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Resonant photoemission study of Ba12xK xBiO3 single crystals
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Single crystals of superconducting Ba0.6K0.4BiO3 and semiconducting Ba0.9K0.1BiO3 have been studied by
resonant photoemission. In the photon energy range 14–25 eV, a valence-band feature with a binding energy
around 2.6 eV becomes enhanced at the photon energies 16, 19, and 22.5 eV. In order to identify this possibly
resonating feature, valence-band photoemission spectra were also measured at photon energies~90–120 eV!
around the excitation threshold of the Ba 4d core level. A comparison between the results obtained at these
different photon energy regions suggests that the valence-band enhancements at 16 and 19 eV can be assigned
to resonating Ba states, while the comparatively weaker enhancement at 22.5 eV is consistent with both a Ba
and/or an O photoemission resonance. The results also indicate Ba states close to the Fermi level.
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I. INTRODUCTION

Since the discovery of high-temperature superconduc
ity in the Ba12xKxBiO3 perovskite by Mattheiss, Gyorgy
and Johnson,1 investigations of its electronic structure ha
been of fundamental interest. Ba12xKxBiO3 exhibits the
highestTc (;30 K) at a potassium content ofx50.4 for
which it has a cubic structure while forx50.1, this com-
pound shows semiconducting properties. Various attemp
calculate the band structure and associated partial densi
states~DOS! of Ba12xKxBiO3 by applying different approxi-
mations, have been reported by a number of authors.2–7 Mat-
theiss and Hamann4 did the calculation on BaBiO3 and or-
dered Ba0.5K0.5BiO3 using the linear augmented plane-wa
~LAPW! method. Hamadaet al.5 performed the LAPW cal-
culation on cubic BaBiO3 and treated the potassium alloyin
as a rigid band shift. Papaconstantopouloset al.6 made sepa-
rate APW calculations on both BaBiO3 and KBiO3 and fitted
the results to a tight-binding Hamiltonian. The DOS for d
ordered Ba0.6K0.4BiO3 were then calculated using the cohe
ent potential approach. All calculations show that the m
contribution to the valence band consists of O states
smaller fractions of Ba, K, and broadly distributed Bi stat
For cubic Ba12xKxBiO3, corresponding to the metalli
phase, the calculations predict that a Bi-O band crosses
Fermi level. From these calculations, the assignments
valence-band features in photoemission spectra are fa
tated.

In previous photoemission studies of BaBiO3 and
Ba0.6K0.4BiO3, a broad enhancement in constant initial st
plots of the valence band has been reported for photon e
gies ~PE! between 19 and 22 eV.8–10 This enhancement ha
been suggested to be due to a O 2p resonance correspondin
to the O 2s-2p absorption threshold. However, inverse ph
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In this paper, we present results from resonant photoem
sion measurements performed on single crystals of super
ducting Ba0.6K0.4BiO3 and semiconducting Ba0.9K0.1BiO3.
The photon energy ranges were chosen to match absorp
thresholds of different core levels~Ba 4d, O 2s, K 3p, and
Ba 5p!. The valence-band data showed pronounced inten
modulations as the PE was changed in the range 14–25
and exhibited maximum enhancements at 16, 19, and 2
eV. From the analysis in Sec. III, it is concluded that t
enhancements at the first two photon energies~16 and 19 eV!
can be attributed to photoemission resonances of Ba vale
states, while the weaker 22.5 eV resonance can be in
preted as being Ba and/or O related.

II. EXPERIMENTAL

Photoelectron spectroscopy~PES! of the valence band o
freshly cleaved single crystals of superconducti
Ba0.6K0.4BiO3 and semiconducting Ba0.9K0.1BiO3 has been
performed at the national synchrotron radiation laborat
MAX-lab in Lund, Sweden. The growth and characterizati
of the Ba0.6K0.4BiO3 and Ba0.9K0.1BiO3 single crystals are
described elsewhere.12 The crystals were glued with silve
epoxy to copper sample holders and cleavedin situ at a pres-
sure of about 10210 torr. Due to the low surface stability o
Ba12xKxBiO3, the samples were cooled with liquid nitroge
during fracturing and measurements. The size of the clea
sample surfaces was about 333 mm2. The resulting~100!
surfaces were rough and brown for thex50.1 composition,
while blue forx50.4. The potassium and/or oxygen conce
tration at the surface seemed to vary among the sam
because variations of the spectral intensity near the Fe
level were seen in some cases between different sam
3467 © 1997 The American Physical Society
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3468 56H. NYLÉN et al.
with the same nominal composition. Also, some of the se
conducting samples showed insulating properties w
cooled with liquid nitrogen which resulted in charging
these samples during measurements. The charging effec
curred on a large time scale, typically 1 eV shift after 3 h of
measurements which means that the shape of the val
band was not altered during acquisition of each spectr
Although the structural phase diagram for Ba12xKxBiO3
from Peiet al.13 shows that thex50.1 compound is located
at the transition between the monoclinic and orthorhom
phases at this temperature, we believe that the crucial di
ences leading to different charging properties among
semiconducting samples at liquid-nitrogen temperature
deviations in the homogeneity, in the contents of potass
and oxygen and/or crystal defects among the samples.

