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Determination of the local structure in Ba& K„Bio3by x-ray-absorption spectroscopy

S. Salem-Sugui, Jr. , E. E. Alp, S. M. Mini, and M. Ramanathan
Argonne National Laboratory, Argonne, Illinois 60439

J. C. Campuzano
Argonne National Laboratory, Argonne, Illinois 60439

and Uniuersity of Illinois at Chicago, Chicago, Illinois 60680

G. Jennings
Argonne National Laboratory, Argonne, Illinois 60439

M. Faiz
Argonne National Laboratory, Argonne, Illinois 60439

and Uniuersity of Illinois at Chicago, Chicago, Illinois 60680

F

S. Pei, B. Dabrowski, Y. Zheng, D. R. Richards, and D. G. Hinks
Argonne National Laboratory, Argonne, Illinois 60439

(Received 18 July 1990; revised manuscript received 1 October 1990)

The local structure around Bi atoms has been studied in Bal K Bi03 (0.0&x &0.4) via x-ray-
absorption spectroscopy. The structure is determined in terms of coordination numbers and intera-
tomic distances around the Bi atoms between 300 and 13 K from Bi L3 extended x-ray-absorption
fine-structure data. The charges on Bi and 0 have been measured as a function of K doping using
Bi L3, and 0 K-edge x-ray-absorption near-edge-structure spectroscopy. It was found that the or-
dered breathing-mode-type distortion in BaBi03 is replaced by a disordered distortion of the same

type when K is substituted into the Ba site, which persists down to 13 K for x =0.2 and disappears
for the x =0.4 composition. The overall Bi valence increases only slightly whereas O 2p orbitals are
doped with holes with increasing K content. As the insulator-metal boundary is crossed for
x =0.35 these holes become delocalized, and contribute to the metallic behavior of the
Bao 6Ko 4Bi03 compound.

INTRODUCTION

The Ba, K„Bi03 system has been extensively studied
since it was discovered that the x =0.4 composition be-
comes a superconductor at 30 K. ' Neutron and x-ray
diffraction experiments so far have given conclusive
evidence for an ordered-type of breathing-mode distor-
tion around the Bi atoms in the x =0.0 compound. This
distortion is completely suppressed for the x =0.4 com-
pound, which has cubic symmetry at room temperature
and below. The semiconducting behavior of BaBi03 has
been attributed to the breathing-mode lattice distortion,
and the associated charge density wave (CDW). ' In
terms of the Bi valence, this has been taken as evidence
for charge disproportionation where the average valence
of Bi + can locally be Bi + or Bi +. Structural manifes-
tation of this CDW is the presence of two distinct intera-
tomic bond distances between Bi and 0 atoms. However,
the structural studies so far has failed to observe a similar
behavior for the x =0.2 composition, with the exception
of electron diffraction experiments, where an incommens-
urate structural modulation was observed. '

In this paper we will present evidence obtained from
extended x-ray-absorption fine-structure (EXAFS) spec-

troscopic data that the local structure around Bi remains
intact as K is doped into the lattice of Ba& K BiO3 at
x =0.2. Two different Bi-0 distances with equal propor-
tion are maintained for x =0.2 between 300 and 13 K.
However, the ordered breathing-mode distortion is re-
placed by a disordered one, thus making it dificult to be
observed by diffraction techniques.

The x-ray-absorption near-edge-structure (XANES)
measurements of the Bi L3 edge, as well as the 0 K edge
indicate that potassium doping creates holes on the oxy-
gen 2p orbitals, rather than on bismuth atoms. On cross-
ing the insulator-metal transition, these localized 2p holes
become itinerant, and contribute to the metallic, and sub-
sequently, to the superconducting behavior of the
Bao 6Ko 4Bi03 compound.

