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We have performed x-ray-absorption spectrosc@S) and x-ray-photoemission spectroscof¥PS)
studies of single crystal Ba,K,BiO5; (BKBO) covering the whole composition range<@<0.60. Several
features in the oxygenslcore XAS spectra show systematic changes wittSpectral weight around the
absorption threshold increases with hole doping and shows a finite jump betwe@B0 and 0.40, which
signals the metal-insulator transition. We have compared the obtained results with band-structure calculations.
Comparison with the XAS results of BaPhBi,O; has revealed quite different doping dependences between
BKBO and BPBO. We have also observed systematic core-level shifts in the XPS spectra as well as in the
XAS threshold as functions of, which can be attributed to a chemical potential shift accompanying the hole
doping. The observed chemical potential shift is found to be slower than that predicted by the rigid band model
based on the band-structure calculatidi$0163-18209)01023-1]

[. INTRODUCTION superconductivity in BKBO as well as in BPBO has not been
settled yet: Both systems asp electron systems without
The hole-doped bismuthate BaK,BiO; (BKBO) has  magnetic ions, excluding the possibility of magnetic pairing
been fascinating researchers since its discdveiyr its di- ~ mechanisms.
verse physical properties such as superconductivity, metal- Understanding the electronic structure of BKBO is a nec-
insulator transition, and charge-density wa@DW) forma- ~ €ssary step to elucidate the mechanism of its superconduc-
tion. The crystal structure is a distorted<®<x.) or cubic  fivity. So far many studies have been performed on BKBO
(x.<x) three-dimensional perovskifayherex.~0.38. The including transport, optical _and tunneling experiments. Quite
parent compound BaBiQis an insulator in contrast to the a fgw photoemission StUd'?s have also been rep’&r‘té‘iﬂ
prediction of band theory that it is a metal with the half-filled while there have been r?'_"’l‘g"’e'y few x-ray-absorption spec-
nondegenerate B#0O2p antibonding band crossing the troscopy (XAS) studies. XAS gives us information

) b o about the unoccupied electronic states and, therefore, is suit-
Fermi Ievgl CE':)'. This discrepancy between band the_ory able for studying the effect of hole doping on the electronic

) - >, ) Qiructure, as has been successfully applied to LSCO.
portionation of Bi into Bf* and BP* sites or a CDW for- Salem-sugukt al” observed a prepeak in the Os XAS
mation accompanied by breathing and tilting distortions Ofspectra for BKBd withx=0.0, 0.2, and 0.4 and a continuous
the BiQ; octahedrd:®® By increasingx from 0, i.e., by hole change across the transitian-x, was observed. Qvarforet
doping into BaBiQ, BKBO undergoes a semiconductor-to- | 18 3|50 reported result fok=0.1 and 0.4 and obtained
superconductor transition at=x.. The transition tempera- similar results. A systematic study covering a wider concen-
ture (Tc) becomes highest 30 K atx=x.,2 which is the  tration range, however, has been lacking.

highest among the copper-free oxides. It remains supercon- |n this paper, we report on a detailed XAS study of
ducting up tox~0.6, above which there is a solubility limit Ba, ,K,BiO; using single crystals covering the entire avail-
of K atoms!® Those striking properties have often been com-aple K concentration range €x<0.60) for the first time.
pared with those of the typical cuprate systemGradual and systematicdependent changes were observed
La, «Sr,CuQ, (LSCO), which also shows a transition from for several features in the XAS spectra. We compare these
the insulating LaCuQ, into the superconducting phase with results with the band-structure calculations and with the
hole doping. Unlike BKBO, however, the crystal structure of XAS results of BPBO. A quantitative analysis has been
LSCO is of the layered perovskite type and the parent matemade on the spectral weight of the prepeak. Contrasting dop-
rial La,CuQ, is an antiferromagnetic insulator rather than aing behaviors have been revealed between BKBO and
CDW insulator. It is noted that BKBO bears a close relation-BPBO. We also performed XPS measurements on the core
ship with the BaPp_,Bi,O; (BPBO) system, which shows |evels of BKBO. The observed core-level shifts will be dis-
superconductivity between=0 and~0.35 with the maxi- cussed in terms of the chemical potential shift due to the hole
mum T¢ of ~12 K aroundx~0.25 The origin of the  doping.
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Il. EXPERIMENTS BaKBO] T 015 XAS
Bay_K,BiO; single crystals X=0.10, 0.20, 0.30, 0.40, M N7 000 (BaBIOY

0.50, and 0.6pwere grown by an electrochemical method
from a KOH solution with Ba(OH)- 8H,0 and B}O5. The
composition of each sample was determined by EPVA.
BaBiO; single crystal was prepared by the flux method.

