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The electronic structure of Ba, ,K,Bi03 has been studied by photoemission spectroscopy. With in-

creasing x, the spectra are generally shifted towards the Fermi level (EF ), indicating a downward shift of
EF due to hole doping. The magnitudes of the shifts, however, are substantially smaller than those pre-
dicted by band-structure calculations. In the cubic metallic phase, although band-structure calculations
on the cubic structure predict the density of states (DOS) to show a peak at or close to Ez, the photo-
emission intensity decreases towards EF, suggesting that the splitting of the Bi 6s band persists and re-
sults in a pseudogap behavior. We propose that the suppression of the DOS peak at EF is caused by
dynamical lattice distortion: The DOS peak predicted for the cubic structure presumably induces the
lattice instability, leading to the dynamical lattice distortion.

I. INTRQDUCTION

The discovery of superconductivity at T, -30 K in

Ba& „K„Bi03 (BKBO) (Ref. 1) has stimulated recon-
sideration of superconductivity mechanisms in the closely
related system BaPb&, Bi„03 (BPBO; T, -13 K) as well
as in the cuprate superconductors. The Bi- and Cu-oxide
superconductor s have some common characteristic
features: (i) The density of states (DOS) at the Fermi lev-
el (EF) is low compared to, e.g., A15 superconductors;
(ii) band-structure calculations predict that the EF is lo-
cated within a wide, nondegenerate o-antibonding band;
(iii) superconductivity is realized by doping carriers into
parent insulators, where the half-filled conduction band is
split and opens a band gap. On the other hand, they
differ from each other in that the parent compound of the
Bi-oxide super conductors is a "charge-density-wave"
(CDW) insulator while those of the cuprate superconduc-
tors are antiferromagnetic insulators. Also, the crystal
structures of the Bi oxides are three dimensional while
those of the cuprates are two dimensional. To under-
stand the similarities and differences between the Bi and
Cu oxides and their relevance to superconductivity, their
electronic structures near EF and their evolution from
the insulators to the superconductors with carrier doping
have to be elucidated.

The splitting of the half-filled Bi 6s band in the parent
insulator BaBi03 is caused by the breathing- and tilting-
type lattice distortions of the Bi06 octahedra. BKBO
becomes metallic and superconducting for K-substitution
x & -0.3 while BPBO becomes metallic for a larger
amount of Pb-substitution 1 —x & -0.65. In previous
photoemission and x-ray-absorption (XAS) studies of
BPBO, it has been found that Pb substitution induces
new (Pb 6s-like) states well above E~, outside the band
gap of the parent compound BaBi03. This is contrasted
with the case of the cuprates, where doping-induced

states (or doping-induced spectral weight) appear near Ey
within the band gaps of the parent compounds. The op-
tical properties of BPBO in the metallic phase shows the
coexistence of Drude-type absorption due to free carriers
and interband absorption reminiscent of the transitions
between the split Bi 6s bands of BaBi03. This implies a
pseudogap behavior in the electronic DOS near E~, rem-
iniscent of the "CD%" gap of BaBi03, due to dynamical
or local lattice distortion in the Pb-substituted corn-
pounds. The photoemission spectra of BPBO (Ref. 5)
have indeed shown a decrease of the intensity towards
EF, in contrast to the DOS given by band-structure cal-
culations on the undistorted, cubic lattice, which show a
pronounced peak at or close to EF. The optical proper-
ties of BKBO in the metallic phase, on the other hand,
have been controversial as to whether the interband ab-
sorption coexists with the Drude-type absorption or
not. ' "

In this work, we have performed a photoemission
study of BKBO single crystals with varying K concentra-
tion. Resulting spectra, especially of the metallic phase,
are found to be similar to those of BPBO except for the
overall intensity of the Bi 6s band. That is, we find the
emission intensity to decrease towards EF as in the case
of BPBO, indicating a pseudogap behavior similar to that
in BPBO. The result is discussed in terms of possible
dynamical lattice distortion and strong electron-phonon
interaction for the superconducting compositions. So far,
several photoemission studies have been reported for
BKBO (Ref. 12) but no systematic composition depen-
dence has been studied.

