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We calculate the electronic structure of iiuval_)‘:B!,x(:l3 within

a simplified version of a model proposed before for the
superconductivity, teking into account the loca]T
disproportionation of the Bl atoms in the CPA approximation.
Three different regimes are cbtained as a function of the Bi
concentration x: normal metal, metallic with a pseudogap and
insulating phase. This allows a satisfactory explanation of the
optical properties, resistivity, Hall and Seebeck effects. The
agreement is improved when the many body effects due to the
covalency of the Bi-0 bonding, invoked for the pairing mechanisn
are also considered.
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I - Introduction

The perovskite-like system Bal’bl_xBl x°3 has been the subject

of intensive studies, since the discovery of superconductivity' at
'l'c- 13K, an anomalous high critical temperature for a compound

without transition metal elements. The lntesg;t was recently
revived by the finding of superconductivity up to 30K in

Bnl_x (K or Rb)xﬂiﬂa. This value of Tc is of the same order of

those found in high temperature copper oxides. This suggest a
common novel pairing mechanism for both -~ copper and
bismuth - families as they show striking similarities: the same
metal-oxygen network and they are poor metals with a low number of
carriers. The density of states at the Fermi level is low and the
stoichiometric parent compounds are semiconducting. However there
are also essential differences between them that would constraint
many of the proposed theories iIf they should apply to both types
of systems.

The Bi oxides are three-dimensional compounds instead of the
layered structure of all the superconducting copper oxides. The
parent cuprate materlals are antiferromagnetic Insulators. But
BaBiDa is diamagnetjc, the Bi ions having zero magnetic moment,

and has a dou51e65+unit cell corresponding to a f{ormal charge

ordering BazBi Bi Og- In the cuprates the superconductivity

occurs as the antiferromagnetism Is inhibited iniroducing a few
charge carriers by substituting ions, while i{n the blsmutates-
since a cubic perovskites structure i{s reported” for BaI_:\‘[KY}.&iC‘3 -

it seems that the unit cell doubling assoclated with charge
ordering is weakened.
In Bal-—xxmeS’ with increasing x, holes are added to Lhe

parent system but without modifiying the underlaying BiO lattice,
The case of Banl_xleog is more complicated as the metal lons

themselves are substituted: not only carriers are introduced but
alsc the BiO lattice ls modifled. However this latter system has
the advantage that a lot of experimental data is available. In
particular, the systematic worfg of a group of Jepan and their
interpretation of the results®™, allow for a description of the
underliaying physics, that severely restricts the appllcability of
different theories.

Baﬂiua is semiconducting, the breathing mode is completely

softened and static displacements of the O atoms have been
inferred from the crystallographic studies by Cox and Sleight .
Although thg charge dispropurtionatiogi has been qu‘e_ationed by XPS
experiments’, recent crystallographic and optical studies have
coenfirmed the presence of inequivelent Bi sites. However the
magnitude of the char'g disproperticnation remains open. The
resistivity measurements revealed that the metal-insulator (M-S}
transition takes place at x = 0.25. 8
Resistivity and Hall coefficient measurements” yield the
following results. The system is a good metal for x < 0.2. For
0.2 < x < 0.35 the system is metallic but the resistivity shows a



semiconducting-like temperature-dependence. Supcrconductivity is
observed for 0.05 < x < 0.35 and the maximum Tc is ~ 13K around

L]
x = 0.25. The x-dependence of carrler concentratipn n fojlows
almost the same x-dependence as Tc' The maximum n  is 4x10" cm

al x - 0.25, which is one order of magnitude smaller than Lhose of
usual superconductors.