XAS measurements were performed at beamline BL-2B
of Photon Factory, High Energy Accelerator Research Orga-
nization. Photon energies were calibrated using the @y,2
edge of Cu metal at 932.5 e¥Ref. 22 and the O % edge of
LaCoQ; at 529.3 e\?2 O 1s XAS spectra were taken by the
total electron-yield method with photoelectrons. The energy
resolution including the lifetime of the O slcore hole was
~0.7 eV at 530 eV. The samples were cooled down to
~50 K using a closed-cycle He refrigerator. The pressure in 0.00 / e
the spectrometer was4x 10 1° Torr.

XPS measurements were performed using the Mdike
(hv=1253.6 eV) and photoelectrons were collected using a
PHI DCMA. Calibration and estimation of the instrumental

Intensity (arb. units)

f

Difference
FRecen from x = 0.00 (x 3)

------ 0.10
resolution were done using gold evaporated on the sample - 3'%8
surface defining Au #,,=84.0 eV. The total resolution — 040
was~1 eV, including both the light source and the instru- -- 050

mental resolution. The base pressure in the spectrometer was
~6x1071 Torr. All the XPS measurements were per-
formed at room temperature in order to avoid charging effect
in the insulating phase. FIG. 1. Oxygen % x-ray-absorption spectiAS) of a series of

The samples were scrapadsitu with a diamond file for Ba,_,K,BiO; (0<x=<0.60). The spectrum of BaBiJs superim-
both measurements. For the XAS measurements, which apwsed on each spectrum as a solid curve. They are normalized to
less surface sensitive than XPS, samples were scraped urttieir peak height aroundv=533-535 eV. The positions af—e
the spectra showed no further change. The obtained XAS8re plotted in Fig. 2. In the bottom panel are shown the difference
spectra seem consistent with the previous reportscfe  spectra from the XAS spectrum of BaBjO

_ 19
(Ref. 24 andx=0.40:" For the XPS measurements, SCraP-phles and the rapid growth from=0.30 to 0.40 would be

ing was performed until the O slcore-level spectra became ,yibted to a transfer of spectral weight to the region near
a single peak. We confirmed that the measured peak intensifde chemical potential, signaling the metal-insulator transi-
of the Ba 31 XPS core level was proportional %g while  tjon, This behavior is essentially different from that in

those of the O $ and Bi 4f core levels were almost inde- | SCO2 where new spectral weight appears well below the
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pendent ofx. first peak of the insulator L&UQ,. A quantitative discus-
sion about the spectral weight of the prepeak will be made in
IIl. RESULTS AND DISCUSSION Sec. I C.
A. Overall electronic structure of the unoccupied states Ba, K,BiOq4

Figure 1 shows the XAS spectra of BgK,BiO5 for e o-Be
various x’s. We superimpose the spectrum of BaBiQx S41L e---e7"

=0.00) on each spectrunx£0.10) as a solid curve. Nor-

malization of all the spectra was performed by peak height at
the photon energhv=>533-535 eV. In the bottom, differ- 535
ence spectra from the BaBiGpectrum are shown. Notable
structures found in the spectra are labelecas$ in Fig. 1,

and the positions of structures-e are plotted in Fig. 2.