II. EXPERIMENT

Single crystals of Ba, „K„Bi03with x =0.3 (T, =29
K), 0.38 (T, =30.5 K), and 0.48 ( T, =27 K) were

prepared by an electrochemical method. Since they all

0163-1829/94/50(18)/13674(5)/$06. 00 50 1994 The American Physical Society



EFFECTS OF HOLE DOPING AND ELECTRON-PHONON. . . 13 675

CO

J3

CO

Ots
~ I+

I~
g ~

~ I ~I

(a)

0 ~

~ 8'
~ 0 ~
~ y ~

~ I~ ~

/, '::
==-+,. ';.:~ x=O

~l
/ ~ &A

~ ~ & es:p~'~x=O.3
~ ~

'., x=0.38

'~x=0.48

CO

C

COI

K2p

I ~

x=0.3

~ I

.:. ;:.x=0.38
~P ~ ~ ~ Ir ~ I'

og» I

x=0.48

535 530 525 520 300 295 290 285

(c}
Bi4f „

~ 4.
~ ~ tc C

~ ~
~ ~ ~ + le

:.+ P ~x=0.3 ?'
C
~ =-=+':&! ix=0.38 ~q~ a

~0.48

Ba 4d
~

~

~ ~ ~ ~ I
~ ~ ~ I ~
~ ~ + + IyO
~ oe C +g

~ ~

~::."':,.'; x=0

'~ x=0.38

';x=0.48

show metallic conductivity, the metal-semiconductor
transition in our samples occurs at x &0.3. The K con-
tents of the samples were determined by a Rietveld
analysis of x-ray-diffraction data' and electron-probe mi-
croanaiysis (EPMA), the results of which agreed with
each other. Details of the preparation and characteriza-
tion of the samples are described in Ref. 14.

Photoemission measurements were performed using a
spectrometer equipped with a double-pass cylindrical-
mirror analyzer and a He discharge lamp for ultraviolet
photoemission spectroscopy (UPS) and a Mg Ea x-ray
source for x-ray-photoemission spectroscopy (XPS). The
total-energy resolution was -0.3 eV for UPS and -0.8
eV for XPS. The base pressure of the spectrometer was
—1X10 ' Torr. The samples were cooled to liquid-
nitrogen temperature in order to minimize possible sur-
face degradation in the ultrahigh vacuum. Clean surfaces
were prepared by scraping the samples in situ with a dia-
mond 61e, as described in Ref. 5. The cleanliness of the
sample surfaces was checked by the absence of a second
feature on the high binding-energy side of the O 1s XPS
peak, as shown in Fig. 1(a). The Fermi level of each sam-
ple was determined by the Fermi edge of Au evaporated
on the sample.

III. RESULTS

XPS spectra of the 0 ls, Bi 4f, Ba 4d, and K 2p core
levels are shown in Fig. 1. The relative binding energies

170 165 160 155 1501~30 95 90 85 S~3
Binding Energy (eV) Binding Energy (eV)

FIG. 1. XPS spectra of the 0 1s, Bi 4f, K 2p, and Ba 4d core
levels in Ba& „K„Bi03.
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FIG. 2. Binding energies of the core-level and valence-band
(0 2p and Bi 6s) peaks as functions of x. The dashed line shows
a shift predicted by the band-structure calculations (Ref. 3).

of the core levels are plotted in Fig. 2 as functions of x.
In going from x =0 to 0.48, all the core-level peaks are
shifted towards lower binding energies. Therefore the
shifts can be interpreted largely as due to an upward shift
of EF caused by the hole doping.

