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The electronic structure of BaBi03 is calculated by using the full-potential linearized augmented-
plane-wave method in the local-density approximation, and the alloying effect of K additions is con-
sidered using the simple rigid-band model. The electron-phonon mechanism for the superconduc-
tivity is discussed within the rigid muon-tin approximation. In this context, the difference of the
electronic structure from the cuprate high-T, materials is elucidated in detail. Photoemission, in-

verse photoemission, and x-ray emission spectra are compared with experiment to check the validity
of the single-particle picture for these excitations.

I. INTRODUCTION

The discovery of the high-T, (30 K) copperless super-
conductor, ' Ba& K Bi03, has introduced new aspects
into the discussion of the mechanism of high-T, super-
conductivity. In this noncuprate material, the Bi atoms,
which are octahedrally coordinated to oxygen, are ex-
pected to play the role of the Cu atom in the Cu-0 high-
1; materials. Instead of the 3d states of Cu, the 6s
states of Bi are strongly mixed with 2p states of 0, as will
be discussed later. Therefore, both magnetism and strong
electron correlation (which are both missing) are not ex-
pected to be essential for the superconductivity.

Recent observations ' of an isotope effect on T, by ' 0
substitution in Ba& K„Bi03 have added a new point of
interest into understanding superconductivity in this ma-
terial. However, the two existing experimental reports do
not agree on the value of the a exponent (T, -M ),
giving a-0.2 (Ref. 6) and a-0.4, respectively. Since
the existence of an isotope effect clearly relates supercon-
ductivity to the lattice vibrations, a definite experimental
answer is clearly of great interest. It is, in fact, crucial
to determine whether the superconductivity of
Ba, K Bi03 is due to the electron-phonon mechanism
only (in which case the theoretical limit would have been
reached) or if another mechanism (possibly common to
high-T, Cu-0 materials) is at work.

It is now accepted that the superconducting state of
these materials must be understood on the basis of details
of their crystallographic structure. In this sense, band-
structure calculations for the normal state provide impor-
tant information which can help the understanding of the
superconducting state. In what follows, we will find simi-
larities and differences of the electronic structure of these
materials which are closely related to their superconduct-
ing state.

The crystal structure of Ba& „K„Bi03 is cubic
perovskite, ' ' which implies that low dimensionality is

not necessary for T, values around 30 K. Together with
the parent system BaPb, Bi 03 (y —0.25 ),"'

La2 Ba Cu04, and the cubic spinel Li, +,Ti2, 04, '

Ba& K„Bi03 (x-0.3) has a structural similarity con-
sisting of a (sometimes distorted) octahedral coordination
of the metal atom to six 0 atoms. The other cuprate
high-T, materials have similar structures with pyramids
consisting of five 0 atoms around a Cu atom or some-
times completely miss the apical oxygens and have planar
square coordination.

The band structure for Ba& „K Bi03 has already been
calculated by Mattheiss and Hamann, ' who showed us-
ing several supercells that the effect of the K alloying is
well described within a rigid-band model. In this paper,
we present results of highly precise local-density calcula-
tions for BaBi03, describe K alloying by means of the
rigid-band model, and present measurable quantities
which can be compared in detail with experiment, espe-
cially photoemission, inverse photoemission, and x-ray
emission spectra. On the basis of our calculated precise
single-particle quantities, we will discuss the supercon-
ductivity by considering the electron-phonon and other
mechanisms.

In Sec. II, we present results of the band-structure cal-
culations by the full-potential linearized augmented-
plane-wave (FLAPW) method' in the local-density ap-
proximation (LDA). The result of single-step x-ray pho-
toemission calculations are compared with experiment in
Sec. III. Section IV is devoted to discussing the super-
conductivity in the K-doped materials and other proper-
ties which may be compared with experiment.

II. BAND STRUCTURE OF Ba, „K„BiO3

The electronic structure of BaBi03 was calculated for
the cubic perovskite structure using the highly precise
full-potential linearized augmented-plane-wave method'
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with the Hedin-Lundqvist exchange-correlation potential.
The lattice constant is assumed to be 4.2932 A, which
corresponds to the lattice parameter of Ba& „K„Bi03
with x =0.29. [This x value was shown by neutron-
diffraction structural analysis to be the final composition
corresponding to the maximum T, value (initial K com-
position x =0.4).] The Ba atom is situated at the corner
of the cube, Bi is at the body center, and the 0 atoms are
at the face centers. Inside the muffin-tin spheres, the
angular-momentum expansion was truncated at l = 8 for
the wave functions and l =6 for the charge density and
potential. In the interstitial regions, about 3400-
reciprocal-lattice vectors are considered in the Fourier
representation of the charge density and potential. The
LAPW functions with the wave vectors k+ Cx

~

~ E
=3.6 a.u. are used in the expansion of the eigenfunctions
leading to about 420 basis functions. Fifty inequivalent
sampling k points and the linear tetrahedron scheme are
used for the Brillouin-zone integration during the self-
consistent iterations. The density of states is calculated
using 80 k points in the irreducible wedge of the Brillouin
zone.

