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Optical study of the metal-semiconductor transition in BaPbi „Bi„O3
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The reflectivity spectra of the BaPbl „Bi„03alloy series are investigated over a wide energy
range, 20—30000 cm, and over the whole compositional range. As the Bi composition x is in-

creased, the position of the plasma edge is found to shift to higher energy corresponding to an in-

crease in the electron density contributed by the Bi atoms. With further increase in x we find that
the spectrum deviates from the usual Drude behavior. From a Kramers-Kronig analysis we infer
that a pseudogap, or a minimum in the density of states, develops with x. The pseudogap arises
from the trend towards splitting of the Bi-derived band and transforms to a real gap at the metal-
semiconductor transition x,=0.35. The gap formation is supposed to be due to the presence of the
short-range order of the Bi charge disproportionation state. Anomalous electronic transport proper-
ties observed in the metallic phase are well explained by assuming this pseudogap near the Fermi
level.

I. INTRODUCTION

Ever since the high- T, superconductivity of
BaPb~ „Bi„03was discovered by Sleight et aI. ,

' many
efforts have been made to determine the origin of the high

T, for non-transition-element compounds. Gradually
the following facts have been revealed. The high T, is at-
tributed to an extraordinarily strong electron-phonon in-
teraction, related to some soft phonons. One of the plau-
sible candidates for the origin of these phonons is the
breathing mode, which is the contraction and expansion
of the oxygen octahedra around the Bi or Pb atoms. Its
softening is due to the fact that the Bi atom has two stable
ionic states (Bi + and Bi +), which makes the valence of
the Bi atom liable to fluctuate even in the Pb"+ matrices.
In BaBiOq this inode is considered to be completely
softened and static displacements of the oxygen atoms ap-
pear, making the material semiconducting. The resistivity
measurements revealed that the metal-semiconductor
(M-S) transition takes place at about the composition
+=0 35

A few fundamental problems remain unsolved as yet.
(i) %rhat are the electronic states or the band structure of
this material? (ii) How is the high-T, superconductivity
related to the M-S transition'? (iii) What are the charac-
teristics of the charge disproportionation? Does the
breathing-mode phonon freeze out also in the alloys? For
the semiconductors phase only, we have recently obtained
evidence showing that the breathing-mode phonons are
frozen out. Specifically, one needs to explain the follow-
ing unusual properties. (i) The resistivity increases with
decreasing temperature for the metallic samples with
x &0.15. ' (ii) The carrier density estimated from the
Hall effect seems to saturate when x exceeds 0.2. ' (iii)
The density of states at the Fermi energy estimated from

the Seebeck coefficient and the specific heat is reduced
from the expected value of the normal metal for
x &0.2. ' The purpose of the present work is to find a
model for the electronic structure of this alloy series
which can explain the above properties.

Most previous works were on powder or polycrystalline
specimens. Thus, we could not rule out the possibility
that some of the unusual properties in this material might
be due to the presence of the polycrystalline boundaries.
Recently, single crystals have been successfully grown in
some laboratories '" and almost the same properties are
also observed in the single crystals. ' ' Therefore we
should regard the singularities as intrinsic to this material.

Several theories have been proposed so far to explain
the M-S transition. The band structure calculated by
Mattheiss and Hamann with the linearized —augmented-
plane-wave (LAPW) method explains well, most of the
properties in the metallic phase but does not work so well
in the semiconducting phase or in the M-S transition
range. According to their charge-density-wave —(CDW)
like image the energy gap can appear only near x=1.0,
whereas semiconducting properties have been observed to
persist over a wide range: 0.35&x(1.0. Kondo and
Hanamura proposed a model in which the semiconduc-
tivity can be explained up to a Pb concentration of about
30 at. %, by taking account of the site-energy difference
between Pb and Bi.' Rice and Sneddon interpreted the
semiconductivity of BaBiOq as due to the real-space elec-
tron pairing which gives rise to the valence configuration
BaqBi +Bi +Oq, by introducing the concept of Anderson's
negative U. ' They concluded that the M-S transition
takes place as Pb dilutes the Bi +-Bi + superlattice and
weakens the real-space pairing. The model proposed by
Yoshioka and Fukuyama considers both the site energy
difference and the on-site attractive interaction between
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electrons. ' Choosing reasonable parameters, they ex-
plained the semiconductivity as well as the superconduc-
tivity of this system.

There have been few experimental attempts to deter-
mine the electronic structure and/or the mechanism giv-
ing rise to the M-S transition of this material. For the in-
vestigation of the M-S transition, optical methods are
suitable tools. Many optical studies have been successful-
ly performed on materials such as TaS2 and TaSe2 in
which a charge-density wave is formed' or on materials,
such as Vz03, in which the Mott transition occurs. '

Nevertheless, little optical investigation has been made on
BaPbi „Bi 03 except for a few works —the infrared-
absorption measurements of de Hair and Blasse' and of
Khan et al. ' Khan et al. observed optically the M-S
transition at the composition x =0.4 and estimated the en-
ergy gap of BaBi03 at about 0.1 eV from the extrapolated
absorption edge.

