
PHYSICAL REVIE% 8 VOLUME 49, NUMBER 22 1 JUNE 1994-II
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A simple model is presented to describe the nonmetallic behavior observed over wide doping
ranges of perovskite-type BaBiz Pb 03 and Baz K Bi03 alloys. The model is based on the
idea that the oxygen octahedra endure static distortion waves of a "breathing" type, with wave
vectors Q(x) nesting to the respective alloy Fermi surfaces as obtained from the energy bands of
a virtual-crystal band model. For BaBi& Pb 03, Bi-Pb ordering waves are added by placing the
Bi atoms onto those octahedral sites that exhibit the largest breathing distortions. Using a simple
tight-binding Hamiltonian based on realistic energy-band calculations, the model has been studied
on large supercells, testing a multitude of lattice con6gurations. Experimental consequences are
discussed.

I. INTRODUCTION

Upon doping, the bismuthate system BaBi03 of
perovskite-type lattice remains nonmetallic up to much
larger dopant concentrations than the corresponding
cuprates. For (Bai K )BiOs, a metallic (and super-
conducting) behavior is found only for z ) 0.3,i 2 while
the nonmetallic phase of Ba(Bii Pb )Os ranges even

up to x 0.65. In the cuprates, on the other hand,
the CuOq planes become metallic for dopant concentra-
tions as small as x —0.05 —0.10. In a one-e1ectron
approximation for the electronic structure, and assum-
ing one formula unit per unit cell, pure BaBi03 should
also be metallic —a half-filled band situation similar
to La2Cu04 or YBa2Cu306. However, a commensu-
rate charge-density wave (CDW) instability is present
in BaBi03, manifest by alternating "breathing" type
distortions of the 0 octahedra, which surround the Bi
ions. These 0 displacements lead to two inequivalent Bi
sites. They can also be described as a result of a charge
disproportionation of the Bi + ions leading to a formula
unit of Ba2Bi + Bi 06. In contrast to the insulating
cuprates, no antiferromagnetism is found in BaBi03.

Doped BaBi03 does not exhibit two crystallographi-
cally inequivalent Bi sites. ' Optical and transport data
are available, especially for the nonmetallic part of the
Ba(Bi,Pb)Os system, where growth of single crystals has
been achieved. An optical gap appears to be present over
almost the whole Pb-Bi alloy range, even in the metal-
lic region, decreasing monotonously from E~ —2 eV for
BaBi03 to E~ 0.2 eV for x 0.8. ' The conductivity
gap, derived &om the temperature dependence of the re-
sistivity, is much smaller (EP "—0.3 eV) but changes in
a similar way. The optical data have been interpreted as
a gap structure "riding on the (shifting) Fermi energy. "

In energy-band theory using local-density approxima-
tion (I DA), the half-filled conduction band of BaBiOs is
the antibonding part of a band complex built mainly of
the Bi 68 and the 0 2p orbitals. These hybrid bands
spread over a wide energy range W = 16 eV, because

of the very large spo energy-transfer (hopping) matrix
elements (t,„=2.2 eV) and almost degenerate orbital
energies (E„—E, = 2 —6 eV). At half filling, the shape
of the Fermi surface allows a very effective nesting for
the zone boundary wave vector Q = 2k~ = —(1, 1, 1).
Breathing-type distortions of the 0 octahedra open large
gaps of order 1 eV over the complete Fermi surface.
Other distortions, however, such as octahedral rotations
(which are also present in the real BaBiOs structure), or
alternating quadrupolar deformations of the octahedra,
lead only to very small changes of the states near the
Fermi energy E~.

Upon doping, one would expect a rigid band picture
to hold —especially for alkali-doped BaBi03. Then,
the Fermi vectors kF should contract, leading to incom-
mensurate CDW wave vectors. As a consequence, local
gaps are expected for those states at EJ;, where nesting
can be achieved. Yet it is not clear whether a global
gap at EF can be opened by the distortion waves. In
earlier work, a model has been brie6y sketched, which
attributes the wide nonmetallic range in the phase dia-
gram of Ba(Bii Pb )Os to the presence of both charge-
density waves and ordering waves in the Pb-Bi lattice.

