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Self-consistent, scalar-relativistic, linear-augmented-plane-wave electronic-structure calcula-
tions have been carried out for the BaPb;_,Bi,O; system in the cubic (x =0, 0.3, 1) and body-
centered-tetragonal (x =0.3) phases. The results suggest that the relatively high superconduct-
ing transition temperatures (7, =13 K) that are observed for 0.05 < x =<0.3 are due to strong
electron-phonon coupling which arises from modulation of the dominant (sp o) interaction
between neighboring Pb-Bi6s and O 2p orbitals at E.

The discovery of high-temperature superconduc-
tivity in the perovskite-type BaPb;_,Bi, O3 system for
0.05 <x =<0.3 by Sleight ef al.! in 1975 has led to
subsequent and continuing investigations of the su-
perconducting, 2512 structural,?? transport,*’~ and
calorimetric!! properties of these materials. In partic-
ular, Sleight ef al.! found that samples with x <0.3
were black and metallic while those with higher
values of x were bronze and semiconducting, with an
activation energy of about 0.2 eV. The observed su-
perconducting transitions were broad, with onset
temperatures increasing from about 7,=9 K at
x=0.05to T,=13 K for x=0.3.

In general, the results of subsequent investiga-
tions?~'? on the BaPb,_,Bi,O; system have confirmed
the main features of this initial study. Perhaps the
most important new information on this system has
been provided by the structural studies of Cox and
Sleight.3® These studies show that the room-
temperature crystal structure of these materials varies
from orthorhombic — tetragonal — orthorhombic
—monoclinic as a function of increasing x and super-
conductivity is confined to the tetragonal phase. A
second interesting phenomenon is exhibited by the
specific-heat data of Methfessel et al.!! for samples
with x =0.25. The standard C/T vs T? plot of these
data contain no indication of a bulk specific-heat ano-
maly at the superconducting transition temperature
and exhibit a finite intercept at 7 =0 that corre-
sponds to an electronic contribution y =0.15
mJ/ (gatom K2).

The trend from metallic-to-semiconducting
behavior for increasing x has prompted considerable
speculation regarding the electronic structure of these
BaPb;_,Bi, O3 compounds. Most ideas are based on
the original proposal by Sleight et al.! in which a par-
tially filled Pb;_,Bi, 65 band overlaps the filled O 2p
bands. This model assumes that the 6s band narrows
and splits with increasing x, gradually leading to
semiconducting behavior for x =0.35. A more de-
tailed model for explaining this semiconductor-metal
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transition has been proposed recently by Rice and
Sneddon.!® It involves a real-space pairing of elec-
trons at the Bi sites for the Bi-rich compounds with
x =0.35 and a transition to a metallic-supercon-
ducting phase for x =<0.35 where Pb substitution
dilutes the Bi lattice.

The purpose of the present investigation is to
determine from first principles the electronic struc-
ture of these BaPb;_,Bi,O; compounds and to relate
these results to the occurrence of high-temperature
superconductivity. The calculations utilize a self-
consistent, scalar-relativistic version of the linear-
augmented-plane-wave (LAPW) method'* in which
the charge density and potential are treated in a com-
pletely general functional form and exchange-
correlation effects are included in the local-density
approximation using the Wigner interpolation formu-
1a.’* For nonintegral values of x, the calculations in-
corporate the virtual-crystal approximation'¢ (i.e., re-
place the Pb,_,Bi, distribution by an average atom
with atomic number 82 +x). This approximation
provides, for intermediate values of x, a smooth in-
terpolation between the extremely similar energy-
band results for cubic BaPbO; and BaBiO;.

The calculations have been carried out for the cu-
bic modifications of BaPbO;, BaPb, sBij 303, and
BaBiO; (space group O4) and the observed*® body-
centered-tetragonal (bct) phase of BaPbg ;Bij30;
(space group D4§). The cubic structure consists of a
simple-cubic lattice of Ba with a Pb or Bi at the body
center and O’s at each face center. The bct structure
is identical with that observed!’ in SrTiO; below 110
K. With the origin of coordinates at a Ti (or
Pb,-,Bi,) site, this tetragonal distortion in SrTiO;
results from a soft triply degenerate zone-boundary
optic phonon with R1 5 symmetry.!® The normal

modes of this R1 5 phonon involve oxygen-atom dis-

placements that correspond dynamically to rigid rota-
tions of the TiO; (or Pb,_,Bi,03) octahedra about
the three coordinate axes.!® At the cubic-to-
tetragonal transition, one of these modes is ‘‘frozen
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in’’ and this produces a bct structure containing two
formula units per cell in which neighboring octahedra
are statically rotated about [001] by angles +¢ of
about 2° and 8° in SrTiO; and BaPb, ;Big 303, respec-
tively.

