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Semiconducting Ba0.9K 0.1BiO3 and superconducting Ba0.6K 0.4BiO3 single crystals cleavedin situ have
been studied by core level and valence band photoelectron spectroscopy and OK edge x-ray absorption
spectroscopy. It was found that the general shape of the valence band spectrum agrees with the shape predicted
by band structure calculations, but the intensity near the Fermi level was lower in the experimental spectrum
as compared to the calculated. The OK edge spectra showed that the metallic phase is not related to the
presence of doping inducted O 2p holes. This property of Ba12xK xBiO3 shows that the semiconductor-metal
transition of this system is of a different nature than that of the hole doped cuprate high-Tc superconductors.
The core level photoemission spectra of the cations showed a small asymmetry for Ba0.9K 0.1BiO3. Corre-
sponding spectra for Ba0.6K 0.4BiO3 showed a larger asymmetry resulting in a resolved high binding energy
shoulder in the Bi 4f spectrum. The origin of this feature is discussed.@S0163-1829~96!01333-1#

I. INTRODUCTION

A common property of most high-Tc superconductors
~HTSC! is the presence of Cu-O2 layers in their lattice.
Band-structure calculations predict these materials to have
dispersive Cu-O bands at the Fermi level (EF).

1

Ba12xK xBiO3 is a high-Tc oxide superconductor system
which has no Cu-O2 layers in the lattice.2 The highestTc ,
about 30 K, is obtained forx50.4.3 This composition gives
a cubic perovskite crystal structure,3 a structure clearly dif-
ferent from the layered two-dimensional structures typical
for the cuprate HTSC. Band-structure calculations4–6 predict
that a dispersive Bi-O band crosses the Fermi level, i.e., in
this material the Bi atoms are regarded to play the role of the
Cu atoms in the cuprate HTSC. Strong electron correlation
which is known to be crucial for cuprate HTSC is not ex-
pected in the Ba12xK xBiO3 system since the valence band
is predicted to contain onlys andp states. These differences
between Ba12xK xBiO3 and the cuprate HTSC may imply
that also the mechanism for superconductivity is different.

In order to experimentally investigate possible differences

and similarities in the electronic structure of Ba12xK xBiO3

and the cuprate HTSC, electron spectroscopy studies are of
great importance. One main goal for such studies is to elu-
cidate the physics behind the potassium-induced transition
from a semiconductor (x,0.3) to a metal (x.0.3).7 This
transition coincides with a crystallographic phase transition
between cubic and distorted structures, the metallic phase
being cubic and the semiconducting phase monoclinic
(0<x,0.1) or orthorhombic (0.1,x,0.3), depending on
the value ofx.7 It has been shown that the structures of the
semiconducting phase contain two inequivalent Bi sites.8

Several photoemission9–16 and x-ray-absorption8 ~XAS!
studies of the Ba12xK xBiO3 ~or the similar
Ba12xRbxBiO3) system have been performed. Among
these, several controversial questions have emerged for
which the answers deviate from study to study. For instance,
different interpretations have been proposed9,11,14,15for the
Bi 4 f and O 1s core-level data in terms of the number of
chemically shifted components corresponding to inequiva-
lent sites and/or oxidation states. In the reported valence-
band data there is a growing consensus that superconducting
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samples give a clear Fermi edge9,11,13,15,16which is lacking
for the semiconducting compositions,9,13,15,16 but in two
studies12,14no clear Fermi edge was found for superconduct-
ing samples. All studies except one16 were performed with
polycrystalline samples and scraping was the most frequently
used method to clean the surface.

An important question in this context is how a nonsto-
ichiometric or contaminated sample surface may influence
the spectra. It can, for instance, have an effect on the shape
of the O 1s core-level spectrum as well as on the intensity
distribution in the valence-band region. It is especially im-
portant to investigate if the intensity atEF is affected by the
surface quality. Furthermore, it must be realized that the
cleaning procedure used, for instance scraping, may be haz-
ardous for the surface stoichiometry. In the work by Nagoshi
et al.15 it was shown that scraping can diminish the photo-
emission intensity in the vicinity ofEF . In addition, Bi core-
level photoemission spectra have shown that scraping can
result in breaking of the Bi-O bonds.12 Concerning the reac-
tivity of the surfaces in ultrahigh vacuum~UHV! it has been
concluded that the absorption of residual gas molecules is
larger for potassium doped samples.11

