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Abstract 

The observation of superconductivity in hole doped antimonates Ba1-xKxSbO3 (BKSO), isoelectronic 

compounds to bismuthates Ba1-xKxBiO3 (BKBO) superconductors, enables a pathway to clarify the role 

of hybridizations between electronic states of metals and ligands on the emergence of 

superconductivity. Herein, using first-principles simulations, the localized electronic structure of 

antimonates is demonstrated to produce various charge and bond orderings (CBO) up to x=0.6, hence 

hindering the appearance of a superconducting state. This is in contrast with bismuthates where the 

formation of charge orderings is suppressed by doping effects and their native hybridized electronic 

structure. Although quenched by doping effects, the CBO mediate the Cooper pairs formation and the 

resulting electron-phonon coupling reproduces the experimental facts such as a larger Tc in BKSO than 

in BKBO for x>0.65  and a maximal Tc of ~30K observed at x=0.4-0.5 for BKBO. The latter point is ascribed 

to a soft phonon mode at x=0.5 while the former observation is ascribed to an intrinsically stronger 

coupling between lattice distortions and electrons in BaSbO3. Although materials with a localized 

electronic structure could warrant larger Tc’s, the main drawback is the resilience of such compounds 

to form a metallic state and hence superconductivity emerges far away of soft phonons possessing a 

strong coupling with the electronic structure.  
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I. Introduction 

 Superconductivity (SC) is certainly one of the most fascinating property of materials 

characterized by zero electrical resistance to direct current and perfect diamagnetism. It is explained 

on the basis of bound electrons forming Cooper pairs [1]. In the Bardeen, Cooper and Schrieffer (BCS) 

theory [2], the formation of Cooper pairs is explained by exchange of phonons. In many other systems, 

proximity of a charge ordered (CO) state or a magnetic phase transition is proposed to be a key behind 

the formation of bound electrons. Strong correlation effects that have to be accounted in electronic 

structure simulations [3–11] and/or strong hybridizations between metals and anionic p states [12–15] 

are also proposed to be a determining factor behind superconductivity.  

 

 One can usually quantify the level of hybridization between the metal and the anionic O states 

by evaluating the charge transfer energy ∆ECT that is the energy difference between the center of the 

bands associated with relevant metallic (Em) and oxygen (Eo) levels (i.e. ∆ECT=Em-Eo). A negative 

(positive) ∆ECT then corresponds to strongly (weakly) hybridized and hence delocalized (localized) 

electronic structures. These two types of regime are therefore coined as negative and positive charge 

transfer (NCT and PCT) regimes, respectively. Emblematic examples of materials falling within the NCT 

regime are the cuprates or the bismuthates that are both superconductors once appropriately doped 

with electrons and/or holes [3,12,16–18]. However, the lack of isoelectronic superconductors long 

hindered the exploration of the precise role of hybridizations between metals and anion states on the 

emergence of SC in oxides. The discovery of SC in hole doped BaSbO3 (BSO), an isoelectronic material 

to bismuthates Ba1-xKxBiO3 but that belongs to the PCT regime, thus offers an ideal testbed for clarifying 

the role of hybridizations [19]. 

 

 In bulk, BSO adopts a slightly distorted ABO3 perovskite structure characterized by a bond 

disproportionation Boc mode producing a rock salt pattern of compressed O6 groups and extended 

octahedra  (Figure 1.a). It originates from an unstable 4+ formal oxidation state (FOS) of Sb cations (5s1 

electronic configuration) that prefers to disproportionate to the more stable 3+ (5s2) and 5+ (5s0) FOS 

in the ground state [20], yielding a CO insulating state with Sb cations sitting in an extended (Sb3+) and 

compressed (Sb5+) octahedra. Once sufficiently doped with holes by forming a Ba1-xKxSbO3 solid solution 

(0.65<x<0.8), the material becomes a superconductor with a critical temperature Tc up to 15 K for 

x=0.65 [19].  