We have carried out reflectivity measurements over a
wide energy range. We have observed the phonon struc-
ture by far-infrared optical and Raman scattering mea-
surements and the plasma excitation in the visible and
near infrared region. The results of the former two exper-
iments are reported elsewhere. ' In our. preliminary re-
port ' the reflectivity spectra of the polycrystalline speci-
mens with metallic composition x =0—0.25 were shown
and the electron effective mass was estimated from the
observed plasma frequency. In the present work we study
mainly the plasmon behavior determined from the reflec-
tivity spectra of polycrystalline samples and single crys-
tals over the whole corn positional range of
BaPb& „Bi 03, paying particular attention to the M-S
transition.

In Sec. II a brief description of the method of crystal
growth and the setup used for the optical measurement is
presented. The reflectivity spectra are shown in Sec. III,
along with the results of curve fitting by the Drude equa-
tion and of the Kramers-Kronig transformation for the
reflectivity spectra. In Sec. IV on the basis of our experi-
mental results the band scheme of this material is built up
systematically for three composition regions —the metallic
region near BaPb03, the semiconducting region near Ba-
Bi03, and the transition region between the two. More-
over, the relevance to the theories proposed so far is dis-
cussed and our speculation on the M-S transition and the
electronic structure of this material is presented. Finally
we summarize our investigation in Sec. V.

III. RESULTS AND ANALYSIS

A. Reflectivity spectra

The reflectivity spectra of the end members of this al-
loy series are shown in Fig 1. T.he spectra of BaPb03 and
BaPbp 95Blp p503 are typical for metals, having a high-
reflectivity region due to the screening effect of the free
electrons and a reflectivity edge, the so-called plasma
edge. In BaBi03 the reflectivity is relatively low over the
whole spectral range and the phonon structure appears
clearly, corresponding to the disappearance of the free
electrons. It is evident from this spectrum that BaBi03 is
a semiconductor.

Now we compare the spectra of the samples with the
intermediate compositions. In Fig. 2 we reproduce the re-
sult of Ref. 21, where the spectra of the polycrystalline
samples are shown at compositions x =0—0.25 in the
wavelength range 0.7&A, &2.5 pm, ' in which the in-
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crystalline standard samples as references, because the
composition of the crystals might possibly have been a lit-
tle different from the initial compositions of the melt.
The samples with composition in the range 0&x &0.35
are dark bronze in color. The color becomes reddish in
the range 0.35 & x &0.8 and golden in the range x &0.8.
This change seems to suggest that optically detectable
change in the electronic structure takes place as x in-
creases.

All the samples except the as-grown BaBiO3 sample
were mirror polished before the optical measurements by
using A1203 powder of 0.06 pm in size. ,The mirror of the
evaporated Ag films was used as a reference in order to
determine the absolute value of the reflectivity.

The reflectivity spectra in the wavelength range
A, =0.4—2.5 pm were measured by using a Perkin-Elmer
grating-type spectrometer with a photomultiplier detector
for A, =0.4—0.7 pm and a PbS detector for A, =0.7—2.5
pm. The infrared spectra in the longer-wavelength range
A, =2.5 pm (40000 cm ')—500 pm (20 cm ') were mea-
sured by using a Fourier-type spectrometer with a Ge
bolometric detector. The reflectivity data obtained were
analyzed by computer calculation.

II. EXPERIMENT

The polycrystalline samples used for the present mea-
surement were sintered, prepared by the hot-press
method. Their compositions x were 0, 0.05, 0.125, and
0.2. Although there were pores in the samples, the frac-
tion of the total volume seemed to be less than 10%. The
single crystals were grown by the flux method in which
Pb02+ Bi203 was used as a solvent. The crystallization
method has been described in detail in Ref. 11. The com-
positions of the single crystals were 0.17, 0.20, 0.27, 0.33,
0.4, 0.5, 0.6, and 1.0. These compositions were deter-
mined by an electron-probe microanalyzer, using the poly-
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FIG. 1. ReAectivity spectra of BaP1095Bioo503 (typical met-
a1) and BaBi03 (typical semiconductor). The dashed line is the
spectrum of BaPbQ3 (semimetal).
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FIG. 2. Reflectivity spectra of the polycrystalline samples in
the compositional range 0 &x & 0.2. The solid curves are the re-
sults of the Drude fit using Eq. (1).

teresting spectral change of the plasma reflection can be
observed. As seen in the figure, the plasma edge shifts to-
wards higher energy as the Bi content increases. The solid
lines in the figure are the fitting curves calculated by us-
ing the Drude equation as follows:

e(co) =e 1— (1)
2

COp

M +LCM/

where co& is the plasma frequency, y is the damping factor
of this excitation, and e is the optical dielectric constant.
For the samples of x =0, 0.05, and 0.125 the experimental
curves can be fitted fairly well to the calculated curves,
which indicates that these samples are normal metals.
However, for the sample with x=0.20 the experimental
curve shows a deviation from the Drude curve in the
lower-energy region.