EXPERIMENTAL

Samples of Ba, „K,Bi03 (O~x ~0.4) were prepared
by the melt method as described earlier. '" The x =0.4
sample is superconducting with a sharp transition at
T, =28 K. Temperature dependent EXAFS studies have
been carried out for BaBiO3, Bao 8Ko 2Bi03, and
Bao 6KO 4Bi03 compositions between 13 and 300 K using

43 5511



5512 S. SALEM-SUQUy, JR et gl

a Displex refrigerator with a terna
' '

h a temperature control of +2

out at the CHESS
e Bi I, an 3-edge measurements

facility at Cornell Universit an
ents were carried

ese measurements were done in
transmission mode, with Bi 0 s ectr'2 3 P

y as re erence. Oxygen K-ed e
d tth S he ync rotron Radiation Center, Stoughton,

grating monochromator with 1200
ines mm provided ener resolgy

The data analysis was done in sever al steps. First, the
e . 12'~package was used for back r

moval, and smooth li b
ac ground re-

ine subtraction to obtain
of h EXAFe S signal. Care w

e ow requency oscillations that ma r
even after background 1. wasun removal. This data was

h ( f p y ge . 3) program, em lo i

fi d 1 'th D W
e t eoretical hase sh'

~

g D y -&aller factors forwit Deb e-W

p 6 p 4 1 3 at 1 3 K and at room tern erature
m ers and the interatomic i
are we known. The same

were used to anal ze the d
arne phase shifts

yze e data for other compositions.

RESULTS

The advantage of EXAFS s e
neutron dIFraction lies in th f h

'
do

spectroscopy over x ra s
in e actt atitdo

y or

e coor ination number, interatomic distances

43

and lattice d namicsy ics of a particular system whe

chemically similar corn o d f k
em, wen a

In the present cas th
mpoun o known struct

se, e structure of Ba K
k ure exists.

0.6 0.4 3

e tss owninFi . 1areg p

transferred to the rest of th
erive rom this standard corn oundp n and

s o e series. The results rpresented

s e s, fitting the filtered spectrum in k s ac
na y ac transforming into r s

without any further truncation. For the first nearest

necesary for x = ] I 3 a two-shell fit was

y or x =0 and x =0.2 with Bi-0 distan
room temperature of 2 29—2 1

1 Thy. e contribution of each shell to the to
dial distributi. on funct

'
hunc ion is shown in Fi . 2. An

atomic proportion of h h ec
reasonable fit for b h

o eac s ell was nececessary for a
or ot compounds, while a

Bi-0 distance of 2.14
i e a single shell

was sufficient for the Ba K Bi
compound The complet 1

are tabulated in Tabl I. Th
p e e resu ts at various tern er

a e . The Deb
n ing t e mean-square atomic dis lace

around Bi atoms, calcul t d f
dent experiments a 1

cu a e rom the tern eratp ure depen-
s, are a so given in Table I, and the

in reasonable agreement with the revi
No, ' h f 8

' ''P""o P ~

a or aBi03 the Bi-0 distances w
increase b 0.03 A

ances were found to
y . at low temperature. This ma

observed b Pei
ase rans ormation atat low temperature

e y ei et al. The important as ect of
work is that in th B K B'0

i- istances are observed with th e equal population.

(a)

8 I
'I

-8 -'.

2.0

1.6

G$

1.2

0.8
65

04

k (A-1)

-8—
1.2—

1.0

0.8

0.6

0.4

k(A 1) I
I
I-4
I
I
I

I

1.0

0.8

0.6

0.4

0.0
0.5 1.0

I .0
2.0 3.0 4.0 5.0 6.0 0.5 1.0 2.0

r(A)

0.0
3 0 4 0 5 0 6 0 0.5 1.0 2.0 3.0 4.0 5.0 6.0

FIG. 1. k g(k) EXAFS (to ) an
K

gop and its Fourier transform

lines ( ———
)

r e rst Bi-0 near-neighbor shell. Th l'
a ao 6 o 4Bi03 at 13 K, (b) Bao gK BiO a

h
'

d fF ' f f
0 2 3 n o monoclinic BaBiO3'

0 4 i 3 Is twice that of orthorhom-



551343 DETERMINATION OF THE LOCAL STRUCTURE IN. . .

1.2

1.0

0.8—
CU

0,6—

cn 0.4 '

G5

0.2

(a)