In this paper we present a detailed study of this model,
and also a corresponding model for alkali-doped BaBi03.
A brief report on some results of this study has been
given in Ref. 14. Our model employs a simple tight-
binding Hamiltonian derived from LDA energy-band cal-
culations (see Sec. II). Using a superlattice technique we

investigate a large number of lattice configurations, which
are constructed to provide both breathing-type charge-
density wave distortions and Pb-Bi ordering waves. The
wave vectors Q 2k' are chosen as to agree with the
respective dopant concentration x. The construction of
the supercell configurations is outlined in Sec. III. Nu-
merical results are presented and discussed in Sec. IV.
Concluding remarks are given in Sec. V.

II. HAMILTONIAN

In order to study as big supercells as possible, we have

used the minimum basis set tight-binding Hamiltonian
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proposed by Mattheiss and Hamann, i where only the
6s orbitals of Bi or Pb and the 2p orbitals of 0 were
employed. The hopping is limited to the nearest-neighbor
matrix element t,„.The values for the matrix elements
are

sz(O) = 0, s, (Bi) = —6 eV, s, (Pb) = —2 eV

Note the slightly modified orbital energy s, (Bi). No Ba
or K orbitals are incorporated, since there is hardly any
admixture of such orbitals in the conduction band.

III. CONSTRUCTION OF SUPERCELL
CONFIGURATIONS

and for the hopping matrix elements, allowing the 0
atoms to displace along the respective bonds (kb
0.1 A.):

t ~ = 22 eV 6 Pb with P = 20 eV/A. .

This Hamiltonian will lead to four energy bands per for-
mula unit, the bonding 6s-2p band being the lowest, and
the antibonding one being the highest in energy. In be-
tween, there are two nonbonding 0 2p bands, dispersion-
less and degenerate. These states remain unaffected by
any of the breathing-type distortions investigated in our
study. It is always possible to block diagonalize the su-
percell Hamiltonian in order to eliminate the nonbonding
states (see the Appendix). The structure of the antibond-
ing band, including the effects of the breathing distortion,
is shown in Fig. l.

Apart Rom the change of t,~ with the 0 displace-
ments, it is also possible that the orbital energies e, (Bi)
or s, (Pb) shift due to the breathing distortions. In fact,
&om results of detailed LDA energy-band calculations for
distorted BaBi03 it has been found that these shifts are
rather large ( +1 eV).is'is This result became available
during the course of our study and has been implemented
in particular for the (Bai K )BiOs calculations. There
we have used

c,(Bi) = —4.9 eV 6 P'b, t,z ——2.2 eV 6 Pb

with

P' = 10 eV/A. and P = 1.5 eV/A.

The simplest superstructure which provides a gap at
E~ is the alternating breathing distortion of the 0 oc-
tahedra in pure BaBiOs (see Fig. 1). We can associate
a wave vector Q = 2k~ = (1, 1, 1) to this CDW, and
displacements along the o. direction

d; (Q) = Q cos(QR;)

d; (Q„,P„) = Q cos(Q„R; + P„). (2)

When we superpose various displacements d, , we may
also allow for a variation of the amplitudes A„of the
diferent waves. Finally, it is conceivable to mix adjacent
~ Q ~

waves, that is, e.g. , to mix the Q„of (1,1, s) and
{1,1, 1).

It is clear, however, that the total displacement

d,'" = ) A„d; (Q„,P„)

for 0 atoms at sites R; and bonding along the n direction
(from now on all wave vectors are given in units of —).