This anomalous behavior is also observed in the spectra
of the single-crystalline samples with x & 0.17 as shown in
Fig. 3. The solid curves in the figure are the Drude
curves, and the arrows indicate the position of co& ob-
tained by the fitting. When the Bi content x increases,
the plasma edge shifts towards higher energy while the re-
flectivity in the lower-energy region is reduced more and
more and the deviation from the Drude curve becomes ac-
cordingly more remarkable.

In Fig. 3 the spectrum seems to change continuously
from the metallic to the semiconducting phase, and the
boundary composition between these two phases is not
clear. Comparing the spectrum of BaPbp67B103303 with
that of BaPbp68ip403 shown in Fig. 4, we can see the
clear difference between the two in the low-temperature
sPectra. In BaPbp 68ip 4O3 the Phonon structures manifest
themselves as a consequence of the reduction of the num-
ber of thermally excited free electrons, whereas we see no
appreciable change in the spectrum of BaPbp 67Bip 33O3

0, 4'
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after cooling down the sample. Consequently, we can
state that the M-5 phase boundary is located at a compo-
sition between 0.33 and 0,4, in agreement with the results
of the resistivity measurement. It is surprising that al-
though the samples with x &0.33 are "metals, " their spec-
tra show such a large deviation from the Drude curves as
shown in Fig. 3. The lowest composition at which this
anomaly sets in is not clear because no single crystals are
available at present in the compositional range x&0.17.
However, it shows up at least at x =0.17 and above.

Concerning the origin of this anomaly in the spectra,
one may suggest the possibility that the samples are not

FIG. 3. Series of reflectivity spectra of the single-crystalline
samples in the compositional range 0.17&x &0.06. The solid
curves are the results of the Drude fit. The arrows indicate the
wavelength positions of the plasma edges.
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FIG. 4. Comparison of the reflectivity spectrum of
BaPbp 6781p 3303 with that of BaPbp 6Bip 403. The difference be-
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homogeneous as pointed out by Methfessel and Meth-
fessel. In the alloy system there are always possibilities
of either segregation or phase separation. In particular,
phase separation is often an inevitable consequence for a
system which shows a M-S transition upon changing the
alloy composition. If such a phase separation were to take
place in the present crystals, the samples near the critical
composition (x,=0.35) would be a macroscopic mixture
of the metallic and semiconducting domains. In such a
case the reflectivity should be

R (co) =(1 f)Rm(cu)+ fR—s(~),
where f is the volume fraction of the semiconducting
domain and RM and Rz are the reflectivity in the metallic
and semiconducting domains, respectively. By calculating
R~ from Eq. (1) and setting Rz constant as shown in the
spectrum of BaBiO3, we can obtain a good fit to the ex-
perimental spectrum. It is reasonable that the obtained
parameter f, is an increasing function of x. However, in
the usual phase separation the composition of the indivi-
dual phases should be fixed and as a result, the plasma
edge should be observed at the same frequency even if the
reflectivity decreases with increasing x, whereas our ex-
perimental results show a continuous shift of the edge
with x. Moreover, neither the x-ray or the transmission-
electron-microscope observation could detect any sec-
ondary phase present in our samples. Thus, we regard
the present alloy series as a macroscopically homogeneous
system.

B. Analysis

Regarding our samples as macroscopically homogene-
ous, we have carried out the Kramers-Kronig transforma-
tion 'for the experimental spectra in order to make clear
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FIG. S. Real part of the optical conductivity o~ for various
compositions of BaPb& „Bi„03which are obtained from the cal-
culation of Kramers-Kronig transformation for the reflectivity
spectra.

the mechanism of the anomalous spectral behavior. From
the dielectric function obtained e=e~+ie2, the real part
of the conductivity o.

&
is calculated as shown in Fig. 5, by

using the relation 4vro~(co)=coe2(co). Concerning the ac-
curacy of the calculation, we have the following problem.
Although the spectral range covered in our measurement
is from 20 cm ' (-2 meV) to 25000 cm ' (-3 eV), we
need a still wider range to take into account all of the
electronic excitations. Actually there seems to be one
more electronic excitation at an energy higher than 3 eV.
In order to see the influence of the extrapolation pro-
cedure the calculations have been done by varying the
constant value of R extrapolated above 25000 cm ' or by
adding an oscillator centered around 40000 cm ' with
various oscillator strengths. Below 20 cm ' different ex-
trapolation schemes were also used. It turns out that
these procedures do not seriously affect the results in the
energy range of interest. As shown in Fig. 5 the extrapo-
lated dc values of the optical conductivity are in good
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FICi. 6. Composition (x) dependence of the peak-position en-
ergy in the conductivity spectrum o &(co).

agreement with the values obtained from the transport
measurement, which is part of the evidence that the accu-
racy of the present calculation is acceptable.