A. Energy bands

Figure 1 shows the band structure. As in the cuprate
superconductors, just one antibonding band crosses the
Fermi energy (EF); it has a wide dispersion due to the
strong hybridization between the Bi 6s and 0 2p states.
This hybridization is, in fact, symmetry forbidden at I,

where the (I,) Bi 6s states cannot interact with the
(I », I z5) neighboring 0 2p states. However, in going
along the I -X-M-R directions, such an interaction is
progressively more allowed. In this respect, the Bi-0
sp o. band here is similar to the Cu-0 dp o. antibonding
band crossing EF in the Cu oxide superconductors; also
in that case, in fact, copper and oxygen states were non-
bonding at I and strongly antibonding at the (in-plane)
zone boundaries. The dimensionality factor, however,
makes the difference between the two cases. The charge
density for this band averaged over the Fermi surface
corresponding to x =0.29 is shown in Fig. 2. No charge
density is found at the Ba site; the conduction occurs
through a three-dimensional network consisting of Bi 6s
and 0 2p states. This feature does not change for small
changes in the Fermi level.

The bonding counterpart of Bi 6s and 0 2p is situated
from —7 to —13 eV below the Fermi energy. The non-
bonding or weakly bonding 0 2p states are located
around —2.5 eV. The bandwidth due to the direct hy-
bridization of these 0 2p states is small (-2 eV) com-
pared with the case of cuprate high-T, materials in which
the weakly bonded 0 2p bandwidth is as large as 6 eV.
Along the I -X-M-I lines, there is a very Oat band at —7
eV, which is due to the ppo. bonding combinations of the
Bi 6p and 0 2p orbitals; this band rises up in energy along
the I -R direction because the bonding contribution of
the Bi 6p state disappears at the R point by symmetry.
The states at —12 eV are due to the Ba 5p semicore elec-
trons. Bands higher than 2 eV above EF consist of Ba 5d
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FIG. 1. Electronic band structure of BaBi03 along the main symmetry lines of the Brillouin zone and corresponding to the lattice
0

constant of a =4.2932 A. The symmetry labels correspond to choosing the origin at the Ba site.
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FIG. 2. Average charge density of the states at the Fermi en-

ergy of Ba& K Bi03 for x =0.29.

and Bi 6p states. The whole band structure is very simi-
lar to the results of Mattheiss and Hamann. '

The states of the Ba site do not contribute to the band
near the Fermi energy. Furthermore, Mattheiss and
Hamann showed, using supercell calculations, ' that the
K 3p state appears at the same energy as the Ba 5p state.
Therefore, a rigid-band model is a good approximation
over the whole valence band for the Ba& „K Bi03 sys-
tem and v ill be used in the following discussion.
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B. Density of states

Figure 3 shows the total density of states (DOS) and
some of the partial DOS (PDOS) for Bi and O. The sharp
peak of the total DOS at —12 eV is due to the Ba Sp
corelike states. The broad peak from —13 to —7 eV
comes from the bonding states of the Bi 6s and 0 2p or-
bitals, as is shown in the PDOS in the figure. The 0 2p
and Bi 6p bonding states produce the peak around —6
eV. The large peak from —4 to —2 eV comes from the
nonbonding states of 0 2p; its width is mainly due to the
direct mixing between the 0 2p states. There is a small
contribution of Ba 6s to the peak at —4 eV. The broad
peak from —2 to 2 eV consists of the antibonding Bi 6s
and 0 2p states. The states above 2 eV consist of Ba 5d
and Bi 6p. In this region, we can see a trace of the mix-
ing between Bi 6p and 0 2p in the partial DOS.