The present work is a photoemission and XAS study of
Ba12xK xBiO3 single crystals which were cleavedin situ.
Careful attention was paid to the cleanliness of the crystal
surfaces as revealed by the C 1s, O 1s, and valence-band
photoemission spectra in order to distinguish between extrin-
sic and intrinsic spectral features. The samples were cooled
by liquid nitrogen in order to diminish possible oxygen de-
sorption and chemical reaction at the surface. Moreover, the
measurements were done with a high-energy resolution
which made it possible to resolve features in core-level spec-
tra not reported previously. Two different compositions, rep-
resenting different parts of the Ba12xK xBiO3 phase dia-
gram, have been compared: semiconducting Ba0.9K 0.1BiO3
and superconducting Ba0.6K 0.4BiO3. The measurements
comprise core-level photoemission of all constituents,
valence-band photoemission and OK-edge XAS, and were
performed with synchrotron radiation as the photon source.

The results are presented and discussed in Sec. III which
is divided into three parts. In Sec. III A the core-level pho-
toemission spectra are treated. The O 1s spectra are dis-
cussed with the emphasis on how they can be affected by
contamination. The core-level data for clean samples show
that the line shapes for Ba0.6K 0.4BiO3 are more complicated
than what could be expected from the cubic structure. Sec-
tion III B deals with the valence-band photoemission data
which are compared to the predictions from band-structure
calculations. In general, the agreement is found to be good.
Finally, in Sec. III C the OK-edge XAS spectra are dis-
cussed and their doping dependence is compared to what is
known for the cuprate HTSC. It is argued that the metallic
properties of Ba0.6K 0.4BiO3 cannot be related to the pres-
ence of doping induced oxygen holes as is the case for the
hole-doped cuprate HTSC.

II. EXPERIMENT

Ba12xK xBiO3 single crystals were grown from a KOH
fluxed melt employing the electrodeposition technique intro-
duced by Norton.17 A controlled anode current density was

used. The as-grown crystals were close to cubic in shape and
the average dimension of the crystals grown for 60–100 h
was 33333 mm3. The crystals were examined by neutron
diffraction and the block disorientation angle within the crys-
tals was found to be less than 1.5°. Potassium content was
determined by three different methods:~i! by using a calibra-
tion curve for pseudocubic lattice parameter vs potassium
concentration,7 ~ii ! by measuring the natural radioactivity of
potassium, the40K isotope, and~iii ! by neutron activation
analyses. The values obtained by the natural radioactivity
and neutron activation methods, i.e., the direct methods,
x50.11 and 0.4, will be used in the following. Using the first
method, x-ray-diffraction measurements gave slightly higher
potassium concentrations~up to 20%!.

The critical temperature of superconducting samples
(x50.4) was determined by using both four probe resistivity
as well as ac susceptibility measurements. Both methods
gave a sharp transition withTc515 K defined as the mid-
point of the transition. It has been found thatTc of
Ba12xK xBiO3 is not only dependent on the amount of po-
tassium, but is also strongly dependent on small changes in
the oxygen content.18,19 This property probably explains the
low Tc , as compared to the optimum value 30 K,3 for the
present Ba0.6K 0.4BiO3 crystals. The temperature (T) depen-
dence of the resistivity for the superconducting samples
aboveTc is very close tor5r01aT2 (a is a constant!, in
agreement with previous measurements.20

The crystals were glued with conducting silver epoxy to
sample holders made of copper with the naturally formed
$100% plane of the crystals as base. For cleavage a metal
stick was glued to the top of the crystals. The samples were
transferred into the baked UHV chamber where they were
cleaved by fracturing at a pressure around 10210 Torr. The
fracturing was performed by applying a sudden force to the
metal stick. The surfaces of the fractured samples were rough
but shining, brown for Ba0.9K 0.1BiO3 and blue for
Ba0.6K 0.4BiO3. The samples were kept near liquid-nitrogen
temperature during cleavage and measurements~with one
exception21!. Measurements were done on several samples of
each composition. As will be shown in the next section, the
surface qualities of the freshly cleaved samples were differ-
ent in terms of oxygen and carbon related contaminations.
This has to be due to intrinsic contamination in some of the
crystals.

