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Bismuth disproportionation in BaBio3 studied by infrared and visible reflectance spectra
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BaBi03, the end member of the system (Ba,K)(Pb, Bi)Os, raises a number of problems that are interesting
to study as a step towards the understanding of superconductivity in certain compounds of the series. Using
infrared and visible reAectivity spectroscopy, the thermal evolution of the reflectance of a BaBi03 single
crystal is reported, analyzed, and compared to an oxygen-deficient sample. Oxygen effective charges are also
evaluated. The results are discussed within the framework of possible bismuth disproportionation and its
consequences in terms of bismuth-oxygen distances, crystal symmetry, oxygen breathing mode, charge density
wave, opening of a gap at the Fermi energy, or polaron formation.

INTRODUCTION

With the discovery of high-T, superconductivity in cop-
per oxides by Bednorz and Muller, the interest in conduct-
ing and superconducting oxides has been renewed. Among
these materials, BaBi03 and its related compounds with dop-
ing of K in Ba sites and Pb in Bi sites is the object of a
long-standing controversy. One of the most attracting fea-
tures of this family is the existence of the highest T, for
noncopper (and more generally nonmagnetic ion) based su-
perconductors [T,=30 K in B. ao6Ko4Bi03 (Refs. 2 and 3)].
This is also—with certain alkali-doped fullerenes —the high-
est T, in nonlayered structures. It seems that a fundamental
point to help the comprehension of superconductivity in
these compounds passes through the understanding of the
semiconducting origins of the end member BaBi03. In this
material, bismuth atoms are sitting at a +4 site. The elec-
tronic configuration of Bi + would be 5d' 6s'. With its
unpaired s electron, such an ion would be expected to be
magnetic and the compound to be metallic due to the half-
filled conduction band. But, experimentally, the compound is
not magnetic. On the other hand, whereas band structure cal-
culations did predict a metallic behavior for BaBiO&, (ex-
cept Ref. 7), experimental works ' show that the material is
a semiconductor. One possibility would be to consider the
chemical composition BaBi"'025, but the oxygen stoichi-
ometry has been studied by several authors and the actual
oxygen composition has been checked to be 03. To solve
this problem, a charge disproportionation

2Bi+—+Bi++ Bi+
is generally considered, based on the aversion of bismuth for
the +4 valence. Indeed, while Bi203 and Bi205 compounds
do exist, Bi02 does not exist. If this situation prevails, sev-
eral properties are expected to derive from the disproportion-
ation. (i) Since Bi and Bi + have different ionic radii (1.03
and 0.76 A, respectively, in octahedral configuration), ' two
different Bi-0 distances are expected. (ii) The opening of a
gap at the Fermi energy is also expected. (iii) Photoelectron
spectroscopy should provide a signature of both bismuth ion-
ization states. (iv) Structural distortions with respect to the
simple perovskite structure are expected to occur due to both

Bi-0 distances. (v) The actual crystalline structure should
have several consequences in terms of lowering of symmetry
and lifting of degeneracies of certain excitations, phonons,
for example.

In the literature of the last decade, the bismuth dispropor-
tionation has been discussed in terms of a charge-density-
wave (CDW) instability by many authors. "The CDW may
open a gap at the Fermi surface, consistent with the semicon-
ducting character of BaBi03. But other experimental data
seem to be contradictory. X-ray diffraction indicates a mono-
clinic distortion with respect to the simple cubic perovskite.
Neutron diffraction experiments' reported different Bi-0
distances, viz. , 2.28 and 2.12 A, results conformed by Thom-
ton and Jacobson. ' Later, a more detailed study performed
by Chaillout and Santoro' showed that, depending on pre-
vious thermal treatments undergone by the sample, the
Bi(1)-0 distance ranges from 2.20 to 2.26 A with a Bi(1)
"effective valence" which varies from +3.9 down to +3.5,
while the Bi(2)-0 distance ranges from 2.19 to 2.13 A [with
Bi(2) effective valence varying from +4 to +4.4, respec-
tivelyt. More recent extended x-ray-absorption fine structure
(EXAFS) measurements give Bi(1)-0=2.11 A and Bi(2)-0
=2.29 A. ' The differences of bond lengths are thus found to
be smaller than what would be expected from the sum of
ionic radii. For example, in the cubic double perovskite com-
pound Baz(Ba2/3Bit/3)Bi 06, where the complete dispropor-
tionation is effective (the compound is an insulator), the
Bi -Q distance is only 1.89 A. ' The Bi'"-0 reaches 2.5 A.
However, the latter value should be regarded as an upper
limit because in this compound the Bi"' ion shares the site
with barium which has a larger ionic radius (1.35 A in octa-
hedral coordination). In BaBiO&, one may of course consider
(i) possible incomplete disproportionation as suggested by
the effective valences which fit powder neutron diffraction
data, and (ii) possible partial Bi-0 hybridization which
would also minimize the charge transfer. Note, however, that
photoemission measurements hardly found a Bi +