We now consider a wave vector Q = (1,0, 1) (which
would correspond to ~Q~

—2k' for a doping value of
x = 0.5). The respective breathing displacements d; (Q)
are then planar; i.e., all 0 atoms bonding to Bi atoms
along the z or z axes move, yet the 0 atoms bonding
along the y axis remain at their half-way positions. It is
now possible to add the displacements of another member
of the star (Q), e.g. , Q2 ——(0, 1, 1). In doing so, one
realizes that each displacement wave d, (Q) associated
with the member n of the star fQ) may have a relative
phase P„. Thus we have to modify Eq. (1) to

3

Li Ef ( x-0. 5 ) h, = b tanh[rd, ' /d „], (4)

should not exceed a certain critical value, since large an-
harmonic efFects are expected to limit the distortions of
the Bi—0 bonds, which are the strongest in the lattice.
Therefore, we used the following expression for the actual
0 displacements in our supercell configurations

X W L

REDUCED WAVE VECTOR DOS

FIG. l. Antibonding band of BaBi03 calculated with the
tight-binding model of Sec. II. The fcc Brillouin zone of
breathing-distorted BaBi03 is used to demonstrate the band
splitting at Ey due to the —(1, 1, 1) CDW (dashed lines). The
solid lines depict the (backfolded) undistorted band. Further
shown are the respective density of states curves. The Fermi
level for x = 0.5 is also indicated.

where d is the largest value of
~

d,- '
~

in a given con-
6guration d; t. This procedure allows to study not only
the square-wave approximation r —i oo (replacing tanh
by sign, as used in Ref. 13), but also more realistic dis-
tributions of 0 distortions, when r = 5, ..., 10 is chosen.

As an example we give now a con6guration for x = 0.5
constructed by superposing displacements d, with wave
vectors Q = (1,0, 1) and Q = (0, 1, 1), phases Pi 2 ——0
and equal amplitudes Aq 2. The supercell is 2 x 2 x 2
(see Fig. 2). Having constructed one such configuration
(A, Q, P ) in a certain supercell, the next problem is
to distribute the Bi and Pb atoms on the sites j of the



15 938 U. HAHN, G. UIEI.SACK, AND W. WEBER 49

IV. RESULTS AND DISCUSSION

A. The limit of isolated clusters

0

Pb

0~ Bi breathing out

~ Bi breathing in

FIG. 2. The nonmetallic 2 x 2 x 2 con6guration for z = 0.5.

We consider first a limiting case, where the 0 displace-
ments are very large, leading either to strongly enhanced
Bi-0 (Pb-0) hopping or to strongly suppressed hopping.
As an example we have chosen t',"„' ~ 2t,„=4.4 eV
and t',„"g ~ 0. In this case there exist only isolated
clusters of 0 atoms around the Pb or Bi atoms (apart
from some configurations where 0 atoms between two
Pb atoms do not displace). For these isolated clusters
the energy levels are given by the expression

Bi/Pb sublattice. For this purpose we first analyze all
sites j according to their "breathing character. " This is
measured by a number nB„which can take all values
between —6 and +6. Here +6 corresponds to the case
where all 0 atoms i around site j have fully moved in-
ward, and —6 to the case of full outward motion. Values
of

~
nB, ~( 6 represent sites where either not all of the

0 atoms have moved, or some have moved inward and
others outward, etc.

The dopant concentration x determines the number
of Bi sites in each supercell configuration (A„,Q„,P„j.
The Bi atoms were put on those sites j with maximum
breathing character na, ——+6, and, in some configura-
tions, at sites with nB, ——+5 or nB, ——k4. In our ex-
ample of Fig. 2, there are four sites with nB, ——k6
and another four sites with np, ——0. By putting the Bi
atoms on the four sites nB, ——+6, and the Pb atoms on
the other sites, we can achieve the concentration z = 0.5.

Consider now as a counter example the case where the
three vectors

(1, 1,0), (1,0, 1), and (0, 1, 1)

are superposed with phases P„=0. One finds two sites
with nB, ——+6 and six sites with nB, ———2. It is not
possible to distribute the Bi atoms in a unique way. Con-
figurations like these were dismissed. We note that test
calculations for such configurations never displayed gaps
at the Fermi energy (see also Sec. IV A).