The photoemission and XAS measurements were per-
formed at beamline 22 at the MAX national synchrotron ra-
diation laboratory in Lund, Sweden. The beamline is
equipped with a modified Zeiss SX-700 plane grating
monochromator.22 A Scienta-type hemispherical electron en-
ergy analyzer~200-mm mean radius! with a multichannel
detector system23 was used in the photoemission measure-
ments. The total-energy resolution was dependent on the
photon energy used and varied in the range 0.1 eV
(hn595 eV! through 0.5 eV (hn5600 eV!. XAS spectra
were measured by detecting the total electron yield using a
channeltron. In the XAS measurements at the OK edge the
photon energy resolution was 0.3 eV. The photoemission
binding energy scale was determined with reference to the
Fermi edge of a gold sample, whereas the absolute values of
the photon energy scale in the XAS spectra were calibrated
according to the procedure described in Ref. 24.
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III. RESULTS AND DISCUSSION

A. Core-level photoemission spectra

Figure 1 shows O 1s photoemission spectra for
Ba0.9K 0.1BiO3 (A,B,C) and Ba0.6K 0.4BiO3 (D,E,F). All
spectra exceptB are measured on different samples directly
after cleavage. SpectrumB is from the same sample as spec-
trumA, but measured after about 15 h in UHV. Also shown
in Fig. 1 are the C 1s spectra for the Ba0.6K 0.4BiO3 samples.
The O 1s intensity at and above 530 eV clearly scales with
the C 1s intensity. From these data it is apparent that intense
O 1s components with a higher binding energy (Eb) than the
main peak at about 528.5 eV are of extrinsic nature. This is
in sharp contrast to the previous suggestion9 that these struc-
tures reflect different intrinsic oxidation states. For spectra
A, B, andC, i.e., for Ba0.9K 0.1BiO3, the correlation of the
feature at 530 eV to the C 1s intensity was less obvious
because the C 1s intensity was in all these cases rather low.
However, a small increase in the C 1s intensity was found as
a function of time in UHV corresponding to spectraA and
B. It is concluded from these spectra that clean
Ba0.9K 0.1BiO3 is characterized by a single sharp O 1s peak
as seen in spectrumA. The peak can be fitted with one sym-
metric voigt function. The small additional intensity above
530 eV can, at least partly, be assigned to the inelastic back-
ground of the main peak. However, spectrumD shows that
clean Ba0.6K 0.4BiO3 does have some additional intensity on
the highEb side of the O 1s peak which is not present for
Ba0.9K 0.1BiO3. The highEb feature in spectrumD is not
believed to be of extrinsic nature since this sample gave a
very low C 1s intensity as seen in Fig. 1. Furthermore, the
valence-band spectrum of the same sample did not show any
traces of contamination~cf. Sec. III B!.

The cation core-level photoemission data for
Ba0.9K 0.1BiO3 (x50.1) and Ba0.6K 0.4BiO3 (x50.4) crys-
tals having O 1s spectra similar to the best spectraA and
D in Fig. 1 are displayed in Fig. 2. All the spectra in Fig. 2
were measured on the same two samples. Starting from the
bottom of Fig. 2 it is obvious that the Bi 4f spectra of the
two compounds are very different. The intensity on the high
Eb side which gives rise to an asymmetric profile for
Ba0.9K 0.1BiO3 is much more pronounced for
Ba0.6K 0.4BiO3, in fact a clearly resolved shoulder is seen.
The topmost Bi 4f spectrum is the same as spectrumB but

numerically convoluted with a Gaussian profile with a width
of 0.75 eV in order to resemble the energy resolution in a
standard x-ray photoelectron spectroscopy~XPS! experi-
ment. The line shape of this spectrum is similar to previous
reported Bi 4f XPS spectra,9,11,16which clearly demonstrate
the need for high-energy resolution (DE50.25 eV for Bi
4 f in the present measurements! in order to do detailed core-
level studies of these compounds. It is also noted that the line
shapes of the present Bi 4f spectraA andB are in qualitative
agreement with the results of Nagoshiet al.,15 who utilized
monochromatized x rays (DE50.45 eV! in their study of
cleaved polycrystalline samples.