A detailed _optical study of this system has been dono by
Tajima et al. ¥ over a wide energy range and over the hole
compositional range. As the Bl concentration x is increased from
# =0, the position of the plasma edge shii'ts to higher energy
corresponding to an lncrease of the electron density centribution
of the Bl atoms. With {urther increase in x, = > 0.15, the
spectrum deviates ({rom the usual Drude behaviour. From a
Kramers-¥Kronig analysis the authors inferred that a pseudogap or a
minumum In the density of states, develops with x. The pseudogap
arises from the trend towards splittlng of the Bi-derived band and
trans’orms to a peal gep at the M-S transition at x = 0.35 The

optical speclrum shows that BaPb, Bi O, hes a clear optlcal gep

over the whole semiconducting compositional range, its mq’allude
increasing with x. Resonant Ruman scattering measurements  show
that the origin eoff this gap s a charge disproportionutlon
accompanied by the brealhing mode distortion. The resistivity
measurements show Lhat Lhe activation energy, although smaller in
magnilude than the oplical gap, follows the same x-dependence.
Several theories have been propused to explain M-S
transition, since the piopeering work by Rice and Sneddon . They

interpreted the semiconductivity of HaBiOa as due (o real space

eiggtr@g pairing which gives rlse to the valence configuration
BIY B Thus Lhere are effective negative U centers on the Bi
sites, that are progressively lost by Pb substitution. Finally
k-space pairing replaces the real space palring, the ancmalous
high Tc attributed to strong electron-phonon Interaction remaining

unexplained. Latter Jurczek and Riceu have studlied the effect of
a broad conduction band on this narrow band limit theory. Within a
Hartree approximation they allowed all O 1lons to displace
according to a breathing mode charge density wave (CDY) depending
on the average energy difference between the two subiattices A and
B, since they considered that a CPA approach would be very
complicated Thus, the effect of local distortions is lost. They
have computed the dernslty of states using wn orthogonallized moment
method. They obtained the persisience of the COW over a wide range
of ® = 1, but the existence of a ghp or a pseudogap depends on the
method of troncation chosen, rather than on the model q%rmters.

A simpler model proposed by Yoshioka and Fukuyama = considers
a binary alloy of two components, one of which has two conduction
electrons and the other none. The presence of an on-site
attraction, treasted in the Hartree-Fock approximation leads to a
small gap in the electronic structure. However, this model assumes
zlways a large disproportionation and neglects half® of the
lattice with the upper 31 band, which in fact lies closer to the
Pb band according to Refs. 4 and 5 and Gur results.

a

The abové mentioned models neglect the O bands.

Extensive band structure ecalculations have been done by
Mattheiss and Hamann''. According to these studies the undistorted
cubic Banl_xBix(}: alloys possess a single broad conductlon band

that comes from the c-antibonding mixture of Pb-Bi (6s) and O (2p)
states. This band is gradually filled in rigid bund fashion with

increasing x until it is half fllled 1In BaBle. where a

combination of Fermi surface nesting and the strong coupling of
the conduction band stales pear the Ferml level £, lo breathing

mode O displacements leads to a commensurate CDW gap. But [t
remains to be explalred why the seemiconducting properties of

B&Pbi__xﬁlxoa are extended up tc a concentration of 65% Pb. This

persistence of the gap ciearly Ffavors a local ratier than a CDW
description.

In this work we calculate the electronic structure of
Htu"bl_xﬂix(‘l:j within a simplified version of & model proposed

before to explain the superconductivily of these Cu free systems
The excitonic pairing &ech&nlsa was studled by perturbation theory
in themBi~U hopping and by exact diagonallzation in small
systems . We consider a three-dimensional simple cubic lattice of
metal ions (there is an Oxygen belween any two sites). Fach metal
site can be occupied by a Bl or a Pb atem. Wnlle b atoms have a
charge neap 4+, B%f atoms show & tendency to disproportionate
towards Bi® and Bi and the origin of ”“ié property is the first
peint to discuss, From spectroscopic data one obiains that the
Iiz?g;zutlcn Erey difference b;l&wcen a pair of disproportionated

and Bi fons and two Hi is UH ~ 10,7 e¥. This wvalue is

smaller but comparable to Lhe corresponding intra-atomic repulsion
energy for Cu, UH ~ 17 eV. These values are certainly reduced by

screening in the compounds, but an additional mechanism 1s needed
in order to get an effective on-site attraction in the bismuth
case. Although nonlinear screenlng effects have been invaked ', we
found more neaturally to relate It with phonons as Lhey have been
observed.

