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The semiconducting BaPb& Bi 03 (0.35 &x &1) is investigated in detail by optical measure-
ments. The optical spectrum shows that BaPb~ „Bi„03has a clear optical gap over the whole semi-

conducting compositional range. It is clearly shown by resonant Raman scattering measurements
that the origin of this gap is a charge-density wave (CDW) accompanied by the breathing-mode dis-
tortion. No apparent effect of Pb substitution can be observed in the reflectivity spectra for the
sample with x &0.7. For x &0.7, the CDW gap decreases with x and simultaneously the absorp-
tion tail extends into the gap. This spectral behavior can be well interpreted in terms of the recently
proposed theoretical model with emphasis on a local CDW and/or a substantial energy difference
between Pb and Bi sites arising from the strong electron-phonon interaction. Thus it can be con-
cluded that the strong electron-phonon interaction plays an essential role in the semiconducting
phase of this material as well as in the metallic phase.

I. INTRODUCTION

The alloy system BaPb& „Bi 03 has been very attrac-
tive because it exhibits superconductivity with a high
transition temperature T, near the Bi composition
x =0.25, ' in spite of the low carrier density, followed by
the abrupt metal-semiconductor (M-S) transition at
x =0.35. ' Most experimental investigations reported to
date have been concerned mainly with the properties of
the metallic phase (x &0.35), especially near the high-T,
composition. However, even in the metallic phase vari-
ous unusual properties have been found which could be
ascribed to the precursory effects towards the M-S transi-
tion. Thus it is of essential importance to investigate the
electronic states in the semiconducting phase in order to
understand properly the origin of the high- T, supercon-
ductivity and the interrelationship between the supercon-
ductivity and the M-S transition.

There have been few experimental reports on the semi-
conducting properties of BaPb& Bi 03 except for some
structural investigations. ' Only for BaBi03 have several
reports been published, e.g. , extended x-ray-absorption
fine structure (EXAFS), neutron diffraction, ' optical
absorption of phonons, ' etc. , of which the primary con-
cern was whether the inequivalent Bi sites exist or not.
Our recent optical study" has shown that the breathing-
mode phonon —alternating contraction and expansion of
oxygen octahedra surrounding Bi atoms —is frozen out in
BaBiO3, so that inequivalent Bi sites are present, although
the magnitude of the charge disproportionation remains
open to question.

On the other hand, in the theoretical respect it is an in-
teresting problem why the semiconducting properties per-
sist over such a wide compositional range as

1.0)x ~0.35. There have been proposed a few theoreti-
cal models which try to explain the problem described
above. ' ' Although they stand on the common recogni-
tion that the semiconducting gap of BaBiO3 is introduced
by the charge-density-wave (CDW) instability correspond-
ing to the charge disproportionation of the Bi site, dif-
ferent approaches were taken to explain the persistent
semiconductivity over the wide compositional range of the
alloy. These models give a fairly good insight into the
essential properties of this material but are still far from
providing a complete understanding.

In our previous publication' we reported mainly the
properties of BaPb& Bi„03 in the metallic phase and
near the M-S transition, especially the anomalous
behavior of the reflectivity spectra in the metallic side of
the compositions. We interpreted it as a precursor effect
of the M-S transition, assuming that the semiconducting
gap of BaBi03 is introduced by the CDW instability.

The present work focuses on the semiconducting phase
of this material. Our purpose is to clarify the electronic
structure of this material experimentally through the opti-
cal reflectivity and the Raman scattering measurements.
We examine the compositional change in greater detail,
covering the wide spectral range from far infrared to near
ultraviolet.

II. EXPERIMENTAL RESULTS AND ANALYSIS

A. Electrical resistivity

The samples used in the present measurements are sin-
gle crystals with a composition from 0.4 to 1.0 by a 0.1

step. The samples with x &0.7 were grown by the flux
method using Pb02+Bi2O3 as a solvent, ' while the sam-
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the semiconductor-to-metal phase transition. A detailed
discussion about this will be reported in a separate paper.
As plotted in Fig. 6, the value of Ez decreases with de-

creasing the Bi composition x. Although, as mentioned in
the following sections, this result cannot be simply inter-
preted as the obtained activation energy being equal to the
band-gap energy, it certainly reflects some changes in the
band structure.
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FIG. 1. CComposition (x) dependence of the lattice constants
in the range 0.4(x (1 obtained by x-ray diffraction rneasure-
ment. The parameters a, b, and c are related to the simple-
cubic lattice parameter ao by the approximate relations
a =b=V 2ao and c=2ao.