Figure 4 shows in expanded detail the total DOS
around the Fermi energy. A peak just below EF at x =0
corresponds to the three-dimensional saddle-point singu-
larity (SPS) at the X point. The Fermi energy for
x =0.29 is situated well below this peak. The coin-
cidence of EF with such a peak provides an explanation
for the structural phase transition of cubic BaBi03 to its
observed stable monoclinic, semiconducting structure. In
fact, Mattheiss and Hamann' showed that this structural
change including the frozen phonon breathing mode of 0
octahedra can open up a gap; the calculated gap is actual-
ly almost zero, possibly because of limitations of the
local-density approximation and the uncertainty of the
numerical calculations. The density of states at EF,
X(EF), for x =0 and x =0.29 are 0.828 and 0.555
states/eV cell, which is (per Bi atom) smaller than those

FIG. 3. Total and partial densities of states for
Bal K Bi03. The Fermi energy corresponds to x =0.

[-1 states/eV per Cu atom (Refs. 17—22)] of the cuprate
high-T, oxides, but larger than that of the BaPb, Bi 03
system with y around 0.25. The muffin-tin projected con-
tributions to the density of states at EF, summarized in
Table I, provide clear evidence for the 0p —Bi s hybridi-
zation. The Bi contribution is smaller than the 0 contri-
bution for (BaK)Bi03, while the Cu contribution is larger
than the 0 contribution for the cuprate materials. This is
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FIG. 4. Total density of states of Ba& K Bi03 using a
rigid-band model close of EF. The Fermi energies are shown for
both x =0 and x =0.29.
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TABLE I. I-decomposed atomic contribution inside muffin-tin spheres (RB;=2.45 a.u. , Ra=1.60
a.u. ) to the DOS at EF in states/eV cell.

x=0 x =0.29

(Ba,K)
Bi
0
Total DOS

0.000
0.176
0.033

0.000
0.044
0.432
0.828

0.000
0.020
0.004

0.000
0.115
0.024

0.000
0.033
0.285
0.555

0.000
0.011
0.003
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FICs. 5. Fermi surfaces of Ba& „K Bi03 for (a) x =0 and (b)
x =0.29.

because the atomic Bi 6s level is located deep in energy
relative to the 0 2p level, while the atomic Cu 3d level is
very close to the O 2p level. However, the metal-oxygen
hybridization here is much stronger than in

1+x 2 —x 4

C. Fermi surface

The Fermi surfaces (FS) of stoichiometric BaBi03 and
of Baa 7,K0298i03 (calculated using a rigid-band model)
are shown in Fig. 5(a) and 5(b), respectively. The pres-
ence of K lowers EF and correspondingly induces the
change of the FS topology seen in Fig. 5(b) when &~
crosses the three-dimensional saddle-point singularity at
the point X in the Brillouin zone for x -0.1.

Some FS nesting can be observed, due to the Aat por-
tion of the FS perpendicular to the I -M direction. The
corresponding spanning vector is not commensurate.
The perfect FS nesting found in the two-parameter tight-
binding model of Mattheiss and Hamann' for cubic Ba-
Bi03 is not found in the present FLAPW results. At
x =0.29, corresponding to the reported maximum value
of T, and away from the SPS structural instability, the
FS is rather free-electron-like (i.e., a somewhat fiattened
sphere).

III. CALCULATED PHOTOEMISSION,
INVERSE PHOTOEMISSION,

AND X-RAY EMISSION SPECTRA

In this section we present calculated photoemission
(PES), inverse photoemission (IPES), and x-ray emission
(XES) spectra for Ba, K, Bi03 which may be directly
compared with their experimental determinations. The
single scatterer final-state approach (SSFSA) underlies
our calculation of PES and IPES; von Barth's final-state
rule was assumed to be valid for XES. Since both ap-
proaches have been discussed extensively in the litera-
ture, only the basic features are recalled here. The
same single-particle LDA Hamiltonian is used to describe
the hole and electron dynamics of the initial and final
states. This means that all the well-known problems of
identifying LDA eigenvalues with real quasiparticle exci-
tations still persist in the calculated spectra. In the
SSFSA, the outgoing photoelectron only feels the poten-
tial at the site of its creation but further scattering on its
way through the crystal is discarded. Performing an an-
gular integration and assuming, furthermore, that the
transition matrix elements are independent of the direc-
tion of the outgoing photoelectron, the photocurrent may
be written as a sum of SSFSA matrix element weighted
partial density of states (DOS). It should be noted, how-
ever, that since the isotropic SFFSA matrix elements may
differ by orders of magnitude for the individual constitu-
ents, scattering channels, and photon energies, often a
particular l component of the total DOS is strongly
enhanced. The SSFSA is certainly best suited for high
photon energies in the x-ray photoemission (XPS) regime
and angle-integrated measurements performed on poly-
crystalline samples. For the lower photon energies [typi-
cally in the ultraviolet photoelectron spectroscopy (UPS)
regime], both of the above assumptions inherent in the
SSFSA are less justified; still we believe that performing
an angle-integrated measurement on a polycrystalline
sample brings about enough averaging to make the
SSFSA a meaningful first step.