Figure 3 shows the valence-band UPS spectra of
BKBO. The spectra of BaPb075Bi02~03 and BaPb03
(Ref. 5) are also shown for comparison. The prominent
peak at -3.5 eV is due to {nonbonding) 0 2p states; 0-
2p-Bi-6s bonding states are located around 6-9 eV and
0-2p-Bi-6s antibonding states, which are mainly com-
posed of Bi 6s states {referred to as Bi 6s states hereafter),
are located near EF. For BaBi03, the top of the occupied
Bi 6s band is located -0.3 eV below Ez. In going from
x =0 to 0.3, the top of the occupied Bi 6s band moves to-
wards Ez and touches it, indicating that the system be-
comes barely metallic. At x =0.38, for which the highest
T, was observed, the Fermi edge shows the highest inten-
sity. The intensity at E+ is reduced for x =0.48, where
the solubility limit of K is approached. Note that the in-
tensity at Ez of the "optimally doped" Bao 62Kp 388lO, is
higher than that of the optimally doped BaPbo 75Bio 2503
by a factor of & 2.

In addition to the shift of the top of the Bi 6s band, the
peak of the 0 2p band is also shifted towards lower bind-
ing energies with K substitution (except for x =0.48) as
shown in Figs. 2 and 3. The shifts of all the spectral
features mentioned above suggest that a downward shift
of Ez occurs with hole doping, which is caused by the K
substitution (although the energy shift as a function of x
is not necessarily parallel between the different levels).
However, the amount of the shift is smaller than that pre-
dicted by the band-structure calculations. That is, in go-
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y ~ P~ ~ ~e

~z+o+

I I

Difference Spectra

BaBi03

C

~gy IW+

~ gyO

~ ~
~e

~ ~

BKBO x=0.30
nd theory

. BKBO x=0.38
w oB~ ~ ~ V

~ ~ x3

BKBO x=0.48

x3
, BPBO,x=0.25,~ e~haNaa ~ I

2 1 O
Binding energy (eV)

FIG. 4. Difference UPS spectra (dots) between Ba, K Bi03
and BaPb03 and that between BaPbo 75Bio 250, and BaPb03.
Prior to subtraction, the spectra have been normalized as de-
scribed in the text. The solid curve shows the Bi 6s partial DOS
given by the band-structure calculation by Mattheiss and
Hamann (Ref. 3)„broadened with the instrumental resolution.

ing from x =0 to x -0.4, the experimental data show an
overall shift of -0.3 eV whereas the band-structure cal-
culations have predicted a shift of -0.9 eV, as shown by
a dashed line in Fig. 2.

In order to highlight the contribution of the Bi 6s
states to the photoemission spectra, we have subtracted
the spectrum of BaPb03 from those of BKBO, as shown
in Fig. 4. Here we have assumed that the valence band of
BaPb03 largely consists of 0 2p states because the Pb 6s
states are located well ( -2 eV) above EF. ' Indeed, the
photoemission spectrum of BaPb03 within —1 eV of E~;

is weak and shows no appreciable structure. We have
also assumed that the 0 2p band is not significantly de-
formed by the K substitution since K-derived states are
located well above EF and work merely as a
carrier source. To make the subtraction, the 0 2p peak
of BaPb03 was aligned to those of BKBO and their peak
intensities were normalized. The resulting difference
spectra are thus attributed to the occupied part of the Bi
6s band. It should be noted that at x =0.38, the peak of
the Bi 6s band persists while the Fermi edge appears:
The photoemission intensity decreases towards E„al-
though the band-structure calculations predict a peak at
EF as shown by a solid curve in Fig. 4. This discrepancy
implies the formation of a pseudogap at E~ caused by an
effect which is not included in the band-structure calcula-
tions. At x =0.48, the line shape of the Bi 6s band be-
comes rather Aat and its intensity becomes low. This line
shape implies that the Bi 6s band approaches a single
conduction band as predicted by the band-structure cal-
culations.

The present result indicates that the integrated intensi-
ty of the occupied part of the Bi 6s band is nearly in-
dependent of x or decreased only slightly up to x =0.38
and then significantly drops at x =0.48. In a recent opti-
cal study, ' the x dependence of the carrier density shows
a peak around x =0.35 corresponding to the maximum
in T, . In an 0 1s XAS study, ' the intensity at the ab-
sorption edge increases in going from x =0 to 0.2 and
then decreases to x =0.4. It should be noted in Fig. 4
that the Bi 6s band for the optimally doped BKBO
(x —0.38) shows a line shape similar to that of the op-
timally doped BPBO (x -0.25) with an overall intensity
higher than that of BPBO.