B. Reflectivity spectra

Reflectivity spectra were measured in a wide wave-
length range using a Perkin-Elmer grating-type spectrom-
eter for A, =0.4—2.5 pm and a Fourier-type spectrometer
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FIG. 2. Ellectrical resistivity plotted against the inverse of
temperature for the samples in the semiconducting phase with
various composition x.

FIG. 3. Reflectivity spectra of BaPbl „Bi„03in the whole
compositional range. At the composition x=0.35 the phase
transition takes place from metal to semiconductor.

BaCO
ples with x &0.7 were directly grown from the m lt fme o

aCO3, PbO2, and Bi203. The Bi composition of the
samples was determined by an electron-probe mi-
croanalyzer. The lattice constants measured by using an
x-ray diffractometer are plotted in Fig. 1. As shown in
this figure, the lattice constant changes continuously with
x, indicating that a series of our specimens forms homo-
geneous solid solutions.

Electrical resistivity was measured by a conventional
four-probe method in the temperature range 300—1000 K.
The results are shown in Fig. 2.

The resistivity is plotted in a logarithmic scale against
the inverse of temperature for the samples with various
compositions x employed. The resistivity increased with
a decrease of temperature for all the samples, confirming
that they are all semiconductors.

Each curve shows an activation process with a single
activation energy Ez in a wide temperature range. The
deviation from the linear line at the higher temperature is
considered to be an evidence for the precursor effect of
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FICr. 4. Composition (x) dependence of the plasma energy.
The dashed line is the result calculated by Mattheiss, using a
simple tight-binding model (Ref. 12).

for 2.5—500 pm. The sample surfaces to be measured
were mirror polished using A1203 powder of 0.06 pm in
size.

Figure 3 shows the reflectivity results for the semicon-
ducting samples with various x, together with the spectra
in the metallic phase. In the present work the wide energy
range is covered from 20 to 25000 cm ' and the compo-
sition x is also covered in greater detail than in the previ-
ous work, ' which enables us to examine the electronic
structure of this system more comprehensively.

As clearly seen in Fig. 3, the spectrum for the sample
with x larger than 0.35 is typical of a semiconductor.
Comparing the spectrum in the semiconducting phase
with that in the metallic phase, representatively, BaBi03
with BaPb03, we can see the characteristic of the
semiconducting-phase spectra. In the lower-energy region
below 600 cm ' the four phonon peaks are dominant in
BaBi03, while in the metallic phase such a phonon struc-
ture disappears in the spectrum because of the strong ab-
sorption of the plasma excitation. Although the plasma
reflection is observed in the spectrum of the serniconduct-
ing BaPbo 6Bio 403 at the room temperature, it disappears
when the specimen is cooled down. In the higher-energy
region (& 1000 cm ') the reflectivity in relatively small
and the spectrum is featureless except for a reflectivity
edge observed at %~=15000—20000 cm '. This reflec-
tivity edge indicates an optical absorption corresponding
to some electronic excitation.

Now we see the effect of Pb substitution for Bi. In the
compositional range from x =1.0 to 0.8 no remarkable
change can be observed in the energy region higher than
1000 cm ', while a small amount of change is seen in the
lower-energy phonon spectrum. When the amount of Pb
substitution exceeds 30 at. %, i.e., x & 0.7, a spectral
change can be observed also in the higher-energy region.
The reflectivity edge shifts towards the lower energy and
the reflectivity value at the plateau part in the spectrum is
increased with decreasing x. The reflectivity edge seems
to be evolved from the plasma edge in the metallic phase.
Moreover, observing the spectra carefully, we notice that
the gradient of this part is negative, i.e., dR/dao &0 for
the sample with x &0.7, while it is positive for x &0.7.
The negative gradient indicated the existence of some ab-

sorption extending over the range 1000 cm '
& Ace

& 10000 crn

C. Analysis of the reflectivity spectra

Since the study of the far-infrared phonons in this sys-
tem was reported previously, " we focus here mainly on
the electronic excitation in the higher-energy regions.

