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Evidence of a small exciton in the Ba1ÀxK xBiO3 superconductor and its relationship
with superconductivity
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The effective mass of a free-carrier plasmon is measured by momentum-resolved electron-energy-loss spec-
troscopy. The effective mass of the plasmon is heavy along the@100# direction and light along the@110#
direction in the optimal doped regime, whereTc is highest. The anisotropy of the effective mass between@100#
and@110# decreases with increasing doping and decreasing ofTc . In the overdoped regime withTc almost zero
~normal metal state!, the effective mass of the free-carrier plasmon becomes isotropic. A linear correlation
betweenTc and the effective mass difference along the two orientations is extracted from the experimental
data. The dispersion of the plasmon for the optimal doped material cannot be explained by the band structure
alone, but that for the overdoped material is consistent with the band-structure calculation. This indicates that
the effective mass is strongly renormalized along@100# by an additional interaction in the optimally doped
material of the highestTc . Of related interest is a group of small excitons in the parent compound of
Ba12xKxBiO3 ~BKBO!, BaBiO3 , with assigned symmetries that ares wave~optically forbidden! at 4.2 eV,p
wave at 2.1 eV~optically allowed!, andd wave at 0.5 eV~optically forbidden!. We propose a mixing state of
free carriers and small excitons to explain the anisotropic dispersion for the optimally doped regime and a
free-carrier state free of small excitons for the overdoped material~normal metal state!. The linear correlation
betweenTc and mass renormalization provides insight that the superconductivity of BKBO may be related to
electronic structure, possibly to the small exciton or WZK~Wang-Zhang-Klein! exciton.

DOI: 10.1103/PhysRevB.67.024505 PACS number~s!: 74.70.2b, 71.18.1y, 78.20.2e
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I. INTRODUCTION

After more than 10 years of research, the mechanism
high-temperature superconductivity in oxide materials s
remains elusive. The electronic structure of oxide superc
ductors has been under intense investigation in search fo
alternative mediating boson for the formation of Coop
pairs in this kind of superconductivity. In the general class
oxide superconductors, the Ba12xKxBiO3 ~BKBO! supercon-
ductor is of strategic importance for understanding
mechanism of high-Tc superconductivity, because it does n
contain CuO2 planes.1–3

One of the important parameters of the electronic str
ture is the effective mass of its ‘‘free-carrier’’ plasmon
exciton, which can be measured by angle-resolved elect
energy-loss spectroscopy, and is given by the two low
order terms in the expansion,

E~q!5E01
\2

2m*
q2, ~1!

whereE0 is the excitation energy atq→0, q is the momen-
tum transfer, andm* is the effective mass of the excitatio
~free-carrier plasmon or exciton!.

Recently, small excitons were discovered in the par
compound of BKBO, BaBiO3 , as well as in a cuprate paren
compound, Sr2CuO2Cl2 . It is found that the effective mas
of the small exciton in BaBiO3 is highly anisotropic, with
0163-1829/2003/67~2!/024505~10!/$20.00 67 0245
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higher dispersion along the@110# direction, and almost zero
dispersion along the@100# direction.4,5 The question is
whether a small exciton coexists with the free carrier in
superconducting state of BKBO.

In order to understand how the electronic structure is
lated to superconductivity, we investigated the electro
structure over a wide range of doping material, from op
mum doping to overdoping. The highest dopant of K
BKBO was achieved to 0.73 withTc as low as 2 K. By
angle-resolved electron-energy-loss spectroscopy~EELS!,
we report a clear difference in the electronic structure
BKBO in terms of dispersion of the free-carrier plasm
between the optimally doped material, whereTc is the high-
est, and the overdoped material, whereTc is almost zero.

The anisotropic dispersion was compared with a ba
structure calculation. It was found that at optimal dopin
whereTc is the highest, the dispersion of the plasmon can
be explained by a conventional band structure calculation
can be explained by a mixing of the plasmon with sm
excitons of similar symmetry. In the overdoped regim
where Tc is almost zero, the dispersion of the plasmon
more isotropic and is consistent with band structure the
without additional modifications. Combining these resu
with the results on the small exciton in BaBiO3 and
Sr2CuO2Cl2 , we propose a model of mixing the small exc
ton and free carrier in the optimal doped case. Based on
picture and the linear correlation betweenTc and the
©2003 The American Physical Society05-1
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effective-mass renormalization, we conclude that the su
conductivity in BKBO may be related to the small excito
which is referred as a WZK exciton, initially investigated b
Wang, Zhang, and Klein.4,5