Neglecling screening effects, which should b: poor in the
semiconducting phase, and consldering spectroscapic data"n, the
chgnge in Madelung's enerpy of Ltj% undistgl;ted structure when
Bi ions disproportionate into Bi and Bi states s -5.7 eV.
The vorresponding change when té}g six O ions move 0,08 A towards
their nearest neighb(:-u!'se Ri ions s -6.0 eV. Theip sum

OVErCOmes UH by 1.0 eV, ‘|his diffcerence is decreased if the

elastic energy less s  considered, bualt  enlarged when the
eiectron-phonon interaction criginated from the distance variation
of the hopping integrals s ncluded .

A cnaracteristic of the experimentally observed breathing
mode In the parent BaBiCI_; seompound 1s that it leags to an

effective allractlon t'or half of the Bl sites, while it costs more
energy to add one particie on tpe other half of Bi sites. Yhis
makes it possible that the added holes go to O sites or to



different unoccupisd Bl sites depending on the respsctive
energles.
in analogy with the high Tc copper oxides for which there is

evidence that the added holes have O chamcterzz, we have obtained
that for reasonable values ﬂ' lté-ne parameters, this is also the
casa for the bismuth oxides ™' . Ebtpe‘r'lmntal support for this
oicture comes from Seebeck messurements  which show two types of
carriers: electrons, that can be attributed to 6s Fb states, and
more heavier objects of hole character that wi abiribute to
“biexcitons” -two added O holes are altracted by the chargs
transfer of two Bl holes into neighboring O (see Fig.& or Flg.3 d)
of Ref.14 in the hole representation) - responsible for the high
Tc. Although in our opinisn the O bands have then a fundamental

role in the superconductivity,of these systems, we neglect them in
this culculation in which we focus on the effect of the loeal
dleproportionativn of the LI =ztems. The influence of the D states
is discuegsed later

We model the local disproportionation 1in Fs:.;l%!u.’)__‘l by

subdividing the three-dimensional metal lettice in two
interpenetrating feo sublattices of inequivaient Bl sites, When Bi
is substituted by Pb, the diagonal encrgles on each sublatilce
site are modified, depending on their occupancy by a Bi or a Pb
atom and on the number of pearest-neighbour f(on the other
sublaltice] Pb atoms. The system 1s solved In the CPA
approximation. The electronic structure cbtained presents a real
gap for a wide compositional range and then a pseudogap persists
tn the metallic phase alloving Lo explain the experimental resulls
discussed before. A better agrcement is obtained when the O slates
are considered.

The mode? which Lakes into account the local
digproportionation of the Bi atoms ls presented in Sectlon I1. The
numerical results are shown in Section 111, In Section IV we
discuas the effect we expect from inclusion of the 0 bands and
from Lhe many body effects proposed for Lhe superconductivity., on

the complete electronic structure of Ba‘Pbl_xleUs. A detailed

comparison With expeiriment is done in Scetlen V. The conclusions
are contained in Seciion V1. A brief account of Lhis work has been
preserited previously .

Il - The model
The model is a simplified version of the one proposed Re_il’ore
to study the pairing mechanism in the different perovskites & '

We explain it first for the case of 838103 (without Pb). The Ba

atoms are considered only as donors of electrons. The Bi lons
occupy & simple cublc laitice and the O ions lie between any two
Bi ioms. The Bt lattice 1is subdivided in two (f.c.c.
interpenctrating sublattices, A and B, in such & way that the six
nearesl nelghbours of an A atom {atom of sublattice A) lie in
sublattice B and viceversa. Aus observed In the real material, S
thae 0 ions amre displaced a distance & from the midpoint towards
their pearest nelghbour 8 atom. Consistent with this distertion,
the B atoms arse nmore positively charged than Lhe A atoms as a
consequence of the electron-electron repulsion. Awcording to our
physical picture, this disproportfonation and the local breathing
mode distortion are neither cause nor effecl, but can only exist
simultaneously.

When Bl is substituted by Pb, we assunpe Lhat any O stom lying
betwoen two Bl ions remalns displaced by the same distance 8§,
while Lhe distoirtion of an O atom is removed if at least one of
its nearest neighbours Is a Pb atom. Each displaced U atom makes
the electronic energy at Its nearest-nejghbour B alom (second
nearest-neighbour A atom) incresse (decrease) by a constant zmount
A.

