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We use density functional theory methods to study the electronic structures of a series of s-p cubic perovskites,
ABXj: the experimentally available SrBiO3;, BaBiO3, BaSbO3, CsTIF;, and CsTICl;, as well as the hypothetical
MgPO;, CaAsO;, SrSbO;, and RaMcO;. We use tight-binding modeling to calculate the interatomic hopping
integrals f,,, between the B s and X p atomic orbitals and charge-transfer energies A, which are the two most
important parameters that determine the low-energy electron and hole states of these systems. Our calculations
elucidate several trends in f,,, and A as one moves across the periodic table, such as the relativistic energy
lowering of the B s orbital in heavy B cations, leading to strongly negative A values. Our results are discussed
in connection with the general phase diagram for s-p cubic perovskites proposed by Khazraie et al. [Phys. Rev.
B 98, 205104 (2018)], who find the parent superconductors SrBiO; and BaBiOj; to be in the regime of negative
A and large t,,,. Here, we explore this further and search for different materials with similar parameters, which
could lead to the discovery of new superconductors. Also, some considerations are offered regarding a possible
relation between the physical properties of a given s-p compound (such as its tendency to bond disproportionate

and the maximal achievable superconducting transition temperature) and its electronic structure.
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I. INTRODUCTION

Materials with the cubic perovskite structure ABX3, where
the anion X can be an oxygen or a halogen and the possible
cations A and B include a broad variety of elements or even
molecules, have attracted considerable attention due to their
rich physics. Indeed, among their intriguing properties are
metal-insulator transitions [1,2], high transition temperature
T. superconductivity [3-5], ferroelectricity, ferromagnetism,
applicability to photovoltaics [6], colossal magnetoresistance
[71, magnetoelectricity [8], and a topological insulating state
[9-11]. The crystal structure of the ABX; cubic perovskites
consists of a three-dimensional network of corner-sharing BXs
octahedra intercalated with A cations at the 12-fold anion-
coordinated sites. One of the well-known and widely studied
ABX3 compounds is ABiO3, with A = Ba or Sr. Upon hole
doping, achieved via chemical substitutions, these systems be-
come superconducting with a surprisingly high maximal 7; of
30 K [4,5,12,13]. As stoichiometry is approached in the pure
parent compound, however, the superconductivity gives way
to an insulating state featuring a so-called breathing structural
distortion, where the BiOg octahedra disproportionate into
small and large ones in a rocksaltlike pattern [14—17].

Although in the early years following the discovery of
ABiOj their breathing distortion was viewed as a result of
charge disproportionation of the nominally tetravalent Bi*"
ions into Bi** and Bi’T[18-20], recent theoretical [21-26]
and experimental [27-32] studies have seriously challenged
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this idea. In a more realistic microscopic picture, developed by
some of us in Refs. [23,24,26], one starts by recognizing the
negative charge-transfer nature of the ABiOj; electronic states,
i.e., that the O 2p states are, in fact, higher in energy than the
semicore Bi 6s states (by the amount A), as depicted in the
top panel of Fig. 1(a). However, the most important parameter
shaping the ABiOj3 electronic structure is the strong hybridiza-
tion between the Bi 6s atomic orbital and the a;, molecular
orbital (MO) formed by the O 2p, orbitals of the oxygen
octahedral cage [see Fig. 1(b)]. It produces a huge splitting
between the bonding and antibonding bands that is much
larger than the charge-transfer energy, with the latter band
landing at the Fermi energy above the O nonbonding states, as
depicted in the middle panel of Fig. 1(a). Since the character
of the conductance antibonding band is predominantly that of
the O a;, MO, the average Bi oxidation state approaches 3+,
leaving two self-doped ligand holes L per oxygen octahedron
as 2Bi*" — 2Bi**L?, in what Zunger and coworkers called
a “self-regulating response” [25,33]. Upon the breathing dis-
tortion, resulting from the strong electron-breathing-phonon
interaction, which increases the short-bond-length Bi 6s-O 2p
hopping integrals and therefore further stabilizes the bonding
state, the ligand holes condense pairwise onto the small oc-
tahedra as 2Bi*"L? — [Bi*™Jiuge + [Bi*TL2Jsman, resulting in
nearly the same valence states for the two inequivalent Bi ions
[23], a situation that should be called bond, rather than charge,
disproportionation. As shown in the bottom panel of Fig. 1(a),
this process is associated with opening of a charge gap at the
center of the antibonding band of the cubic structure.