II. EXPERIMENT

In a previous report of BKBO material synthesis usi
conventional methods the highest doping achieved wasx
50.50, with aTc of ;20 K.6 In order to push doping eve
further, we employed an electrochemical growth meth7

and covered a wide doping range for BKBO single crysta
where the highest doping achieved wasx50.73 with a de-
creasedTc of less than 2 K.8 Figure 1 shows the variation o
Tc with different doping levels. TheTc of the samples with
doping levels belowx50.5 is consistent with prior work.6

The detailed description of the preparation method for
new material is described elsewhere.8

Transmission electron microscopy~TEM! specimens of
single-crystalline BKBO were prepared by mechanically p
ishing bulk slices to about 5mm thickness and subsequent
ion-beam thinning to;1000 Å at liquid-nitrogen tempera
ture to reduce ion-beam damage to the sample during
milling. Energy-loss spectra were obtained using a cold-fi
emission gun TEM~Hitachi HF-2000! equipped with a Ga-
tan 666 parallel detection electron-energy-loss spectrom
~PEELS!. All spectra were acquired at room temperatu
The peak width of the unscattered beam is;0.4 eV. The
zero-loss peak was removed by fitting it with an asymme
Lorentzian function and multiple scattering in the energ
loss spectra was removed to the third order.9 The peak posi-
tion of free-carrier plasmon was determined by peak-fitt
method, which gives more accurate results. The accurac
the fitting method was discussed in Ref. 9.

III. RESULTS

Angle-resolved electron-energy-loss spectra for the tra
ferred wave vectorq along @100# and @110# were measured
on three different doped samples with doping levels ox
50.38, 0.50, and 0.73, and withTc values of 32, 19, and 2
K, respectively.

FIG. 1. Tc vs x, the doping level for Ba12xKxBiO3 . Tc drops
with increasing K concentration. Atx50.73, it is below 4 K, which
makes the material more or less like a normal metal.
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The energy-loss functions at small momentum transfe
0.08 Å21 with x50.38, 0.50, and 0.73 are shown in Fi
2~a!. The multiple scattering is removed for each spectru
The energy-loss function below 1 eV is fitted with a Dru
model on a broad excitation near that region. The imagin
part of dielectric function is obtained through K-K~Kramers-
Kronig! analysis by assuming«0 goes to infinity at zero en-
ergy. The intensity of excitation at 5 eV increases with
creasing K concentration.

The width of free-carrier plasmon peak for different co
centrations of K withq50.08 Å21 along@100# is fitted by a
Drude model with a broad background excitation. It is sho
in Fig. 3 as square point. The width decreases with incre
ing K concentration. In addition, the free-carrier plasm
intensity in the loss function for different K concentration
also plotted in Fig. 3 as circle point. The intensity increas
with increasing K concentration. In a previous report10 with
EELS on polycrystalline, we did not observe a significa
difference in plasmon intensity betweenx50.40 and x
50.50. The difference between current data and previ
data can be attributed to two reasons:~1! In the previous
measurement with a polycrystalline sample, the orientatio

FIG. 2. ~a! Energy-loss function of differentx50.38, 0.50, 0.73
along the@100# direction withq50.08 Å21. Multiple scattering is
removed from the loss spectrum and the loss function between 1
is fitted with a Drude model on the background of a broad exc
tion near that region.~b! Imaginary part of dielectric function ob
tained fromK-K analysis of loss function. Increasing K concentr
tion seems to increase the intensity of the excitation at 5 eV.
5-2
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EVIDENCE OF A SMALL EXCITON IN THE . . . PHYSICAL REVIEW B 67, 024505 ~2003!
not determined for different dopings.~2! We expect some
differences between polycrystalline and single-crystall
samples in terms of plasmon intensity.

The energy loss spectra forx50.38, 0.50, and 0.73 ar
shown in Figs. 4, 5, and 6, respectively. As shown in t
figure, an increase in the momentum transfer along@100# and
@110# causes a shift towards high energy in the peak posi
for the ‘‘free-carrier’’ plasmon, but with a different dispe
sion along these two directions. The difference of the disp
sion along these two directions gets smaller as the con
tration of K increases.