In the case of XES, the final-state rule simply states
that the initial core hole does not affect the resulting
spectrum and rather the local l-dependent final-state
DOS is seen in the spectra. The final-state DOS may be
identified with the LDA ground-state DOS provided the
valence-band hole is well screened.

Previous experience with both approaches shows that
they work surprisingly well for p-d bonded systems like
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the 3d and 4d transition-metal carbides and nitrides,
and some transition-metal compounds and alloys. In all
these materials the d electrons may be considered as
itinerant. Until recently, both approaches did not seem
to do so well in treating the Cu(d) —O(p) bonded high-T,
superconductors; rather large discrepancies were
found to show up in the Cu(d) dominated spectra, such
as XPS. This was understood on the basis of evidence
that the Cu d band is not completely filled, but contains a
hole, which interacts with the photo hole generated in the
photoemission process. This final-state effect not only
causes valence- and core-level satellites, but also the
unusually large differences between theory and experi-
ment regarding the valence-band binding energies. How-
ever, the latest results on single crystals cast some doubts
on the magnitude of this large valence-band binding-
energy difference, since part of the discrepancy may be
traced back to charging effects due to an insulating sur-
face. Yet, there is no doubt that hole-hole interac-
tion is important in a not completely filled Cu-d band, as
clearly demonstrated by comparing PES, IPES, and
Auger spectra for Cu(d )0 and Cu(d' )20. Anyway,
and of importance for this study, correlation effects in an
unfilled d band are not operative in the Ba, K Bi03 su-
perconductor.

All the calculations have been performed nonrelativist-
ically although relativistic core wave functions have been
used in the calculation of the XES spectra. All the wave
functions needed for matrix elements were computed em-
ploying FLAPW potentials subjected to the self-
consistent muon-tin methods. The finite lifetime of the
valence and core holes were taken into account by convo-
luting the spectra by an energy-dependent Lorentzian
with full width at half-maximum (FWHM) taken as
I (E)=l, +I „(E); here c and v denote the core and
valence holes, respectively. I,(E) increases linearly as
0.2(EF E) eV and I,W—O only for XES. No lifetime
broadening was taken into account for IPES. Finally, a
Gaussian spectrometer resolution was taken into account
with FWHM representative for the actual experiment.

A. Photoemission spectra

We show in Fig. 6 the Al Ko, (h v= 1487 eV) XPS spec-
trum for Ba, K Bi03 as calculated within the SSFSA.
Photoemission spectra have been recorded for the relat-
ed BaPb& Bi 03 system including pure BaBiO3. In a
rigid-band treatment, EI; is shifted upwards by 0.43 eV
for Ba, „K„Bi03upon decreasing x from 0.29 to zero.
The calculated changes in the spectrum are indicated by
the dotted line. Basically, two prominent features dom-
inate the spectrum.

(i) Emission from the valence bands gives rise to a
broad structure with a maximum around —3 eV (with
respect to Ez for BaBi03) and shows a shoulder around
—6 eV and another faint shoulder at —4 eV. The inten-
sity is lowest around —7.5 eV and rises again for larger
binding energies.

(ii) Emission from the spin-orbit split Ba 5p3/p Ba
Sp5&2 doublet is centered at —12.3 eV.

At this point, a remark on the calculation of the Ba Sp

hp =1487 eV
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FIG. 6. Calculated valence-band XPS spectrum for
Ba, „K„BiO,; solid line x =0.29, dotted line x =0.

emission is in order. In the FLAPW calculation, the Ba
Sp states were treated semirelativistically as band states
neglecting spin-orbit splitting. In order to facilitate com-
parison with experiment, especially with respect to the
relative intensities between the Ba 5p emission and emis-
sion from the valence band, we added spin-orbit splitting
a posteriori. As the Ba Sp band is rather narrow, a sim-
ple atomiclike procedure was chosen. The semirelativis-
tic FLAPW Ba Sp partial DOS was spin-orbit split by
1.99 eV as determined by an atomic calculation for the
FLAPW potential [the experimental value is 1.9 eV (Ref.
37)] and keeping the center of gravity fixed at the max-
imum of the original semirelativistic Ba 5p DOS. The oc-
cupation of the Ba Sp&&2 and Ba Sp3/2 DOS was taken to
be 2 and 4 electrons, respectively. The lifetime of the Ba
Sp hole was fixed at 0.2 eV.