A fundamental question in the discussion of Bi core-level
spectra of Ba12xK xBiO3 is the valence state of bismuth. In
an ionic description of the parent compound, BaBiO3, the
bismuth valence is Bi41. It was suggested early25 that
BaBiO3 contains Bi31 and Bi51 ions instead of Bi41,
which are ordered on the inequivalent Bi sites of the mono-
clinically distorted lattice. In contrast to this proposition
band-structure calculations26 for monoclinic BaBiO3 gave
no significant difference between the valence charge densi-
ties of the inequivalent Bi sites. Furthermore, a Bi41 valence
has been proposed from XAS measurements at the BiL3
edge.27 The chemical sensitivity of core-level spectroscopy
could be able to resolve this question. Indeed, the line shape
of spectraA andB in Fig. 2 could be interpreted as being
dependent upon a various degree of bismuth valence mixing
in the two compounds, but there exist some difficulties in
establishing such an interpretation. First of all, the binding
energy shift between Bi model compounds containing Bi31

~Bi 2O3) and Bi
51 ~NaBiO3) is negligibly small

15,28as com-
pared to the widths of the Bi 4f spectra in Fig. 2. In addition
it should be noted that the binding energies of the low-
energy peaks in spectraA andB are in the region between
the values found for Bi and Bi2O3. Finally, inequivalent Bi
sites are only expected for the semiconducting phase of
Ba12xK xBiO3 whereas the metallic phase is cubic.7,8 It is
thus not possible to relate the Bi 4f line-shape changes be-
tween Ba0.9K 0.1BiO3 and Ba0.6K 0.4BiO3 in Fig. 2 to this
structural difference. An alternative explanation for the
Bi 4 f line shape for Ba0.6K 0.4BiO3 is provided by the
suggestion of Wageneret al.11 that at least part of the inten-
sity on the highEb side of the core-level spectra for

FIG. 1. O 1s photoemission spectra
(hn5600 eV! of two Ba0.9K 0.1BiO3 samples
~left panel,A, B, andC; B is measured on the
same sample asA but 15 h later! and three Ba

0.6K 0.4BiO3 samples~right panel,D, E, andF).
For the Ba0.6K 0.4BiO3 samples the C 1s and K
2p spectra (hn5440 eV! are also shown, nor-
malized to the K 2p intensity.
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Ba0.6K 0.4BiO3 is due to an energy-loss structure. This possi-
bility will be discussed further below.

SpectraD and E in Fig. 2 show the K 2p core level
spectra as well as the C 1s region at lower energy. The C
1s emission is seen to be very weak for both compounds, the
apparent larger C 1s intensity relative to the K 2p intensity
for Ba0.9K 0.1BiO3 being mainly due to the lower potassium
content in this sample. As for Bi 4f , the K 2p line shape is
asymmetric suggesting a structure on the highEb side which
is slightly more intense for Ba0.6K 0.4BiO3 as compared to
Ba0.9K 0.1BiO3, but it is not as clearly resolved as in the Bi
4 f spectrum.

At the top of Fig. 2 the Ba 4d core level spectra for the
two compounds are shown. The trend of the line shape found

from the Bi 4f and K 2p spectra are also seen in the Ba
4d spectra, i.e., the line shape is asymmetric with the larger
asymmetry for Ba0.6K 0.4BiO3, but with the difference that
no signs of a resolved feature at the highEb side can be seen.

A common property of the core level data shown in Fig.
2, besides the asymmetry which will be discussed below, is
the negativeEb shift for Ba0.6K 0.4BiO3 as compared to
Ba0.9K 0.1BiO3. The magnitude of the shift of the core-level
peak is smallest for Bi 4f , 0.4 eV, and largest for Ba 4d,
0.65 eV. O 1s spectra, measured on the same two samples as
the cation spectra in Fig. 2, gave a similar type of shift, but
with a smaller magnitude, 0.3 eV. In a recent study16 of the
doping dependency of the core-level binding energies in
Ba12xK xBiO3 negative shifts as a function of increasing
potassium content were interpreted to be largely due to a
shift of the chemical potential. This interpretation explains
parts of the shifts observed in the present study, but the dif-
ferences in the shifts between the elements indicate that this
is not the only contribution.

The asymmetric profiles seen for all spectra in Fig. 2
make it reasonable to assume that energy-loss structures con-
tribute to the spectra as suggested by Wageneret al.11 Con-
cerning Ba0.6K 0.4BiO3 a plasmon energy of about 1.4–1.8
eV has been determined by optical measurements.29 The
high Eb structure in the core-level spectra of
Ba0.6K 0.4BiO3 is shifted about 1 eV from the leading low-
energy peak, a value slightly less than the predicted plasmon
energy, but in reasonable agreement. The agreement is im-
proved if the surface sensitivity of photoemission is consid-
ered which makes it possible that a surface plasmon having a
lower energy than the bulk plasmon becomes important. For
Ba0.9K 0.1BiO3 no asymmetry was found in the O 1s spec-
trum, indicating that energy losses do not affect the core-
level line shapes for this semiconducting composition. It
could be the case that the weak, as compared to
Ba0.6K 0.4BiO3, asymmetries found for the cations core lev-
els of Ba0.9K 0.1BiO3 are due to inequivalent sites in this
distorted structure.