The spectrum of the sample at x=0.05 is a typical one
expected from the Drude theory. On the other hand, in
the semiconducting phase for x & 0.35 the conductivity in
the lower-energy region is reduced considerably and the
phonon structure dominates in this spectral region. In the
higher-energy region a distinct peak characterizes the
spectrum as is typically shown in the case of BaBi03.
This can be assigned to an electronic transition across an
energy gap in the semiconducting bands, the position of
which corresponds approximately to the value of the ener-

gy gap. When x increases, this spectral peak sharpens
and its position shifts towards higher energy. The energy
corresponding to the peak position is plotted against the
Bi composition x in Fig. 6. It is notable that even in the
metallic phase the optical conductivity in the lower-
energy region reduces gradually with increasing x and as
a result, a peak appears in the spectrum. This peak has
already manifested itself in the spectrum at x=0.17.
Thus, the conductivity spectrum seems to change continu-
ously from a typical metallic one to a semiconducting one
with increasing x. Observing this spectral change, we can
interpret the reflectivity reduction in the lower-energy re-
gion as the transfer of the low-energy conductivity to the
high-energy peak and the shift of its position towards
higher energy.

In contrast to the spectra in the lower-energy region,
the higher-energy spectra (co &co&) can be explained rela-
tively well by the Drude theory. As shown by the arrows
in Fig. 3, the plasma edge shifts continuously with x. The
values of co& obtained by the curve fitting are plotted
against the composition x in Fig. 7. (For the semicon-
ducting samples at x&0.4 the plotted values were ob-
tained by the curve fit using the other form of the dielec-
tric function as described in Sec. IV because the Drude fit
loses its significance. There was no distinct difference be-

BaPb, ~Bi~ 0~
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o
09. '
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0
0.0 0.1 0.2 0.3 X

0.5
Bi Compost t I on g

FIG. 7. Composition (x) dependence of the square of the
plasma frequency co~. In the inset the carrier densities estimated
from the Hall effect are plotted. The solid line in the inset is
calculated on the assumption that Bi atoms donate one electron
per atom in the conduction band.

between the values obtained by these two curve fittings. )

co& increases almost linearly with x over the whole compo-
sitional range except at x=1.0. As the carrier density n
involved in the optical excitation is presumed to be almost
equal to the Bi concentration, this behavior of co& seems to
confirm the relation between co& and n as

24mne
(3)

Pl E'~

where m* is the electron effective mass. Hence, we can
say that the electrons contributing to the collective excita-
tion of this material are supplied by the substituted Bi
atoms. The value of e obtained by the curve fitting is al-
most constant ( —5) over the compositional range at least
up to x=0.6. As suspected in Figs. 2 and 3, another elec-
tronic excitation may exist in the energy region above 3
eV (25000 cm '). Since the optical dielectric constant e
includes the contribution of such higher-energy excita-
tions, it can no longer be regarded as a constant when co~

comes near this excitation energy. We have checked the
influence of the higher-energy excitation on the value of
co& by adding one more oscillator with excitation energy
coG ——35000 cm ' and oscillator strength S=0.64: The
best-fit parameters obtained are Rcoz ——2.14 eV and
e =4.2 for x=0.6 as compared to the results without
this additional oscillator, fuuz ——2.07 eV and e =5.0. For
BaBi03 the presence of the higher-energy excitation af-
fects the fitting parameters more seriously, making the
data point in Fig. 7 shift upwards appreciably. However,
we can say from Fig. 7 that co& increases linearly with x at
least up to about x=0.5 and this good linearity suggests
that the optical effective mass does not vary so much with
X.

The carrier densities estimated from the Hall effect
and those calculated on the assumption that Bi atoms
donate one electron per atom in the condition band are
simultaneously plotted against the composition in the in-
set of Fig. 7. In the norinal metallic region, i.e.,
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PIG. 8. Composition (x) dependence of the optical damping
obtained by the curve fitting. The error bar represents the
difference between the best-fit parameters obtained using the
Drude equation [Eq. (1)] and by using Eq. (4).

sured electrically and the other is estimated optically.
The latter is defined as cr(0)=co~@„/y, each parameter
co~, mao, and y being obtained by the Drude fit in the
higher-energy region. In the normal-metal compositional
range the values of the two are almost equal, whereas the
electrical conductivity begins to decrease rapidly at about
x 0.33, corresponding to the deviation from the Drude
model. It is remarkable that the optical conductivity is al-
most constant over the wide compositional range, which
shows that increase of mz is compensated by an increase
of y in determining the conductivity. This suggests that
Bi acts as a donor impurity and as a normal scattering
center simultaneously. From Figs. 8 and 9 it is concluded
that this material appears to be essentially, a metal with
simple band structure in the energy region of around 1 eV
or higher, while in the low-energy region an appreciable
deviation from the simple metal develops with increasing
X.