In the 4–6 eV regime, the excitation is mostly isotrop
along@100# and along@110# for x50.38 with the highestTc .
With increasing K concentration and lowerTc , the spectra
becomes anisotropic along@100# and @110#, with strong ex-
citation in the 4–6 eV region along the@100# direction at
high momentum transfer. Withx50.73 and forTc less than 4
K, the difference along these two directions is stronger in

FIG. 3. The free-carrier plasmon is fitted for different K conce
tration with a Drude model plus a broad excitation as the ba
ground. The width of the plasmon peak~square! is plotted against K
concentration. The width becomes narrower with increasing K c
centration. The maximum intensity~circle! of the free-carrier plas-
mon peak in the loss function is also shown in the same figure
it increases with increasing K concentration.

FIG. 4. Energy-loss spectra for BKBO (x50.38) with different
momentum-transferq along the@100# and @110# directions. The
magnitude ofq is given on the curves in units of Å21.
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4–6 eV region. However, because of our limited data se
higher momentum transfer, we need further experimen
work to draw a definitive conclusion of the anisotropic ex
tation in the 4–6 eV region for thex50.73 K dopant con-
centration.

The energy peak dispersions of the free-carrier plasm
for different doping levels along different directions are plo
ted in Fig. 7, where the vertical scale is different for differe
doping levels. With optimum doping (x50.38), whereTc
532 K, the dispersion along@110# is higher than the disper
sion along@100#. For this doping level, the effective mass
the free-carrier plasmon along the@100# direction is 1.01me ,
and the effective mass along@110# is 0.59me , about 40%
smaller. With doping atx50.50 and aTc of 19 K, the an-
isotropy of the dispersion along@100# and @110# decreases.
With a doping level of 0.73 and aTc of 2 K, the dispersion
becomes almost isotropic~the dispersion along@100# is
slightly higher!.

Figure 8~a! shows the plasmon energy extrapolated toq

-
-

-

d

FIG. 5. Energy-loss spectra for BKBO (x50.50) with different
momentum transferq along@100# and@110# directions. The magni-
tude ofq is given on the curves in units of Å21.

FIG. 6. Energy-loss spectra for BKBO (x50.73) with different
momentum-transferq along the@100# and @110# directions. The
magnitude ofq is given on the curves in units of Å21.
5-3
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50 Å21. For each doping level, there are two data points
the plasmon position derived from two different direction
Within experimental error, these two data points are alm
identical for all the doping levels, except there is a sm
discrepancy forx50.38 doping level, which may be due t
the larger experimental error. The plasmon energy posi
decreases with an increase in K doping. Figure 8~b! shows
the different doping levels versus dispersion coefficiena
along @100# and @110#. a is defined in the equationE(q)
5E(0)1a\2q2/(2me), where me is the bare mass of a
electron. The dispersion along@100# increases more rapidly
with increasing doping, while the change along the@110#
direction is relatively small. Figure 4~c! shows the difference
between the dispersion coefficients along@110# and@100#. It
is clear that this difference varies between the optimal do
and overdoped cases.

Based on the band structure, the difference in coefficie
between these two directions for different doping is cal
lated and it is compared with experimental data in Fig. 8~c!.
The detail of the band-structure calculation will be discus
in the following section.

In addition, theTc versus anisotropy of free-carrier effe
tive mass is extracted from the experimental data and sh
in Fig. 9. The linear correlation betweenTc and anisotropy of
free-carrier effective mass is observed. This difference co
be attributed to mass renormalization of the free carrier al
different crystal orientations. The significance of this res
will be discussed in the following sections.

FIG. 7. Free-carrier plasmon energy vsq2 along@100# and@110#
in BKBO with the different doping level (x50.38, 0.50, and 0.73!.
The solid circle dots and solid line are the data along the@100#
direction and square dots and dashed line are the data alon
@110# direction. Note: the vertical scale for different doping levels
different.
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IV. DISCUSSION

In this section, we will discuss the comparison betwe
calculation based on a band-structure model and the exp
mental results. We will show that the band structure alo
cannot be used to explain the anisotropic dispersion of
free-carrier plasmon in the optimal doped regime, but it c
be used to explain the dispersion of the free-carrier plasm
in the overdoped regime, whereTc goes to almost zero. In
order to explain the anisotropic dispersion, we propos
mixing state model of small exciton and free carrier for t
optimal doped regime. Because of the linear correlation
tweenTc and the anisotropy of free-carrier effective mas
based on the proposed model, we conclude that the su
conductivity in BKBO may be related to the small excito
which will be referred to as a WZK exciton.