The O 1s XAS spectra represent the unoccupied partial
density of statesPDOS of p character at the oxygen site.
Structurea near the absorption eddevr~528.0-528.5 eV 535 Ao /_
grows almost monotonously asincreases, which is also “p 1
substantiated in the bottom panel of Fig. 1.»0.00, the JZ
shape of the prepeakis rounded, while it becomes a sharper o {
peak atx=0.10. For the spectra 0.&#x<0.30, where e S
BKBO is insulating, the peak grows slowly asncreases. At o 0'2 : 0'4 06
x=0.40>x., where BKBO enters the metallic region, the ’ Kc.oncentrat-ionx ’
prepeak suddenly becomes intense and keeps its height until
x=0.60. The increase of the prepeak is due to the doped FIG. 2. Positions of structures—e indicated in Fig. 1.
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Next, we investigate the behaviors of structutesf. Ba, K, BiO,] ® experiment (x = 000 and 0.10)
Structureb, which appears as a shoulderlike structurexor o oo & e P0s

=0.00 athv~532 eV, becomes obscure in going from
=0.00 to 0.30 and disappearsyat0.40. Hencep may be
attributed to Ba character, which point will be discussed be-
low. The behavior of structure at hv~533-534 eV and
structured at hv~535 eV is also systematically dependent
onx. At x=0.00, features with a slightly smaller featurd is
observed. This two-component peak centered arolnd
~534 eV is monotonously shifted to higher photon energies
with x, until the center of the peak reaches~535 eV. At

the same timed becomes stronger thamat x~0.30 and,
finally, structuresc andd merge atx=0.40 into a peak as L L
labeled “c+d” in Figs. 1 and 2. This observation can be 530 535
explained as follows: Structureasand d are mainly of Ba Photon Energy (eV)
character ak=0.00, while the substituted states of K char- FIG. 3. Comparison of the XAS spectra of BaBicand

iti = . . . .
acter appear at the position dffor x=0.10 and, therefore, Bao &Ko BiO, (dotg with the theoretical spectrurfsolid curves

tf:e gtraduz(ijl Ch«;:lngtﬁ resutl)tst.ftrc;m thef ClgafngeBOf tge eI(§||(:ttr)0n| erived from the unoccupied ® PDOS(Ref. 5. The labelsa—d
structure aue to the substitution o or ba. As wi e ?re the same as in Fig. 1.

discussed in Sec. Il B, this is also supported by the result o
the XAS spectra of BPB& where the corresponding
structure does not move to higher photon energies so mu
as that in BKBO.

Besidesa—d, the behaviors of the structures in the higher
photon energy region are worth mentioning although they  B. Comparison with the XAS spectra of BaPh_,Bi,O3
behave less drastically than those near the absorption edge. Next we compare our results with the previous report on
On one hand, structure aroundhy~541 eV simply be- the XAS spectra of the BPBO systéfhin the upper panel of
comes weak withx, indicating that this structure is of Ba Fig. 4, the XAS spectra of a series of BaPpBi,O; (0.0
character. On the other hand, the broader strudtameund  <x<1.0) are shown by dots, with the BaBjXAS spec-
hv~547 eV does not change in the entireange, indicatl-  trym superimposed for comparis6hAll the spectra have

ing this to be of Bi or purely of O character. . been normalized to their peak height aroume~534 eV.
It is interesting to compare these observations with the

previous report on the unoccupied states of BKBO studied - -
by inverse photoemission spectroscopy. Wagened 1° as- [Ban1—XB|x03| — x=1.00 (BaBios)I
signed structures at about 4, 7, 9, and 14 eV alivécor- O 1sXAS
responding structures—e) to Bi 6p, Ba 5d, K 3d, and
Ba 4f states, respectively. As for structuresd, ande, their
assignment agrees with ours.dfis assigned to the Bi 6
band as they identified, our observation thalisappears at
x=0.40 may indicate a change of the electronic structure
caused by the change of the crystal structure.