IV. DISCUSSION

The 0 1s XAS result on BPBO has shown that Pb sub-
stitution creates new states of Pb 6s character outside the
band gap of BaBi03. On the other hand, the 0 1s XAS
data on BKBO (Ref. 16) show an increase in the absorp-
tion edge intensity with increasing x, indicating that
doping-induced states appear just above EF, probably in-
side the band gap of BaBi03. In spite of these different
behaviors between the Pb- and K-substituted systems, the
photoemission spectra show similar behaviors with
respect to the line shape and the E~ shift. Note, howev-
er, that changes corresponding to those of BKBO from
x =0 to x -0.5 occur in BPBO from x =1 to x -0. The
difference between BPBO and BKBO in the Bi 6s band
photoemission intensity and hence in the DOS at EF may
be responsible for the different T, 's between the two sys-
tems.

Let us now discuss the origin of the pseudogap
behavior in the photoemission spectra of the metallic
phase. The semiconducting behavior of BaBi03 has been
explained as due to the splitting of the Bi 6s band result-
ing from the breathing- and tilting-type lattice distortions
of the Bi06 octahedra. In both BPBO and BKBO, the
lattice distortion disappears in the metallic phase and the
crystal becomes cubic or nearly cubic. ' ' Nevertheless,
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extended x-ray-absorption fine-structure (EXAFS) studies
of BPBO have identified two Bi-0 bond lengths in the su-
perconducting phase, indicating that dynamical or local
breathing-type distortion persists in that phase. If the
lattice distortion were completely lost in the metallic
phase, the Bi 6s band would become a single band as pre-
dicted by the band-structure calculations on the cubic
structure and the EF would lie at or close to the DOS
peak of the Bi 6s band. On the contrary, the measured
spectra show a peak around 1 —1.5 eV below Ez and the
intensity decreases towards Ez. While an EXAFS study
has found a single Bi-0 bond length in superconducting
BKBO samples, ' a recent pair-distribution-function
analysis of neutron-diffraction data has indicated that
dynamical lattice distortion persists in cubic
Bap 6KQ 4Bi03. Presumably, the presence of the DOS
peak predicted for the average cubic structure causes lat-
tice instability and hence the dynamical distortion, which
splits the DOS peak thereby lowering the energy of the
electron system. Recently, it has been found that the
DOS peak at EF is suppressed in the photoemission spec-
tra of the new superconductor YNi2B2C, too. ' Theoreti-
cally, the formation of a pseudogap at Ez due to
electron-phonon interaction has been predicted for the
Holstein model. '

The band-structure calculations on BKBO with the cu-
bic structure yield the DOS at Ez to be N&,„z(0)-0.23
states/spin eV cell for x -0.4. From the photoemission
intensity at Ez, the bare (i.e., unenhenced) DOS of the
dynamically distorted lattice is evaluated to be
Npas(0)-0. 16 states/spin eV cell for x =0.38, under the
assumption that the integrated Bi 6s spectral weight in
the difference spectrum is —1 —x states/eV cell. (Note
that the photoemission intensity at EF is not effected by
the mass enhancement mentioned below. ) The fact that
NPEs(0) is suppressed compared to N~,„~(0) is attributed
to the pseudogap formation due to the dynamical lattice
distortion [see Fig. 5(c)]. Electrons near Ez in such a
dynamically distorted lattice would be dressed by "pho-
non clouds" and therefore the quasiparticle DOS at E~
N'(0) would be enhanced. Indeed, electronic specific-
heat measurements of Ba0 6KD 48i03 have yielded
N'(0) -0.32 states/spin eV cell, ' giving a mass
enhancement factor N'(0)/N&, „z(0)-1.4. Qualitatively
the same relationship between N&,„z(0), N'(0) and

NpEs(0), i.e., the suppression of NpEs(0) and the
enhancement of N'(0) compared to N~, „~(0), has been
found for BPBO: N~,„~(0)-0.13 states/spin eV cell,
NPEs(0) -0.10 states/spin eV cell and N*(0)-0.14
states/spin eV cell.