In order %o investlgate the effects of local distortion-
disproportionations on the electronic structure, keeping the
mathemntlcs tractable, we {irst neglect the covalency of the
O-metn)l bonding; its influence, which we belleve is cruciai for
the superconductivity, will be discussed in Sectlon IV As the
important physics lies on Lhe effect of the local distortions on
the on-site Bi energies, we take for simplicity the on-site
repulsion {minus disproportionation Madelung's energy correction)

at the melal sites U" = (. With these simplifications the problem

is reduced to the following Hamiltonian describing the dynamics of
the metallic Bs electrons:

A+
u:[ £y ai«“w*[ r? b;w i d

icA, o icB, o
(1)
bl E (aIc de_ + h.c.)
feA, < peB, o

Here m £ 7 specifies that site m belongs to sublattlce 7 (A or B},
and <j> means newrest-peighbour of site §.

The first and the second terms denote the on-site energy at
site 1 of sublattices A and B respectively. The third ternm
represents the nearest-neighbour hopping between metallic sites
mediated by the in-betwrcn 07 dons. The total number of 6s
electrons in the system 1s directly given by Lhe Bl concentratien
%. {Thie 1a true as long as the (0 2p stales remain fully occupled,
In the covalent case, the statement remains valid if Lhe €s states



are replaced by the antibonding 6s-2p states aund If there is no
overlap with the bonding 65-2p and non bonding O 2p states. At the
M-S transition, many body effects become crucial as explained In
Section IV). If site i of sublattice A(H) is occrcupied by a Bl atom
ang n o of Its ngarest neighbours are also Bi atoms then
e4= £y nd (c1= £g * nd). Assuming that the occupatlion
probabilities are uncorrelated, the probabilities that the energy
at a site I has any of these values are given by:

A B T
|:r(t:i ch} p(ci=cpb1=p‘—!x

(e =
PRy ¥ €y

- na) = p{t? =ep, * ns) =p = [ﬁ]x (1-x}
The coefficlient of Lhe lasi expression in the pumber of ways of
pleking up n elements wut of B.

Meglecting the correlations hetween energles at neighbouring
sltes, the problem can be viewed as that of an alloy of eight
differenl elements in a lattice with two inequivalent sites per
unit cell. The concentration of each component is given by the
respective probability in Eq.{2). We solve this problem using the
single-site coherenl-potential approximation of Vellcky et al ),
generallzed for the case of Ltwo sites per unit cell and a
multicomponent system. The results are shown in the next section.

I1T - Numerical results
The average on-site Green's function in sublattice y (A or B)

is given by: © - 5 (w)
C (w) = —gl— g (R) (3)

where 7 = A(B) if 7 = B{A) and

O () | FEE) | @

g (w) is the Green’s function of a tight-binding Hamiltonian for a
simple cubic structure (x = 0 in Eqs.] and 2) and En and ZB are
determined by the following CPA self consistency equations:

8 e¥(n) - 1".3 {w)

g
nz-:z Ry - le’(n) - £ (u)JG ()
T T

=0 (&)

where €'(n) and p, are the energies and corresponding

probabilities given in Eq.(2).
For simpliclity we have taken:

g‘(wl=—-g-2— [u«vuz-wz] (8}

W

With this choice, the density of states for x =0 has a
semielliptical form of half-width W, glven by the imaginary part
of g, (w) and the van Hove singularities, which are unimportant for

our discussion, are lost.

For the numerical calculalions we assume €py, ~ gy = W = 3eV,

independent of x, and we take A = 4W/30 in order to reproduce the
observed reflectivity gap for x = 0.8.