signature. ' ' Only a broadening of the 4f peak has been
reported. Another question to be raised is whether the charge
disproportionation is static or dynamic, or part of each. By
"dynamic, " we consider the vibrational motion within an
oxygen breathing mode pattern which would significantly
renormalize the local chemical bonding, at the time scale of
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atomic vibrations. This renormalization can happen even at a
lower frequency if the motion is highly anharmonic because
instantaneous Bi + and Bi + configurations are more stable
than the ion ionized four times.

Infrared refIectivity spectroscopy has been used by sev-
eral authors to try to conclude about the points summarized
above. For example, de Hair and Blasse claimed there is no
bismuth disproportionation. Conversely, Tajima and
co-workers " concluded to two signatures of bismuth dis-
proportionation in the reflection spectrum, one as a "forbid-
den" mode in the infrared, and another near 2 eV. In addition
to giving information about the symmetry of the structure,
infrared refIectivity spectroscopy also allows one to deduce
the ionic effective charges, a key point in the discussion
above. The temperature dependence (4 K up to room tem-
perature) of the infrared and visible reflection spectra of
BaBi03 is reported here and analyzed within the framework
of the controversy raised by this compound. We also present
the effect of reducing the sample (BaBi029i) in the spectra
and analyze its consequences.

EXPERIMENTAL

A BaBi03 single crystal has been obtained by progressive
crystallization of molten BaO and Bi203. Samples obtained
in this way present a monoclinic distortion of the simple
cubic perovskite structure. Reduction to BaBi02» is ob-
tained by treating the sample for 3 h at 750 K under an
atmosphere of Ar with 5% hydrogen. Loss of oxygen was
verified by thermogravimetric analysis (TGA) measure-
ments. Reflection spectra have been recorded by means of a
Bruker IFS 307 spectrometer which consists of two Michel-
son interferometers working in tandem and covering the
spectral ranges 10—15 000 and 3000—42 000 cm '. The liq-
uid helium cryostat has been equipped with polyethylene,
KRS5, and Suprasil 300 windows covering energy intervals

up to 500, 400—8500 cm ', and above 8000 cm ', respec-
tively. Temperature control accuracy of 0.5 K has been ob-
tained. With this apparatus, we have obtained reflectance
spectra ranging from 20 to 22000 cm ' between 4 K and
room temperature.

MODELING INFRARED AND VISIBLE SPECTRA

In order to fit the data, we have used the factorized form
of the dielectric response. This model is based on the fact
that, from Maxwell equations, transverse (TO) and longitu-
dinal (LO) optical modes are complex poles and zeros of the
dielectric function, respectively. Writing this factorized form
of the dielectric function in terms of TO and LO frequencies
(A) and dampings ( y), one obtains

2Lo ~ +''YLQ ~
2 2

ATQ CO + l +To CO

RefIectivity near normal incidence is related to the dielectric
response via

2

R=
vs+1

An advantage of Eq. (1) when compared to the more com-
monly used Lorentz oscillator formula is that Eq. (1) is phe-
nomenological and thus can be used to fit any excitation
which contributes to the dielectric response. As an example,
we can set ATQ=O and O' LQ 'Op&„, and arrive at an ex-
tended Drude model which has shown to be very useful in
conducting and superconducting oxides. One can also
relate damping s to the interactions of elementary
excitations. The most simple version of the anharmonic
model states that the relaxation time of an excitation can be
understood, at first order, by means of interaction of this
excitation with other excitations, with energy and momentum
conservation:

COP = GO ~
~ 602, (3a)

kp= k) ~ k2. (3b)