IV. DISCUSSIONS
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FIG. 9. Composition (x) dependence of the zero-frequency
conductivity. The data indicated by ~ and &( are the dc conduc-
tivities measured electrically. The data indicated by 0 are the
optical conductivities obtained by extrapolating the measure-
ment spectrum towards lower energy based on the Drude
theory.

0 & x & 0.17, the electrically estimated carrier density also
seems to vary linearly with x, while it shows saturation in
the compositional range x&0.17, where the reflectivity
spectrum deviates from the Drude curve. These results
indicate that this material is no longer a normal metal in
the compositional range 0.15 & x &0.35, and nevertheless
the electrons supplied by Bi atoms take part in the optical
collective excitation in the wider compositional range in-
cluding the semiconducting phase.

In Fig gthe .damping factor of the collective excitation
obtained by the fitting calculation is plotted against the
composition. Roughly speaking, the damping y seems to
increase linearly with x, that is, y seems to be proportion-
al to the Bi content. In Fig. 9 the two kinds of conduc-
tivity are plotted for comparison. One of them is mea-

A. Metallic phase

As shown in Fig. 4, the alloys with composition
x ~0.35 can be classified as metals from the optical spec-
trum. Although the alloys with x&0.15 show deviation
from the normal-metal behavior, the plasma edge is clear-
ly observed in the spectrum and the reflectivity continues
to increase towards perfect reflection as co~0. As
demonstrated in Figs. 2 and 5, the reflectivity and the op-
tical conductivity for the alloys with x & 0.15 can be fitted
to the Drude-type frequency dependences. The normal
metallic properties in the above compositional range have
also been confirmed by other measurements, in particular,
by the electrical ineasurements. The carrier density es-
timated from the Hall coefficient yields a value corre-
sponding to one electron per Bi atom. The Seebeck
coefficient is found to increase linearly with the
temperature —the typical metallic behavior —for the sam-
ples in the same compositional range.

We have already reported as a preliminary result that
the plasma frequency co~ defined by the reflectivity edge
increases with increasing x for the ceramic specimens. '
It was found that co& varies almost linearly with x. The
present measurements, made on single crystalline speci-
mens, have also confirmed the relation co& ~x in the wide
compositional range, which suggests that homogeneous
solid solutions are formed over the entire range we have
investigated Since co~. is proportional to the free-electron
density as shown in Eq. (3), this fact indicates that the Bi
concentration nB; is proportional to the free-electron den-
sity n. Considering the results for the Hall coefficient
which indicate n =nz; at x=0.12, we may conclude that
Bi atoms donate one electron per atom to the conduction
band of BaPb03 over the whole compositional range.

It should also be noted that the optical dielectric con-
stant, which is determined from the reflectivity in the fre-
quency region above the reQectivity edge, i.e., co&, does not
change appreciably over the whole range of x: e =5+ 1
for all the samples measured. This result implies that the
electronic structure involved in the higher-energy excita-
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tions does not change appreciably in the entire alloy series.
Based on the constant e, the linear relationship between

co& and x leads to an effective mass m * independent of x.
From the slope of the line in Fig. 7, we estimate
m*=0.5m, using the value e =5 with m, being the
free-electron mass. Note that m' is the so-called optical
effective mass which is independent of the detailed elec-
tronic structure in the low-energy region (co &co&) such as
the effect of electron-phonon interaction or the energy gap
in the vicinity of the Fermi energy due to CDW instabili-
ty. In fact this value is smaller, by a factor of about 2,
than the electron mass estimated from the result of the
Seebeck effect for the samples in the metallic phase.
Considering the fact that the latter is subjected to phonon
dressing, we can say that the agreement between the two
is fairly good.