As seen in Fig. 3 the plasma edge in the metallic phase
is preserved as a reflectivity edge in the semiconducting
phase, so it is naturally supposed that these edges have the
same origin. In Fig. 4 we plotted the frequency at the re-
flectivity edge as a function of composition x. Its value
was strictly determined by the usual oscillator-fit pro-
cedure, in which the edge frequency is assumed to be a
longitudinal collective mode frequency of the correspond-
ing oscillator and is represented by co&. As shown in Fig.
4, the value of co& changes continuously over the whole
compositional range, which confirms our conclusion in
the previous paper' that the electrons supplied by the Bi
atoms are involved in this collective excitation, though the
energy gap is formed at the Fermi surface. In Fig. 4 co&

calculated by a simple tight-binding model are plotted on
the assumption that one free electron per Bi atom is sup-
plied in the conduction band. The agreement between the
results of experiment and of calculation is excellent. The
value of co& varies almost linearly with x up to x=0.6,
but tends to saturate near x =1.0 because the band shape
near EF deviates from a parabolic one as x approaches
1—the exactly half-filled case. Another important conse-
quence of the continuous change of co& is that the present
system forms a complete solid solution or at least our
samples are homogeneous as long as they are observed in
the wavelength scale, -0.5 pm.

To clarify the origin of the excitation associated with
this oscillator, we have performed the Kramers-Kronig
transformation to evaluate the dielectric function e(co)
from the reflectivity spectra R(co). The real part of the
conductivity cr =o.&+io.2 can be obtained from the imagi-
nary part of the dielectric function e=e&+i@2 by the rela-
tion 4~rr~(co)=coe2(co). The cr~ spectra of BaPb~ „Bi„03
in the semiconducting phase are shown in Fig. 5. We
have checked the accuracy of the calculation in the same
way as described in the previous publication, ' adopting
the same extrapolation scheme in the energy region below
20 cm ' and above 25000 cm '

~ In the present work,
grading up the accuracy of the integration calculation en-
abled us to discuss the line shape of the conductivity spec-
trum in more detail than in our previous publication. '

Starting from the spectrum for BaBi03 (x =1.0), the
relatively small peaks below 1000 cm ' correspond to op-
tical phonons. The strong peak centered at about 15000
cm ' is presumably assigned to the interband excitations
beyond a gap which makes this material a semiconductor.

Next we follow the spectral change accompanied with
the Pb substitution. In the compositional range
x = 1.0—0.8, no appreciable change can be observed in the
higher-energy peak position except that the peak height
becomes a little bit smaller with decreasing x. It should
be noted that there can be seen no significant change at
around x=0.95 where the structural change from mono-
clinic to orthorhombic takes place. A qualitative change
is seen rather at x &0.7. For x =0.7 the peak postion is
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phonons and overlaps them at x=0.4, where the energy
gap is assumed to be considerably small, although there
exists the finite gap, as clearly shown from the difference
between the spectra at room temperature and at the
liquid-He temperature. From these results it might be
said that the Pb substitution decreases the semiconducting
gap energy by deforming the bands rapidly below x =0.7.
It should be noticed that the edge energy of the band tail
is of the same order as the activation energy estimated
from the resistivity measurement.

In Fig. 6 the energy of the peak position in the conduc-
tivity spectrum, denoted by AcuG, is plotted against the Bi
composition. It is nearly constant in the range
x =1.0—0.8 and then decreases almost linearly with a de-
crease of x. The activation energy E& plotted in the same
figure was calculated from the temperature dependence of
the resistivity. Although its value is one order of magni-
tude smaller than that of the optical gap energy, the
dependency of Ez on the composition x is similar to the
case of Acoz as far as x ~0.4. This suggests that these
two quantities characterize the specific electronic struc-
ture in the semiconducting phase and thus substantial
change in the electronic band structure at about x =0.7,
i.e., from Pb-insensitive to Pb-sensitive electronic struc-
ture.

) 02 ) 03
Wave number (cm "I

located at lower-energy as compared with BaBi03 and the
low-energy tail dominates extending down to about 2000
cm . When the Bi composition x is decreased further,
the peak shifts its position towards lower energy and the
peak tail extends further to lower energy. Consequently
the spectral weight seems to be transferred from the
higher-energy peak to the lower-energy tail. At x=0.5
the lower end of the tail reaches the highest peak of the

FICx. 5. Optical conductivity spectrum for the samples in the
semiconducting phase. The data, plotted in a linear scale, were
obtained from the spectrum measured at room temperature.
For x =0.4, the data at liquid-He temperature are also shown

by the solid circles.

D. Raman spectra
We performed measurements of a Raman spectrum of

BaBi03 in a backscattering configuration using a longitu-
dinal single-mode Ar ion laser (5145 A) as an excitation.