With this picture of the ABiOj3 electronic structure in mind,
a further step was taken in Ref. [26], and a general phase
diagram was proposed to describe a crossover from a bond-
to a charge-disproportionated regime in s-p cubic perovskites

©2021 American Physical Society
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FIG. 1. (a) Schematic diagram of the Bi 6s and O 2p energy
levels in ABiO; before (top panel) and after (middle panel) hybridiza-
tion. A and B denote antibonding and bonding bands, respectively.
The bottom panel demonstrates the effect of Bi-O bond dispro-
portionation, whereby the bonding and the antibonding bands are
each split into two subbands associated with large and small BiOg
octahedra, denoted as B(L), B(S), A(L), and A(S), respectively, and
a charge gap is opened as a result. (b) The six O 2p, orbitals of an
Og octahedron and their molecular orbital combinations, aj, t1,, and
e,, with their corresponding energies given in units of the nearest-
neighbor hopping integral —[z,,,| = %[(pp(r) + (ppm)], where (ppo’)
and (ppm ) are the Slater-Koster parameters.

similar to ABiOj. It was shown that there are two main elec-
tronic parameters that determine the regime a given system
will end up in: the charge-transfer energy A and the hybridiza-
tion between the B cation s orbital and the oxygen a;, MO
characterized by the hopping integral T;,, = \/Etspa, where
Ispo 18 the interatomic hopping integral between the B cation
s orbital and the oxygen p, orbital. However, even though
a number of s-p cubic perovskites other than ABiOj3 are
known, such as the recently synthesized CsTICl; and CsTIF;
[34], and some of them even superconduct (BaPb;_,Sb,03
[35,36], Ba;_,K,SbOj [37]), no real examples were discussed
in Ref. [26] in relation to the proposed phase diagram. In
order to fill this gap, in the present paper we use ab initio
theoretical methods to study the electronic structures of the
above-mentioned existing s-p cubic perovskites and also of

TABLE I. GGA equilibrium lattice constants a, B s-X p hopping
integrals f,,,, and charge-transfer energies A of the studied ABX;3
cubic perovskites.

Synthesized? a(A) typo (€V) A (eV)
MgPO; No 3.667 2.65 1.83
CaAsO; No 3.919 2.30 —1.44
SrSbO; No 4.233 2.08 —1.08
BaSbO; Yes [36,37] 4.280 2.01 —1.53
SrBiO; Yes [13] 4372 1.88 —3.68
BaBiO; Yes [4] 4.417 1.81 —3.96
RaMcO; No 4.676 1.46 —8.86
CsTIF; Yes [34] 4.799 1.24 0.65
CsTICl; Yes [34] 5.604 1.16 —0.88

a systematic series of hypothetical ABO; systems, with A
and B cations being the group Ila and group Va elements,
respectively. We hope that this study, conducted in light of the
notion of charge versus bond disproportionation, will add to
our understanding of superconductivity in the s-p cubic per-
ovskites and also guide the discovery of new superconductors.

II. METHOD

Our electronic structure calculations are performed within
density functional theory (DFT) [38] using the full-potential
linearized augmented plane-wave method and the scalar-
relativistic approximation as implemented in the WIEN2K
package [39]. Appendix B shows that the inclusion of the
spin-orbit interaction within the second-variational method
does not change the electronic structure close to the Fermi
energy for the compounds with the heavy elements bismuth
and moscovium because of the s symmetry of the states of
interest. We employ the generalized gradient approximation
(GGA) [40] for the exchange-correlation potential. For all
our s-p systems, a simplified cubic Pm3m crystal structure
is assumed, with both the tilting and breathing distortions
neglected, and the volume is fully relaxed within GGA. The
basis set size is fixed by setting RyirKmax = 7, where Ryt is
the smallest muffin-tin sphere radius and K.x is the cutoff
wave vector. A 12 x 12 x 12 grid of k points is used for
integrating over the first Brillouin zone. Atomic and molec-
ular orbital projections are done within muffin-tin spheres.
Projections onto molecular orbitals are done with a modified
version of WIEN2K, as discussed in Ref. [41]. Tight-binding
(TB) parameters are obtained by using the maximally local-
ized Wannier functions (MLWF) method as implemented in
the WANNIER9O code [42].