Fig.1 shows the resulting total density of states as a
function of the Bi concentration x. With this value of A, the M-S
transition in seen to occur for % slightly larger than €.25. As It
will be discussed later, many body effects would shift the
transition compositlon to larger values of x. For larger values of
A the semiconducting regilon Increases and for 68>>t  and
intermediate values of %, the density of stales shows 14 different

peaks near the energles “?b and :_'w: nd (n = 0 te B). As A/L or X

decrease, the width of the peaks increases with respect to the
distance between two consecutive ones, mAnd the pesks begin to fuse
among them. An Intermoediate situation is shown in Fig.l for x =
0.8, where only a few isolated peaks remain in the gap. They come
mainly from Bi atoms occupying A sites with a small number of
nearest-neighbour Bi atoms. This can be inferred from Fig.2 where
the Bi and Fb density of states at A sltes 15 displayed. Fig.3
shows the same densitles al a B gite.



Neglecting the blexcitonic sLat.cs , the M-S transition
oceurs when for decreasing x, the lower band constituted mainly of
Bi states at A siles Llouches an upper band of mixed Ph and
sublattice B Bi states. Since for x » 0, sublatiices A and B are
equivalent, for x sufficlently near but different from zero, the
syster should be metalllc for any choice of the other parameters.
For x = 0, since the 6s conduction electrons, are provided by the
Bi ions. one has an empty Pb band and the system is
semiconducting. (In the real system, a small overlap of the C-Fb
bonding and antibonding ba.nds can lead to a poor metal, asg
proposed by Cox and Sleight %

The number of carriers lnereases with the Bi concentralion x
until the disproportionation becomes important. Then a pscudogap
develops in the electronic' structure (see Figs.l te 3 for
0.10 < x < 0.25) until for x large encugh a real! pep appears. This
behaviour iz illustrated by Lthe density of states at the Fermi
level shown In Fig. 4.

Finally in Fig.5 we show the valence of the Bl lons In both
sublaltlces as a function of x. For x + O the oxidalion state of
all Hi ions !ies between +4 und +5, The exact value depends on

UPb—CBt' We must polnf cut that with the assumpllon that the O
ions between two Bl atoms are always displaced by the same
distance &, independentiy of x, we are overestimating the

disproportionation for x - 0. The degree of disproportionation as
x increases depends on the ratioc A/t. For the parameters we have
chosen, for x 2 1 we obtain an lmportant effect. Experimentally
the exact value of the charge disproportionation is controversial.

iV - Role of the Oxygen states and many body effects.

As we have sald in the Introduction, we think that oxygen
holes are important in the superconducting region. Their presence
has been conf irmed in doped Cu02 high temperature

superconduct "™ and there s some Indication from Seebeck

measurements thalt holes are present also in Bani_xBixoa.

According to our physical picture the O holes bepin Lo appsar at
the M-S transition as we are going to show below. As even {‘n the
metallic phase Lhis system presents a low number of carrlers, the
screening length Is rather small, and the nearest neighbour
Coulomb repulsion is important. Thus, when O holes are considered,
many body effects must aiso be included. Unfortunately we cannot
include these correlations retaining all the physica! ingredients
of the detailed electronic structure we have cal:zulated before.
However we can qualilatively discuss the effect of these
correlations analysing Lhe strong coupling limit t - 0. In this
limit the g_;:ouml state for x = 1 corresponds éo doubly occupied A
sltes (R and empty B sites [§5) L The relevant
conf‘lgm‘alional average energies calculated wllhln the model of
Ref. 14 are:

1) Average energy necessary to add an electron in the orbital
aligned along the BI-0-Bl direction of an O slte:

E = + 204+ U 72 7
P P P 9

where G 1s the nearest neighbour Coulomb repulsion between metal
and O electrons and Up the on-site O Coulomb repulsion. Teking

into account the balunce between nuclear charges and electrons we
asgume that Ep is independent of x. Although Pb has one less

conduction electron than Bl 1t also has une less nuclear charge.
2) Energy necessary to add the second Bs electron on a Bl site of

sublattice A:
E;!-cm¢un—8xa*lzc (8)
where UH is the on-site Cculomb repulsion of Lhe Bi sites.