Although it appears to be well justified to assign the high
Eb core-level spectral feature of Ba0.6K 0.4BiO3 to a plasmon

FIG. 2. Bi 4f (A, B, andC), K 2p (D and E), and Ba 4d
(F and G) core-level photoemission spectra of Ba0.9K 0.1BiO3

(x50.1) and Ba0.6K 0.4BiO3 (x50.4). SpectrumC is the result of a
convolution of spectrumB with a Gaussian profile with a width of
0.75 eV.

FIG. 3. Valence-band photoemission spectra of the same
Ba0.9K 0.1BiO3 ~left panel! and Ba0.6K 0.4BiO3 ~right panel! samples
as the corresponding spectra in Fig. 1.

54 6703PHOTOEMISSION AND X-RAY ABSORPTION STUDY OF . . .



loss, another contribution must be considered because of the
following reason. Core-level spectra measured on several
crystals showed that the highEb structure could be both
more and less intense as compared to the spectra shown in
Fig. 2, independent of the cleanliness of the surface~this
effect is seen in the K 2p spectra in Fig. 1!. This behavior
indicates that some of the intensity in the highEb shoulder of
the core-level spectra arises from inhomogenities at the sur-
faces of the cleaved crystals which differ between the
samples. This inhomogeneity could either be due to a disor-
der of the potassium distribution in the bulk, for instance by
a microscopic phase separation, yielding different potassium
concentration at the surface between different cleaved crys-
tals, or arise from defects created by the cleavage. It appears
reasonable to propose that the lowEb component of the core
levels for Ba0.6K 0.4BiO3 is representative for the nominal
composition whereas regions with lower potassium content
could contribute to the intensity at higherEb . An inspection
of the binding energies of the core-level features for both
types of samples in Fig. 2 reveals that this explanation is able
to account for the highEb features in the spectra of
Ba0.6K 0.4BiO3.

B. Valence-band photoemisssion spectra

Figure 3 shows a set of valence-band spectra of the same
samples as in Fig. 1. In spectraC,E, andF a feature~5! is
seen atEb'8.5 eV which was found for some freshly
cleaved samples. It is evident from the spectra in Figs. 3 and
1 that this feature is correlated to contaminations as mea-
sured by the O 1s and C 1s emissions. SpectraA andD have
no such feature at all, whereas spectrumB shows that after
about 15 h in UHV the 8.5 eV feature has become visible.
From these findings it is concluded that clean
Ba12xK xBiO3 is characterized by the absence of a structure
above 8-eVEb , when measured with a photon energy in the
ultraviolet or soft x-ray regions. In XPS measurements an
intrinsic feature can appear in this region due to the rela-

tively higher cross section for Bi 6s,p states, as compared to
O 2p states, for photon energies in the x-ray region.5 In
spectraE andF ~and to a less degree in spectraB andC) it
is seen how a consecutively higher degree of contamination
makes structures 3 and 5 more intense and a new structure, 6,
grows at 3.8 eV.21 The enhancement of features 3 and 6
results in a broadening of the main valence-band peak which
shifts towards higherEb as marked by the broken line in Fig.
3. For the highly contaminated sample~spectrumF) the in-
tensity in the vicinity ofEF is reduced as compared to clean
Ba0.6K 0.4BiO3.

In order to emphasize the differences between the valence
bands of Ba0.9K 0.1BiO3 and Ba0.6K 0.4BiO3 the spectraA
andD of Fig. 3 are plotted on a common energy scale in Fig.
4. The most pronounced difference between the spectra for
Ba0.6K 0.4BiO3 and Ba0.9K 0.1BiO3 is that the former shows a
clear Fermi edge. Moreover, the valence-band features are to
various degree shifted to lowerEb in Ba0.6K 0.4BiO3 and the
intensity ratios between the main peak and features 3 and 4
are smaller than for Ba0.9K 0.1BiO3.

Figure 4 also shows the calculated photoemission spec-
trum of Hamadaet al.5 The theoretical spectrum is generated
from the band structure for cubic BaBiO3 calculated in the
local-density approximation with a band filling correspond-
ing to x50.29 in Ba12xK xBiO3, i.e., a rigid-band model is
used to represent metallic Ba12xK xBiO3. Hamadaet al.