The example of Fig. 2 was constructed using a 2 x 2 x 2
supercell. In order to investigate many more configura-
tions, we have also used wave vectors Q with components
1/2, 1/3, and 2/3. Consequently, the size of the supercell
had to be increased to 4 x 4 x 4 (corresponding to a di-
mension of the Hamilton matrix of d = 256, reduced by
block diagonalization to d„= 128), and to 6 x 6 x 6,
respectively (d = 432). In some cases, n2 x 2 with
n = 4, 6, 8 configurations were also investigated. The
resulting Brillouin zones were orthorhombic, in general.
To find out whether, for a certain configuration, a gap
existed at E~, the eigenvalues of the Hamilton matrix
had to be calculated for at least eight k points (I' point
and seven zone-boundary points). The density of states
curves have been calculated using up to 216 k points in
the irreducible wedge.

1—[s(Bi,Pb) + s(0)
2

Es(Bi, Pb)2 + 8(nB, +6) t2 j

12
Bi

10 ng, -s

4

0

FIG. 3. Bi-0 and Pb-0 cluster levels for different breathing
characters.

with nB, being the breathing character of the cluster (see
Fig. 3) and As(Bi, Pb) = s(Bi, Pb) —s(0). Note that
the lowest antibonding level is s+ ——0 (for ng, = —6),
degenerate with the nonbonding 0 levels. Because of the
small As(Pb), the level spacing for s+(Pb) is consider-
ably larger than for s+(Bi), especially for the low-lying
levels.

Each level can host two electrons. By placing the
Bi atoms on the sites with nB, ——k6, one pair of Bi
atoms would provide two electrons for one e+ level with
nB, ———6. Putting the Pb atoms on the sites with small
values of ~nis, ~, the energy difference between the high-
est occupied and the lowest unoccupied cluster levels is as
large as possible. When we now switch on the suppressed
hopping and reduce the enhanced hopping, banding ef-
fects of the previously isolated levels will occur, includ-
ing, in general, overlap of the subbands. However, the
best chance to avoid band overlap will exist for those
subbands that arise from levels with the biggest energy
separation. In Figs. 4(a) and 4(b) we demonstrate such
a transition from isolated cluster levels to bands for the
configuration of Fig. 2 and also for a rocksaltlike Pb-Bi
arrangement. Only for the configuration of Fig. 2, the
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energy gap survives, for the other configuration, the gap
develops at the "wrong" band filling. Also note that
s-like charge density is predominantly present at Bi-sites
with nB, ———6 and not at the other Bi or Pb sites. This
turns out to be a rather general observation valid for all
configurations studied.

2. 0

1.5

1.0

0. 5

80K

0

BaBi03

0. 2 0.4 0. 6 0. 8

Pb Doping x

1. 0

BaPb03

60%

FIG. 5. ~Q(z) ~

vectors of semiconducting configurations
compared with the respective minimum and maximum Fermi
surface diameter (solid lines) in the virtual crystal approxi-
mation.
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B. Results for Ba(Bi,Pb)O»

A large variety of configurations b; has been investi-
gated, and nonmetallic configurations have been found
over a doping range 0 & x & 0.9. In all cases Bi and Pb
atoms have been distributed according to the nB, values
of the sites. Other choices of the Pb/Bi distribution have
always resulted in finite N(Eg) values. The wave vector
Q(z) are found to change with z in a fashion very sim-
ilar to 2k'(z) (see Fig. 5). Typical configurations are
displayed in Fig. 6. The most important characteristics
of 14 configurations are given in Table I.

For the configurations 2 (z = 0.063) and 12 (z = 0.625)
of Table I, electronic density-of-states (DOS) curves are
shown in Figs. 7(a) and 7(b), respectively. Also shown
are the site DOS curves for the Pb, Bi +, and Bi4
sites (see the Appendix for definition of site DOS). As
mentioned above, most of the charge density on the metal
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FIG. 4. (a) Banding of cluster levels for the configuration of

Fig. 2. The DOS curve evolve from the case of 80/o hopping
asymmetry (t'" " = 3.52 eV, t' "s = 0.44 eV) to the case
of 10% asymmetry (t' ' = 2.42 eV, t' "I = 1.98 eV). (b)
Banding of cluster levels for a rocksalt lattice configuration of
Pb and Bi.