3} Energy necessary to add the flrst Bs Bi electron In sublattice

B:
Egl-cm+axnelzc (2)

4) Half the energy necessary to zdd the two Bs elecirens on a Bl
site of subluttice A: UM

A
= e )
EBI €y * 35 Ix8~12C (10}

5) Half Lhe energy necessary to add two E€s electrons on a Bl site
of sublattice B:

10



-, UH
}:g‘==m+T+axa+1zc (n

8) Energy necessary to add two holes bullding the biexcitonic
structure of Fig.6. This state takes advantage of the energy gain
in interatomic Coulomb repulsion by reordering the cherges:

Ebi“cnzcm—q::p+u"+sxn—sup {12}

From these energies we can derive the following information:
1) the gap between Bi states is related to:

B B, _ A A,
BE = min (Ej, . B0 ) - sax (K, ._ Em 3 (13}
Ir & xa> U, Eg {8} gives a lower value than Eq.(9) with
A =0. This means that it 1s more convenient to dlstort Lhe O
lons, and BEq.(13) giving the disproporticnation gap reads:
= B - E A = o }
AE Em Egy =B xA (1 & x 4> Uy (14)

The gap vanishes for »<x, wilh xy = UH/ BA.

d

2} uhen holes are added to the system (or if electrons are
transferred to the Pb band)}, the necesgary conditlon to have holes
with Oxygen character, even if Ep < EBI is :

A
2 EB! g l.:bl.e:v:c: 50 (15)

4{cBi-l:P}+EUH-QUp+EdC(D (1€)

3) [n the case of wbl_xmxoa , in contrast to Eul_xKxBioa where

holes are provided by Ba substitution, in order to have
biexcitons, two electrons must be transferred into the Pb band or
to the Bl B-subband. Assuming that the inequality (16] is
satisfied, Lhe conditlons are, respectively:

=24 A T
fix) 2.(:% + 12 G) + E’biexc <0 (17

F B "
g (x) =2 tEl + Ebmxc <0 (18}
™

The iatter relation cazn be written:

or

= - 3 2 - 12 = 2 - I 4 3}
glx) 4 !cm‘ rp + 2 UH 12 2 A+ 280G - 4 Jp 0 (19}

foth  functions fix) and glx) lncreese with  the Bl
concentration x (see Eg.12) and the M-S transitlon cecurs wheo:

11

min {f{xﬂl. g(xc}) = 0 (20)

where accarding to experiment,® x = 0.35 for BaPb, Bl O, The
=X X

necessary conditlons for our picture on the blexcitons to be
valld are thst Eq.(20) and the unequalities (18) and e < EBimugl,

be satisfled in the range Xy ; = 0.1, These

conditiens can be ‘s‘ntiASfied for a wide range of reasonable values
of the parameters. '

(x(x‘:uherex



YV - Comparison with experiment. i

In contrast w!t-&x previous work that only obtained a
pseudogep". or n gapa for x » 1. we obtain a semlconducting
behaviour for x > x": - 0.25. This critical concentration for the

M-S transit;on, obtained with the A value taxsn to reproduce the
optical gap , approuches the experimental one X, = 0.35 (xc:-x":l

when the many body effects discussed in the previous Saction are
considered. In fact, we believe that due to interatomic
correlations, for = - 0.3 it s more convenient to transfer
electrons from the O ions to the band above tlﬁ AP forming the
biexcitonic structure responsible for pairing ' . This pushes
the M-S transition to higher x values. .

in agreemenl wilh experimental results for = < 0.7, the
optical gap decreuses with x. For x > 0.7 i1t scems thal the
experimental gap rempins constant, but as the method employed Lo
prepere the samples was changed just at Lhis concentration - and

as the properties of BaPh}_xB!xD,; are known to be sensitive Lo the

preparation treatment”- Lhis point requires further sl‘xdys. The
extended states of lower weight that appemr in the gap for large x
(see Fig.1l, x = 0,8) cculd explain why the ohserved resistivity
gap 1s smaller than Lhe optical one . As we have dlscussed In
Cact. 111 and as it can be inferred from Figs.2 and 3, these peaks
ceme mainly from A-Bl atoms (with oxydatlon state near 3+)
surrounded by some nearest-neighbour Fb atoms.