the

FIG. 8. ~a! The plasmon peak position at zero momentum tra
fer for different doping levels.~b! The free-carrier plasmon disper
sion coefficienta along@100# and@110# vs different doping levels.
a is defined, as in the following equation:E(q)5E(0)
1a\2q2/(2me). ~c! The anisotropic dispersion with doping and i
comparison with band-structure calculation. The solid circle d
are the calculation of band structure, and square dots are the ex
mental data.
5-4
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EVIDENCE OF A SMALL EXCITON IN THE . . . PHYSICAL REVIEW B 67, 024505 ~2003!
A. Band-structure calculation

Following Nuckeret al.,11 the plasmon dispersion can b
obtained by calculating the dielectric function as follows:

Re«~q,v!50,

«~q,v!511
4p

q2 x~q,v!, ~2!

where according to the Lindhard-Ehrenreich-Coh
expression,11 in the long-wavelength limit~or small-q limit !,
x(q,v) can be approximately written as

x~q,v!52
2e2

~\v!2 F ^~q•v!2&FS1
^~q•v!4&FS

~\v!2

1
1

12K ~q•v!Fq•
]

]kG2

~q•v!L
FS

G . ~3!

In this equation,v is the Fermi velocity,

v5
]Ek

]k
, ~4!

evaluated fork on the Fermi surface~FS!, and the Fermi
surface average is defined by

^~¯ !&FS5E d3k

~2p!3 d~Ek2EF!~¯ !. ~5!

The first two terms on the right-hand side of Eq.~3! follow
the Boltzmann equation. The last term of Eq.~3! is small and
can be neglected. Combining Eqs.~2! and~3!, one can show
that the first term of Eq.~3! does not contribute to the dis
persion because of the cancellation ofq2 and only the second
term contributes to the dispersion of the plasmon.

The dispersion is dependent on the integration of
fourth power of the Fermi velocity at the Fermi surface a

FIG. 9. Tc vs anisotropy of the free-carrier effective mass. In t
figure, theTc decreases as effective mass become more isotr
along the@100# and @110# directions.
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cording to Eq.~3!. However, because ofq•v in the integral,
the largest contribution to the integral comes from those p
tions of the Fermi surface wherev is parallel or antiparallel
to q. This allows one to use the energy contour map near
Fermi surface to estimate along which direction the disp
sion is higher.

In BKBO, according to the band structure calculation, t
Fermi surface atx50.29 doping is fairly isotropic, with a
‘‘square’’ Fermi surface turning 45° away from the perfe
nesting ~half-filled situation!.12 In order to show how the
direction of the square Fermi surface affects the dispersio
the free-carrier plasmon, we adopted a commonly used ti
bonding fitting procedure to approximate the Fermi surfa
near and below half-filling.

According to the band-structure calculation, the stro
overlap of Bi 6s and O 2p orbital is a major contributor to
the valence-band structure. The overlap of O 2p with neigh-
boring O 2p is also another major contributor to the ban
structure near the Fermi surface. If only the nearest-neigh
interaction~Bi 6s and O 2p interaction! is considered, the
Fermi surface can be approximated by the following eq
tion near the half-filling:

E~k!5E022t1@cos~kxa!1cos~kya!1cos~kza!#. ~6!

The contour map of the energy surface in thekx-ky plane
based on Eq.~6! is shown in Fig. 10~a!. This contour map
clearly deviates from the band-structure calculation, wh
the‘‘square’’ of the contours is rotated by 45° away from t
contours of the band-structure calculation. This shows t
simple nearest-neighbor approximation is not a good
proximation to mimic the Fermi surface of the ban
structure.12–14By considering next-nearest-neighbor appro
mation ~including the O-O interaction!, we can improve Eq.
~6!,

E~k!5E022t1@cos~kxa!1cos~kya!1cos~kza!#

14t2@cos~kxa!cos~kya!1cos~kya!cos~kza!

1cos~kza!cos~kxa!#, ~7!

to mimic the Fermi surface below half-filling. It should b
pointed out that Eq.~7! is used to illustrate the Fermi surfac

ic

FIG. 10. ~a! The energy surface contour map in thekx-ky plane
with t28/t1850 of Eq. ~8!, which is a nearest-neighbor approxim
tion, where only Bi 6s and O 2p overlap is considered.~b! The
energy surface contour map in thekx-ky plane witht28/t1850.45 of
Eq. ~8!, which is a next-nearest-neighbor approximation, wh
O-O overlap is also included~Ref. 14!.
5-5
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Y. Y. WANG AND P. D. HAN PHYSICAL REVIEW B 67, 024505 ~2003!
below half-filling. It cannot be used to approximate t
Fermi surface of the band structure above half-filling. For
Fermi surface inkx-ky plane, assumingkz50, we can con-
vert Eq.~7! into the following:

E~k!5E0822t18@cos~kxa!1cos~kya!#

14t28 cos~kxa!cos~kya!, ~8!

where

E085E022t1 , t185t122t2 , t285t2 .