The Raman spectrum of BaBi03 is shown in Fig. 7.
Following the strongest peak at 570 cm ', which was as-
signed to the breathing mode in the previous work, ' a
series of peaks was observed with the energy shift,
Rcu„=nkcuo, with Acro ——570 cm ', and its scattering in-
tensity was decreased as n was increased. The peaks are
thus the higher harmonics of the breathing mode, which
indicates that the breathing-mode phonon is in resonance
with the 2.4-eV excitations corresponding to 5145-A in-
cident laser beam. The energy 2.4 eV is near the peak po-
sition of the o.(co) spectrum associated with the interband
transitions across the fundamental optical energy gap.
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FICx. 7. Raman spectrum of Baai03 extended to higher fre-
quency up to 3000 cm '. The absorption spectrum taken on the

0
same sample is shown in the inset. The 5145-A argon-laser ex-
citation indicated by the arrow is resonant with the 570-cm
phonon mode, producing higher harmonics.
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FIG. 8. Raman spectra for various compositions. The spec-
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tra were measured at 273 K with a 5145-A Ar-laser excitation.

Thus the result provides direct evidence that the breathing
mode distortion is primarily responsible for the gap for-
mation; that is, this gap should be a CDW gap.

When the Bi composition x is decreased, the Raman
spectrum changes as shown in Fig. 8. The peak height of
the 570-cm ' line decreases with increasing Pb composi-
tion possibly due to the alloy smearing and/or due to the
fact that the incident beam energy ( —2.4 eV) is more and
more distant from the peak of the interband transitions.
However, this mode maintains a substantial intensity in
the whole semiconducting region as compared with the in-
tensities of other optical phonon modes, demonstrating
that the breathing-mode phonon is resonant with the in-
terband transitions across a CDW gap also in the alloy
compositions.

III. DISCUSSION

A. Origin of the semiconducting energy gap in BaBi03

From our optical study we have described in the previ-
ous publication' the speculation on the mechanism of the
gap formation in BaBi03 as follows: Two Bi sites with
different valences form the NaC1-type lattice with the ox-
ygen octahedra around them expanding and contracting
alternatively —the breathing-mode distortions. These lat-
tice distortions coupled strongly with the conduction elec-
trons lead to an electronic instability at the Fermi surface
and create an energy gap —a CDW instability.

The existence of the different Bi sites has been proposed
experimentally by neutron diffraction and EXAFS (Ref.
7) measurements, although negative results were also re-
ported in the x-ray photoemission spectroscopy (XPS) ex-
periment. A recent study of the optical phonons by the
authors" proposed the presence of the breathing-mode
distortion: The spectrum of the infrared reflectivity
showed the presence of a new optical phonon which was
expected to be ir active due to the breathing-mode distor-
tion, an acoustic phonon branch being folded onto the I
point. In the Raman spectrum an extraordinarily strong
peak was observed at 570 cm ', which was assigned to a
breathing-mode phonon because it has a large deforma-

s I I

-2.0 -1.0 O 1.0 2.0 3.0 4.0 5.0
Energy (eV)

FIG. 9. Density of states near the Fermi level of BaBi03 cal-
culated by Kondo and Hanamura by using a tight-binding
model (Ref. 16). In their calculation they adopt the parameters
used by Mattheiss and Hamann (Ref. 21j.
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FIG. 10. Schematic representation of the change in the elec-

tronic density of states with the composition in the semiconduct-
ing phase and near the M-S transition.

tion potential as calculated by Mattheiss and Hamann. '

The present results have assured our speculation
described above. Mattheiss has pointed out another inter-
pretation of our reflectivity results' that the conductivity
peak at 1.9 eV may be due to the interband transitions be-
tween the flat nonbonding 02& bands and the conduction
band just above EF. If this were the case, another transi-
tion across the semiconducting gap should have also been
observed, whereas we could not detect any other absorp-
tion peak in the range covered, A, =0.4—400 pm. There-
fore, it is unlikely that the conductivity peak shown in
Fig. 5 is attributable to such an electronic excitation as
pointed out by Mattheiss.