A priori band-structure calculations of Mattheiss and
Hamann yielded a very similar value ( -0.5m, ) for the ef-
fective mass in the conduction band of the BaPb& „Bi„03
alloy series. ' " According to their calculation the energy
bands near the Fermi energy are composed of a hybri-
dized set of states derived from the 6s levels of the Pb or
Bi ions and the 2p levels of the O ions. The 6s-2p com-
plex forms a very broad band with a total width of around
16 eV. Since a rather light band mass is a natural conse-
quence of the s-p —derived bands, the present result
strongly supports the result of the band calculations as far
as the energy region near co& or higher is concerned. It
should also be noted that the effective mass in the present
system is smaller by more than an order of magnitude
than that for other systems showing relatively high- T, su-
perconductivity, such as in A15 and Chevrel-phase com-
pounds where the d- or f-derived bands play an essential
role."

suit is that the values of ~z sit almost on a single line,
co& ——Kx, extrapolated from the metallic phase. This
strongly suggests that the electronic states involved in the
interband transitions are those derived from the one ex-
cess valence electron on the Bi atom. The same states
contribute to the free-carrier plasma in the metallic phase.
In the end member, BaBiO3, the 6s level hybridized with
the 2p, level of the 0 atom forms a set of bands near the
Fermi level, as is also the case in BaPb03. The Fermi lev-
el should be located in the middle of the upper 6s-2p band
in the case of BaBi03. In the actual material the lattice
distortions, predominantly the breathing-mode distortions,
make the system semiconducting by creating a gap near
the Fermi level —the COW instability. The experimental
facts indicate that the same mechanism is responsible for
the semiconductivity of the alloys and that the interband
transitions are between the split-off Bi bands.

The effect of alloying is seen in the downward shift of
the conductivity-peak position with increasing Pb compo-
sition as shown in Fig. 5. This can be interpreted as the
decrease in the separation between the Bi split-off bands.
There seems to be no explicit role of Pb in the electronic
structure of the alloys in ihe semiconducting phase. How-
ever, the resistivity data suggests the presence of the Pb
states in the energy-gap region. The activation energy
that determines the low-temperature resistivity is small
and obviously different from that in the high-temperature
region. Besides, the low-temperature activation energy is
found to decrease towards zero at x,=0.35 with increase
of Pb composition, possibly due to the increasing weight
or width of the Pb states in the gap. Hence, the plasma
dominating in the low-energy region of the room-
temperature spectrum for x=0.4 may originate from car-
riers thermally activated in the same states.

B. Semiconducting phase

The reflectivity spectrum in the semiconducting phase
(x & 0.35) is characterized by optical phonons in the low-
frequency region and by the refiectivity edge observed at
high frequencies. The attempt to extract information on
the semiconducting phase from the phonon spectrum is
reported elsewhere. Here, we discuss the electronic struc-
ture of the alloys in the semiconducting phase deduced
from the optical spectrum.

As shown in Fig. 5, a pronounced maximum appears in
the optical conductivity spectrum in the higher-energy re-
gion. This peak has the most spectral weight in the ener-
gy range up to about 3 eV and therefore is assigned to
electronic transitions between energy bands separated by
an energy gap. Note that we do not see a square-root
edge, i.e., (fico EG)', typical for the inter—band transition
of ordinary semiconductors such as GaAs. The structure
in the present case rather resembles the interband transi-
tions in narrow-band materials or the transitions across a
Peierls gap in CDW systems such as KCP (Ref. 26) and
Ko 3 MOO3 (Ref. 27).

The reflectivity edge observed at the higher energy
denoted also by co~ should correspond to a longitudinal
collective excitation associated with the interband transi-
tions which give rise to a conductivity peak. A notable re-

C. Metal-semiconductor transition and precursor effect

Based on the discussions in the preceding sections the
models for the electronic structure in the metallic and
semiconducting phase are depicted schematically in Figs.
10(a) and 10(c), respectively. Extrapolation of the energy
scheme from the semiconducting side naturally leads to a
metal-semiconductor transition. Since the splitting of the
Bi band seems to decrease with increase of Pb composi-
tion, corresponding to the shift of the conductivity max-
imum towards lower energy as shown in Fig. 5, eventually
the lower split-off Bi band will overlap with the Pb band
at a certain x. We consider that this takes place at around
x =0.35.

The splitting of the Bi band is substantially larger even
near the critical composition as deduced from the position
of the optical conductivity peak, e.g., at 1.1 eV for x=0.4
(Fig. 6). So it is likely that the splitting remains even in
the metallic phase. Indeed a peak, although not so pro-
nounced as in the semiconducting phase, shows up in the
oi(co) spectrum even for the metallic samples with Bi
composition greater than 0.17 as shown in Fig. 5 and the
peak positions are at the energies extrapolated from the
semiconducting phase. From this we can imagine the
electronic structure as shown in Fig. 10(b) for the alloys in
the range 0.15 & x &x, (-0.35).
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FIG. 10. Schematic band model of BaPb~ „Bi„03based on
our experim. ental results. (a) Normal-metal region: The Fermi
level shifts upwards gradually as x increases. (b) Transition re-
gion: The split-off Bi bands overlap the Pb band and the Fermi
level is pinned between these Bi bands. (c) Semiconducting re-
gion: The Pb band is separated from the lower split-off Bi band.
The Fermi level is located between these two bands.