The energy surface contour map based on Eq.~8! is calcu-
lated near half-filling and shown in Fig. 10~b!. It is clear that
the Fermi surface based on this approximation is close
the band-structure calculation, where the square of the Fe
surface is more isotropic and is turned 45° away from
one based on Eq.~6!. This difference was pointed out by Y
and co-workers for the cuprate band-structu
calculation.13,14

Since the dispersion along one particular direction
largely dependent on the Fermi velocity along that directi
according to Eq.~3!, by estimating the Fermi velocity from
the contour maps along@100# and @110# directions, we can
estimate the direction in which the dispersion is larger. E
mating the relative Fermi velocity along different directio
from the contour map is fairly simple because the ene
differencedE between two contour lines is always the sam
and only dk is different, which can be measured on t
graph.

For the Fermi surface closer to the band-structure ca
lation shown in Fig. 10~b!, dk is more isotropic with slightly
smallerdk along the@100# direction. Because of smallerdk
along the@100# direction, this indicates that the Fermi velo
ity (v5dE/dk) along @100# is larger than that along@110#.
This translates to a slightly larger dispersion of the fre
carrier plasmon along the@100# direction. This is consisten
with the numerical calculation based on Eq.~7!, where the
dispersion is slightly larger along the@100# direction, as
shown in Fig. 8~c!. Therefore, the experimental results
optimal doping contradict the calculation based on the m
realistic band-structure model. The anisotropic dispersion
the plasmon for the superconducting state has a sign opp
from that based on the band-structure calculation, as sh
in Fig. 8~c!. However, in the overdoped regime, whereTc is
almost zero, the dispersion is isotropic and it is closer to
dispersion calculation based on Eq.~7! shown in Fig. 8~c!.

These collective results indicate the band-structure ca
lation can only be used to describe the overdoped mate
(Tc;2 K), but not the optimally doped material (Tc
;32 K). They imply that additional excitation is needed
explain the anisotropic dispersion of the free-carrier plasm
for optimally doped superconductor. In the following sectio
we will introduce a small-exciton model in addition to th
free carrier to explain the anisotropic dispersion of the fr
carrier plasmon for optimally doped case.

It is noted that similar anisotropic dispersion of free c
rier plasmon was found in cuprates superconductors
Nucker et al.11 They reported that the effective mass of t
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free-carrier plasmon along@100# is larger than that along
@110#. The larger effective mass of the free-carrier plasm
along @100# is consistent with the observation of a flat ba
along @100# (G –M ) in angle-resolved photoemissio
experiments.15 Nucker et al.11 used a simple tight-binding
model, namely,

E~k!5E022t1@cos~kxa!1cos~kya!#, ~9!

to explain the anisotropic dispersion in the cuprates. Ho
ever, similar to the above discussion for BKBO, Eq.~9! does
not mimic the Fermi surface of the band-structure calcu
tion. As pointed out by Nuckeret al. in the same paper,11 in
a more realistic band-structure model, the calculations in
cate that the dispersion is fairly isotropic, in contrast to t
experimental results for cuprate superconductors.11,13,14This
indicates that in the optimally doped cuprate supercond
ors, the band structure cannot be used to explain the an
tropic dispersion of the free-carrier plasmon in cuprat
similar to the case of the BKBO superconductor at optim
doping.

B. Anisotropic dispersion in the framework of small excitons

The analysis above indicates that additional interaction
required to explain the anisotropic dispersion of the fre
carrier plasmon in the optimal doped region for BKBO. T
anisotropy of the free-carrier plasmon found in BKBO
similar to the anisotropic dispersion ofp-wave excitons
found by EELS for the parent insulating compoun
BaBiO3 .4 This similarity leads us to conjecture that the pla
mon dispersion may be related to the small exciton disp
sion in the parent insulator via a continuous evolution.