5

presented two calculated spectra for the ultraviolet-soft x-ray
region corresponding to photon energies of 21.2 and 70 eV.
In the present comparison the theoretical spectrum for a pho-
ton energy of 21.2 eV was chosen because the broadening
used for this spectrum corresponds better to the energy reso-
lution of the present experiment than the broadening used for
the calculated 70-eV spectrum. Except for the different
broadenings, there are no significant differences between the
calculated 21.2- and 70-eV spectra. The intensity at these
photon energies is predicted to be dominated by the oxygen
partial density of states.

In the following discussion of the agreement between
theoretical and experimental valence-band data the results
from two other calculations will also be considered. The dif-
ference between those two calculations and the one dis-
played in Fig. 4 concerns mainly the way to handle the crys-
tal structure and the stoichiometry. Mattheiss and Hamann26

aimed to study the semiconducting mother-compound
BaBiO3 by using the experimentally determined monoclinic
crystal structure in their band-structure calculation. Papacon-
stantopouloset al.6 used a tight-binding approach to study
the effect from potassium substitution in more detail than
what is possible in the rigid-band model used by Hamadaet
al.5

From the spectra in Fig. 4 a detailed comparison between
experimental and calculated band-structure results can be
made. First it is noted that the overall shape of the experi-
mental spectra agrees well with the band theory result. All
features 1–4 in the experimental spectra are recognized in
the theoretical spectrum and can be identified according to
the density of states calculations as follows. At the top of the
valence band~1! is the antibonding Bi 6s-O 2p band which
crosses the Fermi level in the metallic samples. The main

FIG. 4. Experimental valence-band photoemission spectra for
Ba0.9K 0.1BiO3 (x50.1) and Ba0.6K 0.4BiO3 (x50.4) measured at
95-eV photon energy together with the calculated valence-band
spectrum of Hamadaet al. ~Ref. 5!, see text for details.
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valence band intensity~2! at about 3 eV as well as feature 3
is due to nonbonding O 2p states, the latter with a predicted
small Ba 6s contribution. Feature 4 consists of the bonding
O 2p and Bi 6p states whereas the bonding counterpart of
feature 1 results in a broad and flat structure at higherEb . As
expected from a rigid-band behavior,Eb of the main features
in the experimental spectrum of Ba0.6K 0.4BiO3 is in better
agreement with the calculated spectrum than the results for
Ba0.9K 0.1BiO3. However, it is clear from Fig. 4 that also for
Ba0.6K 0.4BiO3 the main valence-band features are shifted to
higherEb as compared to the calculated spectrum.

Although there is a general good agreement between the
theoretical and experimental valence band results in Fig. 4,
some discrepancies indicate that the rigid-band model used
in the calculation is not able to describe the metallic phase of
Ba12xK xBiO3 accurately in all details. First, it is evident
from the spectra in Fig. 4 that the relative intensities of the
features in the experimental spectrum of Ba0.9K 0.1BiO3 are
in better agreement with the calculated spectrum than the
results for Ba0.6K 0.4BiO3. Second, the experimental valence-
band spectra do not show a rigid shift. A closer inspection of
the experimental spectra in Fig. 4 shows that the change
between the two spectra is better described as a stretch of the
spectrum for Ba0.6K 0.4BiO3 towards lowerEb rather than a
rigid shift, i.e., the top of the main valence band of
Ba0.6K 0.4BiO3 is shifted about 0.4 eV towards lowerEb as
compared to Ba0.9K 0.1BiO3, but the bottom of the two va-
lence bands are at nearly the same position. These findings
are in agreement with the band-structure results of Papacon-
stantopouloset al.6 who went beyond the rigid-band model
to calculate the density of states for Ba0.6K 0.4BiO3. As com-
pared to their results for BaBiO3 they found that the position
of EF followed a rigid-band behavior, but the shape of the
oxygen dominated density of states showed small differences
resulting in an increase in the and width of about 0.4 eV for
Ba0.6K 0.4BiO3.