  

 At first glance, the observation of superconductivity in hole doped BSO is expected since it is 

isostructural and isoelectronic to bismuthates (BaBiO3 and SrBiO3) that both exhibit SC once 
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appropriately hole-doped [16,18,21,22]. Nevertheless, these two family of compounds show 

noticeable differences: (i) the doping content needed to transit from a charge and bond ordered (CBO) 

insulating state to the superconducting region is smaller in Ba1-xKxBiO3 (BKBO, x~0.4) than in Ba1-xKxSbO3 

(BKSO, x>0.6); (ii) BSO falls within the PCT regime with ∆ECT= 0.76 eV while BaBiO3 is in a NCT regime 

with ∆ECT= -2.45 eV [19]; (iii) Tc reaches 32 K in BKBO around x=0.4-0.5  [18,21] while it does not exceed 

15 K in the optimally doped BKSO [19] and (iv) BKSO exhibits larger Tc’s than BKBO for x>0.65. Although 

a triggered mechanism between octahedral rotations and the disproportionation effects could 

promote a strong stability of the Boc mode [23,24], this possibility is ruled out by an apparent absence 

of octahedral rotations in antimonates. One may thus ask: (i) “possessing the same roots in the undoped 

starting phase, is superconductivity also reached at the proximity of a CBO state in BKSO as in BKBO  

(and Sr1-xKxBiO3)?”; (ii) “what is the intrinsic difference responsible for the largest doping content needed 

to reach the superconducting region in BKSO than in BKBO?”; (iii) “what are the determining factors 

behind the larger Tc exhibited by BKSO than BKBO for x>0.65 and (iv) why is the maximal Tc of BKBO 

larger than that of optimally doped BKSO?”  

 

 In this article, using Density Functional Theory (DFT) involving all relevant degrees of freedom  

and a parameter free meta-GGA revised Strongly Constrained and Appropriately Normalized 

(R2SCAN) [25] functional, antimonates are identified to possess a stronger electronic instability 

towards charge and bond disproportionation effects associated with the unstable 4+ FOS of B site 

cations than bismuthates. This strong tendency to form CBO is resilient to hole doping BKSO for x=0 to 

x=0.6, thereby hindering the apparition of a metallic phase. This is ascribed to the ionic nature of the 

electronic structure of antimonates that favors a localized states. In contrast, the NCT nature and the 

resulting delocalized electronic structure of bismuthates already screen the tendency toward 

disproportionation, thereby requiring a lower doping content to transit to a metallic phase. Once 

doping totally quenches the formation of the various CBOs, the electron-phonon couplings (EPC) 

associated with the CBO remain sufficiently large to mediate the formation of Cooper pairs. 

Nevertheless, the EPCs for x>0.65 are larger in BKSO than in BKBO due to a stronger coupling between 

structural displacements and the electronic structure, resulting in larger Tc’s for BKSO than for BKBO  at 

a fixed doping content. Finally, the maximal Tc reached at x=0.5 in BKBO originates from a CBO phonon 

mode that reaches a low frequency at x=0.5, thereby producing a maximal EPC. Thus, although 

materials with a localized electronic structure possess a strong coupling between structural distortions 

and electrons, the drawback of such compounds is their resilience to doping effects thereby hindering 

the emergence of a superconducting phase close to soft phonon modes. 
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II. Methods 

1) DFT simulations 

 DFT calculations are performed with the Vienna Ab initio Simulation Package (VASP) [26,27]. 

In order to appropriately amend the self-interaction errors inherent to practiced DFT, the meta-GGA 

revised Strongly Constrained and Appropriately Normalized (R2SCAN) [25] functional is employed. This 

type of meta-GGA functional was previously shown to be accurate in capturing the correct trend of 

insulating to superconducting transition as a function of doping content in isoelectronic and 

isostructural bismuthates [24]. It further allows a parameter free calculation with a functional able to 

adapt to different formal oxidation states (FOS) showed by a single ion. The energy cut off is set to 650 

eV and atomic positions plus lattice parameters are optimized until forces acting on each atom are 

lower than 0.005 eV/Å. Projector Augmented Waves (PAW) [28] potentials are used for modelling core 

electrons with the following VASP 5.4 Perdew Burke Ernzerhof (PBE) POTCAR files: Ba_sv, K_sv, Sb, Bi 

and O. The cation substitutions are extracted by using the special quasi random structure (SQS) 

allowing to identify the cation arrangement maximizing the disorder characteristic of a solid 

solution  [29]. This was successfully applied to capture trends in insulator to metal transition through 

doping effects in Sr1-xKxBiO3  [24] or in Sm1-xCaxNiO3 solid solutions  [30]. The atomic positions are 

provided in Tables SI1 and SI2 in the supplementary material 1 [31]. Solid solutions are modelled by 

using a 32 f.u corresponding to a (2√2, 2√2, 4) supercell, or a 27 fu with a (3, 3, 3) supercell, with 

respect to the high symmetry primitive Pm-3m cell exhibited by perovskite materials. Several structural 

starting points are considered for each doping content, corresponding to potential lattice distortions 

able to localize electrons. For instance, a charge ordered Ba2/3K1/3SbO3 should correspond to a material 

with 1 Sb3+ and 2 Sb5+, it should then induce a distortion with a 𝑞⃗ vector of either (1/3, 0, 0), (1/3, 1/3, 