The LAPW energy bands for simple cubic
BaPbg 7Big 303 are plotted along symmetry lines in the
Brillouin zone (BZ) in Fig. 1. The lowest set of core-
like levels centered near —11.5 eV corresponds to the
Ba Sp states whereas the unoccupied bands above 3.5
eV are predominantly Ba Sd states. The more tightly
bound Pbg;Big3 54 and O 2s states (which are not
shown) form a broad (~5 eV) strongly admixed
manifold centered near —17.5 eV. The remaining
bands, extending from —11 to 5 eV, originate from
the Pbg;Big3 6sand O 2p states.

Despite its 16-eV bandwidth, this ten-band com-
plex of O 2p and Pbg;Bij 3 6s states can be interpreted
in terms of a simple tight-binding model. This model
involves three parameters, including the orbital ener-
gies Ey,=—19 eV, E¢;=—4.1 eV, and the nearest-
neighbor two-center integral (spo) =2.2 eV. The O
2p orbitals at each site in the cubic phase are either
parallel or perpendicular to the O—Pb;_,Bi, bond
directions. We represent these by p, and pj, respec-
tively. The strong (spa) interaction couples only the
Pb,_,Bi, 6sand O 2p, orbitals and this produces a
pair of broad bands that extend from the R, state at
—11 eV to the corresponding state at +5 eV. Be-
cause of translational symmetry, the states at X, M,
and R involve two, four, and six nearest-neighbor s-p

8 !
A4 \ &
L s |\ 5
|2 5
6 b 2 73
25 4
1 31
4 |
12 15 |
/ f
\ ______ EF

15'

12\

N

ENERGY (eV)

%W |
B OLOI0L
N
&

» o 00,

53

i

M

BaPbg7Bip303
(cuBIcC)

TR \ RN

G

I
~

x
1
o
x
]
=z

FIG. 1. LAPW energy bands for cubic BaPb ;Bi; ;03
along symmetry lines in the Brillouin zone.

bonds, respectively. The roughly constant ~2-eV
energy difference between the filled and empty X,
M, and R states is a signature of their tight-binding
character.

The remaining cluster of narrow bands distributed
below E,,=—1.9 eV corresponds to the nonbonding
O 2p, orbitals. (These are completely flat in the sim-
ple model.) As indicated, the Fermi energy Er falls
about 1 eV above the top of these nonbonding states,
within the broad 6s-2p, manifold. Relative to £y,
the Pb,_.Bi, 65 orbital energy Eg¢; = E(T'}) decreases
monotonically from —1.3 eV in cubic BaPbO; to —4.3
eV in BaBiO;, thereby predicting 6s-2p overlap and
metallic properties for all x in the simple-cubic
phase. The fact that the 16-eV bandwidth of the 6s-
2p, manifold is much greater than AE¢;=3 eV lends
further support to the virtual-crystal model for these
alloys. It is clear that a more sophisticated technique
for treating the random potential (such as the
coherent-potential approximation'®) will not give sig-
nificant localized density-of-states (DOS) differences
on the Pb and Bi for these values.

DOS curves for the cubic and bct phases of
BaPby 7Bij ;03 are show in in Figs. 2(a) and 2(b),
respectively. These results have been obtained using
the tetrahedral method and LAPW eigenvalues calcu-
lated on a uniform mesh containing 84 (100) points
in the irreducible wedge of the cubic (bct) BZ. For
the cubic calculations, this mesh corresponds to
seven points along the I'X line or 1728 points in the
entire BZ. Essentially, the same mesh points were
chosen for the bct DOS calculation (864 total points
in the BZ).
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FIG. 2. Density-of-states curves for (a) cubic and (b)
body-centered-tetragonal BaPby ;Bi ;03.
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Various features such as shoulders and peaks in
the cubic DOS curves in Fig. 2(a) are readily associ-
ated with specific energy-band features in Fig. 1. The
main difference between the cubic and bct DOS
curves is the presence of additional structure in the
latter results and the occasional splitting of cubic
DOS peaks. This is not surprising since the bct
bands are essentially a remapped version of the
simple-cubic results in which the R point is folded
into the BZ center T.