A further difference between the theoretical band struc-
ture result and the experimental results in Fig. 4 concerns the
intensity nearEF . First, a comment is needed to be made on
the lack of a Fermi edge for Ba0.9K 0.1BiO3 which is in
agreement with the semiconducting property of this compo-
sition. The model used to generate the theoretical spectrum
in Fig. 4 results in a Fermi edge also for lower potassium
concentrations corresponding to the semiconducting phase of
Ba12xK xBiO3. This discrepancy should not be taken as evi-
dence for limitations in the validity of band-structure calcu-
lations for Ba12xK xBiO3 in general. Indeed, an early and
more comprehensive calculation for BaBiO3, in which the
monoclinic distortion of this structure was taken into ac-
count, showed a splitting of the bands aroundEF consistent
with the semiconducting property.26 As noted previously,
Ba0.9K 0.1BiO3 is distorted in a similar way.7,8 For
Ba0.6K 0.4BiO3, which has the cubic structure, the calcula-
tional scheme used by Hamadaet al.5 is expected to be a
good approximation. However, it is seen in Fig. 4 that there
is a lower photoemission intensity in the experimental spec-
trum for Ba0.6K 0.4BiO3 betweenEF andEb'1 eV than in
the calculated spectrum. This result indicates that this type of
calculation is not able to correctly predict the density of
states atEF in superconducting Ba12xK xBiO3. However, in
the light of the experience of valence-band photoemission in

the 1:2:3-type cuprate HTSC,30 for which it was found that
the intensity atEF was dependent on oxygen loss if the
sample was not cooled to temperatures below 80 K, it is
evident that the present deviation between experiment and
theory needs to be confirmed by further studies. Most inter-
esting are valence-band measurements of Ba0.6K 0.4BiO3
with varying oxygen content in the samples and the tempera-
ture dependence of the valence-band intensity atEF for
sample temperatures below the one used in the present ex-
periment.

C. O K-edge x-ray-absorption spectra

For the hole-doped cuprate HTSC YBa2Cu3O61x ,
31

La22xSrxCuO4 ~Ref. 32!, and Bi2Sr2Ca12xY xCu2O8 ~Ref.
33! it is well known that the intensity of a clearly resolved
prepeak in the OK-edge XAS or EELS spectrum scales with
the hole doping. The common interpretation of this behavior
is that holes are created in O 2p states in the Cu-O2 layers of
the doped systems which leads to metallic properties. Figure
5 shows the total electron yield XAS spectra for the two
types of Ba12xK xBiO3 crystals studied. These spectra dis-
play the local unoccupiedp density of states of the core
ionized oxygen. Most important to note in the spectra in Fig.
5 is that no additional prepeak occurs in metallic
Ba0.6K 0.4BiO3 as compared to semiconducting
Ba0.9K 0.1BiO3. The differences between the XAS spectra of
the two types of crystals are instead some redistributions of
the intensity between the different spectral features and a
small shift of the absorption edge towards lower energy in
the metallic system. In a previous OK-edge XAS study of
Ba12xK xBiO3 the low-energy absorption peak seen at about
529 eV in the spectra in Fig. 5 was taken as an evidence for
hole doping of oxygen with increasing potassium content.8,34

However, it must be noted that this structure exists and is
intense in the semiconducting phase, as is seen in the spec-
trum for Ba0.9K 0.1BiO3 in Fig. 5 and in the reported spectra
for BaBiO3.

8,35 If this absorption peak would correspond to
doping-induced oxygen holes in a similar manner as for the
cuprate HTSC it should be absent or strongly reduced for

FIG. 5. XAS spectra at the OK edge for Ba0.9K 0.1BiO3 ~solid
line! and Ba0.6K 0.4BiO3 ~dots!. The spectra are normalized to the
integrated intensity of the absorption up to 545 eV.
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these compositions as compared to the metallic phase. These
facts indicate that the transition to the metallic phase of
Ba12xK xBiO3 is of a different nature than that of hole-
doped cuprate HTSC. The difference found between the O
K-edge results for Ba12xK xBiO3 and the hole-doped cu-
prate HTSC is in agreement with the inverse photoemission
resonance study of Wageneret al.,11 who found an enhance-
ment corresponding to O 2p holes nearEF for cuprate HTSC
but no such behavior for Ba0.6K 0.4BiO3.

From above considerations it is concluded that the spectra
in Fig. 5 provide no support for the notion that the metallic
phase of Ba12xK xBiO3 is related to doping-induced holes in
O 2p states atEF as has been established for the hole-doped
cuprate HTSC mentioned above. For the other bismuthate
superconductor system BaPb12xBi xO3 de Groot et al.35

found that the OK-edge XAS spectra revealed a similar
doping dependence as is found for Ba12xK xBiO3 in the
present work, i.e., the edge structure showed a small shift as
a function of the bismuth content and no additional prepeak
was seen in the metallic regime. But the results for
BaPb12xBi xO3 are contradictory since Linet al.