The results of the resonant Raman scattering indicate
directly that the lattice distortion of the breathing-mode
type causes the formation of the gap about 2 eV. The x
dependence of the Raman spectrum in Fig. 8 supports this
interpretation. The spectral shape of the optical conduc-
tivity shown in Fig. 5 is also suggestive of this CDW pic-
ture. The sharp peak at 1.9 eV in the spectrum of BaBi03
is not like a typical absorption edge of an ordinary semi-
conductor such as GaAs but rather resembles the inter-
band excitation across the gap in a one-dimensional CDW
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system such as K2Pt(CN)4BrQ3 3HzO (KCP) (Ref. 22)
and Ko 3Mo03 (Ref. 23). In an ideal one-dimensional
CDW system the perfect nesting of the Fermi surface
leads to the split "divergent" density of states. Figure 9
shows the results of the simple tight-binding calculation
for BaBi03 by Kondo and Hanamura (K-H), ' which
demonstrates that the half-filled Bi 6s conduction band of
"three-dimensional" arrays of NaC1 type can bring about
similar CDW instability to the one-dimensional case due
to the perfect nesting of the Fermi surface. Therefore we
can schematically depict the band structure, as shown in
Fig. 10(a), with the nearly divergent density of states.
Here, it should be noticed that the gap energy is almost
equal to the optical gap energy observed, as the peak in
the optical conductivity spectrum which is larger, by one
order, than the activation energy estimated from the resis-
tivity. This fact is suggestive of the existence of some
midgap states. We briefly discuss its possibility in the fol-
lowing section.

Q. Alloying effect on the electronic structure

Concerning the origin of the semiconductivity in the
compositional range 0.35 & x & 1.0, several possibilities
have been proposed. One of them is that oxygen vacan-
cies cause the Anderson localization in the electronic sys-
tem of this material which makes the system semiconduct-
ing. Certainly there is an experimental report which
shows that many oxygen atoms are lost in BaBi03 de-
pending on the oxygen pressure and the heat-treatment
temperature and these vacancies can stabilize the valence
fluctuation of Bi; for example, Bi + —Bi +. However, a
mechanism originated from oxygen loss which strongly
depends on the history of the crystal growth cannot be an
essential cause for semiconductivity, because specimens of
variable oxygen content can be prepared which all show
semiconductivity. It may, However, affect the metal-
semiconductor phase boundary.

Another possibility is that a phase separation takes
place and there exist two phases in the crystal ' —the
metallic phase and the semiconducting phase, presumably
BaBiO3. This is also unlikely because the lattice constant
measured by x-ray changes linearly with the composition
x and the activation energy and the optical parameters
such as co& and co& also change continuously with x.
Thus we should attribute the semiconductivity of alloys to
the intrinsic origin. The most plausible one would be the
CDW instability, as in the case of BaBi03. The theoreti-
cal models by Yoshioka and Fukuyama' (Y-F) and by
Jurczek and Rice' (J-R) have recently been proposed to
explain the semiconductivity of this material up to 65
at. % of Pb composition in terms of the CDW, the latter
assuming strong electron-phonon coupling that favors a
local CDW and the former taking explicit account of the
energy difference between Bi and Pb sites. As far as we
know, no attempt has been made to detect the breathing-
mode distortions directly by the neutron diffraction exper-
iment in the alloy. However, our recent optical data on
the infrared phonons" have shown that the lattice distor-
tion, presumably the breathing-mode one, persists in the
whole semiconducting range. In the following we show
that the present experimental results on the alloy composi-

tions can also be explained based on the CDW picture.
Up to about 20 at. %%uoof Pbcompositio nw ecanse eno

apparent effect of Pb substitution on the reflectivity spec-
tra as shown in Figs. 3 or 5. This implies that in this
compositional range there is no substantial change in the
split Bi-subband structure. Moreover, considering the re-
sults of the resistivity measurement in Figs. 2 or 6, it can
be concluded that the Pb states are not in the split Bi band
gap. According to the Y-F model' the effective energy
difference between the Pb and Bi site can be enhanced by
introducing on-site attractive interaction —the Anderson s
negative U derived from the electron-phonon coupling.
Thus, our experimental results can be interpreted such
that the states associated with the substituted Pb occupy
the position higher than the upper Bi subband, as shown
in Fig. 10(b), perhaps because of the large energy differ-
ence between the Pb and Bi site. In other words, it is evi-
dence that the on-site attractive interaction between elec-
trons is strong enough to push the Pb states out of the
gap. Very strong electron-phonon interaction also favors
a local CDW state proposed by Jurczek and Rice. '

Another indication for the local CDW is the fact that
the magnitude of the gap is fairly large (2b.=2 eV). Es-
timating the CDW coherence length g by using the equa-
tion g=fiu~lvrb =(Ez/2b, )ao, it turns out to be very short
( —10 A), the same order as the lattice constant ao.