In the above energy-band scheme for 0.15 & x &x, the
Fermi level which crosses the Pb band is pinned at a posi-
tion midway between the split-off Bi bands. Therefore,
the number of electronic states near the Fermi energy
available for the dc or low-energy properties does not in-
crease even with increase of Bi concentration. This is in
agreement with the experimental observations such as
Hall ' and Seebeck effects, in which the carrier density
and the Fermi energy are observed to saturate. The recent
transport measurement by Suzuki and Murakami has
suggested the coexistence of the metallic carriers, the
number of which is independent of temperature, with the
thermally activated carriers for single-crystalline thin
films in the metallic compositional range. This result can
also be interpreted in terms of the electronic structure pro-
posed here.

We'should remark that the reflectivity spectrum for the
alloys x &0.15 can be simulated fairly well by assuming
the following dielectric function:

2 2
COp

—
COG

e(a)) =e 1+ (4)
COG —CO —l CO/

Here, the second term is introduced to represent the inter-
band excitations across a gap coG and the associated re-
flectivity edge at co&. The third term represents the metal-
lic contribution due to the finite Fermi surface after the
splitting of the Bi band in the metallic phase or to the car-
riers thermally activated in the semiconducting phase.
All the experimental data can be fitted to the curves cal-
culated using the above dielectric function. One example
is shown in Fig. 11. Thus, this fitting procedure yields
more reliable values for the parameters co&, coG, and y.
The obtained parameters co& and y do not differ signifi-
cantly from the values determined by the original Drude
fit and the value of coG is found to coincide with the peak
position of oi(co). It is rather surprising that the second
term in Eq. (4) can describe the interband transitions in
the present system consisting of the bands derived onLy
from s and p levels. Such a simple formula is usually ap-
propriate for the interband transitions between narrow f
and d bands. One may therefore postulate that the densi-
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FIG. 11. Curve fitting by the Drude equation [Eq. (1)] and by
Eq. (4).

D. Relevance to the available theories

Here, we discuss the physical grounds for the electronic
structure of BaPb~ „Bi„03proposed in the preceding sec-
tions. The model shown in Fig. 10(a) is identical to that
proposed by Mattheiss and Hamann (MH) from LAPW
band calculation. " For the end member BaPb03 the ob-
servation of a plasma edge in the infrared region gives
clear evidence for the semimetallic state of this material,
which is in agreement with the result of MH, predicting a
small band overlap between the Pb 6s and the 0 2p non-
bonding bands. They used the virtual-crystal approxima-
tion for the electronic structure of the alloys. The present
experiments have also yielded support for such a rigid
band picture at least up to the Bi composition x-0.1.
Notably, the estimated effective mass of the conduction
electrons, which is found to be rather small, m /m, =0.5,

ty of states associated with Bi bands has a narrow max-
imum in contrast to the broad Pb band, which might be a
reason why the Bi bands manifest themselves even if they
overlap with the Pb band in the metallic phase.

As we briefly described before, the properties in this re-
gime at first glance appear to be determined by the mac-
roscopic phase separation or inhomogeneity in the crys-
tals. If a sudden transformation were to take place at
around x=0.35 from the electronic structure shown in
Fig. 10(c) to that in Fig. 10(a), then the transition should
have been of first order. In this case, as Mott frequently
points out, a phase separation is an inevitable conse-
quence although somehow dependent on the conditions of
the crystal growth. Takagi et al. '2 have recently observed
the coexistence of superconductivity, but only in tiny
volume fraction, in the semiconducting single crystals.
However, such observation is in the narrow compositional
range restricted between 0.35 and 0.40. On the other
hand, unusual properties, such as, non-Drudian optical
spectrum, start to show up already at x -0.15. Therefore,
it is more appropriate to regard this regime as a precurso-
ry one that bridges the metallic and semiconducting phase
without any abrupt change in the electronic structure.
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is reasonable in view of the band arising from the atomic
s and/or p orbitals.

If one extrapolates the rigid-band scheme to the oppo-
site end member BaBi03, this material should be a metal
with the Fermi level in the middle of the Bi 6s conduction
band. MH proposed that the breathing-mode distortion
of the O lattice is responsible for the semiconductivity.
The distortion makes neighboring Bi sites inequivalent
and the Fermi surface would be perfectly nesting in the
case of a half-filled tight-binding band. Thus, one expects
a semiconducting CDW ground state for BaBiO3 How-
ever, such a long-range CDW state will be destroyed easi-
ly by alloying with Pb. In order to explain the semicon-
ductivity of the alloys in a rather wide compositional
range, the model proposed by Rice and Sneddon (RS)
seems to be more appropriate. ' They presumed an at-
tractive interaction mediated by the breathing-mode pho-
nons and localized on Bi sites (Anderson negative U).
The model emphasizes the local nature of the CDW insta-
bility. The CDW state would then be stable against alloy-
ing with Pb and the semiconducting phase would persist
over a wide compositional range. In addition, Rice sug-
gested that static disordered distortions of the 0 atoms
would remain even in the metallic phase and they would
strongly modify the metallic properties. '