0) or (1/3, 1/3, 1/3). In order to reduce the computational effort, preliminary checks are performed on 

smaller unit cells compatible with a given distortion mode and doping content. Then, these cells are 

transformed into larger supercells in order to have a better representation of the solid solution with 32 

or 27 fu. 

 

2) Superconducting quantities:  

Using the methodology presented in Ref. [32], the electron-phonon coupling constant 𝜆 is 

computed as:  

𝜆 =
2𝑁(𝐸𝐹)

𝑁𝑞⃗⃗⃗

∑
ℏ2

2𝑀𝑋𝜔𝑞⃗⃗⃗,𝜈
2 |𝐷𝑞⃗⃗

𝜈|
2

𝑞⃗⃗,𝜈      (equation 1) 

where 𝑁(𝐸𝐹) is the density of states at the Fermi level 𝐸𝐹, 𝑁𝑞⃗⃗ is the number of 𝑞⃗ points considered, 

MX is the mass of moving atoms, 𝜔𝑞⃗⃗,𝜈
⬚ is the frequency of the mode 𝜈 at the point 𝑞⃗ and |𝐷𝑞⃗⃗

𝜈| is the 
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“Reduced Electron-Phonon Matrix Element” (REPME). The latter quantity is extracted by estimating 

the band splitting ∆Eb induced by the addition of the eigen displacement of the (𝑞⃗, 𝜈) phonon mode in 

the ground state with the amplitude 𝑢𝑞⃗⃗,𝜈 per moving atom:  

𝐷𝑞⃗⃗
𝜈 = |

∆E𝑏 

2𝑢𝑞⃗⃗⃗,𝜈
|    (equation 2) 

The frequency 𝜔𝑞⃗⃗,𝜈
⬚  of the mode 𝜈 at the point 𝑞⃗ is obtained by fitting the total energy E versus mode 

amplitude 𝑄𝑞⃗⃗,𝜈 of a (𝑞⃗, 𝜈) phonon starting from the ground state structure with a polynomial 

expression of the form 𝐸(𝑄𝑞⃗⃗,𝜈 ) = 𝑎𝑄𝑞⃗⃗,𝜈
2 + 𝑏𝑄𝑞⃗⃗,𝜈

4 . Recalling that the energy of an harmonic oscillator 

is given by 
1

2
𝑀𝑋𝜔𝑞⃗⃗,𝜈

2 𝑄𝑞⃗⃗,𝜈
2 , the frequency 𝜔𝑞⃗⃗,𝜈 is 

𝜔𝑞⃗⃗,𝜈 = √2𝑎
𝑀𝑋

⁄    (equation 3) 

The critical temperature Tc of the material is computed using the Mc Millan-Allen equation  [33] 

𝑇𝑐 =
ℏ𝜔𝑙𝑜𝑔

1.2
exp (−

1.04𝜆

𝜆−𝜇∗(1+0.62𝜆)
)    (equation 4) 

where µ* is the screened Coulomb potential with typical values between 0.1 and 0.15 and 𝜔𝑙𝑜𝑔 is the 

logarithmic frequency estimated as 

𝜔𝑙𝑜𝑔 = (∏ 𝜔𝑖
𝑛
𝑖 )1/𝑛   (equation 5) 

 

3) Wannier functions 

In order to extract localized atomic-like functions, Wannier functions (WF) are built from the 

DFT band structure. To that end, the 10 Kohn-Sham states located around the Fermi level for a primitive 

cubic cell are projected on initial guess functions of B-s (1 state) and O-p (9 states) characters in order 

to get the initial gauge for the localization procedure [34–36]. The density of states can then be built 

on the basis of these localized atomic-like functions. Using the onsite energies associated with the WFs, 

the charge transfer energy is computed as the energy difference ∆ECT=Es-Ep.  