The measurements at low photon energies took plac
beamline~BL! 52 ~Ref. 14! which is equipped with a norma
incidence monochromator and an angle-resolved 50-
mean radius hemispherical electron energy analyzer mou
on a goniometer. The total-energy resolution in these m
surements was about 200 meV. The high PE~90–125 eV!
spectra were recorded at BL 22 which has a modified S
700 plane grating monochromator15 and a 200-mm mean ra
dius hemispherical electron energy analyzer with
multichannel-plate detector.16 The photon flux was deter
mined by measuring the photocurrent from a gold mesh,
ing into account the photoelectric yield of gold.17,18 The
binding energies were calibrated with respect to the Fe
edge of a gold reference sample. All spectra presented,
cept when explicitly noted, were measured at normal em
sion.

III. RESULTS AND DISCUSSION

Valence-band photoemission spectra measured at di
ent photon energies in the range 14.5–23 eV are show
Fig. 1 for the superconductor Ba0.6K0.4BiO3. In this photon
energy region, several intensity modulations are seen in
valence band. In order to achieve an intensity profile of
valence band, constant initial state~CIS! plots extracted from
the spectra in Fig. 1 around resolved structures in the vale
band, i.e., at the binding energies (Eb) 2.6, 3.8, and 6.3 eV
are shown in Fig. 2. For information regarding the influen
from the inelastic background of the most enhanced fea
at 2.6 eVEb on the CIS curves at 3.8 and 6.3 eV, a CIS p
of the featureless region at 5.2 eV~the dip in the valence
band!, is also shown. A binding energy window of 0.3 e
was used in order to minimize the influence of statisti
fluctuations. The photon energies, for which the spectra
cussed below are recorded, are labeleda– i in the CIS plot.
From the CIS curves, three different intensity maximums c
be seen in the valence band which is most enhanced a
and 16 eV PE~b and e! and has a smaller intensity max
mum at 22.5 eV (h). The most pronounced feature is locat
at 2.6 eV binding energy while the features at 3.8 and
have weaker intensity modulations. The 5.2 eVEb CIS curve
is slightly less modulated than the 3.8 and 6.3 eV cur
which suggests that the latter two are not only affected
intensity variations of inelastically scattered electrons.
obtain information regarding the nature of the intens
modulations, a spectrum subtraction procedure has been
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plied. The difference spectra are shown in Fig. 3 and
labeled 1–3 corresponding to the enhancements seen in
valence band at photon energies of 16, 19, and 22.5
respectively. They were obtained by subtracting the mea
two spectra, one from each photon energy side of the m
mum, from the spectrum displaying the largest enhancem
For clarity, the difference spectra are also denoted in te
of the subtraction procedure used, e.g.,b2(a1c)/2 for
spectrum 1. By this method of subtraction, the effect fro
changes in the atomic cross sections is minimized. The
ference spectra 1 and 2 show a similar peaked struc
around 2.5 eV binding energy with a full width at half max
mum ~FWHM! of about 1.2 eV. Spectrum 2 has the max
mum main peak intensity together with a small structure
6.3 eV Eb while spectrum 1 has a comparatively inten
region ranging from 3.3 to 7.5 eV, to some extent caused
the different influence from the inelastic tail among t
valence-band spectraa, b, andc.19 The main peak in differ-
ence spectrum 3 is much less intense and broa
~FWHM'2 eV, which is about the same as the valen
band! than in spectra 1 and 2, followed by a weaker struct
at about 6.7 eV.

There are two possible explanations for the intens
variations in the valence band which need to be conside

FIG. 1. Valence-band photoemission spectra of superconduc
Ba0.6K0.4BiO3 measured at different photon energies in the ran
14.5–23 eV. The spectra are normalized with respect to the ph
flux.
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56 3469RESONANT PHOTOEMISSION STUDY OF Ba12xKxBiO3 . . .
band-structure effects and photoemission resonances, th
ter being due to the interference between the direct ph
emission and an autoionization channel at a core-le

FIG. 2. Valence-band CIS plots of Ba0.6K0.4BiO3 at binding en-
ergies 2.6, 3.8, 5.2, and 6.3 eV, extracted from the spectra in Fi
An arbitrary offset is applied to each CIS curve while the absol
intensity scales with the top curve.

