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X-ray-absorption study of charge-density ordering in (Ba, „K„)Bio3
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Temperature-dependent x-ray-absorption measurements have been made on the Bi L, edge in

(Ba& K )Bi03 with x =0 and 0.4. In the near-edge spectra there is clear evidence for Bi(6s) holes
that depend on doping, but there does not seem to be a significant amount of Bi disproportionation
into the 5+ and 3+ valencies in the undoped material. The extended x-ray-absorption fine-

structure (EXAFS) measurements confirm previous di6'raction studies of the structure and were also
used to determine the EXAFS Debye-%'aller factor for a number of Bi bonds. For x =0 the
Debye-Wailer factor di6'ers strongly for the two types of Bi—0 bonds, while for x =0.4 there is
significant increase in the temperature-independent contribution. All of the temperature data could
be fit well with an Einstein model, except for the Bi—0 bond in a superconducting sample that
showed a significant deviation from the expected behavior. These results, along with other con-
siderations, are best explained by associating the charge-density ordering in the undoped material
with holes on the 0 lattice and a tendency in the cubic superconducting sample towards the same

type of charge-density-driven distortions.

I. INTRODUCTION

Interest in the BiBa03 system began with the discovery
by Sleight et al. ' that superconducting transition temper-
atures as high as 13 K can be obtained by replacing some
of the Bi with Pb. The recent discovery of high-T, super-
conductivity in Cu-0 based systems has renewed in-
terest in other oxide superconductors. In the Cu-0 sys-
tems it is now widely thought that the superconducting
charge carriers in most materials are holes in the Cu02
planes, which are a structural component of all of the
compounds discovered to date. ' The exact pairing
mechanism for these holes is, however, still unknown.
Whether a single pairing mechanism applies to both the
Cu-0 and Bi-0 materials is a most important question in
understanding the general phenomenon of high-T, super-
conductivity.

Support for a single mechanism comes from the recent
discovery that substitution of K for Ba in the parent
SaBi03 compound results in transition temperatures as
high as 30 K. However, there are some dift'erences be-
tween the Bi- and Cu-based compounds. The Cu-0 com-
pounds are all anisotropic, with conduction occurring
predominantly in CuO2 planes, while the K-doped Bi
compounds are a simple-cubic perovskite. Also, the con-
duction states in the Bi compounds involve Bi(6s) and
O(2p) states, while in the Cu compounds it is the Cu(d)
states which are interacting with the O(p) states. A num-
ber of authors * ' have emphasized the importance of
magnetic interactions between the Cu(d) electrons and
O(2p) holes in explaining the high T, of the Cu materials,

but it appears a di6'erent mechanism must be operating in
the nonmagnetic Bi system. " One suggestion is that
charge-density waves (CDW) play an important
role. ' ' ' In the undoped material there is a strong
breathing-mode lattice distortion, which has been taken
as due to a disproportionation of the nominally Bi + into
Bi + and Bi +. ' These are the preferred valencies for Bi
and such disproportionation could account for the semi-
conducting behavior of the undoped material. However,
it has been pointed out that the CDW may actually reside
on the oxygen sites. ' For the doped material, more of
the Bi should be driven toward Bi +, or alternatively,
more holes are added to the O(p) band. This seems to
break down the charge-density wave ordering on the Bi-
0 framework, freeing up the charge carriers and causing
the material to be a conductor.

In this paper these questions are addressed by x-ray-
absorption near-edge measurements on the Bi I 3 edge,
and temperature-dependent measurements of the Bi ex-
tended x-ray-absorption fine-structure (EXAFS). The
near-edge spectra depend sensitively on the chemical
state of the atoms, and are used to determine the valency
of the Bi atoms. We find similar behavior for the doped
and undoped material with the amount of Bi(6s) holes,
depending on formal valence. The extended fine struc-
ture is sensitive to structural parameters. A useful pa-
rametrization is the single scattering model

N. A. (k)
g(k)= g 2

e 'sin[2kR +@ (k)],
j
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where k is the photoelectron wave vector, A (k) and
C&(k) are overall amplitude and phase factors, respective-
ly, N- is number of atoms in shell j located at a mean dis-
tance R. from the absorbing atom, and cr. is the mean-
square variation of the bond length R . Since the
structural parameters for these materials are well estab-
lished, this paper will concentrate on the vibrational pa-
rameter o. - which can be determined from the
temperature-dependent measurements. The combination
of the EXAFS results and the near-edge data strongly
support the view that the charge-density-wave distortion
resides predominantly on the 0 sites.