Bap pe gBi03

1.2

0.8

0.6

0.2

i03

0.0 0.0

1.4—

1.2

1.0—

0.8
Gf

0.6

0.4
tV

0.2

Ba Bi03
r=2.12A

1.0—

0.8

0.4

0.2

0.0
0.5 1.0

I

3.0 4.0 5.0 6.02.0 3.0 4.0 5.0 6.0 0.5 1.0 2.0 3.0

r(A) r(A)

FIG. 2. Breakdown of Founer transfo gform ma nitude (a) for
the short (Bi-O)2 an ord (b) for the long (Bi-O), distances for

Bi at 13 K, (c) for the short (Bi-O)&, and (d) for t e
2 K. The solid lineslong (Bi-0)& distances for BaBi03 at 32 K. e

( ) correspon to e exd th perimental and the dashed lines
( ———) to the theoretical fit.

T ere ore, ih f this provides evidence for the existence of a lo-
hin -mode distortion. Such a distortion has ag-

b observed in Pb-doped BaBio 25 o 75 3.
tortion has not been observed by neutron diAractio pn' os-

of the distortion issibly because the coherence lengt o e
smaller than wou e eould be detected by diffraction technique.

ed BaBiO canThe uestion of charge balance in K-doped Ba i 3 can
e addressed from di6'erent points of view. Since Bi hasbe a resse

6 6 atomic configuration it can e sstabilized either ins p a
3+ or in 5+ valence free ion state. Howevever this is a

In solids, a more realistictoo simplistic point of view. n
6 for 3+ Bi, and 6s pe6 oconfiguration would be 6s p

for 5+ configuration. The coe%cients 5,5 e and o. wou
depend on the type of ligand, as well as the near-neighbor
distances.

used to measure theXANES spectroscopy can be used o me
K BiO.charge on Bi as a function of K doping in Ba~ 3.

We have measure e id th Bi L -edge XANES for Bi203,
an 0.4.r Ba K Bi03 for x =0.0, 0.1, 0.2, 0.3, an

The results are shown in Fig. 3(a). Two re erenc p
i 0 and KBi03 containing nominally 3+ and 5+

Bi, respectively, are also included in ig.
a

'
to 6s or 6d transition inabsorption corresponds to 2p3/2

Bi. When compared to Bi203, there isre is a shift of about 2
eV to higher energy in the general pos' '

osition of absorption
B K BiO series. With respect toedge for the entire a&

re small but systematicK doping, however, there are
h es. These changes are highlighted by subtractingchanges. ese
he Bi 0 spectrum from the others, an ynd the are shown

in Fig. 3(b). The peak appearmg at abou
respect to the -e a13419-eV absorption edge) can be attribut-
ed to a 2p3/p 0 st 6 transition which increases as

and coordination number around Bi atoms in Ba K Bi03 forTABLE I. Interatomic distances and coor &nation num
Bi L -ed e EXAFS data as a unction o ef ' f temperature. r —from=0.0 0.2, and 0.4 as obtained from i 3-e ge

b und Bi central atom.
~

&
~

data {Ref.6), N =coordination num er arounthis work; r„—from neutron data e .

BaBi03
T (K) r (A)

(Bi-0))

N=3
r„(A) 2g~ (A2) r„(A)

(Bi-O)~
N=3

r„(A)

0.017(1)
0.014
0.009
0.008
0.008

2.1172.11{1)
2.1 1

2. 1 1

2.12
2.15

2.29(1)
2.29
2.29
2.30
2.33

0.008(1)
0.007
0.006
0.005
0.004

2.283295
175
50
32
13

Bao.8KO. 2»03
295
100

13
Bao.6Ko.&Bi03

295
175
100
50
32
22

2.169 0.008(1)
0.007
0.006

2.09(1)
2.10
2.09

0.014(1)
0.013
0.009

2.25(1)
2.25
2.24

2.169

2.140' 0.013(1)
0.011
0.008
0.008
0.009
0.008
0.00913

n
' t the rest ofnerate hase s i s w ich'ft h' h were then used throughou'This distance was kept constant to gen p

the fits.



