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We propose a new scenario for the metal-insulator phase transition and superconductivity in the perovskite-like
bismuthates Ba;_,K,BiO3 (BKBO) based on our EXAFS studies. We show that two types of charge carriers,
the local pairs (real-space bosons) and the itinerant electrons, exist in the metallic compound Bai_,K;BiO3
(z > 0.37). The real-space bosons are responsible for the charge transport in semiconducting BaBiO3 and for
superconductivity in the metallic BKBO. The appearance of the Fermi-liquid state as the percolation threshold
is overcome (x > 0.37) explains the observed metal-insulator phase transition. Because bosons and fermions
occupy different types of the octahedral BiOg complexes, they are separated in real space, and therefore, the
spatially separated Fermi-Bose mixture of a new type is likely to be realized in the bismuthates. The nature
of superconductivity is consistently explained in the framework of this scenario. A new superconducting oxide
Bai_,La,PbO3 has been successfully synthesized to check our conclusions.

PACS: 74.20.Mn, 74.72.Yg

1. INTRODUCTION

The concept of the extremely strong-coupling su-
perconductivity with preexisted local pairs was first in-
troduced by Shafroth [1] in the middle of the fifties.
His statement was that in the extremely type-II su-
perconductors, where {okp < 1, the nature of the su-
perconducting transition corresponds to the local pair
formation (pairing in the real, rather than in the mo-
mentum space) at some relatively high temperature 7*
and to the Bose-Einstein condensation (BEC) of pairs
at a lower critical temperature 7, < T*. Later on,
Alexandrov and Ranninger developed this concept [2]
for narrow-band materials with an extremely strong
electron-phonon coupling constant (A > 1), where
the standard Eliashberg theory [3] becomes inadequate.
The key issue of their approach was the statement that
in narrow bands, where the polaron formation is impor-
tant, it is possible, in principle, to create the conditions
for two polarons to effectively occupy the same poten-
tial well prepared within a self-consistent procedure.
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At approximately the same time, Leggett and
Nozieres [4, 5] developed a general theory that de-
scribed a smooth interpolation between the BCS-type
pairing in the momentum space for a weak electron—
electron attraction and the pairing in the real space for
a strong electron—electron attraction. There were two
crucial points in their papers [4, 5]. (i) The results are
valid independently of the actual nature of the short-
range effective attraction between electrons; (ii) they
have self-consistently investigated the standard equa-
tion for the superconducting gap and the equation for
the conservation of the number of particles. The most
important result of Nozieres and Leggett is that for
T* > T, (in other words, for the binding energy of a
local pair |Ep| > €p), one has a normal bosonic metal
that is responsible for the electron transport. Later on,
Ranninger [6, 7] introduced the concept of the two-band
Fermi-Bose mixture. His scenario involves the contri-
butions of fermionic and bosonic quasiparticles to the
electron transport for T, < T < T*.

Soon after the discovery of high-T,. superconduc-
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tors, Anderson [8] reintroduced the concept of local
pairs. He also used two bands of the fermionic and
bosonic quasiparticles. In his approach, the super-
conducting transition was related to the BEC in the
bosonic band of charge excitations, the holons, while
the presence of a large Fermi surface was guaranteed
by the fermionic band of spin excitations, the spinons.
Unfortunately, even this beautiful approach was not to-
tally successful because at least in one layer, the BEC of
holons yields the superconductive pair charge e instead
of 2e measured experimentally.

Later on, Geshkenbein, Ioffe, and Larkin [9] phe-
nomenologically reconsidered the model of the Fermi—
Bose mixture at the level of the Ginzburg-Landau ex-
pansion coefficients and showed that several impor-
tant experiments in the underdoped high-7, materi-
als can be naturally explained within this form of
the Ginzburg-Landau functional. At present, there-
fore, the question of whether a two-band Fermi-Bose
mixture scenario is applicable to high-temperature su-
perconducting (HTSC) materials remains open. The
materials that can be best described by this scenario
are the bismuth family of high-T, superconductors
BiySryCaCusOgy g, where kpéy ~ 2, and the tunneling
experiments of Rener et al. [10] signal the formation of
a sufficiently large and stable pseudogap at tempera-
tures well above T.

In this paper, we discuss the possibility of a two-
band Fermi-Bose mixture scenario in an entirely dif-
ferent class of superconductors with a relatively high
critical temperature 7, ~ 30K, namely in the bar-
ium bismuthates Ba;_,K;BiO3. The key issue of our
paper is the possibility of the existence of spatially
separated subsystems of fermionic and bosonic quasi-
particles in these materials. The cubic perovskites
BaPb;_,Bi, O3 (BPBO) and Ba,_,K,BiO; (BKBO)
have been known and extensively studied since 1975
and 1988 respectively. A large number of the first-
principle calculations have been carried out [11-17]
to explain the high-temperature superconductivity in
these compounds. However, most of the unusual prop-
erties of the BaBiOs-family compounds mentioned in
the early review by Uchida et al. [18] still remain un-
explained. From our point of view, the reason is that
these calculations were done in the mean-field approxi-
mation, and therefore, they adequately describe crystal
structures with the translational symmetry but cannot
explain the peculiarities of the electronic properties of
BPBO and BKBO following from the local structure
distortions. Such distortions, which were observed by
the local sensitive methods such as the XPS [19], Ra-
man scattering [20], and EXAFS [21-24], destroy the
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translation symmetry. Therefore, the mean-field ap-
proximation cannot describe the local electronic struc-
ture.