Upon comparing now the calculated spectrum with the
experimental XPS spectrum of Ref. 37, we recognize that
the overall agreement is very good indeed. Still, there are
two features in the calculated spectra which deviate from
experiment. The shoulder close to the onset of the Ba 5p
emission due to the bonding Bi(s)—O(p) states around
—10 eV is not matched by the calculation. This
discrepancy has a trivial origin, however, and may be
easily traced back to the well-known inherent problems
of identifying LDA eigenvalues with quasiparticle excita-
tions by neglecting the self-interaction corrections (SIC)
for rather tightly bound electrons. In the calculation, the
Ba 5p emission is placed at too low a binding energy (by
1.65 eV) and yields an appreciable intensity already at
—10 eV, thereby filling the plateau seen in the experi-
mental spectrum. Since the Ba Sp states are almost atom-
iclike, we tried to find an estimate for the SIC by compar-
ing total-energy differences with the atomic LDA eigen-
values. For a neutral Ba atom the correction amounts to—3.4 eV and increases for a "bare" Ba + ion to —4.4 eV.
Both values are too high and demonstrate that the Ba 5p
holes in BaBiO3 are very effectively screened by the sur-
rounding highly polarizable oxygen ions.
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of typical experimental resolutions obtained by present
day spectrometers). We distinguish two peaks around 1

and 6 eV above EF. The peak at lower energy is due to
the unoccupied part of the Bi 6s —02@ antibonding band
separated by a deep minimum at 2 eV from the upper
peak composed of 0, Bi, and Ba admixtures. Although
the overall shape of the two spectra is very similar, the
partial contributions are quite different due to the
different weighting by the SSFSA matrix elements. For
the 1-eV peak the relative importance of the Bi and 0
emission is reversed by the matrix elements. For 9.7-eV
photons, the 0 2p states give the strongest contribution
with a little Bi 6s admixture, whereas for 1487-eV pho-
tons 0 2p emission is completely negligible and the oxy-
gen contribution arises from the 0 s channel. As a conse-
quence, the oxygen contribution to the higher 6-eV peak
is also quite different for 9.7- and 1487-eV photons,
reAecting the 0 2p and 0 s DOS, respectively. The loss
of intensity due to the lower 0 contribution for the 6-eV
peak is compensated by an increased Bi contribution
which arises mostly from Bi 2p states. The Ba contribu-
tion shows no preference for one channel or the other and
its intensity is distributed among the s,p, d channels, but
we may say that Ba 5d becomes more important for lower
photon energies.

With regards to possible agreement with experiment,
we may only speculate since there are no experimental
data available so far. We are aware of three possible
sources of "disagreement. "

(i) An incorrect description by the LDA of the an-
tiscreening of the added extra electron for states above
E~. The calculation places the peaks too close to EF.

(ii) The presence of K 3d states (which remain unac-
counted for in the rigid-band treatment) may very well
contribute to the spectra at higher energies. For ordered
tetragonal Bao 5KO 5Bi03, no unoccupied K states are
found below 4 eV. '

(iii) In contrast to PES, many-body effects such as
hole-hole repulsion in the final state are not expected to
play a very important role, since holes are filled by the
impinging electrons. This should be particularly true for
the 1-eV peak. It may be interesting to note in this con-
text that even for CuO (Ref. 35) (which might be thought
of as the parent compound to all the Cu-based high-T,
superconductors), single-particle band theory fared well
in describing the experimental IPES. The same was true
for YBa2Cu307.

lived so as not to introduce too much additional broaden-
ing. For this reason, Bi 4p or 5p states cannot be used to
detect the Bi 6s DOS. We have chosen the 0 1s
[I,=0.15 eV (Ref. 41)], Ba 3d»z (I, =0.45 eV), Ba
4d(3/2, 5/2) [I =0.2 eV (Ref. 37)], Bi 4fis/z, 7/2) ll, =0.2
eV (Ref. 37)], and the Bi 5d(3/p 5/2) (I,=0.2 eV) core
holes giving rise to the O-K, Ba-M5, Ba-1V45, Bi-%67,
and Bi-045 spectra, respectively. The resulting spectra
have been convoluted by a Lorentzian with FWHM of
I,+I,(E) accounting for core (I, ) and valence hole
(I,) lifetimes. I', (E) was taken to be the same as in the
case of the PES spectra. Finally, a Gaussian spectrome-
ter resolution of FWHM equal to 1 eV was employed.