 

4) Other details 

Band structures are unfolded to the primitive high symmetry Pm-3m cell of perovskites using 

the VaspBandUnfold code [37]. Symmetry of relaxed structures are obtained using FINDSYM  [38] and 

amplitudes of distortions with respect to a primitive high symmetry Pm-3m cell are extracted  using 

amplimodes of the Bilbao crystallographic server [39] and the isotropy suit of softwares [40]. 

 

III. Results and Discussion 

1) Electronic structure of bulk BaSbO3  



 6 

Electronic and structural properties of pristine BaSbO3 are first studied. After the structural 

relaxation of the bulk material, BaSbO3 is identified to adopt a R-3 structure at 0 K characterized by an 

a-a-a- anti-phase octahedral rotation in Glazer’s notation as well as a bond disproportionation Boc mode. 

From a symmetry mode analysis with respect to primitive high symmetry Pm-3m cell adopted by 

perovskites, the octahedral rotation (labelled ∅) and Boc distortion exhibit sizeable amplitude of 

distortions with Q∅=0.130 Å/f.u and QBoc=0.191 Å/f.u, respectively. The amplitude of Boc is in sharp 

agreement with the experimental value of QBoc=0.187 Å/f.u extracted from the structure at 300K from 

Ref. [19]. It is worth to emphasize that no octahedral rotations have been identified at 300K but they 

likely appear at lower temperature. The energy lowering event associated with the O6 rotations with 

respect to a cell with only the Boc mode is indeed extremely small (∆E=-0.7 meV/f.u). This is also 

suggested by an imaginary frequency of the ∅ mode from the first-principles calculations on BaSbO3 

presented in Ref. [41].  

 

The effect of the Boc mode is to split the Sb cations into two different cations (Figure 1.a): a Sb 

cation sits in an extended octahedra (labelled SbL) while all its first nearest neighbor Sb cations are 

located in a compressed O6 group (labelled SbS). It hence produces a clear asymmetry of the electronic 

structure between the two types of Sb cations and open a band gap of 0.90 eV as shown by the 

projected density of states reported in Figure 1.b. One further notices that SbL cations are fully 

occupied, in contrast to SbS cations that show partly unoccupied s states, compatible with 

disproportionation effects. Finally, one observes that unoccupied states are predominantly formed by 

the B cation states rather than O-p states, hindering at the fact that this compound is characterized by 

a localized electronic structure rather that by Bi-s and O-p hybridized states as in BaBiO3 – see 

supplementary material 2.   

 

 
Figure 1: Structural and electronic properties of BaSbO3. a) Breathing (Boc) structural distortion 

exhibited by BaSbO3 and producing different O6 groups around Sb cations. b) Projected density of states 
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on SbL (filled grey area) and SbS (green line) s states and O-p states (red line) around the Fermi level in 

the R-3 ground state.  

 
2) The doped phase diagram 

Figure 2 displays the phase diagram of BKSO solid solutions as a function of x. At low doping 

content x=0.125, two bipolaronic states are stabilized in the material with holes created on SbL cations 

that are doubly occupied in the pristine material. This is accompanied by the collapsing of the local O6 

octahedra due to the increase of the FOS of the local Sb cations. The average Boc mode amplitude 

decreases to QBoc=0.161 Å/f.u for x=0.125, albeit it is sufficient to produce a semiconducting state with 

a band gap of 0.74 eV. Further increasing the doping content transforms the system into a metal at 

x=0.25, yet with a persistent breathing mode Boc. The latter only vanishes at x=0.4375.  

 

 Although one would expect a metallic non-CBO phase above x=0.25, alternative bond 

disproportionation distortions, labelled alt-Boc1/3 and alt-Boc1/2 and sketched in Figure 2, emerge for 

x=1/3 and x=0.50. These lattice distortions are associated with peculiar CO producing large octahedra 

and compressed O6 groups accommodating a given charge orderings. These modes reach their 

maximum at x=0.5 and x=1/3, which corresponds to Ba0.5K0.5SbO3 and Ba0.66K0.33SbO3 solutions, 

respectively. At  x=0.5 (x=1/3), Sb cations are in a nominally 4.5+ (4.33+) FOS but in fact they prefer to 

disproportionate into 4Sb4.5+
→3Sb5+ + Sb3+  (3Sb4.33+

→2Sb5+ + Sb3+) in the ground state. Above x=0.5, 

all solutions are found metallic without the presence of Boc and alt-Boc’s modes. Hence, all types of CO 

vanish for x>0.5625.   