Based on the low-temperature EXAFS study of the
BKBO and BPBO compounds, the motion of the lo-
cal electronic pairs correlated with the lattice vibra-
tions was established in our recent work [22]. We found
that different electron fillings of the upper antibonding
Bi6s—O2p,+ orbital of the BiOg octahedra lead to the
formation of a double-well potential for the vibration
of some part of the oxygen ions. The observed anoma-
lies have been discussed in the framework of different
theoretical models of superconductivity. We found that
none of them can fully explain our experimental results
and proposed a phenomenological model of the rela-
tionship between the local crystal and the local elec-
tronic structures.

We here present a relatively new concept of super-
conductivity in bismuthates based on an interplay be-
tween spatially separated Fermi and Bose subsystems.
In contrast to the previous theoretical models and cal-
culations, we take the results obtained in a number of
local sensitive measurements into account [19-24].

The paper is organized as follows. In Sec. 2, we
present the basic experimental facts pertaining to the
local electronic and crystal structure peculiarities and
consider their relation to the superconducting and the
normal transport properties of BKBO. We then show
how these basic facts can be naturally explained within
the scenario of two spatially separated bands of the
fermionic and bosonic quasiparticles. In Sec. 3, conse-
quently, we discuss the nature of superconductivity in
the bismuthates within this scenario. We conclude the
paper by summarizing our model and discussing several
additional experiments that would help give a definite
answer as to whether our proposal is the only possibil-
ity for a superconducting pairing in bismuthates.

2. SPATIALLY SEPARATED FERMI-BOSE
MIXTURE

BaBiO3, which is a parent compound for the bis-
muthates Ba;_,K,BiO3 and BaPb;_,Bi,0O3, repre-
sents a charge-density-wave (CDW) insulator having
two gaps: an optical gap with F;, = 1.9eV and an
activation (transport) gap with E, = 0.24€V [18]. A
partial replacement of Ba by K in BKBO causes the de-
crease of the gaps, and as a result, the insulator—metal
transition and superconductivity are observed at the
doping levels z 2 0.37. The superconductivity remains
up to the doping level z & 0.5 corresponding to the so-
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lubility limit of K in BKBO, but the maximum critical
temperature T, ~ 30 K is achieved for z &~ 0.4 [25, 26].

A. Local crystal structure peculiarities

A three-dimensional nature of the cubic perovskite-
like structure of the bismuthates differs from the two-
dimensional one in the HTSC cuprates. The building
block in the bismuthates is the BiOg octahedral com-
plex (the analogue of CuO,, (n =4,5,6) in HTSC ma-
terials). The octahedral complexes are the most tightly
bound items of the structure because of a strong cova-
lence of the Bi6s—02p, bonds. According to the crys-
tallographic data [27], the crystal structure of a par-
ent BaBiO3 compound represents the alternating ar-
rangement of the expanded and contracted BiOg oc-
tahedra (referred to as the «breathing» distortion) in
the barium lattice. This alternation and the static ro-
tation of the octahedra around the axis [110] produce
a monoclinic distortion of the cubic lattice. As shown
in Refs. [21,22,28], the larger soft octahedron corre-
sponds to the BiOg complex with the completely filled
Bi6s—O2p orbitals and the smaller rigid octahedron cor-
responds to the BiL2Og complex. Here, L? denotes the
free level in the antibonding Bi6s-O2p,+ orbital of the
smaller octahedral complex.

The K doping of BaBiOs is equivalent to the hole
doping and leads to a partial replacement of the larger
soft octahedra BiOg by the smaller rigid octahedra
BiL?Og [22]. This causes the decrease and the even-
tual disappearance of the static breathing and tilting
distortions; the lattice must therefore contract despite
the practically equal ionic radii of Kt and Ba?t. As
a result, the average structure becomes a simple cubic
one at the doping level = 0.37 in accordance with the
neutron diffraction data [29]. However, the local EX-
AFS probes [21, 22, 24] showed a significant difference
of the local crystal structure from the average one. We
found that the oxygen ions belonging to the different
BiOg and BiL2Qg octahedra vibrate in a double-well
potential, while those having an equivalent environ-
ment of the two equal BiL?Og octahedra oscillate in
a simple harmonic potential [21, 22]. This very un-
usual behavior is closely related to the local electronic
structure of BKBO.