Equation (3a) represents the energy conservation where cop is
the excitation frequency and co& and co2 are the excitations
with which cop interacts in a third-order anharmonic process.
Equation (3b) represents the conservation of momentum.
Positive signs stand for additive processes, and negative for
subtractive. For acoustic phonons, by lack of lower energy
excitations, subtractive processes are dominant but for higher
energy excitations additive processes contribute more, statis-
tically. Evaluation of the thermal behavior of the damping
function with bosonlike excitations yields

y=lV
l (ni+n2+1), (4)

where V is an interaction potential and n& and n2 are
Bose-Einstein population factors. In Eq. (4) only additive
processes are considered. It can be rewritten as

In Eq. (5), tpp and c0, are those of Eq. (3a).

ANALYSIS OF REFLECTIVITY SPECTRA

Figures 1 and 2 show infrared and visible reAectivity
spectra obtained for BaBi03 between 4 and 300 K. The spec-
tra consist of two parts: (i) phonons at low frequencies and
(ii) a reliection band near 15 800 cm '

(—1.96 eV).

A. Low frequencies

The far-infrared response (cp(1000 cm ') of BaBiO&
is presented in Fig. 1.As already reported in the literature, at
room temperature, it is typical of insulator (or semiconduct-
ing with low charge carrier concentration) spectra at any
temperature from 4 up to 300 K. The expected three main
bands corresponding to the F&„-type modes of the simple
perovskite structure are complemented by several additional
modes, consistent with the noncubic actual structure: a fourth
strong mode at low frequency plus a number of very weak
additional modes that are most clearly resolved at 4 K. Pei
et al. refined the structure of BaBi03 and obtained the
space group I2/m between 150 K and room temperature and
a slightly modified group P2lm below 150 K. Both space
groups have most symmetry elements in common, since their
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FIG. 3. Thermal evolution of relaxation time of 2 eV excitation

in BaBi03. Symbols are dampings obtained from fitted spectra. The
solid line is the behavior expected from an anharmonic coupling of
this 2 eV excitation with a phonon-type mode (possibly oxygen
breathing mode).

0.2

0
200 400

Frequency (cm )
-1

600 800

vibrations. One remaining open question, however, is why
the oscillator strength of the main additional low-frequency
mode is of the same order of magnitude as that of the stron-
gest modes deriving from the Fi,-type modes.

B. Visible spectra

FIG. 1. Far-infrared spectra of BaBi03 between 4 and 300 K.
Symbols are experimental data and solid line best fits obtained via

Eqs. (I) and (2).

point group is 2/I in both cases (Cz„ in Schoenflies nota-
tion). For this point symmetry, Sugai et al. calculated by
group theory the number of vibrational modes and obtained

7Ag5A$7Bg&11B

Excluding the acoustic (translational) modes—
1A,2B, —one is left with 15 possible infrared active
modes (6A„9B„). As a result, all the peaks present in the
low-frequency region could be attributed to normal mode
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Figure 2 shows the visible part of the spectra with a re-
flection band observed near 2 eV (symbols are experimental
data and the full curve is the best fit to them). This band has
been attributed to a gap opened by the CDW instability. "
However, the origin of this CDW is controversial. On one
hand, if it is very tempting to assign the origin of the CDW
to a charge disproportionation of Baz(Bi +Bi +)06, on the
other hand, many attempts in measuring both Bi valence
states failed. ' ' ' The thermal evolution of damping for
this band (linewidths of the TO and LO components were
found to be equal at each temperature) is shown in Fig. 3. It
is found that the temperature dependence can be fitted by
means of Eq. (5). Taking coo=16000 cm ' and co&=410
cm ', one obtains the solid curve of Fig. 3 (the fitted value
for the interaction potential is ~VI ~~ =4670 cm '). This
result means that the 2 eV (coo) excitation is relaxed via an
anharmonic process involving phonons with an average fre-
quency centered at about 410 cm ', not very far from the
oxygen breathing mode near the Brillouin zone boundary.
In other words, we interpret the origin of the linewidth via an
anharmonic coupling between two bosonic excitations, coo-

rs& presumably belonging to the same dispersion branch as
co0, and a lattice vibrational mode co1.
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C. Oxygen effective charge

Effective charges can be evaluated from the splitting of
polar vibrational optical modes into TO and LO components
via

FIG. 2. Temperature dependence of 2 eV excitation in
BaBiO, . Solid lines are best fits to experimental data (symbols).