The pseudogap behavior in the optical spectra, namely,
the coexistence of the Drude absorption and the inter-
band transition, has been well established for BPBO; the
interband transition occurs between the split Bi 6s
bands. On the other hand, optical studies of BKBO by
Sato et al. "did not show such a pseudogap in the meta1-
lic region while other optical studies ' have identified a
pseudogap, which tends to collapse with increasing x but
persists into the metallic region. Presumably in BKBO,
considerable amount of spectral weight is transferred

Ba~,K„Biaq. Bi 6s band

(a) (b)

Ep

x=0 x)0
Semiconducting Metallic

FIG. 5. Schematic electronic structure of Ba& „K„Bi03near
the Fermi level. The solid curves represent the photoemission
spectra or the spectral density NpEs(c), which can be reached by
the sudden removal or addition of an electron, and the dashed
curves represent the quasiparticle density of states N*(c), which
governs the thermal and transport properties.

V. CONCLUSIONS

We have investigated the electronic structure of BKBO
for a wide composition range using photoemission spec-
troscopy. With K substitution, the occupied part of the
split Bi 6s band, which shows a peak —1 eV below EF, is
shifted towards Ez and a Fermi edge appears in the me-
tallic phase. The photoemission spectra show a pseudo-
gap behavior in the metallic phase as in the case of BPBO
and the pseudogap tends to vanish towards the solubility
limit of K, x-0.5. The changes of the Bi 6s states in
BKBO and BPBO as a function of chemical composition

from the interband absorption region to the Drude ab-
sorption, because of the larger number of free carriers as
reflected on the higher DOS at Ez, thereby obscuring the
interband feature.

Finally, the small shift of Ez ( -0.3 eV) with hole dop-
ing compared to that predicted by the band-structure cal-
culations (-0.9 eV) may be understood as a result of
strong electron-phonon interaction as follows. It has
been shown from an analysis of the photoemission spec-
tra that electron-phonon interaction leads to the forma-
tion of a narrow polaronic band within the band gap of
BaBi03 as indicated by dashed lines in Fig. 5(a). The po-
laronic hole band is located slightly (-0.25 eV) below EF
and accommodates doped hole carriers. Upon hole dop-
ing, therefore, the E~ is shifted to the top of the polaron-
ic hole band as shown in Fig. 5(b). (The figure also shows
that extra spectral weight which appears above Ez, prob-
ably within the band gap of BaBi03.) As the hole doping
further proceeds, the band gap collapses and the ordinary
band model partially recovers even though a pseudogap
survives [Fig. 5(c)], resulting in the partial recovery of the

. EF shift as a function of x. Indeed, Fig. 2 indicates that
the core-level shifts in the metallic region (x) -0.3)
amount to approximately half of those predicted by the
band-structure calculations.
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thus resemble each other, although on the different x
scales, except for the overall photoemission intensity. In
particular, the line shape of the Bi 6s band for the op-
timally doped BKBO (x -0.38) is similar to that of the
optimally doped BPBO (x -0.25) with an overall intensi-
ty higher that of BPBO. The different DOS at Ez may be
responsible for the different T, 's between the two sys-
tems. %e propose that dynamical structural distortion
existing in the metallic phase suppresses the DOS peak at
EF, which has been predicted for the average cubic struc-
ture, and leads to the pseudogap behavior. At the same
time, electron-phonon interaction enhances the quasipar-
ticle DOS at Ez as reflected on the electronic specific
heat. The dynamical instability of the cubic lattice is
probably caused by the presence of the DOS peak at EF
predicted for the cubic structure.

Considering the fact that evidence for dynamical lat-
tice distortion has been found in many cuprate supercon-

ductors, their electronic structures would have to be
reexamined under the influence of such a lattice distor-
tion and strong electron-phonon interaction. Indeed, the
small EF shift between n-type and p-type cuprates ob-
served by photoemission spectroscopy has not been ex-
plained so far within models of correlated electrons and
therefore one may have to take into account the effects of
electron-phonon interaction to explain the experimental
results.
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