5514 S. SALEM-SUGUI, JR. et al. 43

1.20 14 I I I I

I
I I I I

I
s I I I

I
I I 5 I

I
I I 1 I

I
} I i I

1.00

0.80

0.60
cd

0.40

0.20

0.00 '

-20

0.15

0.10

-10 10

10

8

6

2

0

BaBi03

I I I I I & I I I I I I I I I I i I I I I I I I I i i I I

520 525 530 535 540 545 550
Energy {eVI

0.05
FIG. 4. The 0 E-edge XANES for BaBiO„Ba08K02Bi03,

and Bao 6K0 4Bi03. The peak at 526 eV is well isolated, and in-

dicates the existence of 0 2p —type holes in the undoped as well
as in the doped compounds.

-0.05

-0.10

-0.15
-20

I I I I I I I I I I I I I I I I I I i I

-10 0 10 20
Energy (Eo —13419 eV)

FIG. 3. The eftect of K addition to Ba& K Bi03 monitored
by Bi L3-edge XANES. (a) The main absorption edge position
remains fixed as K doping is increased. (b) To highlight the
eft'ect of K doping, the Bi&03 XANES spectrum is subtracted
from each other spectra. The changes are small but consistent.
See text for further comments.

positive charge on Bi increases. Another prominent
change is the peak appearing at 22 eV which seems to be
the signature of 5+ Bi compounds. The lack of shift in
the overall position of the absorption edge in the
Ba i K B103 sel ies in Fig. 4 implies that the chal ge
compensation for K doping must come from somewhere
else. Bi is indirectly affected via hybridization of 6s and
6p levels with that of 0 2p levels. This hybridization can
be monitored by measuring Bi L

&
-edge XANES. '

Therefore, we suggest that the charge disproportionation
should not be taken as a rigid Bi +-Bi + separation, but
rather a subtle balance between 0 and Bi atoms.

In the case of the Bi—0 bond, it is found that 0 is al-
ways deficient in 2p occupancy, i.e., there are holes in the
2p orbitals as evidenced by 0 K-edge XANES data given
in Fig. 4. The 0 K-edge spectra is normalized as follows:
first, a linear background is fitted to the preedge region
between 510 and 520 eV, and the resulting background is
subtracted. Then, as suggested by Kuiper et al. ,

' we
have integrated the area under the absorption spectra be-
tween 515 and 545 eV, and normalized spectra with
respect to the area. We observe that the first peak inten-
sity increases for K =0.2, and then decreases for K =0.4.
We would like to avoid any quantitative interpretation of

the data based on peak heights. The peak at 525 eV in
the 0 K-edge data can be taken as evidence of holes with
an 0 2p character. Electronic structure calculations pre-
dict that for pure BaBi03 that the energy required to put
a hole in the Bi 6s state of Bi + is 2 eV higher than to put
a hole in p level. ' Qualitatively, one can see that the in-
tensity of the peak at 525 eV increases as K is substituted
into Ba sites in BaBi03. As the K content increases this
first peak intensity decreases. Note that the insulator-
metal transition boundary is crossed at about x =0.35,
and the system becomes cubic, with one unique Bi-0 dis-

0
tance of 2.14 A, instead of two different distances of 2.25
and 2.09 A, as shown in Table I. There is no sudden
change in Bi valence associated with this phase transi-
tion, as we do not observe any change in the Bi L3 edge
absorption spectra shown in Fig. 3. Therefore, we inter-
pret this change in intensity of the first peak at 525 eV as
evidence for the holes on the 0 2p levels spread in energy
space, and become bandlike, in Bao 6KO 4Bi03.

CONCLUSIONS

The effect of K doping on the atomic and electronic
structures of Ba, K Bi03 for 0.0&x &0.4 has been
studied by x-ray absorption spectroscopy. The Bi
L 3-edge EXAFS results indicated that the ordered
breathing-mode-type distortion in x =0.0 composition is
replaced by a disordered distortion of the same type in
x =0.2 which is related to its nonmetallic behavior. The
charge compensation for K doping is accomplished by
creating holes in the oxygen 2p levels. These holes then
become bandlike as the structure becomes cubic, and the
breathing-mode distortion disappears when the K con-
tent is increased beyond x =0.35.
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