III. RESULTS AND DISCUSSION

Let us first discuss the systematic series of ABOj3 s-p cubic
perovskites, where the A and B cations are varied down the
periodic table as MgPO3, CaAsOs, SrSbO3, BaSbOs3, SrBiO;,
BaBiO3, and RaMcOs. Among them, only SrBiOs, BaSbOs3,
and BaBiOj exist in nature (see Table I), but our prime interest
is to identify general trends in the electronic structure of such
§-p systems.
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FIG. 2. The electronic band structures of (a) MgPO3, (b) CaAsOs, (c) SrSbOs3, (d) BaBiOs3, and (e) RaMcO; calculated in GGA and plotted
with black solid lines. The Fermi energy is set to zero and marked by a horizontal black dashed line. The red and yellow circles indicate,
respectively, the presence of the O a;, and cation B s orbital characters in a given Bloch eigenstate, with the amount of their contribution
being proportional to the circles’ radii. The dashed blue lines represent the eigenstates of the MLWF-based TB model. (f) and (g) use a
two-dimensional (2D) analog of the cubic perovskite structure to explain the absence of hybridization between the O 2p, and B s Bloch
functions at the I" point [k = (0, 0, 0)] and its maximum strength at the R point [k = (77, 7, 7)], respectively. The dashed lines mark boundaries
between 2D unit cells with the lattice constant a. (h) The amount of the O a,, molecular orbital character in the antibonding band of the ABOs
TB models, [{a,(k)|y ™ (k))|?, at the R point as a function of chemical composition.

Figures 2(a)-2(e) and 3(a)-3(e) show the band structures
and the projected densities of states (DOSs) of the studied
ABQj series, respectively. Note that no results for SrBiO;
and BaSbOj; are shown as they are very similar to those for
BaBiO; and SrSbOs;, respectively. All the systems demon-
strate the same strong bonding-antibonding splitting between
the B s atomic and O a;, molecular orbitals, with the anti-
bonding band landing at the Fermi level and becoming half
occupied. Only in MgPOs is there a second band crossing the
Fermi level, which is mainly of the Mg 3s orbital character.
As a general trend, the overall bandwidth of the B s-O 2p
states decreases as we go down from MgPO; to RaMcOs.
Indeed, as the lattice constant increases due to the large ionic
radii of the A and B cations (see Table I), the direct hopping
between oxygen orbitals decreases, which results in the re-
duction of the oxygen orbitals’ bandwidth, and the hopping
between oxygen orbitals and the B cation s orbitals also de-
creases, which results in the reduction of the bandwidth of
the B s and O a;, hybrid. On one hand, the narrowing of the
oxygen band makes it easier to push the a;, states up and
out of the top of the oxygen band. On the other hand, the
reduced B s-O 2p, hopping integral #;,, leads to a flattening of
the antibonding conduction band in BaBiO3 and, especially,
RaMcOs;. Correspondingly, the density of states at the Fermi
level is strongly increased in these two end-members of the
series, which makes them more strongly driven towards bond
disproportionation and other types of structural distortions.
Another important trend in the band structures of the ABO3
series is the gradual change in the dominating character of the
antibonding conduction band from one of more B s atomic
orbital character to one of more O a;, MO character. This
is illustrated in Fig. 2(h), which shows the amount of the

O aj; MO character in the antibonding band of the ABO;
TB models (which will be discussed in more detail shortly),
[{a1,(k)| ¥ ™ (k))|?, at the R point as a function of chemical
composition.

It is important to note that the bonding-antibonding split-
ting is strongly k vector dependent due to the changing
symmetry of the Bloch functions involved. The splitting van-
ishes at I" [k = (0, 0, 0)] because at this point the Bloch wave
function has no a;, molecular orbital component [Fig. 2(f)]. In
contrast, at the R point [k = (it 7, 7r)], the Bloch wave func-
tion is of a pure a;, molecular orbital character in the oxygen
po orbitals’ domain [Fig. 2(g)], and the splitting reaches its
maximum.