FIG. 6. Five typical semiconducting configurations. The
numbering follows that of Table I. The distributions of Pb,
Bi +, and Bi sites is indicated in the same way as in
Fig. 2. The various layers of a superstructure are shown in
sequence.
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sites is situated at the breathing-out Bi sites.
Note that a considerable number of configurations b,.

has been found, which exhibit a very pronounced min-
imum in the K(E) curve near EF, yet do not show a
complete gap. For some of these configurations, it has
been tested whether slightly enhanced gradients P of the
t,„hopping matrix element cause a complete gap at
EF. This was true, in fact, for most of these cases. In
all above calculations, the modulation of z(Bi,Pb) with
breathing character has been ignored. When this modu-
lation was implemented at a later state of our study, even
bigger gaps at EF have been obtained for the respective
configurations.

Although the construction principle for the configura-
tions h, is based on 2k~(z); i.e., reciprocal space prop-
erties, there appear very distinct real-space features. For
smaller doping (z ( 0.3) chainlike structures are present,
the chains being formed by the minority Pb atoms. In
configurations like these, the Bi regions locally still form
the distorted Ba2Bi + Bi 06 structure, including the

typical large gap at EF, yet the chains, consisting of the
minority Pb atoms, produce "impurity" bands in this gap
[see Fig. 7(a)]. For doping values around z —0.5, the
real-space arrangement is changing into clusterlike Bi or-
dering. As a consequence, the electronic DOS curves no
longer resemble the DOS curves of breathing distorted
BaBiOs [see Fig. 7(b)]. Probably because of the small
size of the supercell, configuration 10 (z = 0.5) is some-
what exceptional by still exhibiting Pb (and Bi) chains.
When going to even higher z values, the decrease in
2k~(z) will enforce the average Bi-Bi separation to in-
crease beyond one nearest neighbor (NN) (see structures
12 and 14).

C. Results for (Ba,K)BiOs

The nonmetallic configurations of (Ba,K)BiOs were
found in a similar way as for Ba(Bi,Pb)Os. In fact, we
have used as a starting point the Ba(Bi,Pb)Os configu-

TABLE I. Compilation of typical data for 14 configurations b, . Given are, in sequence, the Pb concentration x, the size of
the supercell (SC), energy gap z~, type and number of breathing sites, their occupation by Pb or Bi, wave vectors Q used for

constructing b; and the resulting K vectors of the Pb-Bi ordering waves. Configurations shown in Fig. 6 are denoted by an
asterisk. Configuration 10 is displayed in Fig. 2.

Conf. x SC cg [eVj Number Occ.

0.016

0.063

8x8x2

4x4x2

0.46

0.33

6, 5
2

6,5
2

122, 4
2

26,4
2

Bi
Pb

Bi
Pb

(111)
(411),(141)

DifFuse

Diffuse

0.111

0.222

6x6x2

6x6x2

0.10

0.19

6,4
2

6,4

40, 24
8

40, 16

16

Bi
Pb

Bi

Pb

(11 + -', ), (1 + -', 1}
(+ -', 11)

(-,'oo), (-', oo)
+ others

10

0.25

0.278

0.344

0.375

0.444

0.5

O.519

4x4x2

6x6x2

4x4x4

4x4x2

6x6x6

2x2x2

6x6x6

O. 10

0.33

0.17

0.29

0.48

0.25

0.24

6,5,4
2,0

6,4

2,0

6,5,4
2, 1,0

6,5
2,0

6
2,0

12,8,4
4,4

36,16

8,12

26,8,8
6,8,8

4,16
4,8

120
96

104
96,16

Bi
Pb

Bi

Pb

Bi
Pb

Bi
Pb

Bi
Pb

Bi
Ph

Bi
Pb

(111)
(211),(121)