(6)
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where the sum in the left-hand side of the equation is over all
atoms k of mass II, contained in the elementary volume V.
e, is the dielectric constant of vacuum. Equation (6) together
with charge neutrality Xk(Ze) k=0 can be used to determine
effective charges in a diatomic system. For compounds with
three different atoms, we need an estimate of the effective
charge of one of them. Note that each term in the right-hand
side of Eq. (6) is proportional to the inverse of the mass of
the atoms. Thus, the determination of the effective charge of
lighter atoms is more accurate.

Using this procedure we have calculated the average oxy-
gen effective charge. The result (Ze),= —l. lie is found to
be practically independent of the values attributed to the ef-
fective charge of the barium ion allowed to vary between +1
and +2. This confirms the earlier evaluation
(Ze), = —1.18e by Uchida et al. This result means that the
Bi-0 bond is partly hybridized and that charge disproportion-
ation should be considered with a factor which should not
exceed 0.55 times an electron charge. This result parentheti-
cally is consistent with the "effective valence" reported by
Chaillout and Santoro' from their Rietveld refinements of
neutron diffraction data.
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INFRARED REFLECTIVITY OF REDUCED BaBiO3
AND DISCUSSION

Another way to interpret the peaks in excess of the three
expected F

& „-type modes derived from the cubic perovskite
structure is based upon the interpretation proposed by Cal-
vani et al. of infrared spectra in the Nd2Cu04 ~ family.
The intensities of extra peaks appearing in the far infrared
are both temperature and doping dependent, whereas peaks
attributed to phonons are less dependent on these external
parameters. Based on an electron-phonon interaction, they
have interpreted these extra peaks as the signature of trapped
electrons (polarons, and more precisely small polarons).
Sugai ' also argued for a small polaron scenario in Ba(pb,
Bi)03 compounds, based on an analysis of Raman measure-
ments. He also claimed that the absence of isolated spins was
a signature of bipolarons rather than single polarons. Po-
larons are electrons or holes trapped by the ionic lattice, and
interact strongly with the lattice. Ruscher, Heinrich, and
Urland also proposed a bipolaron absorption in this system,
but in their work, the polaronic signature is attributed to the
2 eV band.

Oxygen nonstoichiometry is expected to create holes and,
therefore, to increase the number of polarons. In Fig. 4 we
compare the phonon spectra of reduced BaBi029$ obtained
at 77 K to that of stoichiometric BaBi03 measured at 75 K.
The comparison is made on the same sample before and after
the thermal treatment. The sum of oscillator strengths of ex-
tra peaks (all but four main modes) from the stoichiometric
to the nonstoichiometric sample decreases slightly, by 10%
at most. The signature of polarons as additional peaks ob-
served in the same region as phonons, according to the sce-
nario of Calvani et al. , is therefore not substantiated here. We
rather suggest that the polaronic signature is expected at
higher frequency (0.3—0.5 eV) together with the appearance
of a phenomenological plasmon which corresponds to the
motion of polarons above the mobility edge. This latter sce-
nario applies well to rare-earth nickelates, and presumably

FIG. 4. Far-infrared spectra of BaBi03 (as grown) and reduced

BaBi029$ samples at 75 and 77 K, respectively. The slight change
observed in some modes (indicated by arrows) can be attributed to
a variation in the rate Bi +/Bi +.

cuprates too, but is not observed in BaBi03.
If this decreasing of the intensities of the small peaks

cannot be attributed to small polarons, it can be well de-
scribed by the effect on phonons of a diminution of the dis-
proportionated bismuth. Reducing the sample yields an in-
crease of the rate Bi +/Bi +. For BaBi029$ the expected
number of disproportionated bismuth is about 9% lower than
in BaBi03. Thus, this less disproportionated sample is ex-
pected to have a slightly smaller monoclinic distortion,
which decreases the intensities of the weaker peaks. Another
effect that corroborates this idea of diminishing the dispro-
portionation of the sample is observed in the 2 eV band.
Figure 5 shows the near-infrared and visible spectra at room
temperature for stoichiometric and reduced samples. We ob-
serve a clear diminution of the reflectivity level in the re-
duced sample. The oscillator strength of this excitation is
10% smaller in BaBi02» when compared to BaBi03. On
the other hand, its energy is practically unchanged. Then we
can say that we still have a CDW gap originated by the
bismuth disproportionation, and the lower intensity of this
band in the reduced sample would be explained by the
smaller population of disproportionated bismuth.