For the composition about x =0.7 the optical absorp-
tion spectrum shows a low-energy tail below the main ab-
sorption peak, which indicates that some states come into
the gap. With further substitution by Pb the tailing be-
comes more significant and the low-energy end of the tail
approaches the optical phonon region. Therefore it is
reasonable to suppose that these states correspond to the
Pb-derived band which goes down as x is decreased and
extends in the gap energy region for x &0.7. (It is also
suggestive for the local picture that the composition
x =0.7 is near the percolation limit for Pb atoms distrib-
uted in the Bi simple-cubic lattice. ) This interpretation
is consistent with the theoretical model of Yoshioka and
Fukuyama. The reduction of the on-site attractive in-
teraction due to the Pb substitution leads to the decrease
in the energy difference between Pb and Bi sites, thus
lowering the Pb band with respect to the Bi band.

Here it should be noted that the threshold energy for
the interband optical transitions corresponding to the
low-energy end of the absorption tail may be assigned to
the energy difference between the edge of the lower Bi
subband and that of the Pb band invading the gap be-
tween the split Bi subbands. Indeed, for x &0.7 the end
energy of the absorption tail is nearly identical to the ac-
tivation energy observed in the resistivity measurement in
Fig. 6. This energy appears to become zero at the M-S
transition point x =0.35. On the other hand, the energy
corresponding to the peak in Fig. 5 can be assigned to the
peak-to-peak gap between the two split Bi subbands. A
rather sharp spectral shape indicates that the singular
structure in the density of states, as shown in Fig. 10(a)
for BaBiO3, is still preserved in this alloy composition re-
gion. On decreasing x, this "optical gap" is also de-
creased, reflecting the reduction in the strength of the at-
tractive interaction, but possesses a substantial magnitude
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even at the M-S transition point.
Based on these considerations we can depict a schemat-

ic energy band structure in the semiconducting phase, as
shown in Fig. 10(c). This picture is similar to the one
theoretically calculated by Jurczek and Rice' with em-
phasis on the local CDW. However, the results of our op-
tical study clearly show the existence of a real gap as seen
in Fig. 5, whereas the calculated density of states in their
model has only a pseudogap and it requires the localiza-
tion of the midgap states to explain the semiconductivity
of this alloy. This difficulty may be avoided if the energy
difference between the Pb and Bi sites is treated by the
coherent-potential approximation (CPA) as in the K-H
model or in the Y-F model. In view of the present experi-
mental results the CPA leads to a successful explanation
for the semiconducting phase of this alloy system.

Below the composition x =0.35 where the M-S transi-
tion takes place, the optical conductivity extrapolated at
zero frequency becomes finite as seen in the spectrum for
x =0.33 (see Fig. 5 in Ref. 17) and the electrically detect-
ed activation energy becomes almost zero. As Yoshioka
and Fukuyama proposed, this may be interpreted in terms
of extending the Pb band into the lower Bi subband. On
the other hand, the interband transitions between the sur-
viving Bi subbands which were detected optically still
show up as a pseudogap, corresponding to the peak in the
conductivity spectrum, as shown in our previous work. '

C. Possibility of the rnidgap states in BaBiO3

As is clearly seen in the results of Fig. 6, the optical-
gap energy and the electrical activation energy are dif-
ferent by an order of magnitude. Considering the band
tailing derived from the Pb state, this difference is accept-
able in the compositional range x &0.7. However, in the
range x & 0.7, or at least at x =1.0, no optical transitions
to any state within the gap could be detected by the reflec-
tivity measurement. We attempted some other optical
measurements —photoacoustic spectroscopy (PAS) and
bolometric measurement. These measurements also
failed to detect any apparent structure at the energy
Ace-0. 24 eV in the spectra, which is the activation energy
not only of the resistivity but also of the Seebeck and Hall
effects.