1. Small exciton in the insulating compoundBaBiO3

In order to understand the electronic structure of
doped material, we have to understand the electronic st
ture of the parent compound BaBiO3 . Similar to the undoped
cuprates, BaBiO3 , the parent compound of BKBO, is a
insulator despite the prediction from band-structure calcu
tions that it is a metal.1,2 Owing to the different Bi-O bond
lengths, a model involving the charge density wave~CDW!
instability has been proposed to explain the insulating na
of BaBiO3 .1–3 However, the anisotropic dispersion of th
optical gap, which was reported in the angle-resolv
electron-energy-loss spectroscopy experiments, indicates
the CDW model does not apply to this material.4

There is an unsettled question of whether the electro
structure of BaBiO3 is similar to that of cuprates. In the
cuprate case, it is understood that because of the strong
tron repulsion of the Cud orbital, cuprate is a strong cou
pling system. This Coulomb repulsion of the Cud electron is
known as positiveU. In the BaBiO3 case, however, there is
Coulomb attraction on the Bi site, which favors Bi as13
instead of 14, with a hole residing at the one of thre
nearest-neighbor O atoms in the unit cell.16 This results in a
strong coupling system for BaBiO3 . The Coulomb attraction
in BaBiO3 instead of repulsion is known as a negativeU.17

Small-exciton excitation can be described as an elec
moving from a Bi site to a neighboring O site as shown
5-6
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EVIDENCE OF A SMALL EXCITON IN THE . . . PHYSICAL REVIEW B 67, 024505 ~2003!
Fig. 11. For BaBiO3 , the BiO6 octahedral structure has tw
additional neighboring oxygen atoms above and below
Bi atom out of the drawing plane in Fig. 11.

By using a wave-function overlapping argument similar
that in Refs. 5 and 18, we can carry out a matrix calculat
for BaBiO3 , considering a small-exciton transition from
2ps to Bi 6s as shown in Fig. 11. Denoting the hole hoppi
matrix element between Bi 6s and O 2ps with overlapping
energy astsps and the hole hopping matrix between neig
boring O 2ps as tpp , we can construct a 636 matrix ~see
the Appendix!. This matrix can be easily solved, giving thre
different energy levels, with ones state, threep states, and
two d states:d(x22y2) andd(3z22r 2). Thes state has the
highest energy, thep states are in the middle, and thed states
are the lowest.

The small exciton was observed and proposed in
angle-resolved EELS spectra of Sr2CuO2Cl2 and BaBiO3 by
Wang, Zhang, Klein, and their colleagues.4,5,18,19We can re-
fer this kind of exciton as a WZK exciton. For convenienc
we define three branches of excitons asW excitons with the
lowest energy,Z excitons in the middle, andK excitons with
the highest energy. For undoped BKBO and cuprates, thW
exciton is thed exciton, theZ exciton is thep exciton, and
the K exciton is thes exciton. The weak excitation centere
at 0.4 eV observed by optical absorption measurement in
cuprate insulators can be assigned to the optically forbid
W exciton.5,20,21

Since the ground state in BaBiO3 hass symmetry, only
thes to p transition is dipole allowed. Both thes-wave exci-
ton and thed-wave exciton are dipole forbidden. The forbid
den transition of theK exciton was observed along@100#
with a high momentum transfer at 4.2 eV. This is because
that state there is a wave function mixing betweens and p
waves resulting in the dipole oscillator strength transferr
from the 2.1 eV state to the 4.2 eV state at high momen
transfer, which was confirmed by the EELS experiment.22

Another optically forbidden state, theW exciton, in the
insulator compound at low energy is in thed state and canno
be observed by normal optical reflectance measurem
However, it can be measured through optical absorption
weak dipole-allowed transition with slightly broken symm

FIG. 11. Small exciton transition between Bi 6s and O 2p. The
solid dots represent the Bi atom and the circles represent th
atom. The arrow is to illustrate the electron location. It does
represent the spin of the electron.
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try due to the imperfections of crystal structure and acou
vibration, which results in a small wave function mixing o
the dipole-allowed state into theW exciton. Infrared absorp-
tion measurements from BaBiO3 reveal a broad weak stat
centered at 0.5 eV,22,23which can be assigned as the optica
forbidden state, thed-wave exciton.

The examples of the symmetries of thes-wave,p-wave,
andd-wave exciton are shown in Fig. 12. Some light dopi
without free carriers in BKBO is not expected to change
symmetry of the exciton. If there is a mixing of free carrie
and the small exciton, there will be wave function mixin
betweens, p, and d states even atq50 due to the charge
fluctuations caused by the free carriers. This results in
nificant wave function redistribution among theW exciton,Z
exciton, andK exciton.