(112))(121)
(-,'11}

(1-'. 1)
(2 11)

(113)$(131)
(-, 11}

(101)
(011)

(11 + -'), (1 + -'1)
(+ -,'11)

(110}

(110)

(1 10) (2 20)

(oo1),(11o)
(111)

(11o)

+ others

(110)

(oo-', )
(202) (2 20}

12 0.625 4x4x4 0.27 24

14

0.778

0.875

6x6x6

4x4x4 0.14

4,0

2,0

6
3,0

8,32

48

120,48

8
32,24

Pb

Bi
Pb

(100),(010)
(001), ( 2 2 2)

(- ———-)2 2 2

(110),(101)
(011)
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rations in the respective doping range. For 0 & x + 0.4,
most of the configurations exhibit chain structures and
could be constructed within n x 2 superlattices. Focus-
ing on these, we were able to 6nd 6ve semiconducting
configurations with x & 0.35. It was essential for find-
ing any gap away &om x = 0 to include the change of
s, (Bi) due to the respective breathing environment of the
Bi site. In Fig. 8, the DOS curves for all 6ve cases are
displayed. For small x, the DOS curves are very similar
to that of BaBi03. Like in the Pb-doped con6gurations,
there appear impurity bands in the gap of the BaBi03
DOS curve.
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I Pb( -2, +2)
I
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I
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I

Bi (+6, +5),'
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I
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FIG. 8. Total DOS curves for pure BaBi03 and for the five
semiconducting configurations of Ba~ K Bi03.
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I
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I

Ge Qe

Qe

Qe

Qe
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In general, the chainlike structures are dominated by
a combination of wave vector Qi ——(I, I, I) and f/2) =(",I, I), as is the case for the corresponding Pb-Bi
con6gurations. In addition, further wave vectors had
to be added, in particular Q2 ——(I, 1,0). As a conse-
quence, the corresponding configurations of Ba(Bi,Pb) 03
and (Ba,K)Bios do show significant differences, as is in-
dicated in Fig. 9. It appears that the (Ba,K)Bios con-

T

Qe Qe Q5 Qe Qe Qe Qe'Ge 03 Ge Qe Qe Ge Qe Ge Qe Ge Qe

0 hi OO Pb 1st layer 2nd layer

. i,'), . . . . . . . . . .

2
ENERGY ( eV )

FIG. 7. (a) Site and total DOS curves for configuration 2

of Table I (2: = 0.063). Note the midgap states, typical for all
configurations with small x values. (b) Site and total DOS
curves for configuration 12 of Table I (x=0.625).

FIG. 9. Comparison of configuration 5 of Table I (x=0.25)
(a) with the corresponding (Ba,K)BiOs configuration (b).
Only one layer of the Pb/Bi configuration is shown (the other
layer exhibits antisymmetric ns, values). The antisite do-
mains are indicated by solid lines. Note that in the second
layer of (Ba,K)BiOs, the antisite domain is much less pro-
nounced than in the first layer.
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figurations have the tendency to exhibit antiphase do-
mains on the previous Pb sites. Further, while for the
Ba(Bi,Pb)O& configurations the two layers of the n2 x 2
superstructures have been found to be antisymmetric
with respect to the na, values of the sites [Fig. 9(a)],
this is no longer the case for the (Ba,K)BiOs configura-
tion [Fig. 9(b)].

D. Reciprocal space analysis

All configurations h; presented in our study should
lead to additional Bragg peaks. If, however, the size of
the superlattice domains is not very large, the intensity
maxima should be broadened considerably. Yet these
maxima should appear in specific regions of the Brillouin
zone. Both the 0 distortion waves and the Pb/Bi or-
dering waves are origins for maxima. Therefore, we have
studied both effects, using a very simple model, where
the atomic form factors of 0 and Pb or Bi have been
described by 8-functions. As expected, the 0 distortion
waves cause maxima in accordance with the Q(z) vectors
used to generate the respective configuration b, . For the
Bi-rich alloys (z & 0.5) the maxima thus show up in par-
ticular along the line (1, 1,() with 1 & ( & 0, while for
Pb-rich alloys (z + 0.5), the maxima appear in the plane
(1,(,g).