 

  The existence of multiple CBO is compatible with experiments showing two distinct CBO in the 

doped phase diagram of antimonates up to x>0.5625 [42]. Notably, a distortion pattern compatible 

with 1 large O6 group (Sb3+) surrounded by 3 smaller octahedra (Sb5+) at x=0.5 is reported 

experimentally although the symmetry is different from the DFT result  -- I4/mmm space group with 

the present DFT vs I4/mcm in Ref.[ [20]]. This slight discrepancy may originate from the limited supercell 

size used in the simulations. The existence of a bond disproportionation appearing at the M point 

(𝑞⃗=(1/2,1/2,0)) is also suggested by DFT calculations of Ref. [41] with the existence of an imaginary 

frequency in the cubic cell of x=0.5 doped antimonates. Furthermore, the extinction of all CBO closely 

relates with the appearance of the superconducting region experimentally (x>0.6). It is worth to 

emphasize that the R2SCAN functional may slightly underestimate the band gaps and hence might shift 

the insulating-to metal-to superconducting transition as a function of x to slightly smaller doping 

contents than the experimentally observed content. The existence of multiple CBO in BKSO is surprising 
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since isoelectronic BKBO does not develop such a propensity toward the alt-Boc modes for instance. 

Indeed, similar structural relaxations in BKBO only reveal a Boc mode that is rapidly quenched upon 

doping (Figure 2). One concludes here that the superconducting transition of antimonates (and 

bismuthates) is at the vicinity of a stable CO phase. 

  

 

Figure 2: Doped phase diagram of antimonates and bismuthates. a) Evolution of the Boc (red circles), 

alt-Boc1/2 (blue squares) and alt-Boc1/3 (green diamonds) mode amplitude (in Å/f.u) as a function of the 

doping content x in Ba1-xKxSbO3 (filled symbols) compound and Ba1-xKxBiO3 (unfilled symbols). b) 

Sketches of the three main bond disproportionation modes identified in doped antimonates. Boc, alt-

Boc1/2 and alt-Boc1/3 appear at the (1/2,1/2,1/2), (1/2,1/2,0) and (1/3,1/3,0) points of the Brillouin zone.  

 

3) Potential energy surfaces associated with disproportionation modes 

In order to understand the different response to hole doping effects between BKBO and BKSO, 

potential energy surfaces (PES) associated with disproportionation  distortions starting from a perfectly 

undistorted high symmetry Pm-3m cell are computed at x=0, x=0.33 and x=0.50 (Figures 3.a-c). At x=0, 

the Boc mode PES is characterized by a double well potential whose minimum is located at non-zero 

amplitude for the two materials. It follows that the Boc mode spontaneously appears in the compounds, 

signaling the presence of an instability toward disproportionation effects of the 4+ FOS of Sb and Bi 

cations. Nevertheless, the Boc mode is associated with a large energy gain in BaSbO3 (∆E=-160 meV/f.u) 

while it is much smaller in BaBiO3 (∆E=-15 meV/f.u). Regarding the alt-Boc1/2  and alt-Boc1/3 modes at 
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x=0.5 and x=0.33, respectively,  double well potentials with a minimum located at non-zero amplitude 

are identified in BaSbO3 while BaBiO3 does not have a propensity to develop these alternative 

disproportionation modes.  

 

 

Figure 3: Potential energy surfaces associated with the Boc and alt-Boc structural distortions. Energy 

gain ∆E (in meV/f.u) associated with the condensation of amplitudes (in Å/f.u)  of either Boc (circles), alt-

Boc1/3  (diamonds) or alt-Boc1/2  (squares) in 0%, 33% and 50 % doped BaSbO3 (in red) and BaBiO3 (in grey) 

starting from a high symmetry cubic cell with a lattice parameter yielding the ground state volume of 

relaxed doped compounds. A negative pressure expanding the cubic cell parameter by 10% is also 

considered (d). The reference energy is taken at zero amplitude of the modes. Irreducible representation 

are R2
-, M1

+
 
 and LD1 for Boc, alt-Boc1/2  and alt-Boc1/3 distortions, respectively, when the A site cation is 

considered at the corner of the cell. 

