended application.

An experimental investigation of an electron-doped BaBiO3 was published recently [83]. By replacing the Ba ions by La ions,
an effective doping of one electron per unit cell was established. Since La substitutes more easily for Bi than for Ba, a multi-step
fabrication process was designed. After a buffer layer of BaBiO3, a Ba-deficit monolayer was deposited, followed by a La2O3 layer. At
last, a BaBiO3 monolayer was deposited. These three layers were repeated multiple times with the goal to create, after an annealing
step, the material system Ba2−𝑥La𝑥Bi2O6. Using a TEM study and energy-dispersive spectroscopy (EDS), it was established that
La-doped BaBiO3 was indeed the fabricated system, where the La ions went into the A-site positions of the perovskite structure.
However, the electron doping level required to access the topological insulating phase was not reached in this heterostructure.

4.5. Shifting the Dirac cone by interfacial potentials

Another option to move the Fermi energy is by using the symmetry-breaking electric fields that can appear at the interfaces.
Men’shov et al. [84] analytically studied a structure of five quintuple layers of Bi2Se3 on a ZnSe substrate. The alternating cation
and anion planes in the substrate give rise to an electric field in Bi2Se3, inducing a potential well. When comparing the surface
states at the substrate and vacuum interfaces, the Dirac point of the former is situated 70 meV lower in energy than the Dirac point
from the vacuum states.

A much larger splitting effect is observed for three quintuple layers of Bi2Se3 on an AlN(0001) substrate [85]. Here the Dirac point
of the substrate surface states lies 0.6 eV below that of the vacuum surface states. The splitting is so large in this case because of a
charge transfer that builds up an internal electric field, indicating that a strong polar substrate can shift the Dirac cone substantially.
Berntsen et al. [86] provided experimental ARPES results confirming the energy splitting between the substrate and vacuum surface
states. Here, six and fifteen quintuple layers of Bi2Se3 on a n-type Si(111) substrate were studied. At the surface of the six quintuple
layer sample, a splitting of 0.270 eV was observed, while no splitting was observed for the fifteen quintuple layer one. This is
because no finite coupling exists between the substrate and vacuum surface states [87].

For BaBiO3, one would look for a polar substrate with a matching lattice constant. Unfortunately, the lattice constant of BaBiO3
(a = 4.35 Å [1,14,15]) does not match many commercially-available substrates, let alone polar substrates. A buffer layer could
also have the same effect, but the previously used BaCeO3 and BaZrO3 [30] are not polar. However, the goal here is not the shift
the Dirac cone to the Fermi energy, but to push it below the conduction band. If successful, the surface states can be accessed by
electrostatic gating experiments — with the remark that BaBiO3 needs to be thin enough so that it is possible to apply gating in a
manner that the surface states are still coupled.

Therefore, when the demand for topological insulators with a larger band gap became stronger, theoreticians started to look
into BaBiO3 as a possible candidate. Even though the experimental realization remains unsuccessful, many suggestions for how
to overcome the apparent challenges have been published. One possible solution is to change the symmetry of the system. In a
(111)-oriented bilayer of BaBiO3 sandwiched between BaTiO3 layers [68], topology is expected when a charge disproportionation
is assumed. When calculating the band structure for a monoclinic structure, two band inversions are present, below and above the
Fermi energy caused by SOC and hybridization, respectively. However, there appear to be two problems. First, when the structure
is relaxed, the band inversion in the conduction band vanishes. Second, the Dirac cone lies 2 eV above the Fermi energy, which is
impossible to reach by traditional gating methods. Electron doping could overcome this problem, which could effectively done by
chemical doping, but, again, the stability is then an issue. Challenging proposals like interfacial engineering could also be considered
as possibility to reach the Fermi energy.

One possible route to experimentally reach the Dirac cone in BaBiO3 could be by combining several of the proposals discussed
above. For example, the combination of chemical doping and ionic liquid gating can be successful. As deposition techniques keep
improving, and therefore the level of control at the atomic scale is increasing, alternative superlattice structures (as Talha et al. [83]
12
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Table 1
The overview given in this review is summarized, corresponding references are stated.

Mechanism responsible for insulating behavior in BaBiO3

Charge disproportionation Bond disproportionation Oxygen breathing mode Combination of mechanisms

Experimental [1,4,5] [26,47,50] [3,6,8,22,42] [7]
Theoretical [17] [13,14,19,20,45,49] – [15,43,57]

Bismuth valence stages

Bi3+ and Bi5+ Bi4+ Solely Bi3+

Experimental [1,4–6,41,54,56,60] [48] [26,50]
Theoretical [17,18,43,45,57] [68] [20,49]

Route towards topological insulating phase in BaBiO3 (theoretical)

Intrinsic (111)-oriented bilayer Large hole doping levels

Electron doping [35]

[68] [69]Chemical doping [36,71]
Superlattice [83]
Polar substrates –

layers has not yet been theoretically considered in combination with the bond disproportionated mechanism. Additional theoretical
calculations could provide more insight into whether the future experimental realizations of these bilayers are promising routes
towards oxide topological insulators.

Returning to BaBiO3 thin films, the characterization of high-quality material via transport measurements is still lacking.
egradation effects that occur under atmospheric conditions [48] are a challenge that needs to be overcome before reliable devices
an be fabricated. After tackling the materials science challenges in combination with Fermi energy control — possibly metallic
ehavior will be observed after all.

. Conclusions

In this Review, we have discussed the history of BaBiO3 as is summarized in Table 1. The compound caused a lot of confusion
when it proved experimentally to have an insulating character despite theoretical predictions that it should be a metal. When
high-temperature superconductivity was discovered upon hole doping, the interest in the parent compound was also revived since
a possible explanation could be its unexpected insulating behavior. An extensive debate about the mechanism responsible for the
insulating property has ensued. The two most frequently considered mechanisms are charge disproportionation, where the Bi ions
have alternating valence states of 3+ and 5+, and bond disproportionation where a strong hybridization between the Bi 6s and O
2p state is present. Both are accompanied by an oxygen breathing mode, where the octahedra contract and expand.

When it became possible to fabricate high-quality thin films of BaBiO3, various attempts were made to suppress the breathing
mode as a function of thickness. However, an insulator-to-metal transition has not yet been observed. Furthermore, the termination of
the film also became of importance, since a two-dimensional electron gas was theoretically predicted to be present on a Bi-terminated
surface. The correct termination was experimentally observed, but metallic surfaces are never detected.

Better understanding of the growth mechanism led to theoretical predictions of a possible topological insulating state in BaBiO3.
Unfortunately, the inverted bands lie too far above the Fermi energy to reach with conventional gating methods and achieving
stability of a chemically doped compound remains a challenge. However, if a topological insulating phase can be stabilized in
BaBiO3, a topological-superconductor interface can be established by doping the same material with electrons or holes, respectively.
So, a Majorana-hosting interface could be realized within the same parent compound [24]. Therefore, this will not be the last one
reads about BaBiO3.
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