On the other hand, the maxima K of the Pb/Bi or-
dering waves, in general, do not coincide with the Q(z)
vectors (see Table I). In particular, in the Bi-rich alloys,
with Q(z) = (1, 1,(), the Pb/Bi ordering vectors have
the forms (2(, 2(, 0) as well as (2(, 2(, 2() and (2(, 0, 0).
The reason for doubling of ( may be seen by consider-
ing one single breathing distortion wave of wave-number
component (. As the Bi atoms are placed both on the
maxima and minima of the distortion wave, while the
Pb atoms are positioned on sites with small distortions,
we obtain a doubling of the wave number for the order-
ing wave. For ( = 1, only breathing-in or breathing-out
sites are possible, so that no Pb atoms can be positioned.
These components thus drop out. Superposition of var-
ious distortion waves will then preferentially lead to the
forms (2(, 2(, 0), etc.

E. Experimental consequences

As we have found many nonmetallic configurations
with similar doping values x, we expect the real crys-
tal to consist of many small domains of competing su-
perstructures (of order 50 —100 A. linear dimensions)
and also Quctuations of dopant concentrations over this
range. Distinct superlattice Bragg peaks should not be
present. We also do not expect one specific incommensu-
rate wave vector to dominate. Instead we predict broad
maxima in the diffuse elastic scattering, caused by the
proposed Pb-Bi ordering waves and 0 distortion waves.
The maxima due to the 0 distortion waves are directly
related to 2k~(z). For doping values z & 0.5, the max-
ima should show up especially along the line (1, 1,().
Possibly, the 0 distortion waves cannot be detected by
x-ray scattering, but only by neutron scattering, which

would require relatively large single crystals. For x + 0.5
the Pb-Bi ordering waves should lead to maxima lying
mainly in the plane (2(, 2g, 0), with some preference for
the line (2(, 2(, 0). In order to detect the maxima in
diffuse elastic scattering probably either neutron scatter-
ing or x-ray scattering using tunable x-ray sources are
necessary. It is not clear to us whether electron scatter-
ing can be used (problems of surface versus bulk, sample
degradation, etc.). It might be possible that the elec-
tron diffraction results of Pei et al. ,

i who observe an in-
commensurate structural modulation along the (1, 1, 0)
cubic direction for (Bai K )BiOs, are related to our
findings; they could be interpreted as Bi /Bi + or-
dering waves. However, the effect may also be induced
by electron beam heating.

Another consequence of our model is that two dif-
ferent kinds of Bi-0 and Pb-0 bond-length distribu-
tions are predicted. As the Bi atoms are placed ei-
ther on breathing-in or on breathing-out sites, two max-
ima should be observed for the Bi-0 bond-length dis-
tribution. On the other hand, there should exist only
one maximum for the Pb-0 case. Such bimodal ver-
sus unimodal bond-length distributions have indeed been
observed by extended x-ray-absorption fine-structure
(EXAFS) measurements. 2s 22

V. CONCLUDING REMARKS

Our model is able to give a simple explanation for the
nonmetallic behavior over wide doping ranges both for
BaBii Pb 03 and for Bai K Bi03. Starting point is
the idea that breathing-type modulations of the 0 atoms
exist, whose wave vectors change with doping x accord-
ing to 2k~(z) of the virtual crystal conduction band. For
the Bi-Pb system, Pb-Bi ordering waves on the octahe-
dral sites are generated by decorating the sites of strong
breathing character with Bi atoms, while the remaining
sites are left for Pb atoms.