2. Excitation in middle-infrared region with free carriers

As reported by Karlowet al.,24 for a doping level ofx
50.38, there is a Drude-type excitation at zero energy, w
a broad feature in the midinfrared region. The midd
infrared feature can be attributed as a dipole-allowed tra
tion of theW exciton due to the change of the symmetry
the presence of free carrier. With increasing doping leve
x50.51, the intensity of midinfrared excitation decreas
and at the same time,Tc decreases also. However, because
strong tail of Drude-type excitations in the midinfrared r
gion, it was not able to detect weakened midinfrared exc
tion with overdoping of x50.51. Therefore, the optica
method is not a sensitive technique to observe midinfra

O
t

FIG. 12. ~a! Wave function of thes-symmetry exciton;~b! wave
function of p-symmetry exciton; ~c! wave function of
d(x22y2)-symmetry exciton.
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excitation in the overdoped region due to strong backgro
of Drude oscillation from the free carrier in the middl
infrared region.

In cuprates, similar oscillator strength transferring fro
the excitation in the 1.6–2.0 eV range in the cuprate insu
tor compound to the middle-infrared region through the fr
carrier dopant in the superconductor compound has b
widely reported and extensively discussed by ma
authors.25–27

3. Renormalization of the free-carrier effective mass

In the picture of the small exciton, because of interact
between the free carrier and small exciton, the effective m
of the free carrier is renormalized. Since the mass of
small exciton is heavier along the@100# direction, and light
along the@110# direction, the interaction between the sm
exciton and free carrier results in a heavier effective mas
the free carrier along the@100# direction and a light mass
along the@110# direction. The effective mass anisotropy
the free carrier can be used as a gauge to indicate whe
there is an interaction between the small exciton and
carrier. This method is more sensitive than the opti
method discussed above.

Increasing K doping results in more free carriers and
duces the strength of the small exciton due to the scree
effect. This in turn gives rise to a weaker interaction betwe
electrons through the interaction of the small exciton a
leads to less mass renormalization of free carrier, espec
along the@100# direction. When the material is highly ove
doped, the mass renormalization of the free carrier tot
disappears, which implies that the interaction between
small exciton and free carrier is almost zero. It is extrem
interesting thatTc is proportional to the effective-mass reno
malization of the free carrier as shown in Fig. 9.

A similar anisotropy of free-carrier mass renormalizati
is also reported in cuprates for slightly overdoped mate
with a Tc of 87 K.11 It would be interesting to see how th
anisotropic dispersion behaves under the extremely o
doped condition whereTc goes to zero for cuprate superco
ductors.

C. Other dielectric function changes with K concentration

In addition to the change of the free-carrier plasmon d
persion with the change of K concentration, the change
free-carrier plasmon width and intensity with the change
K concentration also provides consistent evidence that th
is less of middle-infrared excitation with increasing K co
centration. There are two ways to explain the width and
tensity change in terms of middle-infrared excitation. Fir
the measured free-carrier plasmon consists of free-ca
plasmon excitation and middle-infrared excitation. The wid
of the peak represents the combined result of free-ca
plasmon and middle-infrared excitation. With increasing
concentration, the strength of middle-infrared excitation
reduced, which leads to a smaller width and higher inten
of the measured free-carrier plasmon. The second reaso
this relationship can be attributed to the interaction betw
the free-carrier plasmon and middle infrared excitatio
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which leads to the broadening of the free-carrier plasm
peak. However, regardless of interpretation of the data,
conclusion of lower middle-infrared excitation at higher
concentration is still valid. Furthermore, we also noticed
change in the dielectric function with K concentration show
in Fig. 2 and the change of anisotropic excitation in the 4
eV energy region with K concentration shown in Figs. 4–

V. CONCLUSION

In summary, we have performedq-resolved EELS mea-
surements on the BKBO superconductor for various dop
levels. In the optimum doped material, the effective mass
the ‘‘free-carrier’’ plasmon is heavy along@100# and light
along@110# ~the dispersion is smaller along@100# and larger
along @110#!, while in the over doped material the effectiv
mass is almost isotropic along@100# and @110#. We also re-
ported a linear correlation betweenTc and mass renormaliza
tion of free-carrier plasmon. In this paper, we proposed
mixing state of a free carrier and small exciton in the op
mally doped region for the BKBO superconductor. The d
appearance of the anisotropy dispersion of the free-ca
plasmon in the overdoped material, whereTc goes to almost
zero, provides evidence that the superconductivity in BKB
is very likely to be related to the electronic structure, a
possibly to the small exciton~WZK exciton!.
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APPENDIX: CALCULATION OF THE SMALL EXCITON
STATE FOR BaBiO3