B. Local electronic structure

The coexistence of the two types of the octahedra in
BaBiOj with different Bi—O bond lengths and strengths
reflects the different electronic structures of BiOg com-
plexes. The valence band of BaBiOj is determined
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by the overlap of the Bi6s and O2p orbitals [11, 30],
and because of a strong Bi6s—02p, hybridization, the
octahedra can be considered as quasimolecular com-
plexes [31]. Each complex involves ten electron levels
consisting of four bonding-antibonding Bi6s-02p, or-
bitals and six nonbonding O2p, orbitals. A monoclinic
unit cell includes two octahedra and contains 38 valence
electrons (10 from two bismuth ions, 4 from two barium
ions, and 24 from six oxygen ions). All the Bi-O bond
lengths must be equal and local magnetic moments
must be present for the equal electron filling of the
nearest octahedra (BiL!'Og + BiL!Og). However, the
presence of two types of octahedral complexes and the
absence of any local magnetic moment were observed
experimentally [18, 32]. A scheme of the valence dis-
proportionation 2BiL'Og — BiL204-+BiOg was then
proposed [22] in which the numbers of occupied states
are different in the neighboring octahedral complexes:
the octahedron BiL?Og contains 18 electrons and has
one free level or a hole pair L? in the upper antibond-
ing Bi6s—O2p,+ orbital, while in the octahedron BiOg
with 20 electrons, the antibonding orbital is filled as
shown in Fig. 1. It is quite natural that the BiL2Og
octahedra have stiff quasimolecular Bi—O bonds and a
smaller radius, while the BiOg octahedra represent un-
stable molecules with the filled antibonding orbital and
a larger radius.

Thus, in BaBiOg one has an alternating system of
the two types of the octahedral complexes filled with
local pairs: the hole pairs in BiL?Og complexes and the
electron pairs in BiOg complexes. In other words, the
parent compound is a system with the real-space [33]
or hard-core [16] bosons (i.e., with at most one boson
per site).

The local pair formation in BaBiO3 was advocated
previously, e.g., in Refs. [15, 16, 18, 34—38]. The binding
mechanism for the pairs is probably of an electronic na-
ture [16, 35] in accordance with Varma’s picture of the
pairing due to the skipping of the valence «4+» by the
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Bi ion [35]. However, one cannot fully exclude the lat-
tice mediated pairing [18, 34, 37] in accordance with de
Jongh’s statement [36] that the preference to retain the
close-shell structures overcomes the Coulomb repulsion
related to the intrasite bipolaron formation.

The local electronic structure of BaBiOs combined
with the real-space local crystal structure is presented
in Fig. 2a. There are no free fermionic carriers in this
system, and the conductivity is only due to the trans-
fer of the carrier pairs [18, 28]. Experimentally, BaBiO3
shows a semiconducting-type behavior with the energy
gap E, = 0.24 eV. This transport gap does not show up
in photoconductivity, optical absorption, and photoa-
coustic measurements [39] and can be explained only
as a two-particle transport with the activation energy
2FE, due to the delocalization of pairs. From our point
of view, the transport gap value is defined by the com-
bined effect of the intersite Coulomb repulsion and the
local lattice deformation due to the static breathing
distortion.

The optical gap, in similarity with Varma'’s [35] sug-
gestion, costs the energy

E, = Ey + 2E, = 2E(BiL' Og) —

— [E(BiOg) + E(BiL?0¢)] (1)

and is observed experimentally as the optical conduc-
tivity peak at the photon energy hv 1.9eV [18].
(Here, Ej is the pair binding energy related to the dis-
sociation of pairs.)

In accordance with Eq. (1), the optical excitation
must produce a local lattice deformation via the trans-
formation of the two different octahedra into equiva-
lent ones: BiL20g+BiOg ~% 2BiL!'Og. Consequently,
this dynamical local lattice deformation is manifested
in the Raman spectra as an abnormally large ampli-
tude of breathing-type vibrations of the oxygen octa-
hedra if the resonance laser excitation with hv = E, is
used [31,37,40]. The abrupt decrease of the mode am-
plitude was observed when lasers with different wave-
lengths were used [40].

It is important to emphasize that there are no free
fermions in the system. Only the excited fermions can
be produced by the unpairing, and they do not give any
contribution to the charge transport because of a high
value of E,. The bosonic and the fermionic subsys-
tems are therefore separated both spatially and ener-
getically, and hence, the Fermi-Bose mixture is absent
in the parent compound.

This situation is illustrated in Fig. 3a, where we
schematically present the one-particle density of states.
For = 0, the filled bosonic band is separated from
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the empty fermionic band (the excited band F') by the
large optical gap E, and from the empty bosonic band
B by the smaller transport gap 2E,. The bosonic band
plays the role of a conduction band for bosonic quasi-
particles involved in the activation transport. In accor-
dance with Ref. [41], the filled and empty bosonic bands
have, respectively, the hole-like and electron-like dis-
persions in the representation of the one-particle den-
sity of states. Because bosons and fermions are always
spatially separated (i.e., belong to different octahedra
complexes), we show their densities of states in the dif-
ferent sides of the pictures.