The optical studies by Tajima et al show that the
reflectivity spectra for the samples of » = 0,0.05 and 0.125 can
be fitted fairly well to the calculated ones using the Drude
equation. However when the Bl conlent increases, for x > 0.15, the
plasma edge still shifts towards higher energy, while tLthe
reflectivity in the lower-energy reglon is reduced and the
deviation from the Druds curve becomes accordingly more
remarkable. The spectrum seems to change gradually from the
metalllc to the semiconducting phase, and from the optical
behaviour, the boundary composition between these two phases is
not quite clear. Tt is llkely that the effect of the
disproportionation begins for x > Xg = 0.15 and the behaviour is

4-5

cont inous: a pseudogap appears, the densily of states at the Fermi
level decreasing for increasing x down to the opening of a real
gap at - i 0.75. This behavieur is well regroduced by the

ealeulated curves (see Figs. 1-3), The value of >:{': increases with

decreasing A. The presence of a pseudogap before the transition
is also tndicnted Ly the semiconductor-like temperature behaviour
of the resistivity far x = 0 25, that is the resistivity }n::reaf-_:cs
as the temperature xces doyn, alse in the metaliic phate,

The casrier dersily n estimated frem the Hall effect” varies
linearly with % up to % ~ 0.15 where 1t becomes Jarger than
expected, up to a maximgn around x ~ Q.2 and Lhen n decrecases.
The Seebeck coefflcient’ seems to consist of two centributions:
one from ordirary electrons and the other from additional carriers
with hele character and fairly lew mebility. While the former

13

contributlon increases linearly with % uvp to x - 0.15, the hole
part shows a maxima around x ~ 0.20, near the value where Tc also

becomes maximum, The x-dependence that we obtain for the density
of states at the Fermi level £ (see Fig.4) which can be related

.
to n, follows the general fealures of the above results. The
effect of small amounts of Bl substitution in BanO3 is Lo

increase linearly with x the number of carriers, as Bl has one
conduction electron more than Pb. Howvever for x ~ 0.1 the Bi atoms
begin to disproportlionate, a pscudogap develops at €p and the

lower band takes the donated conduction electrons, so decreasing
the average number of carriers. The add;tional increuse in carrier
concentration experimentally observed” around x ~ 0.2 can be
explained again by the effect of the O-metal covalency. The
heavier-hele character carriers seen 1n Seebeck measursments
would then correspond to the biexcitonic structure (see Flg 6 and
Refs. 14 and 15), the concentration of which would have the same
x-dependence.

Since the discovery of superconduct 1vity‘ in R""‘Pbi-xmxo:i the

bismuth valence state, considered a crucial paramcter for the
cemprehension of the physical propertles of this perovskile - like
compound, has been a matter of Eontroversy. However recent
detailed neutron diffraction studies for the end member BaBma

have confirmed the initjal finding by Cox ans Sleighta of two
crystallographically Inequivalent sites for the Bl catlons, with
two significantly dilfferent Bi-0 distances for the A and B sites
{and have explained some differences in previous work by the
sample dependence on the preparation method). Furthermere
Chaillout et al evaiuate the effective valences using
Zachariasen's formula, finding values around 3.40 and 4.40 for the
two different Bi sites. In Flg.5 the valence of the B! lons In
both sublattices is plotted as a functlion of x. For the parameters
we have chogen we cbtain a larger effect. As we have already said,
the Bl valence as x -+ U depends on the ratlo (':Pb - cBl]N. and by

taking the same distortien for =11 O lons betweer two B! atoms
independently of the environment we are overestimating the eifect
of the charge transfer for small values of x; the ratio a7t
controls the increunse of the disproporlionation with .
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VI - Conclusions

A local, rather than a COW description for BaPb, B O, 1s

strongly suggested by the persistence of the semiconducting
behaviour up to 65% Fb, and the properties of the metallic phase
near the M-S transition. We have Lhen studied Lhe effect of the
disproportionation of B! atoms combined with local 0 distortions,
on the electronic structure of this system. It has been shown that
in ithe coherent potential approximation, Lhree regimes =are
obtalned as a function of the Bl concentration x: metallie,
metailic with a pseudogap and insulating.