In Fig. 3, we show comparison between the XAS spectra
of BaBiO; and Ba o K 1BiO3 and the theoretical spectrum
of BaBiO; derived from the unoccupied oxyggnPDOS®
The oxygen PDOS has been broadened with a Gaussian and
a Lorentzian which represent the instrumental resolution
~0.5 eV and the lifetime broadening of Os Icore hole
~0.3 eV, respectively* The energy scale of the theoretical
spectrum has been shifted so as to compare well with the
experimental spectra. Structures in the theoretical spectrum
are labeled asv—y. Although the line shapes of the XAS
spectra tend to be distorted by the core-hole potential, the
theoretical spectrum reproduces experiment to some extent:
Structurese, B, andy seem to correspond @ b, andc (or
d), respectively. In addition, it is interesting to note that, as
for the prepeaka, the theoretical spectrum resembles the
experimental spectrum of Bg K, 1BiO3 rather than that of FIG. 4. O 1s XAS spectra of a series of BaphBi,O; (0.0
BaBiO;. Because both samples are insulating, this cannot bex<1.0). The spectrum of BaBiQis superimposed on each spec-
explained only by the effect of the core-hole potential. Thistrum. They are normalized to their peak height arouind
may be related to the difference of the crystal structure be=534 eV. The positions ai—e are plotted in Fig. 5. In the bottom
tweenx=0.00 andx=0.10 since the strong breathing-type panel are shown the difference spectra from that of BgBiO

Intensity (arb. units)

C(ij1istorti0n and the tilting of the Bigoctahedra exist fox
=0.1 with a large electron-phonon coupling constaht.

Intensity (arb. units)
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FIG. 5. Positions of structuresandc—e indicated in Fig. 4.

(b) T T T T T
We have labeled structures ase. In the bottom, the differ- 15 ¢ aealitd L .
ence spectra from the BaBiGpectrum are shown. The po- = 10k i I ]
sitions of structuresi—e are plotted in Fig. 5. =3 { t t Fixed
Although structureb is only weekly visible, structures, 0.5- ]
d, ande correspond well to those of BKBO in Fig. 1. Unlike gl grogor g,
00 01 02 03 04 05 06

BKBO, c andd do not greatly change their positions and line

Intensity (arb. units)

= Residual (prepeak)

530
Photon Energy (eV)

shapes withx. e also does not change its position withThis K Concentration x

supports the above assignment for BKBO tbad, ande are FIG. 6. (a) Prepeak of the XAS spectra extracted on the assump-
mainly of Ba character. On the other hand, the position andon that the peak atv=534—-535 eV is a Gaussiath) AreaN(x)
line shape of the prepeak labeledchanges dramatically of the prepeak relative to that of the main pedkx) has been
with x, while their intensity relative to the main peakat normalized assuming that(x=0.40)=1.40. The dashed line rep-
=533-535 eV is conserved. This observation is clearly conresents the “ideal hole doping” as explained in the text.
trasted with the case of BKBO, where the intensity of the
prepeak increases with The difference spectra in the bot- N(X) so thatN(x=0.40)=1.40 becaus#l(x) would be pro-
tom panel also clarify this point. As for BPBO, the intensity Portional to the number of empty states in the Bi-8 2p
of the prepeala a little increases in going from=1.00 to ~ antibonding band if the strength of the Bis6O 2p hybrid-
0.80, and then decreases almost monotonously ate-  ization does not change with o
creases. Unlike BKBO, there is another structure in the dif- In accordance with the observation in Fig. 1 that the pre-
ference spectra dtv~530 eV, which does not behave sys- Peéak grows systematically witk, the extracted\(x) is a
tematically, while the broad dip at 532—-533 eV increases Monotonously increasing function gfin the wholex range.
with decreasing. Such complicated behaviors significantly The dashed line in Fig.(B) represents the “ideal hole dop-
differ from those of BKBO, reflecting the different doping iNg” N(x)=1+x. One can see a deviation from this
processes between BPBO and BKBO. In the former system;deal” behavior below x=0.30 with a jump betweenx
the Bi 6s—O 2p antibonding band is replaced by the =0.30 and 0.40, i.e., below and aboxe x.. The present
Pb 6s—O 2p antibonding band nedr . In the latter sys- result suggests that below=x., doped holes may not be
tem, the doped holes are rather simply accommodated in trRccommodated in the Bi 5-O 2p antibonding band in the
Bi 6s—O 2p antibonding band. The different doping pro- Same way as in the metallic phase, resulting in the reduced
cesses are also reflected on the opposite shifts of peak N(X) and the insulating behavior. In other words, spectral
BKBO and BPBO (Figs. 2 and & Other structures are Weight due to the empty Bi $-O 2p states, which should
shifted more slowly in BPBO than in BKBO. be proportional to * X, is not concentrated ne&-, but is
also distributed away frork., presumably overlaid by the
Gaussian.
Next, we focus on the shift of the threshold of the XAS
In this section, we discuss how doped holes are accomspectra. Figure (&) shows the XAS spectra of BKBO near
modated in the Bi 6—O 2p antibonding band in BKBO the absorption threshold. We define the threshold by the mid-
based on the doping dependence of the intensity of the prgpoint of the leading edge as marked by the vertical bars in
peak. In order to characterize how the prepeak grows with Khe figure. The result of the threshold shift is shown in the
substitution, the peak arounkly=534-535 eV has been bottom panel of Fig. 8. The positions of the prepaacound
subtracted by assuming it to be a Gaussian, as shown in Figy~529 eV are also indicated by vertical bars in Fi¢g)7
6(a). Here, the shaded area represents the extracted prepe@k.going fromx=0.00 to 0.20, the prepeak position rapidly
In Fig. 6(b), the areaN(x) of the prepeak relative to that of moves toward lower photon energies as shown in Fig. 2. On
the Gaussian is plotted as a function>ofWe have scaled the other hand, the threshold is shifted more slowly than that