In accordance with this logic, the band structure plots in
Fig. 2 feature no a, character in any of the Bloch states at
the " point. Also, there is only one state with a dominating
B s character at this k vector, which moves to lower energies
towards the end of the ABOj series, from around —5 eV in
MgPO3 to —10 eV in RaMcOs. Along the I'-R path (and,
actually, at any point other than I'), the finite B s-O 2p,
hybridization is expected to make the bonding band disperse
downwards and reach a minimum at R. While this is what
we indeed observe in the band structures of BaBiOj and
RaMcO3, the behavior of the bonding band in the band struc-
tures of MgPO3;, CaAsOs3, and SrSbO;3; appears to be more
complex. There, the B s state at I" happens to be energeti-
cally above the triply degenerate oxygen molecular orbital #;,,
states (positioned at around —11 eV in MgPO3; and —8 eV in
CaAsQOj3 and SrSb0O3). Away from I, these oxygen bands dis-
perse upwards and get entangled with the bonding band. This
is the reason why in MgPO3, CaAsOs;, and SrSbOj; the charac-
ter of the bonding a,, and B s combination is not continuous.
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FIG. 3. The partial densities of states projected onto the B s
atomic orbital and the molecular combinations of O 2p, orbitals of
(a) MgPOs, (b) CaAsOs, (c) SrSbOs3, (d) BaBiOs3, and (e¢) RaMcOs.
The Fermi energy is set to zero and marked by a vertical black
dashed line.

A similar situation occurs for the antibonding band close
to the R point. At this point, in the same three systems, the
interatomic orbital hybridizations are strong enough to push
the antibonding state above the triply degenerate B p states
and position it at around 4 to 6 eV. Away from R, the B p
bands and the antibonding band mix with each other, and this
is the reason why in these three systems the character of the
antibonding a, and B s combination is not continuous either.

Let us now compare our findings about the ABOj3 se-
ries with the calculated electronic structures of CsTIF; and
CsTICl3, shown in Fig. 4. These recently synthesized halides
[34] also demonstrate the bond disproportionation, and so
qualitatively, we expect their electronic structure near Er to be
very similar to the oxides, with O replaced by halogen and the
divalent cation replaced with monovalent Cs, also resulting in
divalent Tl formally with one electron in a 6s orbital, simi-
lar to the tetravalent Bi-based problem. It remains unknown,
however, whether hole doping can make the thallium halides
superconduct [43]. While we note an overall similarity to the
electronic structure of the previously discussed ABO; com-

Lo (a) CsTIF5 (b) CsTICI;
Sl =
5 o INCEA ENCEA ] aa—
& 5[ - = [T ] T-6s
B e | T | e | T iy,
g @ :
-10 L
15 1 1r ]
R r X M T R r X M T
0.6 F—T——— ——— -
. F-
(c) CsTIF; Lol
0.4 i FF-—té; .
H o Frag —
Jo2f i j\ 1
- " v
= i "
> He AN
C- ) L A 10 PNy
()
[V]
SoeF T T T T - =
Cl -
2 (d) CsTICI3 T 6
- Cl-t
g 04 - i Cl-oy = 8
a) ; Cl-ajg —
0.2 + ‘ il
0 L :Ii\ "\"- :' fl i“t\ M‘A‘
-15 -10 -5 0 5 10

Energy (eV)

FIG. 4. The electronic band structures of (a) CsTIF; and
(b) CsTICl;. Notations are similar to those in Fig. 2. Partial densities
of states of (c) CsTIF; and (d) CsTICls, projected onto the Tl 6s
atomic orbital and the molecular combinations of the F 2p, or Cl
3p, orbitals. The zero of the energy is at the Fermi energy.

pounds, the Tl 6s-halogen a;, band splitting is considerably
smaller. Also, even though the difference between the CsTIF;
and CsTICl; lattice constants is quite significant (Table I), we
see only a slight change in the bandwidths of their Tl 6s-
halogen a;, band manifolds.