FIG. 3. Difference spectra 1, 2, and 3 corresponding to the
hancementsb, e, and h in Fig. 2, respectively. The calculatio
procedure is described in the text.
lat-
o-
el
threshold which lead to the same final state.20 The former
explanation, that the intensity variations would arise beca
of the probing of, e.g., high-symmetry points in the ba
structure, was investigated by measuring valence-band s
tra at different emission angles. These spectra, measure
19 eV PE in order to follow the behavior of the most pr
nounced enhancement at 2.6 eVEb , are shown in Fig. 4. As
seen in this figure, no clear changes in the spectral sh
occurred when the emission angle was changed sugge
that the intensity modulation around 19 eV PE is not due
band-structure effects.21 It should also be noted that the ca
culated band structure in theG-X direction, i.e., the direction
probed in the normal emission series in Fig. 1, exhibits rat
flat bands around 3 eV.2–7 Thus, the valence-band modula
tion at 19 eV PE is more likely to be understood as a p
toemission resonance. The same conclusion was reache
the modulations around 16 and 22.5 eV PE because of
negligible angular dependency of the valence-band spe
shape~not shown!.

In Fig. 5, a comparison is made between the vale
bands of the superconductor Ba0.6K0.4BiO3 and the semicon-
ductor Ba0.9K0.1BiO3 at photon energies corresponding to t
maximum enhancement at 19 eV and the local minimum
17.5 eV in the CIS plots. The spectra are normalized w
respect to equal intensity at the high binding energy s
which seems reasonable from the flux normalization of
superconductor spectra. The main valence band of the s
conducting sample is shifted about 0.25 eV towards hig
binding energy as compared to the superconductor. The
is consistent with the assumption that the introduction
potassium, apart from lattice distortions, mainly will cause
reduction of the band filling and, hence, a rigid band shif22

1.
e

n-

FIG. 4. Valence-band photoemission spectra of Ba0.6K0.4BiO3

measured at a photon energy of 19 eV for the different emiss
angles 0°, 20°, and 40°.
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3470 56H. NYLÉN et al.
As seen in Fig. 5, the intensity enhancement at 2.6 and
eV Eb ~with respect to the superconductor! and 19 eV PE is
more pronounced in Ba0.9K0.1BiO3 as compared to
Ba0.6K0.4BiO3. Since Ba0.9K0.1BiO3 contains more Ba than
Ba0.6K0.4BiO3, the compositional relationship of the tw
compounds indicates that the valence-band enhancemen
19 eV PE could be Ba related. However, another explana
should also be considered. The more pronounced 19 eV
resonance forx50.1 could be related to the presence
more localized states in the semiconductor and a corresp
ing higher probability for a photoemission resonance. F
ther arguments for the Ba assignment of the valence-b
enhancements will be given in the discussion below.

Resonant photoemission is a local probe because the
ture which resonates is related to the element being c
ionized in the absorption process which precedes the a
ionization. This property makes it possible to obtain info
mation about the partial DOS from valence-band photoem
sion resonances. For the present results, the pronou
inelastic background, especially at the lowest photon en
gies, makes it difficult to resolve the detailed behavior of
different features when the photon energy is changed. H
ever, if the difference spectra 1–3 in Fig. 3 are consider
information regarding the partial DOS of the resonating f
tures is obtained. The main similarity between the differen
spectra 1 and 2 is that both spectra show a sharp pea
;2.5 eV Eb , followed by an asymmetric tail towards th
high binding-energy side. In the case of difference spectr
3, the main peak is broader and much less intense than
others.