To finish with the information that may be extracted from
infrared and visible spectra, we are left with the problem of
the fourth main infrared mode. The question is why the os-
cillator of this extra mode is the only one to be so strong.
Uchida et al. proposed a realistic explanation for this situ-
ation. They showed how the bismuth disproportionation is
able to activate the zone boundary acoustic mode of the cu-
bic perovskite structure. In this mode, first-neighbor bismuth
ions move in antiphase, and one of both against all oxygen
atoms. Schematically, the motion may be viewed as that of
bismuth against neighbor octahedral. The effective mass is
near that of bismuth and the frequency is expected, therefore,
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point remains quantitatively unclear: is there an additional
dynamic bismuth disproportionation related to the oxygen
breathing mode? This would explain why the difference be-
tween both Bi-0 distances is minimized with respect to (i)
the difference of ionic radii of Bi + and Bi + in octahedral
configuration and (ii) the larger distance difference observed
in Ba2(Bag/3Bit/s)Bi 06.

CONCLUSIONS
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FIG. 5. Oxygen stoichiometry dependence of the 2 eV excitation
at room temperature. The CDW gap energy remains unchanged but
its intensity decreases with the increase of Bi + with respect to
Bi'+.

to be low. This description is substantiated by the progressive
increase of the oscillator strength of the mode at 141
cm ', the second lowest-frequency one, with bismuth con-
centration in the system BaPb&,Bi 03. Note that the oscil-
lator strength of this mode decreases slightly (about 3%) in
the nonstoichiometric sample compared to the stoichiometric
one. In BaBi029] the expected number of disproportionated
bismuth is only 9% lower than in BaBi03, consistent with
the present observation.

Finally, we want to suggest that a part of the bismuth
disproportionation is definitely static in view of the set of the
experiments which could not be understood within any other
framework: Bi-0 double distance as seen by both neutron
diffraction and EXAFS, the fourth strong infrared mode, the
2 eV gap, the absence of magnetic properties. At least one

By comparison with previous infrared reAection studies of
barium bismuth oxide, the present study shows that the small
extra modes related to the lattice distortion are present at all
temperatures, even if the evaluation of their oscillator
strength is more accurate at the lowest temperatures, and that
their oscillator strengths do not vary significantly with tem-
perature. The small change in the infrared and visible spectra
due to the reduction of the sample is consistent with a slight
decrease of bismuth disproportionation. The evaluation of
the average oxygen effective charge confirms that Bi-0
bonds remain slightly more ionic than covalent, contrary to
the general belief reported in the literature, mainly based
upon band structure calculations. The 2 eV CDW gap can be
attributed to the Bi +-Bi + disproportionation and its optical
response intensity is related to the amount of disproportion-
ated bismuth. Finally, we suggest that the difference of both
Bi-0 bonds found to be smaller than what is expected either
from the difference of Bi"' and Bi ionic radii or from the
larger distance difference observed in Baz(Bag/3Bi&'/'3)Bi 06
may result from a partial dynamic disproportionation.

ACKNOWLEDGMENTS

R.P.S.M.L. thanks the Brazilian agency CNPq for support
towards this work. The sample has been grown by K. Dem-
binski. The helpful assistance of Dr. J.M. Bassat in the TGA
measurements and reducing process of the sample is ac-
knowledged.

' J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
L. F. Mattheis, E. M. Gyorgy, and D. W. Johnson, Jr., Phys. Rev.
B 37, 3745 (1988).

R. J. Cava, B.Batlogg, J. J. Krajewski, R. C. Farrow, R. W. Rupp,
Jr. , A. E. White, K. T. Short, W. F. Peck, Jr. , and T. Y. Kometami,
Nature 332, 814 (1988).

L. F. Mattheis and D. F. Haman, Phys. Rev. B 28, 4227 (1983).
N. Hamada, S. Massida, A. J. Freeman, and J. Redinger, Phys.