The calculated 0 and Ba related XES spectra for
Ba, K„Bi03 (x =0.29) are shown in Fig. 9. As the 0
K spectrum mirrors only the 0 2p DOS its similarity to
the 70-eV PES spectrum is obvious. The Ba M5 spec-
trum maps transitions into a Ba 3d~&2 core hole predom-
inantly from the small Ba p valence-band DOS. Since the
FLAP W calculation was done semirelativistically (no
spin-orbit splitting was considered in the valence band),
nonrelativistic dipole selection rules were applied. The
matrix elements, however, have been calculated using rel-
ativistic core wave functions. The Ba N4 ~ spectrum con-

~~
(h

C

C. X-ray emission spectra

Since a localized core hole is involved in the emission
process, no k-dependent information is carried by the em-
itted photons and only the selection rules for the dipole
transition from the valence band to the core hole apply.
Therefore x-ray emission spectra provide a direct access
to the local I-dependent partial DOS and hence are easier
to interpret than are photoemission spectra. By selecting
the proper core levels all the important components of
the total DOS may be mapped out. The only severe
drawback in using this method is posed by the finite life-
time of the core hole, which must be sufticiently long

l J I i l i 1 i I

—12 —10 -8 -6 —4 —2 0 2

Energy E—Eo{eV)

FIG. 9. Calculated x-ray emission spectra for Ba& „K„Bi03.
Top: 0 E spectrum (x =0.29). Middle: Ba M5 spectrum
(x =0.29). Bottom: Ba N4 5 spectrum showing the N5 (dashed)
and N4 (dotted) components (x =0). Eo equals EF in the case
of the 0 K and Ba M5 spectra as well as for the Ba N4 spec-
trum. The Ba N5 component is shifted by the calculated spin-
orbit splitting of 2.62 eV [expt. 2.59 eV (Ref. 37)].
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FICz. 10. Calculated x-ray emission spectra for Ba, K„Bi03
(x =0.29). Top: Bi N6 7 spectrum and the individual N6 (dot-
ted) and N7 (dashed contributions). Bottom: Total Bi 04 5

spectrum showing the 0& (dashed) and 04 (dotted) components.
Eo corresponds to E~ for the Bi N6 and the Bi 04 spectrum.
The Bi N7 and Bi 0, components are shifted by the calculated
spin-orbit splittings of 5.5 eV [expt. 5.31 eV (Ref. 37)] and 2.98
eV [expt. 3.05 eV (Ref. 42)], respectively.

sists of two spectra, the N4 spectrum involving a Ba-
4d3/2 core hole and the N5 spectrum involving a Ba
4d5&2 core hole. The core levels are spin-orbit split by
2.62 eV which is very close to the experimental value of
2.59 eV. Again, the Ba p partial DOS is predominantly
mapped. (The atomiclike Ba 5p states have been omitted
as in the case of PES). It is interesting to note that
despite the fact that the N5 contribution should be larger
than the N4 due to the weighting factors given by the di-
pole selection rules, the N4 spectrum outgrows the N5
spectrum due to the larger matrix elements that actually
exist.

As shown in Fig. 10, the relevant Bi site related XES
spectra map the Bi d (top panel) and, predominantly, the
Bi p (bottom panel) valence-band DOS. The calculation
proceeded in analogy to that for the Ba-N45 spectrum.
The Bi N6 and the Bi N7 spectra are spin-orbit split by
5.5 eV, which compares well with the experimental
value of 5.31 eV as measured by photoemission.
Matrix-element differences for the 4f7&z core hole (N7)
and the 4f5&z (N6) core hole play an important role in
reversing the magnitude of the spectra as compared to
the weighting produced by the dipole selection rules.

This effect is even more important for the Bi-04 5 spec-
trum, where the 05 component, i.e., the transition into a
Bi-d5&2 core hole, is strongly quenched. The spin-orbit
splitting between the 5d3/2 and the 5d»2 core level was
calculated to be 2.98 eV, again in very good agreement
with the experimental value of 3.05 eV.

IV. DISCUSSION OF
SUPERCONDUCTIVITY

We will discuss the origin of superconductivity in the
Ba-K-Bi-0 system together with that of other high-T, su-
perconductors. There are now some isotope effect mea-
surements for high-T, superconductors: the a values are
0.2 —0.4 for (BaK)Bi03, ' and 0.2 —0.6 for Ba(PbBi)03. '

Although there is some scattering in the measured values,
a substantial isotope effect exists for these materials. This
clearly shows that phonons are involved in the supercon-
ductivity. Therefore, we first try to explain the supercon-
ductivity of (BaK)Bi03 by means of the ordinary
electron-phonon mechanism, and then we compare the
results obtained for the other materials in order to obtain
a perspective on the superconducting mechanism for
those materials.