Since several shallow core levels~O 2s: Eb520 eV,
Ba 5p: Eb513 and 15 eV, K 3p: Eb516 eV! are located in
the binding energy range of relevance when considering
excitation energies used for the spectra in Figs. 1 and 2,
not straightforward to assign the partial DOS seen in
difference spectra to any of the constituents. However,
comparing the valence-band data at these low photon e
gies with spectra taken at thresholds of deeper core le
among the constituents, such an assignment may be pos
Because of the strong Ba 5p resonance seen at the 4d-4 f

FIG. 5. A comparison of Ba0.6K0.4BiO3 and Ba0.9K0.1BiO3

valence-band photoemission spectra measured at photon ene
17.5 and 19 eV, corresponding to the off and on resonance, res
tively. The spectra are normalized to equal intensity at the h
binding energy side.
.3
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absorption threshold8 it is interesting to see whether the va
lence band also resonates at this threshold. In Fig. 6,
plots and selected spectra of Ba 5p and the valence band a
the Ba 4d-4 f threshold are shown for Ba0.6K0.4BiO3. In the
CIS plots, the 12.9 eV spectrum is recorded directly on
Ba 5p3/2 peak, while the 2.7 and 0.3 eV plots are extract
from a set of valence-band spectra with a binding ene
window of 0.3 eV. The labelsa, b, and g in the CIS plot
mark the photon energies used for the photoemission spe
shown in the figure. The maximum enhancement of Ba 5p3/2
is seen at 103.3 eV PE and has been attributed to a reson
involving a Ba 1P1 intermediate state.8 The nature of the
weaker structure at;115 eV in the Ba 5p cross section has
previously been discussed and it has been suggested
both a 4d and 5p core hole are involved in a double excita
tion to a 4d95p5nln8l ~Refs. 23 and 24! intermediate state
configuration decaying into a 5p5 final state. In the case o
BaBiO3, Shenet al.8 have observed a decreased intensity
the valence band at the Ba 4d-4 f threshold which was in-
terpreted as an antiresonance. They extracted the Ba pa
DOS from the valence band by using the technique of s
tracting on antiresonance from off-antiresonance spec
This partial DOS derivation did not take into account a
photoemission cross section dependency of the dominatin

ies
ec-
h

FIG. 6. CIS plots of Ba0.6K0.4BiO3 around the Ba 4d absorption
threshold. The top spectrum is measured directly at the Ba 5p3/2

peak, while the other two are extracted atEb52.7 and 0.3 eV,
respectively, from a set of valence-band spectra normalized to
photon flux. Also shown are three valence-band spectra measur
the photon energies markeda, b, and g in the CIS plot together
with a calculated difference spectrum, as described in the text.
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states in the valence band. However, applying a cross se
compensated subtraction procedure at the Ba 4d-4 f absorp-
tion threshold, similar to the one used for the low phot
energy spectra~cf. Figs. 1–3!, indicates that changes in th
atomic cross sections cannot be neglected in this type
analysis. The difference spectrum is shown at the bottom
Fig. 6, denoted (a1g)/22b ~note the sign reversal due t
the antiresonance as compared to the resonance effe
Figs. 2 and 3!. Its shape is much narrower than the differen
spectrum obtained by Shenet al.8 In fact, it is rather similar
to difference spectrum 1 in Fig. 3 for the 16 eV resonan
The shape of the difference curve suggests that a Ba-re
antiresonance occurs in the valence band since it differs f
the general shape of the valence band. It is interesting to
that the difference spectrum at the Ba 4d threshold from
Shenet al.8 looks rather similar to the difference spectrum
in Fig. 3 as well as to the general shape of the valence-b
measured off-resonance.

To further support the notion of a weak antiresonance
the valence band at the Ba 4d-4 f threshold rather than a
atomic cross section effect, the shape of the extracted 2.7
CIS plot in Fig. 6 should be focused upon. Between 90 a
100 eV, this CIS curve shows a rather steep decreas
intensity followed by a smaller slope at higher energies.
a purely atomic cross-section-related phenomenon, a m
continuous decrease in intensity could be expected.25 Hence,
as the intensity modulation occurs at the main1P1 absorp-
tion peak corresponding to a Ba 4d96se4 f 1, e<2, interme-
diate state, we regard the difference spectrum in Fig. 6
carry information concerning antiresonating Ba 6se21 final
states.

Due to the similarities between the difference spectra
Fig. 3 and at the Ba 4d threshold in Fig. 6, we suggest th
enhancements seen at 16 and 19 eV PE to be Ba derived
the small enhancement at 22.5 eV PE the interpretatio
less clear, although it could also be Ba related~cf. discussion
below!. These difference spectra, representing the spe
weight of barium in the main valence band, agrees well w
the energy distribution of calculated Ba DOS from Matthe
and Hamann4 by means of width and binding energy pos
tion.