C. Formation of the Fermi—Bose mixture

The substitution of the two KT ions for two Ba?*
ones modifies the BiOg complex to the BiL?Og one. As
a result, the number of small stiff BiL2Og4 octahedra in-
creases as ng(1+2)/2 and the number of large soft BiOg
octahedra decreases as ng(1—z)/2, where ng = 1/a® is
the number of unit cells and a is the lattice parameter.
Clusters of the BiL2Qg complexes are formed with dop-
ing, which contracts the lattice because of small radii
and the rigid bonds of the BiL2Og complexes.

The changes in the crystal structure are accompa-
nied by essential changes in the local electronic struc-
ture. A spatial overlap of the L2 levels leads to their
splitting into an empty fermionic-like band F' inside
the BiL?0Og — ... —BiL?>QOg Fermi cluster (see Fig. 2b).
In the doping range = < 0.37, this sufficiently narrow
band is still separated from the occupied Bi6s—02p
subband. The number of the empty electronic states
in the F band increases with = as np = ng(l + z),
while the number of the local electron pairs decreases
as ng = ng(l —xz)/2.

The free motion of the pairs is still prevented by
the intersite Coulomb repulsion (E, # 0), which is
screened inside the clusters, however. When the Fermi
clusters are formed, the conductivity occurs because
of the motion of the pairs through the clusters of dif-
ferent lengths. The BKBO compounds demonstrate
a semiconducting-type conductivity changing from a
simple activation type to the Mott’s law with variable-
range hopping [42].

At the doping level x 0.37 (see Fig. 2¢ and
Fig. 3¢), the following cardinal changes occur.

(i) The breathing and the rotational static lattice
distortions transform to the dynamic ones. At the Bose
and the Fermi cluster borders, where all the oxygen ions
belong to both the BiOg and BiL2Qg octahedra, the
local breathing dynamic distortion is observed as the
oxygen ion vibration in a double-well potential [21, 22].

~
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The scheme of the insulator-metal phase transition for the K-doping of Ba;_,K;BiO3 in the framework of the

relationship between the local crystal and the local electronic structures. The local crystal structure of the octahedral com-
plexes (at the top) and the local electronic structure (at the bottom) are shown in pictures (a)—(d). The occupied states
of the Bi6s—02p valence band are marked by grey. 2E, is the activation gap. Black and white circles with arrows denote,
respectively, the electrons and the holes with the opposite spin orientations. (a) The monoclinic phase of the insulator
BaBiO3 compound. (b) The orthorhombic phase of a semiconducting BKBO at 0 < x < 0.37. The splitting of the free
level L? at the spatial overlap of the BiL2Og octahedra is sketched. (c) The undistorted cubic phase of a superconducting
metal at x > 0.37. The formation of a Fermi-liquid state is shown arising due to the overlap of the unoccupied fermionic
band F with the occupied Bi6s—O2p valence band as the percolation threshold is reached. (d) The undistorted cubic phase
of a nonsuperconducting metal at x = 1. A Fermi liquid state with the Fermi level Er is shown

(ii) The infinite three-dimensional percolating
Fermi cluster is formed from the BiL2Qg octahedra
along the [100]-type directions. The empty fermionic
band overlaps the filled one, and F' therefore becomes
a conduction band. Overcoming the percolation thres-
hold provides the insulator—metal phase transition and
the formation of the Fermi-liquid state for =z > 0.37.
The valence electrons previosly localized in the BiL2Og
complexes become itinerant inside the infinite Fermi
cluster.

(iii) The pair localization energy disappears,
E, =~ 0, and therefore, local electron pairs originating
from the BiOg complexes can move freely providing
a bosonic contribution to the conductivity. In the
metallic phase, two types of carriers are present:
the itinerant electrons from the BiL2Og complexes
(fermions) and the delocalized electron pairs from
the BiOg complexes (bosons). Although the normal
state conductivity is mainly due to the fermionic
subsystem, the contribution of the bosonic subsystem
was also observed by Hellman and Hartford [43] as the
two-particle normal state tunneling.

As a result, at doping levels > 0.37, we have a
new type of a spatially separated mixture of the bosonic
and fermionic subsystems describing both metallic and
superconducting properties of BKBO. We stress that
because fermions and bosons belong to the complexes
with different electronic structures, the Fermi and Bose
subsystems are spatially separated at any doping level.
These subsystems are related by

2np + nEp = 2ng, (2)

and

2TLB 1—=x

e . (3)

hrp 14z

The pair destruction is prevented by a sufficiently high
value of the binding energy, which becomes apparent as
the pseudo-gap Ey, = E, &~ 0.5€V [44] in superconduct-
ing compositions. The unpairing is possible only un-
der the optical excitation to the band F’ (see Fig. 3¢)
which does not play any role in the charge transport.