 

4) Localized (hybridized) electronic structures are at the core of the multiple (absence of) 

CBOs:  

 

The tendency to develop instabilities toward disproportionation effects or Jahn-Teller effects is 

strongly dependent on the level of hybridization between relevant B cation and O p states as well as 

the compacity of bands in perovskites  [43–46] – i.e compact states increase correlation effects while 
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hybridizations do screen them. In order to understand the different tendency in disproportionation 

effects between BKSO and BKBO, one can start from a cubic cell of the pristine compounds. By looking 

at the projected band structure on B-s and O-p states of Figure 4.a, one identifies that : (i) the 

bandwidth W of states undergoing disproportionation effects are more compact in BBO (W=5.12 eV) 

than in BSO (W=5.78 eV) and (ii) the band crossing the Fermi level is dominantly of B-s character in BSO 

while it is dominantly of O-p character in BBO. Point (ii) is further confirmed by projected density of 

states on B-s and O-p characters presented in Figure 4.b. By adjusting the lattice parameter of each 

compounds by +/- 5%, the bandwidth W as well as the hybridized character of states are driven by 

geometric effects (Figures 4.b and 5.a) : W decreases with increasing the cell volume while the B cation 

character of bands crossing the Fermi level increases with decreasing the cell volume.  

 

Figure 4: Electronic properties of cubic cells. a) Band structure within the cubic cell of BaSbO3 and 

BaBiO3 projected on B-s (grey), O-p states (red) and Ba (green) contributions. b) Projected density of 

states on B-s (grey) and O-p states (red) in BaSbO3 and BaBiO3 in bulk and in BaSbO3 with a cell 

expansion/contraction of 5% of the cubic lattice parameter. The horizontal dashed line corresponds to 

the Fermi level. The high symmetry points are 𝛤 (0,0,0), X (½, 0,0), M(½, ½,0) and R (½,½,½). The dos is 

plotted on the basis of Wannier functions.  

 
The role of W and hybridizations on the tendency toward disproportionation effects can be 

tracked by recomputing the potential energy surfaces of the Boc mode for the two compounds but with 

lattice parameters expanded or contracted by 5%. The energy gain ∆E associated with the stabilization 

of the Boc mode as well as the fractional amplitude QBoc of stabilized Boc mode are reported on Figure 

5 (potential energy surfaces are available in supplementary 3). In both cases, the tendency toward 

disproportionation effect increases with increasing the cell volume, but energy gains are an order of 

magnitude larger in BSO than in BBO. The very same trend is observed for the stabilized amplitude QBoc 

of Boc mode in the structure. The increased tendency toward disproportionation effect with increasing 
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the lattice parameter is explained by a reduced bandwidth in both compounds. Even though BBO and 

BSO would exhibit the same lattice parameter, ∆E in BBO would remain an order of magnitude smaller 

than in BSO. This is due to the fact that the O-p character of the states crossing the Fermi level 

ultimately increases and becomes dominant over B cations states (Figure 4.b) with increasing the cell 

volume, thereby screening the tendency toward disproportionation effects. Therefore, the larger 

tendency toward disproportionation effect of BSO with respect to BBO is explained by the intrinsically 

more ionic character of its electronic structure – and hence its more correlated nature.  

 

Figure 5: Trends of disproportionation effects as a function of the cubic cell lattice parameter. 

Evolution of the bandwidth W (in eV, a), energy gain associated with the condensation of the Boc mode 

(in meV/f.u., b) and fractional amplitude QBoc of stabilized Boc mode (in fractional units, c) starting from 

a perfectly undistorted cell of compounds as a function of the lattice parameter in BaSbO3 (in red) and 

BaBiO3 (in grey). The normalized QBoc is obtained by dividing the amplitude of distortions by the cell 

parameter.  

 
The hybridized electronic structure of BaBiO3 then explains the fact that the alt-Boc1/2 and alt-

Boc1/3 are not stabilized in Ba1-xKxBiO3 for x=1/2 and x=1/3, respectively. In order to confirm this result, 

the bandwidth W of relevant states undergoing the disproportionation effects is decreased to W=3.88 

eV by applying a cell parameter expansion of 10% vs W=6.20 eV for the bulk phase. It then produces a 

slight double well potential for the alt-Boc1/2 mode albeit its energy gain (∆Ealt-Boc1/2=-2.8 meV/f.u) 

remains smaller than that observed in unpressured antimonates (∆Ealt-Boc1/2=-7.1 meV/f.u). The 

observation of quenched disproportionation modes with hybridization and doping effects is in sharp 

agreement with experiments: BKSO becomes a SC for x>0.65 while BKBO is SC for x>0.35. One 

concludes here that doping as well as hybridized electronic structures are a knob quenching all CBOs.  