From the CIS plot atEb50.3 eV in Fig. 6, an intensity
modulation is seen as a suppressed region around 100
eV, similar to the antiresonance in the main valence ba
and an enhancement at 112–115 eV PE. The modulatio
tentatively interpreted as a photoemission resonance, ind
ing Ba states close to the Fermi level. This result is
consistent with reported Ba partial DOS calculations of cu
BaBiO3,

5 nor ordered Ba0.5K0.5BiO3,
4 but in agreement with

calculations made by Papaconstantopouloset al.6 where Ba
states are pronounced within 1 eV fromEF . On the other
hand, this calculation predicts a much more narrow Ba D
than observed and located around 4.3 eV binding ene
which is about 1.5 eV higher than calculations from Ma
theiss and Hamann4 and the experimental results. In concl
sion, none of the above calculations properly predicts the
partial DOS both with respect to the main energy distribut
and contribution near the Fermi level, as compared to
experiments.

Since the binding energy of Ba 5p is located in close
vicinity of the lowest photon energies used in the reg
on
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14–25 eV, the reasonable excitation energies for the poss
Ba 5p-5d transitions have to be considered. Inverse pho
emission measurements have shown a large density of em
Ba 5d states, located around 7 eV above the Fermi leve11

which suggests excitation energies around 20 eV for poss
Ba 5p-5d transitions. The actual lower photon energies~16
and 19 eV! for which the resonances are observed can
explained by a redistribution of empty states in the prese
of a core hole. In this case, an interaction between thep
hole and the 5d subshell lowers the energy of the 5d states26

which makes the Ba 5p-5d transitions possible for photon
energies less than 20 eV. Also, the calculated DOS fr
Mattheiss and Hamann4 predict Ba empty states from about
eV above the Fermi level which makes excitation energ
below 20 eV possible.

In order to address this question, atomic calculations
the Ba 5p-5d transitions were performed utilizing th
Cowan code27 with relativistic corrections. From the dipol
selection rules, three transitions from a 5p66s25d0 ground-
state configuration to a 5p56s25d1 intermediate state are
possible. The calculations show that the1P1 term at 23.0 eV
is dominant compared to the3D1 term at 18.4 eV and the
even weaker3P1 at 15.9 eV.28 However, these calculation
merely predict the excitation energies since hybridizat
makes the oscillation strengths unreliable.

In previously reported resonant photoemission results
atomic Ba, the expected 5p-5d giant dipole resonance~the
1P1 intermediate state! has not been observed.29,30 This has
been explained in terms of, e.g., Ba 5d26s configuration
mixing which results in a large number of 5p-5d dipole-
allowed transitions obscuring the giant resonance behav
According to these results, we do not expect the Ba1P1 term
to be dominant in the absorption. Hence, the two resonan
observed at 16 and 19 eV PE are, because of the good a
ment with the atomic calculations, assigned to the Ba3P1
and 3D1 intermediate states, respectively. In the case of
weak 22.5 eV PE resonance, it could possibly be assigne
any remnant of the Ba1P1 intermediate state.

It is also possible for the 22.5 eV resonance to be
related since the threshold energy is comparable to the Os
binding energy. From inverse photoemission measureme
no clear O 2s-2p resonant enhancements have been se11

for Ba12xKxBiO3 in contrast to measurements done on c
prate superconductors.31,32 This indicates absence of loca
ized O 2p holes in the Ba12xKxBiO3 system and that no
strong O photoemission resonance could be expected a
O 2s-2p absorption threshold is tuned. However, the a
sence of a resonant enhancement in inverse photoemis
does not exclude the possibility of having a weak enhan
ment in photoemission since the final states in the two
periments are different. This interpretation is consistent w
the fact that the enhancement observed at 22.5 eV PE is
weak. The possibility that the 22.5 eV resonance is oxyg
related is further supported by the fact that the correspond
difference spectrum~see Fig. 3! is broader than the differ-
ence spectra for 16 and 19 eV PE and resembles the val
band seen off-resonance, which is dominated by oxy
states.

IV. CONCLUSIONS

Resonant photoemission spectroscopy have been
formed on Ba12xKxBiO3 single crystals withx50.1 andx



e
t
th
i

e
t

se

e-
atu-
my

for

3472 56H. NYLÉN et al.
50.4 in the photon energy range 14–25 eV. Resonant
hancements are seen in the valence band in the vicinity of
photon energies 16, 19, and 22.5 eV. By comparison with
valence-band antiresonance in the PE range 90–125 eV,
at the Ba 4d threshold, the first two enhancements~16 and
19 eV PE! are suggested to originate from resonating B
states at the threshold of the Ba 5p-5d transition. This inter-
pretation is also supported by calculated atomic Ba 5p-5d
dipole transition energies. The 22.5 eV feature is consist
both with such a Ba interpretation and an O resonance at
h

h

.
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O 2s-2p threshold. The results also indicate Ba states clo
to the Fermi level.
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