At x = 1, all the BiOg octahedra are transformed
into the BiL2Og ones. The Bose system disappears

3
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Fig.3. A sketch of the one-particle density of states for Ba;_,K;BiO3. The contributions of the bosons Ng(FE) and the
fermions Np(F) are depicted separately because bosonic and fermionic states are spatially separated. The filled (dark grey)
and the unoccupied (transparent) bosonic bands correspond, respectively, to the contributions of the electron and the hole
pairs. The bands are separated by the activation gap 2F,, which is lowered with the doping level 2. An empty fermionic
band F' corresponding to the destruction of pairs is separated from the occupied bosonic band by the optical gap E;. An
empty fermionic band F is formed due to the splitting of the free level L?, which arises from the spatial overlap of the
BiL’>Og octahedra. The filled fermionic band (grey) represents the Bi6s—02p valence band. The band F' and bosonic bands
decrease as the doping increases, because the number of the electron pairs decreases, while the band F' grows due to the
increase of the number of free levels. A Fermi liquid state is formed (c), (d) as a result of the overlap between the F' band
and the Bi6s—0O2p valence band

(np = 0) together with the excited fermionic band
F'. Therefore, KBiO3 must be a nonsuperconducting
Fermi-liquid metal (see Fig. 2d and Fig. 3d).

We note that a metallic KBiO3 compound ex-
ists only hypothetically because the potassium solu-
bility limit @ ~ 0.5 is exceeded in BKBO. However,
BaPbOs3, which can be viewed as an electronic ana-
logue of KBiOj3, demonstrates the metallic but not the
superconducting properties. Recent attempts to syn-
thesize KBiOj3 at a high pressure have shown that only
K;_,Bi,BiO3 with a partial replacement of the K* ions
by the Bi*T ones is formed [45]. This replacement must
lead to the appearance of the BiOg octahedra with the
local electron pairs, and the compound K;_,Bi,BiO3
must therefore be superconducting in accordance with
the above discussion. Indeed, superconductivity with
T. = 10.2K was experimentally observed in this com-
pound [45].

Our analysis implies that BaPbO3 must be super-
conducting at a partial substitution of the Ba?t ions
for the trivalent ions because this substitution produces

14 ZK3T®, Bem. 3(9)
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local electronic pairs as in the case of K;_,Bi,BiOs3.
Thus, using the La3*t doping, it is possible to ob-
tain the spatially separated Fermi-Bose mixture in
BaPbOs. Recently, we have successfully produced
Baj_,La,PbO3 using the high-pressure synthesis tech-
nique. Superconductivity at 7, = 11 K observed in this
new compound [46] is a direct evidence in favor of the
above scenario.

At the end of this section, we note that our under-
standing of the insulating state in the parent BaBiOj
is very similar to the theoretical model by Taraphder et
al. [15,16]. We agree with the authors of Refs. [15,16]
on the following principal positions: i) the presence of
the electronic-mediated (Varma’s type) pairing mecha-
nism; ii) the existence of the charge £2e bosonic bound
states that dominate transport properties of BaBiOs;
iii) the explanation of the nature of both the transport
and the optical gaps.

However, our description of the K-doped systems

strongly differs from their model. Going from insu-
lating BaBiOj3 to superconducting BKBO (z > 0.37),
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Taraphder et al. were forced to change the nature of
the pairing mechanism from the real-space pairing to
the k-space one. Thus their description of the super-
conducting state does not differ from the traditional
BCS description that has been discussed for BKBO,
e.g., in [12,13,47].

Using our EXAFS results [21,22], we consistently
explain the insulating and the superconducting states
in BKBO within a single approach. In contrast to
Refs. [15,16], we showed that the real-space bosons do
not disappear in the metalic region of BKBO and that
they are responsible for superconductivity. At the same
time, the Fermi liquid appears in the BKBO system be-
cause of the overlapping of the occupied valence band
levels and the free ones when the percolation thresh-
old # = 0.37 is overcome. An interplay of these Bose

and Fermi subsystems explains the main properties of
BKBO.

3. DISCUSSION

Taking the existence of the double-well potential in
Ba;_,K,BiOj3 into account, one can consider super-
conductivity in this compound in the framework of the
anharmonic models for HTSC [48,49]. As shown in
these models, if the oxygen ions move in a double-well
potential, an order-of-magnitude enhancement of the
electron—lattice coupling constant follows automatical-
ly from a consistent treatment of this motion.