 

5) Superconducting properties 
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 Being able to produce an insulating state in the underdoped regime of BKSO and BKBO, and 

quenched by doping and hybridization effects, one may wonder if “CBO lattice vibrations can produce 

a sufficiently large electron-phonon coupling (EPC) for explaining Cooper pairs formation and the 

superconducting temperature in the appropriately doped region”. Figure 6 reports the main 

superconducting quantities of doped BaSbO3 and BaBiO3 necessary to compute the electron-phonon 

coupling with eq.1 (band structures of doped compounds are presented in supplementary material 4). 

In BaSbO3, the frequency of the different disproportionation modes increases with increasing the 

doping content in the SC region. Such a behavior is also observed in BaBiO3 at the exception of the alt-

Boc1/2 mode that only increases for x>0.5 and is nearly constant with a minimum at x=0.5. This is 

explained by the fact that this mode is compatible with a half doped situation that would result in a 

charge ordering with 4Bi4.5+ transforming to 3Bi5+ + 1Bi3+, should the material be characterized by a 

localized electronic structure.  

 

 The Reduced Electron Phonon Matrix Elements (REPME), labelled D, increases with increasing 

the doping content for all disproportionation modes at the exception of the alt-Boc1/2 mode that shows 

a constant value with x. One highlights that the REPMEs are globally larger in BaSbO3 than in BaBiO3, 

at the exception of the Boc mode that has roughly the same magnitude in both compounds. This closely 

relates to the appearance of this mode in the pristine form of both materials. The larger REPMEs for 

alt-Boc modes in BaSbO3 is likely originating from the PCT nature, and hence more localized electronic 

structure, of antimonates inducing a stronger electron-electron interaction.  

 

 Regarding the squared density of states (dos) for several doped compounds, one observes a 

linear trend as a function of the doping content x. This is compatible with a free electron gas in which 

the density of states evolves as √(𝐸 − 𝐸0) – the doping content x is acting on the E-E0 value where E0 

is the bottom of the parabola. Finally, it is worth to emphasize that the squared dos is larger in BKBO 

than in BKSO, compatible with the fact that the bandwidth is smaller in BaBiO3 than in BaSbO3. 
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Figure 6: Superconducting quantities. Frequency 𝜔 (in meV, a), reduced electron phonon matrix 

element D (in eV/Å, b) for the Boc (circles), alt-Boc1/2 (squares) and alt-Boc1/3 (diamonds) modes and 

squared density of states at the Fermi level N(EF) (in states/eV2/f.u, c) in BaSbO3 (red) and BaBiO3 (grey). 

The dashed lines correspond to linear fits of the DFT results.  

 

 

 

Figure 7: Superconducting properties of Ba1-xKxSbO3 and Ba1-xKxBiO3 compounds. Computed electron-

phonon coupling constant 𝜆 (a) associated with the Boc (circles), alt-Boc1/2 (squares) and alt-Boc1/3 

(diamonds) modes in BKSO (red) and BKBO (grey) and computed critical temperature Tc (in K, b) versus 

the doping content in BaSbO3 (down red triangles) and BaBiO3 (grey squares). A screened Coulomb 

potential µ*=0.125 is used. Experimental values for BaBiO3 (orange diamonds) and BaSbO3 (up green 

triangles) are extracted from Refs. [19,47,48]. 

 Figure 7.a displays the evolution of the EPC associated with each CBOs in BKSO and BKBO as a 

function of the doping content and obtained from fits of N(EF), D and 𝜔 as a function of the doping 

content (see supplementary material 5). All EPCs decrease with increasing the doping content, in 

agreement with the extinction of the tendency toward CBO identified at lower doping content. The 

optimally doped BKBO  (x=0.4-0.5) presents a total EPC – computed as the average of the EPC induced 
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by the three disproportionation modes (see eq.1) around 1, in agreement with experimental values 

suggesting an EPC of 1.3±0.2 [8] and previous theoretical works  [9–11,24]. This EPC then rapidly 

decreases and becomes smaller than the total EPC of BKSO for x>0.6. This is in agreement with previous 

DFT calculations showing such a trend [10]. Finally, the alt-Boc1/2 and alt-Boc1/3 modes have a larger 

contribution to the total EPC in BKSO than in BKBO for x>0.65, thereby producing a larger total EPC in 

BKSO for these doping contents.  