We have calculated the McMillan-Hopfield parame-
ters g~ (gJ=N(EF)(I~ ), where (I ) is the FS average
of the squared matrix element of grad V for atom j) using
the rigid muffin-tin approximation (RMTA) of Gaspari
and Gyorffy. In order to take into account the effects of
Ba-K alloying we use a rigid-band model and fix EF to
the value corresponding to x =0.29. This approximation
is justified by the fact that the (I ) squared matrix ele-
ment is, to a good extent in our case, independent of the
Fermi-level position, so that q scales with N(EF). The
values of the g parameters are gz, =0, gz; =0.07, and
rlo=1. 71, in units of eV/A . (These values refer to the
unit cell. ) The largest contribution by far comes from the
oxygen atoms. The 0 contribution is of the same order
as in the case of Laz „Ba CuO~ (x-0.15),' while it
is much larger than the contribution of the 0 atoms in
the two-dimensional Cu-0 plane of YBa2Cu 307,
BizSrzCaCuz08, ' and TlzBazCaCuzOs (Ref. 22) (see Table
II); note that go was found to be 1 eV/A for the 0 atoms
in the linear Cu-0 chains in YBa2Cu307. The Bi contri-
bution in (BaK)Bi03 is much smaller than the Cu contri-
bution in the cuprate high-T, materials. This is because
of the smaller relative contribution of Bi to N(EF).
However, the Bi contribution in (BaK)Bi03 is larger than
that found ' for Bi in Bi2Sr2CaCu208, qz;=0. 04 eV/A .
This refiects the larger relative contribution of Bi to
N(EF ) and, possibly, also the different nature of the Bi-O
related states around EF in the two systems, namely p -p
in BizSrzCaCuzO& (Ref. 21) and s-p in (BaK)Bi03. From
a knowledge of g. and using the Allen and Dynes
strong-coupling limit with p =0.1, we can calculate the
critical temperature to be T, —37 K. A smaller T, —30
K ( —25 K) is obtained using the McMillan formula and
assuming O~ —200 K ( —300 K); a value of OD 8200 is
consistent with the measurements of Kitazawa et al. '
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TABLE II. Published values of McMillan-Hopfield parameters g for metal atoms (Ti or Bi or Cu) and 0 atoms per formula unit as
estimated from band-structure calculations. The electron-phonon coupling constants I, and the s'uperconducting transition tempera-
tures T, are estimated by using Eq. (1) and the McMillan formula for assumed Debye temperatures 0 (=200 and 600 K). Only the
contributions of Cu and 0 are considered for estimating A, and T, . (The contribution of the one-dimensional chain has been neglected
in YBa2Cu307). 6 is the p-d (or p-s) energy separation estimated from the band-structure calculations. The last column shows the
experimental values for T, .

LiTiz04

Ba& K Bi03
(x =0.29)
La& „Sr Cu04
(x =0.15)
YBa&Cu307

Bi2Sr2CaCu208

T128a2CaCu208

'Reference 23.
Reference 48.

'Reference 20.
Reference 21.

'Reference 22.
'Reference 13.

CU

1.96
(Ti)
0.07
(Bi)
1.11

0.32

0.52

0.60

g (eV/A')
0

2.26'

1.71

1.60

0.46'

0.64

0.88'

O~

(K)

200
600
200
600
200
600
200
600
200
600
200
600

5.1

0.6
3.0
0.3
3.3
0.4
0.9
0.1

1.4
0.2
1.8
0.2

g Reference 8.
"Reference 49.
'Reference 4.
"Reference 50.
"Reference 51.

T.
(K)

36
9

30
1

31
1

11
0

17
0

22
0

(eV)

88

2b

Qc

Qc1

Qe

T, (expt. )

(K)

27g

37h

93'

85'

110"

who found OD ~190 K in BaPb& Bi 03, depending on
the y value (0 &y & 0.3)

If we calculate the electron-phonon coupling constant
k as

and assume a Debye model for the phonon spectrum with
a (co) equal to the constant in the spectral function
a (co)F(co) (which leads to (co ) =