However, as shown above, the double-well potential
arises in the bismuthates from different electronic fill-
ings of the nearest octahedra and the tunneling of local
pairs between them. The existence of the double-well
potential in the metallic phase of BKBO (z > 0.37)
therefore indicates that the real-space bosons do not
decay with doping. There are at least two additional
experimental confirmations of this fact: i) the observa-
tion of the optical pseudogap in superconducting com-
position [44]; ii) the existence of two types of charge
carriers with heavy and light masses [43, 50]. These ex-
perimental facts allow us to consider superconductiv-
ity in the bismuthates as the motion of local electronic
pairs. This motion is correlated with the oxygen ion
vibrations in the double-well potential and leads to the
transformation of the Bose octahedral complexes to the
Fermi ones and vice versa in the dynamical exchange
process BiOg « BiL2Qg. The interplay between the
Bose and the Fermi subsystems is closely related to the
superconductivity analyzed below in more detail.
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A. The Fermi—Bose mixture Hamiltonian

We first consider the Hamiltonian of the Fermi—
Bose mixture (see, e.g., Ref. [51])

H=Hg+ Hr + Hpp (4)

in the spatially separated case,

h2
2mB

Hp = /d% ®*(r) {—

+ %UBB/dsrdsr’tb*(r)d)*(r') X

VQ} ®(r) +

x d(r —1')®(r') B (1),
Hp = /d3R 7 (R) [—2

1 * *
+ EUFF/d3Rd3R’\I/a(R)\I/6(R’) X

h2
mr

VQ} T, (R) +

x (R — R')¥s(R") T4 (R),
Hpp = /d3Rd3r d*(r) T (R) x
X UFB(I' — R)@(r)\Pa(R),

where ® and ¥, are bosonic and fermionic operators,
and mp and mp are the effective masses of bosons and
fermions. The most important property of Eq. (5) is
that fermions and bosons are spatially separated, and
moreover, the potential Urp has a double-well shape at
the boundary between the bosonic and fermionic sub-
systems. This fact is crucial for matching our model
with experimental data on the local structure and for
the explanation of superconductivity. Obviously, realis-
tic Hamiltonians are more complicated, and the quan-
tities Ugpp, Urr, and Upp include not only the direct
interactions between bosons and fermions, but also in-
direct interactions via the lattice. The last contribu-
tion could be dynamical in principle, and the picture
could therefore change in time, thereby leading to a dy-
namical version of the real-space separation. We note
that the bosonic Hamiltonian Hg in Eq. (4) is gen-
erated from the electronic band with a strong attrac-
tion between electrons (see Refs. [15,16,41]). We thus
have two generic spatially separated electronic bands:
one with a strong attraction between electrons and the
other with a repulsion.

We must solve Hamiltonian (4) together with the
equation for the particle number conservation obtained
from Eqgs. (2),

2N 1 [
2n = - 5/2113(1‘) d*r + ﬁ/nF(R)dSR7 (6)
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where a b
\
np(r) = (*(r)d(r)), BiOs BiL?Os \
. * 7)
Ap(R) = 3 (V5(R)Tq(R)) ( B

and  is the volume of the system. In accordance with
Eqs. (3), we also have 2ng/np = (1 —2)/(1 + z).

We consider the system of equations (4)—(7) in the
Hartree-Fock approximation. By analogy with the
Fermi-Bose mixture "Li-%Li in a magnetic trap [51],
it is convenient to introduce the effective external po-
tentials for fermions U,y (R) and bosons Uy (r) as

UeaeF) = & / Urs(r — R)ir(R) PR, (8)
Uewe(R) = & / Urp(e — Rnp@mdr.  (9)

Following Ref. [52], we then obtain

Hyr = Hp + Hp,

. 2 42
Hp = /d3r<I>*(r) {—h— 8_+

2mp Or?

+ Ugg(r)ng(r) + Uext(r):| ®(r), (10)

n:  0?
2mF 8R2 +

Hp = /d3R T (R) [—
+ Urr (R)R(R) + Uy (R)| 0 (R). (1)

Equations (10) and (11) self-consistently describe the
interaction between the Fermi and Bose subsystems.
However, in contrast to the Fermi—Bose mixture mod-
els discussed previously (see Sec. 1), the relation be-
tween the concentration of the bosonic and fermionic
quasiparticles is independent of the temperature and
depends only on the doping level x in accordance with
Eq. (3).

The theoretical analysis of the above equations is
beyond the scope of this paper and will be published
elsewhere. We only note that the potential Ue,¢(r)
n (10), which is the contraction of the Fermi-Bose
interaction potential Upp(r — R) with the fermionic
density np(R), also has a double-well shape, and the
real-space bosons therefore live in the effective double-
well external potential. The maximum of this external
potential corresponds to the point r = R at the bound-
ary between the Fermi and the Bose clusters. Our esti-
mate for the superconductivity critical temperature is
heavily based on this fact.