We proceed now to quantifying the observed differences in
the electronic structures of the ABX3; compounds in terms of
the B s-X p hybridization strength #,,, and the charge-transfer
energy A. As shown in Ref. [26], these are the two main
parameters that determine the character of the empty states
right above the Fermi level. We should emphasize that in
our convention A is defined using the electron language as
the difference between the on-site energies of the B s atomic
orbital and of the X a;, MO: A = €(Bs) — €(X ajg) [26]. typo
and A are obtained by calculating MLWF-based TB models
for our systems. Similar to Ref. [24], here we consider 10
orbitals per formula unit: one B s and three X p orbitals per
each of the three anions in a simple cubic unit cell. As one can
see in Figs. 2(a)-2(e) and 4(a)—4(b), the resulting TB models
have band dispersions that agree well with the GGA band
structures. However, a small deviation exists at the R point
in MgPOj3, CaAsO3, and SrSbO; due to hybridization with
higher-energy states, as discussed earlier. We have chosen not
to consider the higher-energy B p orbitals in the TB models
because our main focus is on the low-energy-scale electron
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removal and addition states relevant for the physical properties
at relatively low temperatures.

The hopping integrals f,,, are given in Table I, while the
atomic orbital energies with the complete set of Slater-Koster
parameters are given in Appendix A. While for the ABO3
series the value of #;,, decreases rather monotonically from
MgPOj3; to RaMcOs and is inversely related to the unit cell
size, the #;,, values of the two halides are surprisingly sim-
ilar given the big difference between their unit cell sizes.
In order to obtain the charge-transfer energy A = €(B s) —
€(X ayg), we have applied a basis set transformation from
oxygen atomic to oxygen molecular orbitals using the table
in Fig. 1(b). This is a unitary transformation for the six O
po orbitals in the 2 f.u. supercell that is commensurate with
the breathing distortion. The resulting charge-transfer energy
values A are listed in Table I. In the ABOj3 series, A varies
widely from a positive value of 1.83 eV in MgPO; to a nega-
tive value of —8.86 eV in RaMcOs, thus marking a difference
between MgPO3 and CsTIF; as being positive charge-transfer
energy compounds and the rest of the ABO; systems and
CsTICl; as being negative charge-transfer energy compounds.
We note again that in all cases, except perhaps RaMcOs, the
total bonding-antibonding splitting strongly dominates over
the charge-transfer energy, making the latter less important
than the hopping integrals.

The dramatic decrease of A in the ABOjs series with A
and B moving down the periodic table can be understood in
terms of relativistic lowering of the 6s and 7s orbital ener-
gies in the heavy elements Bi and Mc [44]. In RaMcOs, it
takes an extreme form, which, combined with the reduced
tspo hybridization, results in an almost ionic character of
the Mc®* ionization state, in agreement with earlier studies
[45]. This can be clearly seen from the RaMcO; projected
DOS shown in Fig. 3(e). Similar to Ba(Sr)BiOs, RaMcOs is
therefore expected to bond disproportionate in its ground state
as 2Mc*"L? — [Mc* iarge + [Mc* L2 gman, with most of the
action happening on oxygens. We should also note that the
density of states at Ef is very high in RaMcOj3 because of the
narrowing of the antibonding band, and this could support a
higher 7;. Of course, as far as this superheavy-element com-
pound is concerned, with only around 100 Mc atoms having
been made so far (which are also radioactive, with a half-
life of 0.65 seconds), experimental realization/investigation
of RaMcO; will most likely not be possible in the foresee-
able future. Fortunately, superconducting K- and Pb-doped
antimonates are experimentally available [36,37]. Rather in-
teresting is the fact that BaSbO3 can become superconducting
upon substituting Sb with Pb but not with Sn [36]. This was
explained in terms of the relativistic energy lowering of Pb 6s
states with respect to Sn Ss states [35]. However, the maximal
T observed in BaPb,Sb;_, 03 is 3.5 K, which is considerably
lower than that of the bismuthates. On the other hand, the
most recently discovered superconducting K-doped barium
antimonates [37], with T, reaching a maximum of 15 K at
the doping concentration x = 0.65, follow the opposite trend
since in the K-doped bismuthates 7; is more than a factor
of 2 smaller at the same doping concentration. Given these
conflicting behaviors of the A and B cation substituted anti-
monates, we can only speculate about the relation between
T. and how negative A is. If a strongly negative A is cru-