Convergence tests have shown that the small ~0.3-
eV difference in the position of the initial DOS peak
below Er in Figs. 2(a) and 2(b) is due to limitations
in the LAPW basis-function size in the latter bct cal-
culation. This causes a lowering of the Pbg;Big3; 65
band (and Er) relative to the nonbonding O 2p,
states in Fig. 2(b).

The calculated value for the x =0.3 bct DOS at Ex
is 0.16, in units ‘‘states/eV spin Pbg;Big3 atom.”” The
measuredi! T =0 specific-heat y for BaPbg 75Bij 2503
corresponds to 0.03 in these units. A rigid-band in-
terpolation to x =0.25 yields a value of 0.15. If we
assume that this calculated value is accurate and
neglect phonon-enhancement effects, then we can es-
timate that approximately 80% of the two measured
samples was in the superconducting phase. )

This combination of a nearly spherical Fermi sur-
face and a low DOS at Er makes these BaPb,_,Bi,O;
compounds rather unlikely prospects for high-
temperature superconductivity. For example, our
band DOS value of 0.16 is only about 60% that of Pb
(T.=17.2 K). However, several important keys for
solving this puzzle are provided by structural features
of the bct, orthorhombic, and monoclinic phases.
The first is the fact that the primitive cell for each
distorted phase contains two formula units. More
importantly, the corresponding BZ’s are each geo-
metrically similar to that for an fcc lattice (i.e., one in
which “‘superlattice’’ effects cause the simple-cubic R
point to be remapped into the BZ center I'). In sim-
plest terms, this can be viewed as the formation of a
rocksalt-type lattice of Pb-Bi atoms with inequivalent
nearest neighbors.

Neglecting this inequivalence, the extension of our
tight-binding model to this geometry provides a con-
vincing explanation for both the stability of the
monoclinic phase near x =1 and the observed semi-
conducting behavior at x =1. In particular, this
model predicts the perfect nesting of identical elec-
tron and hole Fermi-surface sheets for x =1. In this
situation, an infinitesimal distortion is expected to
open a semiconductor gap and stabilize the distortion.

Preliminary studies which extend this model to in-
corporate characteristic distortions of the bct and
monoclinic phases have been carried out. The form-
er case is straightforward since it involves rigid rota-
tions of octahedra with negligible changes in
Pb,_,Bi,—O bond distances. This distortion produces

small (~0.01 eV) and incomplete splittings which
only partially remove the nesting degeneracies at Er
for x =1. Thus a bct distortion will not produce a
semiconducting gap. Nevertheless, these splittings
are reflected in the bct DOS curve in Fig. 2 as mini-
ma at energies 1.5 and —8.8 eV, respectively.

Analogous model studies demonstrate that a finite
gap is opened when simple-cubic BaBiOj; is distorted
in such a way to produce a rocksalt-type lattice of
inequivalent BiOg octahedra with different Bi-O bond
distances (i.e., a cubic analog of the monoclinic struc-
ture). Although an accurate determination of the
distance dependence of the (sp o) interaction awaits
the completion and analysis of LAPW calculations for
monoclinic BaBiO3, these preliminary model studies
indicate large splittings of these nesting degeneracies
near the BZ boundary, corresponding to deformation
potentials of ~6 (eV/ A). These decrease rapidly as
one moves toward I' and correspond to ~1 (eV/ A)
at Er for x =0.3. Analogous calculations for
ferroelectric-type displacements of Pb,_,Bi, atoms
yield deformation potentials which are a maximum
[~1 (ev/A)] at T and then decrease rapidly.

In conclusion, we see that the band structure for
BaPb,_,Bi,0; contains the elements necessary to
understand the superconductivity of these materials
and the semiconducting phase at x =1. The phonon
modes important for superconductivity are likely to
involve ‘“ferroelectric’’ displacements of the Pb-Bi
atoms and ‘‘breathing-mode’’ displacements of the O
atoms. The structural phase transitions from the
reference cubic phase to the observed sequence of
structures all involve the ‘‘freezing in”’ of various R-
point phonon modes. At present, the small total-
energy difference involved in the bct distortion is
probably not amenable to calculation. However, the
model 6s-2p band structure does provide a strong
Fermi-surface instability to explain the terminal
(x =1) structural transition and its semiconducting
character.

The semiconductivity of the 0.35 < x <1 materials
is not easily understood in terms of a band picture.
This supposedly orthorhombic phase is the least well
characterized structure®®® and we must entertain the
possibility of a mixed phase or a finite defect concen-
tration which could shift Er. With the future availa-
bility of single-crystal samples, it is important that
photoemission and optical studies be carried out to
test the global features of the band structure present-
ed here, particularly the placement of Er.
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