[100]
o Bi o Oxygen

BIL 06 BIOG BIL Os
Fig.4. A sketch of the dynamic exchange

BiOs <+ BiL?Qg is shown in the BiOy plane of the
octahedra. (a) The breathing mode of the vibrations
along the [100]-type direction of two neighboring octa-
hedra with different electronic structures. The BiOg oc-
tahedron transforms to the BiL2Og one and vice versa
due to the electron pair tunneling between the octa-
hedra. An oxygen ion belonging to these octahedra
oscillates in the double-well potential. An oxygen ion
belonging to the equivalent neighboring BiL?Os octa-
hedra oscillates in a simple parabolic potential. (b) The
double-well potential with the energy levels for the
vibration of the oxygen ion. The following parame-
ters describe the tunneling barrier between the wells in
Bao.sKo.4BiO3 at low temperatures [22]: the tunneling
frequency wo =~ 200 K, the barrier height U ~ 500K,
the barrier width d =~ 0.07 A. (¢) The motion of a local
electron pair centered on the BiOg octahedron through
the BiL?Og ... BiL?Og Fermi cluster. For detailed ex-
planations, see the text

B. Superconductivity in Ba;_,K,;BiO3

Taking the existence of the double-well potential in
Ba;_,K,;BiOj3 into account, one can consider supercon-
ductivity in this compound as a long-range order that is
established via the local pair tunneling from one Bose
cluster to a nearest one over the Fermi cluster along
[100]-type directions.

The pair transfer process correlated with the oxy-
gen vibration (in other words, the dynamic exchange)
is illustrated in Fig. 4. The oxygen belonging to the
two neighboring octahedra BiOg and BiL2Og vibrates
in the double-well potential, and hence, the electron

14*
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pair tunneling between the neighboring octahedra oc-
curs when the ion tunnels through the potential barrier
between the wells. Because of this interconnection be-
tween the pair and the oxygen tunneling processes, we
can estimate the matrix element of the pair tunneling
as tg o< woe™ 7, where wy is the tunneling frequency,

zy

/\p|dx R~ % 2MU

Zo

1

D=-
h

is the semiclassical transparency of the barrier in the
double-well potential, U and d are the barrier height
and width, and M is the oxygen ion mass. We note that
the relatively small tunneling frequency wy = 200K
(see Fig. 4) already incorporates all the polaronic ef-
fects.

A local pair is transferred from one Bose cluster to
the nearest one over a Fermi cluster, which, depending
on the doping level, consists of several octahedra. The
pairs overcome the Fermi cluster step by step. A single
step corresponding to the pair transfer into a neighbor-
ing octahedron occurs simultaneously with the oxygen
ion tunneling in the double-well potential. The tunnel-
ing frequency wy is therefore the same for each step.
Assuming that the steps are independent events, the
probability of overcoming the Fermi cluster can be ob-
tained as the product of the probabilities of each step.
The matrix element of the pair tunneling through the
Fermi cluster can then be estimated as {5 o wpe™ (NP,
where the average number of steps (which is propor-
tional to the Fermi cluster linear size) can be obtained
from the ratio of the concentrations of the BiL2Og4 and
BiOg octahedra. This gives the number of steps

()"

A natural assumption is that the critical tem-
perature of the onset of superconductivity is of the
order of the Bose-Einstein condensation tempera-
ture T, o fBa2n2B/3 in the bosonic system with the
large effective mass mp o l/iBaz. We recall that
anpg (1 —2)/2 in our case. For the parameters
of the double-well potential obtained in Ref. [22] (see
also Fig. 4), we estimated T,. ~ 50 K in Bag 6IK(.4BiOs,
which is larger than the measured T, ~ 30 K.

However, this estimate does not account for the
phase coherence arising due to the relation between
the vibrations of oxygen ions and the transfer of pairs.
When a pair is transferred from one octahedron to an-
other, the lattice has sufficient time to relax due to the
longitudinal stretching phonons, each time forming a

1+ 2
1—=2
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new configuration before the next tunneling event oc-
curs. Taking the breathinglike character of the oxygen
ion vibrations in the double-well potential into account
(see Fig. 4), it is natural to suppose that the breathing
mode of each octahedron is coordinated with its neigh-
bors to guarantee a resonant tunneling along [100]-type
axes in the system.

From the dispersion of longitudinal phonon modes
studied by the inelastic neutron scattering [53], it fol-
lows that the breathing-type vibrations with the wave
vector gqp (r/a,0,0) are energetically favorable in
the superconducting compositions of BKBO. Hence,
a long-range correlation of vibrations must occur at
low temperatures when only the low-energy states are
occupied. The bandwidth of the longitudinal stretch-
ing mode is of the order 100 K, and the temperature
T ~ T, is sufficiently high to excite the non-breathing-
type longitudinal stretching phonons with the wave
vectors shorter than ¢,. The thermal excitation of
these phonons leads to the destruction of the long-range
correlation between the breathing-type vibrations, and
hence destructively affects the long-range phase co-
herency of the local pair transfer.