Although our starting point has been the virtual crys-
tal conduction band, the resulting electronic structures
are strongly modified by the 0 distortion and the Pb-
Bi ordering waves. On the Pb-Bi lattice, the addi-
tional charge density is mainly situated on the breathing-
out Bi sites, and only to a much lesser extent on
the Bi4++ or Pb sites. This observation casts doubts
on results, where the virtual crystal approximation has
been used for calculating quantities like K(E~), electron-
phonon coupling or superconducting properties.

Although the 2k' (z) construction rule is based on re-
ciprocal space, the resulting superstructures do exhibit
distinctly different real-space features as a function of
x. In particular, for small x, predominantly chainlike
structures are found. The latter structures have been
the basis for the search of corresponding nonmetallic
Bai K Bi03 configurations. It was found that there,
the Pb sites are replaced by small Bi antiphase domains.

Our criterium for a nonmetallic configuration has been
to find a real gap at the Fermi energy. In fact, this cri-
terium may be too restrictive. Because of localization
effects configurations exhibiting finite, yet small W(Ep)



49 MODEL FOR THE INSULATING BEHAVIOR OF Pb- OR K-. . . 15 943

values might also be nonmetallic.
Our model results in some definite experimental pre-

dictions. First we expect a bimodal distribution of Bi-0
bond lengths, in contrast to a unimodal one for the Pb-0
bond. Indeed, EXAFS data agree with this prediction.
However, the decisive test for the validity of our model
will be the experiments probing the disuse elastic scat-
tering of (Bai K )BiOs and Ba(Bii Pb )Os alloys.

Note added. In a recent paper by Namatame et
al. , photoemission and oxygen core level spectroscopy
have been used to study the electronic structure of
BaBiq Pb 03. The authors report that the splitting
of the Bi 68 band is not significantly reduced by Pb sub-
stitution in the semiconducting phase. It is also found
that Pb remains tetravalent and does not supply the Bi-
0 network with extra holes. These findings agree very
well with the results of our model.

(A —zE —[s(O) —z]
—'I' 0 0 0

T* E'O O
det

0 E'0
0 0 E')

= 0

with P = T+T + T+T„+T+T, and E' = [s(O) —z]E.
The resulting determinant for the triangular block matrix
is given by

[s(O) —z]'" det [(A —zE) [s(O) —z] —P] = 0.

det(H —z) = 0.

The value of the determinant is not changed by multiply-
ing the second (third, fourth) row of the block matrix by

T+—&,) [s(O) —z] i from the left-hand side and adding
it to the first one. Then
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APPENDIX: BLOCK DIAGONALIZATION OF
THE HAMILTON MATRIX

Since our simplified tight-binding Hamiltonian in-
cludes only nearest-neighbor hopping between Bi (Pb)
and 0 sites, the corresponding Hamilton matrix H for a
supercell containing n unit cells can be written as

Since the determinant is a continuous function of z, the
result is not only valid for z P e(O), but for z = s(O) as
well. As a consequence there are always 2n dispersionless
0 bands.

It is easy to show that P is positive semidefinite
and a matrix N fulfilling N2 = P can be written as
N = UDU+. U contains the eigenvectors of P in its
columns, D is a diagonal matrix of the square roots of
the eigenvalues of P. To find the remaining eigenvalues
of H one has to solve

det(H —z) = 0

with

~A
T*8=

(T,

T+ T+ T'+

s(O)E 0 0
0 s(O)E 0
0 0 s(O)E )

A is a (n x n) diagonal matrix containing Bi (Pb) on-site
energies on its diagonal, T („,) are k-dependent (n x
n) matrices describing the hopping between the Bi (Pb)
atoms and the 0 atoms on the x (y, z) axis. E is the
(n x n) unit matrix. One has to solve

The numerical diagonalization of the (2n x 2n) matrix

& including the calculation of N is much faster than the
diagonalization of the initial (4n x 4n) matrix H.

Both A and s(O)E are site diagonal, yet site i in
s(O)E now represents a certain combination of the 0
sites around the Pb-Bi site i. As a consequence, we can
define site-dependent density of states curves including
both the Pb-Bi and the 0 component of site i. Such site
DOS curves are shown in Fig. 7.
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