Our pleture of Lhe M-S transitien is the following: for x - 1}
there are tuwo bands of mainly Bi character, one is full and the
other one empty, and another empty band of mainly Pb states wilh
weight {1-%). As larger cmounts of Pb replace BL atoms, the Pb
band breadens, the number of distorted 0 ions and then, the energy
difference between Bl ztutes in both sublattices , decrease. Slnce
the weight of the lower BI band coincides with the numnher of
conduction electrons in the system », the system remains
semiconduct ing until forr ® = o the difference between the top of

the lower B! band and Lhe bottom of the Pb or upper Bl band ls
zero, or low enough, sSv that blexcitons can be formed. For x < X,

the system is metalllec but the disproportionation is no yet
complotely inhibited and a pseudogap persists also in this phase
for x > - 0. 1.

This evolution of the electronic structure with the Bi
concentration x alloys to understand the continuous behaviour of
the optice]l properties in spite of the M-S transition at
kB 0.35. Other preperties as the resistivity and the

sx~dependence of the Hall coefficient glve also support to this
picture.

We have also discussed how Interatomic correlallons arising
from the covalency of the o—getal bonding, proposed as the origin
of the pairing mechanism' ' , would yield a better agreement. We
think, in fact, that altbough the present calculation Iis
consistent with the experimental results, these many body eifects
must be included to have a completely satisfactory description. We
have proposed Lhat O holes appear after considerable amcunt of Pb
substitution, due to Lhe interatomic correlations, The Coulonb
repulsion between nearest neighbour Bi and O atoms becomes Lhen a
relevant parameter giving rise to pairing of the O holes by the
charge transfer of the Lwo holes of the common neighboring H1™
shte, The heavier hole-character carrlers, Wwith  maximug
concentration for the maximum 'fc, seen in Seebeck measurements

would then correspond tc this biexcitonic structure_ This can
explain the additlcnai lncrease of the Hall coef'fluient” and would
push the M-S transition to a higher xc value than the one obtalned

considering only the fHi-dlsproportionation.

This sceraric seems also consistent with recent Izolope
effect studies in Bl0O superconductors, suggesting Lhat pairing is
nediated by electreonic excitations which invelve atomic

18

displacements @s a result of charge redistribution>.. The
existence of  Dblexcitons ecould also exg}laln the curious
x-dependence of 'ﬂe intensity of the 100 cm mode observed by
Raman scaltering , which clearly also correlates with th
magnitude of Tc. This mode could be due to movements of the 0_?

fons f:rf a biexclt?é\ that keep unaltered the Bi-0 distance. Raman
experiments in 0 substituted samples could elarify thie
possibility.

To conclude, within a model that allows a common pairing

mechanism  for the Cuﬂz and B_103 supercenductors, we Thave

cilculated the electronic siructure of Ean!_xleﬁa obtaining a

satisfactory explanalion of the available experimental results.
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Figure Captions

Fig.1:

Fig. 2:

Fig. 3
Fig.4:

Evolution of the density of Pb+Bl states in BanI Bi 03
=X A
for €op, T Fgyp = W and A = 4W/30, as a funcltion of the

concentration x. The arrows lndicate the pesition of the
Ferm! level £ Three different physical regimes are

obtaired: metallic, metallic with a disproportlionation
pscudogap and insulating.
Contribution of the Bi (full line) and Pb states (dash
line) to Lhe density of states of an atom of sublattice A
for different Bl concentrations x, Indlcated inside ear:‘:'-
figure. Other parameterz as in Fig.1. The arrows indicate
the Fermi energy. -
Same as Fig.2 for an atom of sublattice B.
Density of states at Lhe Ferml level for !:a?‘bl xBi 03 as a
=X X
function of the BI consentration x, neglecting the
contribution of many hody effects due to Bi-0 covalency
Parameters as in Fig. 1. ’
Oxydation state of the Bi atoms In the two inequivalent
sites as a function of the Bi concentratlon x. Parameters
as In Flig. 1.
Schematic representation of the blexclitonie siructure
proposed as responsible for pairing in BlDa

superconduct crs“ »15.
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