We note that the anomalous dispersion of the lon-
gitudinal stretching phonons observed in Ref. [53] re-
flects the lattice softening with the decrease of temper-
ature due to the existence of a double-well potential in
the superconducting compositions of BKBO. A similar
dispersion was also observed in the high-T, cuprates
Laj g55r9.15Cu0Oy4 and YBayCuzO7 [54]. The problem
of the T, limitation due to the phase coherence destruc-
tion is now extensively discussed (see [55] for a review).
In view of the recent experimental evidence by Miiller
et al. [56] for the coexistence of small bosonic and
fermionic charge carriers in Las_,Sr,CuQ4, we also
envisage applying our scenario to HTSC cuprates. Be-
cause the underdoped HTSC-materials are similar to
the phase separation on antiferromagnetic (AFM) and
paramagnetic (PM) clusters [57-59], we suppose that
the lattice can here play an assistant role by providing a
pair tunneling between the superconducting PM metal-
lic clusters via the insulating AFM barrier. It can also
serve as a limitation for the estimate of the effective
critical temperature for the superconducting transition
in cuprates.

4. CONCLUSIONS

We briefly summarize the key positions of our con-
cept.
1. The parent compound BaBiOj3 represents a sys-
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tem with the initially preformed local electron and hole
pairs. Each pair is spatially and energetically localized
inside the octahedron volume. The localization energy
of a pair determines the transport activation gap Ej,.
The binding energy of a pair is given by Fy = F; —2F,,
where F, is the optical gap.

2. The spatially separated Fermi-Bose mixture of
a new type is possibly realized in the superconducting
compositions Ba;_,K,BiOj3 for > 0.37. The bosonic
bands are responsible for the two-particle normal state
conductivity. The overlap of the empty fermionic band
F with the occupied valence band Bi6s—02p provides
the insulator—metal phase transition and produces the
Fermi-liquid state. This state strongly shunts the nor-
mal state conductivity arising from the two-particle
Bose transport.

3. The fermionic band F' connected with the pair
destruction does not play any role in the transport.
The excitation energy is sufficiently high to guarantee
against the destruction of bosons (the pair binding en-
ergy for superconducting compositions is Ej ~ 0.5eV).

4. The pair localization energy is absent for
x > 0.37 (E, = 0), and therefore, the bosonic and
the fermionic subsystems are separated only spatially.
The interplay between them is due to the dynamic ex-
change BiL?0Qg «+BiOg, which causes the free motion
of local pairs in the real space.

5. The pairing mechanism in the bismuthates is
more likely of the Varma’s type (because of skipping
the «4+» valence by the Bi ion) rather than of the
phonon-mediated origin. The existence of local pairs
and their tunneling between the neighboring octahedra
are closely related to the presence of a double-well po-
tential that describes the vibration of the oxygen ions.
The lattice is more likely involved in the superconduc-
tivity by providing the phase coherence for the motion
of local pairs in the real space.

We finally emphasize that the scenario of the Fermi—
Bose mixture allows us to qualitatively describe the
insulator—metal phase transition and the superconduct-
ing state in BKBO in the framework of a single ap-
proach. To some extent, this scenario explains the
contradictions between the result of the local sensitive
and integral experimental methods [18-24, 31,40, 53].
In addition, we successfully synthesized new supercon-
ducting oxide Ba;_,La,PbO3 that can be considered
as a direct evidence in favor of our model.

Nevertheless, additional experiments are required
to make a definite conclusion about the nature of su-
perconductivity in these systems.

We propose two direct experiments to test our
model. (i) To provide the Raman scattering experiment
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of the superconducting Bag ¢Kq.4BiO3 compound using
a resonance optical excitation in the range of the optical
pseudogap E, ~ 0.5eV. In this case, a sharp increase
of the amplitudes of some Raman modes due to local
dynamic distortions must be observed at the pair de-
struction energy in accordance with our model. (ii) To
provide measurements of the inelastic neutron scatter-
ing in the Bag5Kg.5BiO3 and BaPbOj; samples. We
expect that the dispersion of the longitudinal stretch-
ing mode should decrease with changing the K doping
from x = 0.4 to * = 0.5 and should be absent in the
metallic BaPbO3 compound.

Moreover, it is important to carry out more precise
measurements of the specific heat in the bismuthates
for T ~ T.. In the three-dimensional Bose gas, the
specific heat behaves as Cp ~ (T/T.)*/* for the
temperatures T' < T, and Cg = const for T > T.. As
a result, there is a A\-point behavior of the specific heat
for T ~ T,. However, the Fermi—Bose mixture gives an
additional contribution from the Fermi gas, C'r ~ T
This contribution could in principle destroy the A-
point behavior of the specific heat in the Fermi-Bose
mixture. We note that the currently available experi-
mental results in the bismuthates [60] signal a smooth
behavior of the specific heat near T,., because in all
the experiments, the contributions of the Fermi and
Bose gases are masked by a larger lattice contribution.
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