II. EXPERIMENT
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The (Ba& „K )Bi03 samples were prepared from
stoichiometric amounts of potassium, barium, and
bismuth nitrates which were mixed together and calcined
in air at 480'C. The mixture was then thoroughly
ground, heated for 3 h in helium gas at 780'C, heated for
3 h at 480'C in one atmosphere of oxygen, and slowly
cooled to room temperature over a 3 h period. X-ray
diffraction confirmed that the x=0.4 material was single
phase and had a cubic structure. The superconducting
transition temperature from magnetic susceptibility mea-
surements was 29 K.

As standard materials, the compounds Bi203,
Ba(Bi, Tl )03 with x=0.4 and 0.5, and NaBi03 were
measured. These have formal Bi valences of 3+, 4.67+,
5+, and 5+, respectively. The samples were prepared
by rubbing fine powders onto scotch or kapton tape and
stacking several layers to obtain the desired thickness.
The measurements were made in transmission at beam-
line X-11A at the National Synchrotron Light Source
(NSLS) using an Si(111) double-crystal monochrometer.
The entrance slits were 0.2 mm, giving an energy resolu-
tion of about 2.7 eV. Energy calibration was checked by
a simultaneous measurement of a Bi203 reference. In ad-
dition, the spectrum for a pure Bi metal sample was ob-
tained by electron yield detection on a freshly abraded Bi
surface. The temperature-dependent measurements were
carried out using a Displex refrigerator with the sample
temperature determined using an Fe-doped Au/Chromel
thermocouple mounted directly on the Cu sample holder.

III. NEAR-EDGE RESULTS

The edge spectra for the (Ba& „K„)Bi03materials are
compared to Bi203 in Fig. 1(a). There is an observable
shift to higher energy, as well as changes in the fine struc-
ture of the edge as compared to the 3+ standard. Of
particular interest is the small bump near the threshold.
From the band-structure calculations, the low-lying
states should consist of Bi(6s) and O(2p) states. For the
L3 edge, dipole selection rules allow direct transitions to
unfilled Bi s and d states. Thus, we believe that the low-
lying feature is indicative of the amount of empty Bi(6s)
states. For Bi + these states should be completely filled,
and the existence of these features indicates the average
Bi valence is greater than 3+. Also, the valence is in-
creasing with increasing K as expected.
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Support for this interpretation is shown in Fig. 1(b) in
which the spectra for the standard materials are plotted.
It is seen that the low-energy bump is largely absent in
BizO&(Bi +

), and strengthens with increasing formal
valence. This is seen more easily in Fig. 2 which shows
the derivative spectra for the low-energy region. It is
clearly seen that the peak height depends on formal
valence in a fairly monotonic fashion, and its magnitude
for the superconductor is in good agreement with the
standards.
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FIG. 2. Derivative of the spectra in Fig. 1 for the higher-
valence compounds.

FIG. 1. Normalized x-ray absorption for (a) Ba(& )K„Bi03
with x =0 and 0.4 compared to Bi&03, and (b) the standard com-
pounds.
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able, and, in fact, are quite similar to the values found for
the Cu-0 superconductors. Thus, with the possible ex-
ception of the Bi-0 shell in the superconducting material,
there is little indication of unusual behavior in the bond-
ing of these compounds.

1.50

1.25

V. DISCUSSION AND CONCLUSIONS

From the ionic radii of the Bi and 0 atoms, the expect-
ed bond lengths for Bi(3+)—0 and Bi(5+)—0 are ap-
proximately 2.3 and 2.1 A, respectively. The covalent ra-
dii give an intermediate length of 2.2 A. Thus, the inter-
pretation of disproportionation into 3+ and 5+ Bi for
the undoped material is reasonable on the basis of bond
lengths. However, for the superconducting material the
EXAFS and diffraction data give only single Bi—0 bond
length that is intermediate between the 5+ and covalent
values. This change in bonding is not accompanied by a
significant edge shift. If disproportionation were occur-
ring we would expect the main part of the edge to be at
an intermediate position, and to change much more with
doping than is observed. Thus, as holes are added with K
doping, they are not going to the Bi sites, but rather to
the 0 atoms.