 One can then estimate the critical temperature Tc using the modified Mac Millan equation 

presented in eq.4 where 𝜔𝑙𝑜𝑔 is the logarithmic averaged phonon frequency (expressed in K) and 𝜇∗ is 

the screened Coulomb potential with conventional values usually ranging from 0.1 to 0.15. Considering 

the three disproportionation modes as the characteristic frequencies and assimilating 𝜔𝑙𝑜𝑔 =

(𝜔𝐵𝑜𝑐 . 𝜔𝑎𝑙𝑡−𝐵𝑜𝑐1/2. 𝜔𝑎𝑙𝑡−𝐵𝑜𝑐1/3)
1/3

 and a usual screened Coulomb potential µ*=0.125, a Tc of 22 K is 

obtained in Ba0.35K0.65SbO3 and a maximal Tc of 30 K is extracted in BKBO for x=0.4-0.5 (Figure 7.b). 

These results are in good agreement with experimental values available in literature with a maximal Tc 

of 15 K in BKSO (x=0.65) and 32 K in optimally doped BKBO. Furthermore, the global trend of Tc versus 

doping content is well captured by the model, highlighting that the identified disproportionation 

modes are the determining factor behind the superconducting mechanism of antimonates and 

bismuthates. It is worth to emphasize that (i) the DFT model may underestimate the doping content 

needed to reach the SC phase due to band gap underestimation inherent to semi-local DFT functionals 

and (ii) there are of course uncertainties on Tc associated with the choice of µ* and the approximation 

for estimating 𝜔𝑙𝑜𝑔.  

 The ionic nature of antimonates explains their “large” Tc for x>0.65: at the same doping 

content such as x=0.65, the Tc of antimonates is predicted to be higher (22 K) than the Tc of bismuthates 

(5.7 K), compatible with experimental facts (15 K vs 7 K in BKSO and BKBO, respectively, Ref. [19]). 

Although the Boc mode yields very similar EPC 𝜆 for the two compounds, the alternative 

disproportionation modes alt-Boc1/2 and alt-Boc1/3 have a larger contribution to the total EPC in 

antimonates than in bismuthates, resulting in a larger EPC in BKSO (Figure 7.a). The larger EPCs 

originate from a stronger coupling between these structural motions and the electronic structure 

(DBoc1/2=12.5 eV.Å-1 in BKSO and 6 eV.Å-1 in BKBO, Figure 6.b).  

 

The alt-Boc1/2 mode explains the maximal Tc centered at x=0.5 in BKBO: Due to its NCT nature, 

the alt-Boc disproportionation modes are already quenched by the hybridized electronic structure in 

BKBO. Nevertheless, the alt-Boc1/2 mode remains compatible with a half-doped situation and it hence 

reaches its lowest frequency at x=0.4-0.5. For x>0.5, the mode rapidly hardens upon doping the 
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compound (Figure 6.a). Recalling that  𝜆 is inversely proportional to 𝜔⬚
2  (eq.1), the EPC associated with 

alt-Boc1/2 is maximal for x=0.4-0.5. It results in a plateau for the Tc between x=0.4 and x=0.5 (Figure 7.b), 

in agreement with experiments. 

 

IV. Conclusions  

The ionic character and resulting more localized electronic structure of Ba1-xKxSbO3 explains the 

high doping content needed to reach the SC phase in the doping phase diagram. At the same time, it 

produces strongly coupled structural-electronic features sufficient to mediate the formation of Cooper 

pairs. Nevertheless, the drawback is the resilience of the material to transit to a metallic state with 

doping and hence to the emergence of a SC state close to soft phonons strongly coupled to the 

electrons. This situation is reminiscent of the SC nickelates where the starting material is a strong Mott 

insulator prone to exhibit several CBO upon doping before transiting the SC region for a high doping 

content [32]. Finally, identifying the relevant, and potentially hidden, electronic and structural 

instabilities in the doped phase diagram of compounds is a critical aspect for understanding the 

emergence of superconductivity.  
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