cial for a robust superconducting state, then optimally hole
doped RaMcO3; might have a very high T.. Conversely, if
the highest level of hybridization between the B s and X ay,
orbitals is important, which is achieved by, primarily, #;,,
being large but also by A having a small absolute value, then
the superconducting coupling should increase as one moves
up the periodic table. In order to identify the realistic scenario
and understand the underlying physics, more theoretical and
experimental studies on s-p perovskites are required.

Finally, with the hopping integrals #,,, and charge-transfer
energies A of our studied ABX; compounds at hand, we
can mark their positions on the phase diagram proposed in
Ref. [26]. There will be some degree of approximation in-
volved because this phase diagram was obtained for BaBiO3
in a bond-disproportionated state using the value of the oxy-
gen bandwidth W specific to BaBiOs, but this will not obscure
observation of the general trends that we are most interested
in. As explained in Ref. [26], the colors in this phase dia-
gram represent the dominant character of the empty (hole)
states above the Fermi level as a function of hybridization
and charge-transfer energy. While there is a sharp bound-
ary around the green region where holes reside on X e,
orbitals, the B s (yellow) and X a;, (red) orbitals are al-
ways mixed by hybridization, and therefore, there is a gradual
crossover between the yellow and red regions. As we argued
in Ref. [26], if the holes in a given s-p system are of the
B s character, the breathing distortion that the system might
undergo corresponds to charge disproportionation between the
B cations. Conversely, if the holes are of the X ay, character,
the breathing distortion would, rather, correspond to bond
disproportionation, with little actual charge transfer happen-
ing. Even though we presently consider simple cubic cells
without the breathing distortion, this correspondence between
the holes’ character and the type of disproportionation is em-
phasized in the phase diagram in Fig. 5 by labeling the red
region as “X aj, (BD)” and the yellow region as “B s (CD).”
The black dashed line marks equal contributions from the B
s and X a, orbitals to the holes’ character. Figure 5 shows
now that SrBiO3; and BaBiO; are relatively deep in the X ay,
region, while MgPO3, CaAsOs3, SrSbO3, BaSbOs, and CsTIF;
are close to having equal B s and X a,, orbital contributions.
As for RaMcOj3 and CsTICl;, they land in the O e, region,
but from their projected DOSs [Figs. 3(e) and 4(d)] we know
that their hole character is strongly O a;,. This discrepancy
is due to the mentioned approximations, but it is obvious that
RaMcO3; must, in any case, be located very far inside the O
a1 region close to the O e, border.

IV. CONCLUSIONS

In this paper, we have used ab initio methods to study
the electronic structures of the following ABX3 s-p cubic
perovskites: the experimentally available BaSbO;, SrBiOs,
BaBiOj, CsTIF;3, and CsTICls, as well as the hypothetical
MgPO;, CaAsO3, SrSbO3, and RaMcOs. We have used Wan-
nier function based tight-binding modeling to calculate the
hybridization strengths #;,; between the B s and X p atomic
orbitals and charge-transfer energies A, which are the two
most important parameters that determine the nature of the
systems’ holes. These calculations have elucidated several
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FIG. 5. The phase diagram of Ref. [26] representing the domi-
nant character of holes as a function of the charge-transfer energy A
and hybridization f,,,. The 4+ and x symbols mark the parameters
relevant to the hypothetical and existing cubic s-p ABX; perovskites,
respectively. Green, yellow, and red colors represent the amount
of X e,, X ai,, and B cation s orbital contributions to the holes’
character, respectively.

trends in #;,, and A as one moves across the periodic table,
such as the relativistic energy lowering of the B s orbital
in heavy B cations leading to strongly negative A values.
Our results have been discussed in connection with the gen-
eral phase diagram for s-p cubic perovskites proposed in
Ref. [26].