—,'8D ), we obtain A, -3
(1.4) for 8D =200 K (300 K). Thus, for this choice of the
parameters involved, this estimation of A, indicates strong
coupling in this material. This is in agreement with the
conclusions of Kitazawa et ah. ' in BaPb& Bi 03, who
obtained a A. value increasing with y, reaching values
—1.5 for y =0.3 (these authors also assumed a Debye
model for the phonon spectrum). Despite the crudeness
of the RMTA and the uncertainty in the assumptions
made for the phonon spectrum, these calculations indi-
cate that superconductivity in the (BaK)Bi03 system can
be understood in terms of the electron-phonon interac-
tion, within a strong-coupling regime. However, doubts
about the strong-coupling nature of this system have re-
cently been raised by Batlogg et ah. ; based on the com-
parison between the bare X(EF) values and the specific-
heat anomaly deduced from the thermodynamic critical
field slope (dH, /d T) for (BaK)Bi03 and Ba(PbBi)O3,
they estimated that A, cannot exceed 0.6—0.8. Having
these observations in mind, we cannot therefore exclude
that, possibly because of the Debye model assumption,
our estimate of A, could be wrong. In fact, our RMTA

calculations only provide g and, unless the phonon con-
tribution to A, is known, we cannot quantify A, exactly.
However, since the weak coupling suggested by Batlogg
et a/. for (BaK)Bi03 contradicts the strong coupling pre-
viously indicated for Ba(BiPb)03 by Kitazawa et al. '

and Batlogg, more experimental work is needed to clari-
fy this point.

In Table II, we summarize the g values for several ma-
terials ' and give T, by using the MacMillan formu-
la assuming two values of the Debye temperature togeth-
er with the experimental values. ' ' ' ' These T, are
estimated by considering only the contributions of Ti and
0 for LiTi204, of Bi and 0 for (BaK)Bi03, and of Cu and
0 in the two-dimensional Cu-0 plane for the cuprate ma-
terials. The superconductivity of LiTi204 is character-
ized with a high Debye temperature (8-600 K) and
weak coupling (A, -0.6). If the Debye temperature was
lower, the material would have higher T, . However, the
crystal has a cubic spinel structure, in which the oxygen
atoms have four nearest neighbors (three Ti and one Li)
and are tightly bonded to the Ti neighboring atoms. As a
result, the Debye temperature is high, which gives the
relatively low transition temperature. The other materi-
als are characterized by relatively lower Debye tempera-
tures (-200—400 K). For Bao 7&KO 29Bi03 (8—200 K),
the electron-phonon mechanism gives a reasonable ex-
planation for the superconductivity, as mentioned above
in detail. For La, 85Srp I5Cu04, the experimental value of
T, (37 K) is almost the upper limit which can be attained
by the electron-phonon mechanism, because these
values give T, =41 K as the strong-coupling limit
(A, ~ ~ ): in fact, for realizing T, —37 K, phonons
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characterized by 0-100 K are expected; for example,
the soft breathing mode as pointed out by Weber, or the
soft tilt mode by Cohen et al. For higher-T, materials,
the electron-phonon mechanism is completely
insufFicient.

We further clarify the differences of the electronic
structure between these cuprate and noncuprate materi-
als in relation to the electron-phonon interaction and the
charge Auctuations. For Ba& K„Bi04, the g value of 0
is large, while that of Bi is small; therefore just 0 vibra-
tions can contribute to T„ independent of the vibrational
spectrum of the other atoms. By contrast, the cuprate
materials have the same order of q values for both Cu
arid 0, which means that Cu can contribute to T,
through an appropriate vibrational mode. Another
difference is the possibility of dynamical change Auctua-
tions between Cu and 0 sites which might contribute to
raising T, . Charge Auctuations can be brought about by
the virtual transition between the remote bands from the
Fermi surface, for example, the transition from Bi 6s
states around —10 eV to unoccupied 0 2p states just
above the Fermi energy (see Fig. 3). This type of charge
Auctuation is characterized by the magnitude of the p -d
separation [the p -s separation for (BaK)Bi03] b which is
de6ned by the difference of the energy levels between 0
2p and Cu 3d (Bi 6s) states, as pointed out by Park
et al. The 6 values which are estimated from the
center of gravity of the partial density of states are shown
also in Table II. It is seen that the cuprate materials have
small 6 values, which implies the importance of charge

fiuctuations between 0 2p and Cu 3d states. For LiTi204,
and (BaK)Bi03, the 6 values are large. The charge fluc-
tuation between Bi and 0 atoms tends to be suppressed;
this factor reinforces the assertion that the electron-
phonon mechanism dominates the superconductivity of
(BaK)Bi03. We can speculate that the charge-transfer
mechanism between Cu and 0 atoms becomes gradually
more important in going from the (BaK)Bi03 system
through (LaSr)2Cu04 to the other cuprate systems. In
fact, the isotope effect is sizable (a =0. 16—0.37) in
(LaSr)2CuO and is small but finite in the YBa2Cu307
system. The precise experimental determination of the o;
value is thus crucial for clarifying the nature of its super-
conductivity.
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