Rev. B 40, 4442 (1989).
D. A. Papaconstantopoulos, A. Pasturel, J. P. Julien, and F. Cyrot-

Lackmann, Phys. Rev. B 40, 8844 (1989).
Z. Zhang, Y. Shen, and M. Huang, Chin. Phys. Lett. 10, 371

(1993).
A. W. Sleight, J. L. Gillson, and P. E. Bierstedt, Solid State Com-

mun. 17, 27 (1975).
S. Tajima, S. Uchida, A. Masaki, T. Takagi, K. Kitazawa, S.

Tanaka, and S. Sugai, Phys. Rev. B 35, 696 (1987).
R. D. Shannon, Acta Crystallogr. A 32, 751 (1976).

"H. Sato, S. Tajima, H. Takagi, and S. Uchida, Nature 338, 241
(1989).

' D. E. Cox and A. W. Sleight, Solid State Commun. 19, 969
(1976).

' G. Thornton and A. J. Jacobson, Acta. Crystallogr. B 34, 351
(1978).

' C. Chaillout and A. Santoro, Solid State Commun. 65, 1363
(1988).

' J. B. Boyce, F. G. Bridges, T. Claeson, T. H. Geballe, G. G. Li,
and A. W. Sleight, Phys. Rev. B 44, 6961 (1991).

' M. Licheron, F. Gervais, J. Coutures, and J. Choisnet, Solid State
Commun. 75, 759 (1990).

' M. S. Hedge, P. Barboux, C. C. Chang, J. M. Tarascon, T. Ven-

katesan, X. D. Wu, and A. Inam, Phys. Rev. B 39, 4752 (1989).
' Z. X. Shen, P. A. P. Lindberg, B.O. Wells, D. S. Dessau, A. Borg,

I. Lindau, W. E. Spicer, W. P. Ellis, G. H. Kwei, K. C. Ott, J. S.
Kang, and J. W. Allen, Phys. Rev. B 40, 6912 (1989).

G. K. Wertheim, J. P. Remeika, and D. N. E. Buchanan, Phys.
Rev. B 26, 2120 (1982).

F. Gervais, Mater. Sci. Eng. B 8, 71 (1991); Ferroelectrics 130,
117 (1992).

'M. Licheron and F. Gervais, Phys. Rev. B 47, 8008 (1993).



52 BISMUTH DISPROPORTIONATION IN BaBi03 STUDIED BY. . . 13 299

J. T. W. de Hair and G. Blasse, Solid State Commun. 12, 727
(1973).

F. Gervais, in Infrared and Millimeter Waves, edited by K. J.
Button (Academic, New York, 1983), pp. 279—339.

"F. Gervais, J. L. Servoin, A. Baratoff, J. G. Bednorz, and G.
Binnig, Phys. Rev. B 47, 8187 (1993).

R. P. S. M. Lobo, F. Gervais, C. Champeaux, P. Marchet, and A.
Catherinot, Mater. Sci. Eng. B (to be published).

S. Pei, J. D. Jorgensen, B. Dabrowski, D. G. Hinks, D. R. Rich-
ards, A. W. Mitchell, J. M. Newsam, S. K. Sinha, D. Vaknin, and

A. J. Jacobson, Phys. Rev. B 41, 4126 (1990).
S. Sugai, S. Uchida, K. Kitazawa, S. Tanaka, and A. Katsui, Phys.

Rev. Lett. 55, 426 (1985).
W. Reichardt and W. Weber, Jpn. J. Appl. Phys. 26, 1121 (1987).
S. Uchida, S. Tajima, A. Masaki, S. Sugai, K. Kitazawa, and S.

Tanaka, J. Phys. Soc. Jpn. 54, 4395 (1985).
P. Calvani, M. Capizzi, S. Lupi, P. Maselli, A. Paolone, P. Roy, S.

W. Cheong, W. Sadowski, and E. Walker, Solid State Commun.
91, 113 (1994).

'S. Sugai, Solid State Commun. 72, 1187 (1989).
C. H, Ruscher, A. Heinrich, and W. Urland, Physica C 219, 471

(1994).
D. M. Eagles, R. P. S. M. Lobo, and F. Gervais, Phys. Rev. B 52

(to be published).