Also, some considerations were offered regarding a possi-
ble relation between the highest achievable superconducting
transition temperatures and certain features of the systems’
electronic structures, such as the charge-transfer energy A
and the interatomic orbital hybridization B 5-O 2p; t;,,, With
the latter primarily controlling the conduction bandwidth
and the DOS at the Fermi level. In particular, we observed
that the more negative the A value is, the greater the X ay,

(b) RaMcO3
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FIG. 6. The electronic band structures of (a) BaBiO; and
(b) RaMcO; calculated within the scalar-relativistic approximation
(SR) and using a second-variational method to account for spin-orbit
interaction (+SO). The zero of the energy is at the Fermi energy.

character will be in the valence and conduction bands, pro-
vided that the hybridization strength is large enough to still
push out the X aj, bound state. In the case of RaMcOj3 and
also Ba(Sr)BiOs3, A is very negative, and so the amount of the
X ajg character in the antibonding state will be the largest.
As A becomes even more negative, there will be a point
where the X a, state is no longer pushed above the X e,
state, as illustrated in the phase diagram in Fig. 5. While the
relation between the electronic structure parameters A and
tspo and the superconducting coupling strength still needs to
be investigated in future theoretical and experimental studies,
a very important feature of the electronic structure that could
be responsible for an enhanced 7 is the increase of the DOS
at the Fermi level in BaBiOj3 due to its reduced ¢, value. For
these reasons, we expect that optimally hole doped RaMcOs3
might have an increased 7 as well.
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APPENDIX A

This Appendix provides atomic orbital energies and Slater-
Koster parameters for the studied ABX; compounds, which
are given in Table II and are related to the TB parameters in
Table I through a unitary transformation. One should consider,
however, that the 10 orbital TB models derived and analyzed
in this paper also feature rather large next-nearest-neighbor
interatomic hopping integrals that compensate the absence
of the B cation p orbitals from the basis. Therefore, using
only the nearest-neighbor hopping integrals from Table II will
result in a poor match between the model band structures and
the DFT ones.

APPENDIX B

Since bismuth, with an atomic number of 83, and, espe-
cially, moscovium, with an atomic number of 115, are heavy

TABLE II. GGA-based atomic orbital energies and Slater-Koster
parameters of the studied ABX; cubic perovskites (in eV).

& €py Epx (spo)  (ppo)  (ppm)
MgPO; -5.44 -8.11 -5.61 2.65 1.13 -0.16
CaAsO; -6.51 -5.95 -3.80 2.30 0.74 -0.16
SrSbO;3 -5.67 -5.52 -4.08 2.08 0.56 -0.10
BaSbO; -5.70 -5.15 -3.59 2.01 0.43 -0.08
SrBiO; -6.97 -4.12 -2.96 1.88 0.45 -0.10
BaBiO; 699 386 -2.75 1.81 0.46 -0.10
RaMcO; -10.53 -2.16 -1.31 1.46 0.34 -0.09
CsTIF; -2.69 -3.73 -3.30 1.24 0.09 -0.02
CsTICl, 336 275 223 116 0.23 -0.04
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elements, relativistic effects beyond the scalar-relativistic
approximation may be important in the cases of BaBiO3
and RaMcOs;. In order to investigate whether these effects
could affect the conclusions of our present study, we per-
formed additional calculations for these two compounds
with the spin-orbit interaction included within the second-
variational approach based on scalar-relativistic orbitals [39].
Their electronic band structures calculated with and without
the spin-orbit interaction are compared in Fig. 6. Even in
RaMcOs;, where the relativistic effects are the strongest, al-
though the bands with a finite Mc 7p orbital contribution (e.g.,

at around 4 eV at the R point) are indeed visibly affected
by the spin-orbit interaction, the Mc 7s and O a;, bonding
and antibonding bands are barely changed. This observation
is in accordance with the Mc 7s electrons having no orbital
angular momenta and thus not being affected by the spin-orbit
interaction. Since considering the spin-orbit interaction does
not change the character and the dispersion of the antibonding
band crossing the Fermi level in BaBiO3; and RaMcOj3 even
quantitatively, our derived low-energy Hamiltonians for these
two systems and our conclusions regarding their supercon-
ducting properties remain valid.
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