The small exciton transition can be described as elec
moving from a Bi site to a neighboring O site as shown
Fig. 11. The existence of this small exciton is due to the f
that there is a strong Coulumb attraction of the Bi electr
which makes Bi31 more favorable than Bi41, with a hole
residing at three neighboring O atoms in one unit cell. T
Coulumb attraction is known as a negativeU.17

Because of the BaBiO3 cubic structure with the BiO6 oc-
tahedral structure, according to the Hucker expression,28,29

the exciton state withq50 can be described by the follow
ing matrix:

Px Py Pz P2x P2y P2z

Px t2 t1 t1 t2 t1 t1

Py t1 t2 t1 t1 t2 t1

Pz t1 t1 t2 t1 t1 t2 ,

P2x t2 t1 t1 t2 t1 t1

P2y t1 t2 t1 t1 t2 t1

P2z t1 t1 t2 t1 t1 t2 ~A1!
5-8
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where

t15tpp2tsp
2 /«p , t252tsp

2 /«p. ~A2!

By solving this matrix, we can obtain six states: oneS state
asE1 , two D states asE2 , and threeP states asE, where

E154tpp26tsp
2 /«p ~S!,

E50 ~P1 ,P2 ,P3!,

E2522tpp ~D1 ,D2!. ~A3!

Because the ground state is anSstate for BaBiO3 , only three
P states are optically allowed forq50, and E1 and E2

states are both optically forbidden states forq50. The for-
bidden states are observed by EELS and infrared absorp
measurements. According to the measurement, we can a
the 4.2 eV optically forbidden state as theS state, 2.1 eV
optically allowed state as threeP states, and 0.5 eV forbid
den state~observed by infrared absorption as a weak state! as
two D states.22,23 This results in E152.1 eV and E2

51.6 eV, which in turn results in

tpp50.8 eV,

tsp
2 /«p50.18 eV. ~A4!

After the calculation, inD, P, Sspace, the matrix~A1! can be
rewritten as

D1 D2 P1 P2 P3 S

D1 E2 0 0 0 0 0

D2 0 E2 0 0 0 0

P1 0 0 E 0 0 0 .

P2 0 0 0 E 0 0

P3 0 0 0 0 E 0

S 0 0 0 0 0 E1 ~A5!

This indicates that atq50 with perfect symmetry, there is n
wave function mixing betweenD,P,Swave excitons~WZK
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exciton!. Mathematically, if the nondiagonal matrix is no
zero, such asM PD is not zero, there will be wave-function
mixing betweenP and D states, which would result in a
dipole-allowed transition atD-exciton energy. For conve
nience, we can define the low-energy exciton as theW exci-
ton, the one in the middle asZ exciton, and the highest
energy exciton as theK exciton.

If the motion of the small exciton is considered, the m
trix symmetry depends on the direction of the motion for t
small exciton. For the@111# direction, the symmetry remain
the same asq50, which implies that there will be no mixing
state between twoD states, threeP states, andSstate. Along
the @110# direction, the symmetry of the matrix is slightl
broken, and there will be some wave-function mixing b
tweenD, P, andSstates. Along the@100# direction, the sym-
metry is strongly broken, and this results in a strong wa
function mixing betweenD, P, and S states. Because o
wave-function mixing, the forbidden transition would hav
dipole-allowed components in these states, which makes
forbidden transition visible at that energy level with the m
tion of the exciton (qÞ0). This is one reason why we ob
served a strong forbidden transition at 4.2 eV along the@100#
direction, a weak forbidden transition along the@110# direc-
tion, and no forbidden transition along the@111# direction.4

The detailed calculation of wave-function mixing at finiteq
is beyond the scope of this work. The wave-function mixi
calculation at finiteq was performed on the insulator cupra
case, where similar properties of forbidden transitions w
observed.5,18Cuprate has a two-dimensional structure inste
of three-dimensional. The motion of the small exciton alo
@110# direction keeps the symmetry the same asq50, and no
forbidden transition was observed along that direction. Alo
the @100# direction, the motion of the small exciton caus
the symmetry of the matrix to be broken, which results
strong wave-function mixing betweenP andS states, which
in turn results in a strong forbidden transition along the@100#
direction at higher energy~K exciton!. In the presence of the
free carrier, the wave function between theW exciton, Z
exciton, andK exciton would be in the mixing state o
S, P, Dwaves.
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