36 found an
additional preedge structure for BaPb0.75Bi 0.25O3 and
BaPb0.5Bi 0.5O3 as compared to BaPbO3. The reason for this
inconsistency in the results from BaPb12xBi xO3 is not clari-
fied.

To conclude this section some further aspects of the dop-
ing behavior of Ba12xK xBiO3 will be discussed. A hypo-
thetical description of metallic Ba12xK xBiO3 as being
doped with O 2p holes would be related to the fact that with
fixed cation valences substitution of Ba21 by K11 implies
the creation of oxygen holes, a description analogous to the
case when La2CuO4 is doped with strontium. Such a de-
scription for the cuprate HTSC relies on the fact that the
band gap of the insulating mother compounds is of the
charge-transfer type which, due to the strong electron corre-
lation in these materials, is believed to exist also in the me-
tallic compounds.

For Ba12xK xBiO3, which does not have any valence
bandd or f states, no strong electron correlation is expected,
a property which suggests that band-structure calculations
should be able to give an adequate description of the elec-
tronic structure of this system. As noted above, the semicon-
ducting regime of Ba12xK xBiO3 has been related to the
distortion of the crystal structure which results in a band
splitting aroundEF . For the cubic phase, which corresponds
to the metallic compositions of Ba12xK xBiO3, the band-
structure results show that a single band crossesEF . This
band is less than half-filled due to the lower band filling in
Ba12xK xBiO3 as compared to BaBiO3.

37 Accordingly,
n-type carriers are expected for metallic Ba12xK xBiO3, in
agreement with the result from Hall measurements.20 In the
intermediate doping range 0,x,0.3 the band filling of the
semiconducting Ba12xK xBiO3 is progressively reduced un-
til a critical doping level (x50.3) is reached.38 At x50.3 the
energy gained by the distortion of the crystal structure is lost
and a crystallographic phase transition occurs to the metallic
cubic phase.38 This doping behavior is consistent with the
assignment of the x-dependent core-level shifts of
Ba12xK xBiO3 to a shift of the chemical potential. These
observations imply that the semiconductor-metal transition is
due to a closing of a band gap which is related to the corre-

sponding crystallographic phase transition. No obvious argu-
ment against this description is found from the experimental
results presented in this work since the valence-band spectra
were found to be in qualitative good agreement with the
band-structure results and no evidence was found from the
XAS spectra for doping-induced oxygen holes in the metallic
phase. In addition, the results of optical measurements have
been found to be consistent with this explanation for the
semiconductor-metal transition in Ba12xK xBiO3.

38,39 How-
ever, a modified description of the electronic structure of
Ba12xK xBiO3 has also been proposed in which a dynamical
lattice distortion exists in the metallic phase resulting in a
band splitting aroundEF .

16 It has been suggested16 that this
effect could account for the differences in intensity seen be-
tween the theoretical band structure and the experimental
valence-band data in the vicinity ofEF . As pointed out in
the previous section, further valence-band photoemission
studies are needed to clarify this point.

IV. SUMMARY

Several aspects of the electronic structure of semiconduct-
ing Ba0.9K 0.1BiO3 and superconducting Ba0.6K 0.4BiO3 have
been studied by valence and core-level photoemission as
well as OK-edge XAS. The general shape of the valence-
band spectra was found to agree to a large extent to the
prediction from band-structure calculations. However, some
discrepancies indicate that a theoretical representation of me-
tallic Ba12xK xBiO3 by a rigid-band model applied to the
calculated band structure for cubic BaBiO3 is too simple to
accurately describe the electronic structure of the metallic
phase in detail. The XAS results showed that the metallic
phase is not related to the presence of doping induced O
2p holes. This property of Ba12xK xBiO3 shows that the
transition to the metallic phase is of a different nature as
compared to that of the hole-doped cuprate HTSC. The core-
level photoemission spectra for Ba0.9K 0.1BiO3 showed a
small asymmetry for the cations which could tentatively be
related to inequivalent sites in this distorted crystal structure.
For Ba0.6K 0.4BiO3 the core-level spectra, in particular for
bismuth, showed considerably more complicated line shapes
than what could be expected from the cubic structure. This
effect for Ba0.6K 0.4BiO3 was suggested to arise from a plas-
mon loss feature and a possible inhomogeneity at the sur-
face. Clearly, more studies are needed to provide a better
understanding of these core-level spectral line shapes.
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