There is some involvement of the Bi(6s) states as seen
in the near-edge spectra. This represents the partially co-
valent nature of the Bi-0 bonding. However, band-
structure calculations for BaBi03 (Ref. 21) indicate that
it is energetically favorable to add holes to the oxygen 2p
states rather than the Bi(6s) states. Thus, we might ex-
pect most of the conduction-band holes to be associated
with the 0 sites. As Emery' has pointed out, the energy
cost of having two O(2p) holes per cell is probably fairly
small since the wave function is spread out over six sites.
In this picture it is more correct to associate the charge-
density ordering in BaBi03 with the 0 lattice. This or-
dering opens up a gap in the conduction band leading to
semiconducting behavior. Addition of holes through K
doping immediately begins to change this ordering: first
to an orthorhombic phase at x=0.04 (Ref. 22) where
each Bi has both long (2.22 A) and short (2.11 A) bonds,
and then at higher concentrations to the cubic phase.
Such behavior seems to be easier to understand in terms
of different types of ordering of the holes on the 0 lattice,
rather than mixed valency of the Bi atoms.

The EXAFS study found a significantly different value
of o. for the alternating Bi—0 bonds in the undoped ma-
terial. This is expected since the ordering of O(2p) holes
should modify the bonding. For the superconducting
material, both the temperature dependence of o. and ex-
cess disorder argues against normal vibrational behavior.
To further illustrate this, the total o. is plotted in Fig. 8,
assuming that the Bi—0 bonds in the undoped material
can be used as a standard (a reasonable assumption since
they are well fit by the Einstein model). Two calculated
curves are shown: the Einstein model which best fits the
temperature dependence, and the model which gives the
correct zero point o. . As can be seen, since the zero-
point vibrational properties are related to bond strength,
a simple harmonic model cannot be used to fit the total
o. . Also, the absence of unusual behavior in the other
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FIG. 8. The total Bi-0 o. for the x=0.4 sample compared
with two different Einstein models. The bottom curve
(OE =528) gives the best match to the temperature dependence,
while the top curve (OE =292 K) gives the best match to zero-
temperature value.

bonds argues against an explanation of the temperature-
independent part of 0. using structural disorder due to K
doping. Diffraction studies'4' have found an aniso-
tropic motion of the 0 atoms with a much larger motion
perpendicular to the Bi—0 direction. Such motion
would not contribute strongly to the EXAFS o. , which is
only sensitive to changes in the Bi—0 bond length. This
result was used to argue against a breathing-mode excita-
tion as a dominant contribution to the electron-phonon
coupling. However, in the undoped material the lattice
distortion from cubic symmetry has both a breathing-
mode component and a rotation of the Bi-0 octahedra.
It may be that a tendency towards this rotational distor-
tion remains in the cubic x=0.4 material. Either dynarn-
ic disorder or randomly distributed structural disorder
would be consistent with the diffraction results.

Since the EXAFS measurements are not directly sensi-
tive to these rotational modes, the effects in our measure-
ments are weaker. The temperature-independent disor-
der observed in our measurements indicate that a sub-
stantial part of the rotational disorder may be built into
the structure in a random fashion. This tendency to-
wards the same type of lattice distortions found in the un-
doped material would be expected to modify the ternpera-
ture dependence of the Bi-0 cr, since there is likely to be
coupling between these rotational modes and the
breathing-mode distortions for which the EXAFS mea-
surernents are most sensitive. This could explain the ob-
served deviations from harmonic behavior. Such distor-
tions would not, however, strongly affect the behavior of
the other nonoxygen containing bonds.

To summarize, the near-edge data along with other
considerations indicate that a model invoking dispropor-
tionation into Bi(5+) and Bi(3+) for BaBi03 is
oversimplified. While we observe an increase in Bi(6s)
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holes with doping, the results are best explained by plac-
ing the majority of the holes predominantly on the 0
sites. For x=0, the EXAFS data confirm the previous
dN'raction results, and show a strong difFerence in the vi-
brational behavior of the two Bi—0 bonds. For the su-
perconducting sample, there are anomalies in the vibra-
tional behavior of the Bi—0 bond which may be related
to rotation and breathing-mode distortions of the Bi-0
octahedra. This tendency towards the charge-density or-

dering of the parent material may be involved in the pair-
ing necessary for superconductivity.
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