C. Electronic structure near the Fermi level
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@ i | ® T A~ of the prepeak in going from=0.00 to_x=0.20, mganilng
O1sXAS |&" J. = Bi4fXPS,” _° that the prepeak becomes broader with decreasinthis
o x= AL T T S may have an origin common with the depression of the spec-
£ L9; -"'_, AN = s _ tral weightN(x) in the insulating phase and may be attrib-
g ,Qé.ovf",.'..-"“'-'-‘-‘\\\_ g \/—»"‘;‘-.. 3 uted to the structural distortion and the CDW gap formation
8 | 040 Y oToalne, | & /’",-"x'- : in the insulating phase. It has been reported in the optical
% | 0.30 ey N T % e study that the CDW gap of2 eV opens ak=0.00, while
5 ’;_2‘; TN - & it almost collapses already &t=0.242% On the other hand,
= A £ A in the metallic region ax=0.40, the shift of the XAS thresh-
R g - old seems almost saturated. This saturation may arise from
L e — | 000 the difficulty in the definition of the threshold in the metallic
527 528 529 530 531 160 158 156 154 region because of the pile-up of spectral weight nEag
Photon Energy (eV) Binding Energy (eV) since the O % XPS peak shift behaves systematically for
© = @ N ' <0.50 as reported below.
O1sXPS .+ om, '} X= Ba 3dXP’S,-'.,-,. L X= The depression dfi(x) in the insulating phase implies a
B e ‘-."-«9.-39,, B o™ ,.f’_,,_. 4 080, possible failure of the simple rigid-band model. In this re-
E e [ 080 | S ____ﬂ,/:_ 050 gion, doped holes would be localized due to strong electron-
g RS g o8 phonon coupling, which decreases the spectral weight near
T ~ 040 | Bl S R 040 L . X 27
| e e 030" < _;-:-".' 000 Er. This is consistent with the report by Puchkeval.
o Ry S I - el 22 that spectral weight observed in the midinfrared absorption
c A A c LI %, B R .
R Al g ...._,/’._.-'.,..,.'-."“N&?,Q. of the insulating BKBO is suppressed and that the lost spec-
I 010 | = A5 0,10 tral weight is transferred to a higher energy region. In con-
o 0.00 o . 0.00 trast, abovex=x., spectral weight of the holes introduced
- I L | P I I A ituti istri -
53 550 558 526 785 T80 78 776 by the substitution of K for Ba are distributed néar, lead

Binding Energy (eV) Binding Energy (eV) ing to the regular behavior dfi(x).
FIG. 7. (8 O 1s XAS spectra of BKBO near the absorption
threshold. The threshold defined as the midpoint of the peak are
marked with vertical bars. The position of the prepeais also In Figs. 4b), 7(c), and 7d), we also show the results of
shown. (b), (c), and(d) are the XPS spectra of the Bif40 1s, the Bi 4f,,, O 1s and Ba 3 core-level XPS spectra, re-
and Ba 3! core levels. The midpoint of the peak is marked with spectively. According to the high resolution XPS stdiyhe
the vertical bars. In each panel, the spectra have been normalized line shapes of the core levels of the metallic BKBO are not
the peak height. single peaks but of multicomponents with an energy-loss
structure on the high binding energizd) side. In fact, the
core-level spectra in the metallic phagparticularly, x
=0.50 and 0.6pshow somewhat broader peak widths than