All these results are suggestive of the presence of some
midgap states which cannot be detected easily by optical
measurements but contributes to the transport properties.
One of the possibilities is a two-particle excitation in the
bipolaronic array. In the present system a pair of ine-
quivalent Bi sites—in the limiting case (Bi +,Bi +)—can
be regarded as a bipolaronic ensemble. In such a
bipolaronic system two types of electronic excitations are
expected: single-particle excitations and two-particle
ones. The former destroy the bipolaronic array
transforming (Bi +,Bi +) to (Bi +,Bi +) and cost energy
corresponding to the CDW gap. This is easily excited by
an optical absorption and should correspond to the optical
conductivity peak at 1.9 eV in BaBiO3. The latter is such
that two electrons (holes) are simultaneously excited, i.e.,
(Bi +,Bi +) to (Bi +,Bi +), which corresponds to a
higher-order optical process; consequently, it may be
hardly observable in a normal reflectivity process. On the

other hand, our transport measurements indicate that the
activation energy of this process is E~ =0.24 eV in Ba-
Bi03. Hence, we may imagine the presence of the mid-
gap states associated with the two-particle excitation in
the CDW state which can be created thermally and con-
tribute to the transport properties. For optical observa-
tion of the latter process an experiment using a laser may
be promising.

In the model described above there remain a few prob-
lems: whether such a small value of the activation energy
as 0.24 eV is reasonable or not, whether the excited two
particles can easily move or not, etc. These problems will
be discussed in a separated paper.

IV. CONCLUSION

The optical spectra, including Raman scattering, have
been investigated in greater detail for BaPb& Bi O3 in
the semiconducting phase. Resistivity measurements have
confirmed that the semiconducting property persists in
the wide compositional range 0.4(x (1.0, exhibiting the
temperature dependence of an activation type over a wide
temperature range. The optical spectrum is also typical of
semiconductors: The spectrum in the higher-energy re-
gion is characterized by one large absorption peak, while
several phonon peaks are observed in the lower-energy re-
gion(& 1000 cm '). These results are contrary to the
proposal that this alloy series owes its semiconductivity to
the electronic localization. Some of the properties are
known to be sensitive to the conditions of sample prepara-
tion, particularly to the degree of oxidation. However, the
systematic change of the optical properties with composi-
tion has confirmed that some basic features which are in-
dependent of sample history bring about the M-S transi-
tion and stabilize the semiconducting phase.

The spectra of the optical phonons and the Raman
scattering have given evidence for a CDW instability ac-
companied by the breathing-mode distortions. The funda-
mental absorption peak observed in the optical spectrum
can be assigned to the transitions across a CDW gap
which were found to be in resonance with breathing-mode
phonons in the Raman scattering.

In general, a CDW is formed in the lower-dimensional
system where the nesting condition is more easily fulfilled
over a large portion of the Fermi surface than in the
three-dimensional system. In this respect BaBi03 is quite
unique in that the Fermi surface of an exactly half-filled s
band nests perfectly in spite of three dimensions. Howev-
er, this nesting condition can be easily destroyed by alloy-
ing. As proposed theoretically, the persistency of the
semiconductivity in the alloys requires electron-phonon
interaction strong enough to favor a local CDW as well as
a substantial energy difference between Pb and Bi sites.
The present experimental results are consistent in many
aspects with this theoretical proposal. Based on the ex-
perimental results and discussions we can imagine the
electronic states near Fermi level in the semiconducting
alloys as summarized below.

The Pb substitution for Bi is expected to form states
within the gap and simultaneously weaken the strength of
the electron-phonon coupling, which leads to a decrease in
the Bi-band splitting. We cannot see any trace of these ef-
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fects of Pb substitution in both optical and electrical mea-
surements in the compositional range 0.7 &x & 1.0, except
the lattice constants varying continuously with increase of
Pb substitution. This could be interpreted as showing that
the electron-phonon interaction via the breathing-mode
phonon is so strong that the CDW in this system cannot
be destroyed easily by the Pb substitution. This, as well as
the fact that the magnitude of the CDW gap is large ( —2
eV), seems to favor the picture of the CDW localized at
Bi sites.

The apparent effect of the Pb substitution on the elec-
tronic state is seen in the composition x &0.7. From the
optical spectrum we deduce a decrease of the Bi band
splitting and an invasion of the Pb band into the gap be-
tween the split Bi subbands. Here the minimum energy

gap is no longer defined between the split Bi subbands but
between the Pb band and the lower Bi subband.

At the composition where the M-S transition takes
place, the Pb band attaches the lower Bi band and thus
the gap vanishes. Even in the metallic phase the Bi-band
splitting remains as was shown in our previous paper.
This suggests the presence of substantial attractive in-
teraction in the metallic phase which would bring about
the high- T, superconductivity.
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