As they themselves pointed out, the RS model needs to
be extended to the case of finite bandwidth. Recently,
Yoshioka and Fukuyama (YF) have proposed a model
describing a superconductor-semiconductor transition for
a binary-alloy system. ' The essential point of the model
is that explicit account is taken of the site-energy differ-
ence as well as of the one-site attractive interaction. The
on-site attraction enhances the effective site-energy differ-
ence. Hence, a metal-semiconductor transition takes place
when the effective site-energy difference exceeds the band-
width. The model leads to a conclusion similar to that of
the RS model when it is applied to the present system. In
this case an energy gap will be created at the transition be-
tween the Pb 6s band and the lower split-off Bi 6s band.
This is essentially the same as the energy scheme we have
drawn in the preceding section.

Even in the metallic phase, the YF model predicts the
presence of a dip in the density of states near the Fermi
level just like that shown in Fig. 10(b). If the on-site at-
tractive interaction is localized only on the Bi site, the
magnitude of negative U will be an increasing function of
the Bi composition. Then, the increase in the Bi composi-
tion will enhance both the effective site-energy difference
and the splitting of the Bi band as is observed in the ex-
periments. The enhanced differences in site energy would
make a structure in the density of states as shown in Fig.
10(b), which will become progressively pronounced with
increasing Bi content and the transition to the semicon-
ducting state will result.

The regime depicted in Fig. 10(b) is analogous to the
precursor or fluctuation regime in the case of Peierls in-
stability. ' This is seen at temperatures above the onset
of the CDW long-range order, and a minimum in the den-
sity of states, a pseudogap, appears in the electronic spec-
trum. In a separate paper we have been led, through con-
sideration of the far-infrared phonon spectrum, to the

conclusion that long-range order' in the present system
corresponds to the charge disproportionation state of Bi
atoms. As is widely accepted for BaBiOz, the Bi atoms
form a superlattice composed of a three-dimensional alter-
nating array of two inequivalent Bi sites, i.e.,
[—Bi(I)—Bi(II)—), configurations where Bi(I) and Bi(II)
represent differently charged Bi atoms. This superstruc-
ture is considered to be introduced by the condensation of
the breathing-mode phonons. Assuming that the Bi com-
position x plays a role similar to that of the temperature
in the case of the Peierls instability, the precursor regime
would then be originated due to the local fluctuation of
the Bi content in the alloy, which possibly leads to the
formation of clusters with [—Bi(I)—Bi(II)—] short-range
order.

V. SUMMARY

Based on the results of the optical spectra we have
developed a picture for the electronic structure of
BaPb~ „Bi~03 as summarized below. This picture ex-
plains quite well not only the observed optical properties,
but also the extensive electronic transport properties.

(a) When the Bi content is low, up to about 10 at. %, Bi
donates one electron per atom to the Pb conduction band.
Therefore, the alloys in this compositional range show
normal metallic behavior as confirmed by the Drude-like
optical spectra and other experimental observations.

(b) At or beyond x=0.1, the distinction between Bi 6s
and Pb 6s states becomes appreciable and simultaneously,
the Bi band is split due to the breathing-mode distortions
localized on Bi sites. But still a finite density of states
near the Fermi level remains, due to the band overlap be-
tween Pb and the lower Bi split-off bands, although it is
depressed appreciably. This is clearly seen in the reduced
but finite optical conductivity in the low-energy region.
Following this change the interband transition between
the two Bi split-off bands starts to dominate in the spec-
trum in the higher-energy region. This effect manifests
itself as a reflectivity edge and also as a peak feature in
the real part of the optical conductivity. The position of
the reflectivity edge shifts to higher energy with increas-
ing Bi content, corresponding to the increase in the num-
ber of available states for the interband transitions.

(c) With further increase of Bi content the conductivity
peak shifts towards higher energy, which corresponds to
the increase in the splitting of the Bi 6s band. In associa-
tion the Pb 6s band is pushed upward relative to the Bi 6s
band and finally a complete gap opens. The optical spec-
trum of the semiconducting phase is characterized by
low-energy phonons and a high-energy interband transi-
tion across a gap created in the Bi 6s bands. The optical
conductivity shows a pronounced peak corresponding to
the interband transition which is quite different from a
square-root edge observed in the usual semiconductors but
rather resembles the spectrum of the material showing
Peierls instability.

The regime (b) exactly corresponds to that of high-T,
superconductivity. Hence it is likely that a strong
electron-phonon interaction is responsible for both super-
conductivity and the local instability towards the semi-
conducting states. However, it is not so clear if both of
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them come about because of the coupling with a single
specific phonon, e.g., the breathing-mode phonon.
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