D. Core-level XPS spectra and chemical potential shift

T ! T ) T X T _]

_o__ E;i;a?hzg:;m: Al : those in the insulating phase. In order not to be disturbed by
= [ A, % 0.4 ] such energy-loss structures, we use the midpoint of the lower
L ook binding energy edge of each peak. The peak positions thus
E -8-;: obtained are shown by vertical bars in Figgh)7 7(c), and
Cg el 7(d). The results of the Bi #,,, O 1s, and Ba 3 core-

g 8.(1) level binding energies relative to=0.00 are compiled in
5 ‘o2 Fig. 8. In going fromx=0.00 to 0.5¢® each core level
< - gradually moves to loweEg by ~0.3-0.5 eV. The direction
5 8-? and amount of the core-level shifts are common to all the
T o2 core levels in agreement with the previous restiBetween
=l x=0.00 and 0.40, the shift of the GsXore-level XPS spec-
g _8:? L ] trum and the shift of the threshold of the @ XAS spectrum

g -02f 0 1sXPS ; agree with each other quite well, indicating that the XAS
o 0.0'_ ] threshold corresponds to a transition from the © cbre

T 04r 1 level to states aEf .

@ -02f M: Here, it is important to note that the core levels of both

L Insulator Metal i gni_on(_O) and cationgBa, Bi) move in the same direction, _

o ! . ! . L] indicating that the observed shift is a measure of the chemi-

0.0 0.2 0.4 0.6 cal potential shift caused by the hole doping. We have ob-
K concentration x tained the average of the shifts of the @ XAS threshold
FIG. 8. Shifts of the O & XAS threshold and the Os Ba 3d, ~ and the XPS core levels of Bad3 O 1s, and Bi 4f as
and Bi 4f;, XPS core levels. In the top, the average shift of the Plotted by open circles in Fig. 8 and regard it as the experi-
XAS threshold and the XPS core levels and the theoretical chemicanentally deduced chemical potential shift.(x). Except for
potential shift calculated by band thediigef. 5 assuming the rigid  X=0.60, A (X) decreases monotonously. In Fig. 8, we have
band model are shown. also plotted the chemical potential shifu,(x) predicted by
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the band-structure calculations based on the rigid band@hat is, the intensity of the prepeak increases monotonously
modeP by a dashed curve. The qualitative behavior ofwith a finite jump betweem=0.30 and 0.40, and the absorp-
Aun(x) implies that the doping dependence of the BKBOtion threshold moves toward lower energies, at least in the
system obeys the rigid band model, as pointed out before binsulating phase. Good overall agreement with the band-
Namatameet al* Quantitatively, however, the amount of structure calculations has been obtained. Comparison with
Au(x) is reduced compared thu,(X), indicating that the the XAS result of the BPBO system has revealed very dif-
rigid band model based on the band-structure calculationferent doping-dependent changes in the electronic structure
does not succeed in the quantitative explanatior pf(x). between BKBO and BPBO. In the latter system, Pb substi-
In fact, we found that 04 Au,(x) well reproduces the tution replaces the prepeak in BaBiOf Bi 6s—O 2p anti-
Au(x) as shown by a dotted line in the figure. Zakharstv bonding character by another peak of Pb dharacter at a
al.’® observed a 0.35 eV shift of the Opzband betweerx  higher energy. The XPS measurements reveal that the chemi-
=0.1 and 0.4 by photoemission spectroscopy, correspondingal potential shiftA x.(x) derived from the core-level shifts

to the factor of~0.6. Namatamest al* also reported that moves in the direction predicted by the rigid-band model.
the measured chemical potential shift is reduced almost tdhe amount of the shift, however, is almost half of that pre-

half of the theoretical prediction. dicted by the band-structure calculations.
Finally, it should be noted that the behavior df.(x) is
gradual without any abruptness acrossx., which is in ACKNOWLEDGMENTS
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