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The dielectric response of Ba& K„Bi03 (BKBO) is investigated via room-temperature optical
reflectance' and spectroellipsometry over the doping range O~x (0.51. We find that with increasing x,
(i) a semiconductor-to-metal (MS) transition occurs near x =0.35, (ii) the infrared absorption band de-
creases monotonically in energy and persists into the metallic regime, and (iii) the integrated optical con-
ductivity between 0 and 4 eV increases below the MS transition, but decreases above the MS transition.
The decrease in the infrared absorption band energy suggests a relaxation of the distorted oxygen oc-
tahedra toward equilibrium with increasing x, and the doping dependence of the integrated optical con-
ductivity is consistent with a crossover from holelike carriers below the MS transition to electronlike
carriers above. A self-consistent interpretation of these results is provided by a general bond-order
charge-density-wave model in which deviations of the Bi-0 bond length from equilibrium inhuence
many aspects of the normal-state response. We discuss the implications of this interpretation for BKBO
and BaPb~ Bi& ~03.

I. INTRODUCTION

The normal-state properties of the bismuthate super-
conductors, Ba& K„BiO& (BKBO) and BaPbrBi& &03
(BPBO), are dominated by doping-induced
semiconductor-to-metal (MS) transitions near x =0.35
(Ref. 1) and y=0. 70. Although these transitions have
been studied extensively, the persistence of semiconduc-
tivity away from half filling (x =y =0) has proven
dificult to explain theoretically. For example, band-
structure calculations fail to anticipate any semicon-
ducting regime, predicting instead a metallic state for
both materials at all doping levels. Tight-binding mod-
els ' account for the semiconductivity only at half filling
where perfectly nested electron and hole Fermi surfaces
stabilize a commensurate three-dimensional charge-
density wave (CDW), and open a semiconducting gap at
the Fermi energy. However, away from half filling,
tight-binding models ' predict metallic behavior because
the added carriers lift the nesting degeneracy and destabi-
lize the CDW state. In order to account for the per-
sistence of semiconductivity away from half filling,
several novel mechanisms have been proposed, including
chemical ordering waves, site potential differences,
real-space electron pairing (small bipolarons), ' "and or-
dering of localized holes. ' Unfortunately, an absence of
wide-range doping dependence studies has made it impos-
sible to critically test important predictions of these mod-
els.

This paper presents the first optical reAectance and
spectroellipsometric measurements of single-crystal
BKBO. These optical investigations cover a wider range
of doping (0 & x (0.51) than previously reported, ' '

providing a detailed picture of the doping dependence of
the normal-state optical response of BKBO through the
MS transition. A number of trends are observed in the
data with increasing x including a MS transition near
x =0.35, a monotonic decrease in the IR absorption band
energy, and a maximum in the low-energy ( &4 eV) spec-
tral weight near the MS transition. We show that these
results are qualitatively consistent with a bond-order
CDW picture that associates many of the bismuthate
normal-state properties with the deviations of the Bi-0
bond length from equilibrium.

II. EXPERIMENT

Single-crystal samples of Ba, K Bi03 were grown by
a top-seeded electrochemical technique described else-
where. ' Since high temperature growth conditions are
not required for the electrochemical process, '

significantly higher potassium doping levels can be ob-
tained than are possible with traditional synthesis
methods. ' ' In order to investigate the doping depen-
dence of the optical response through the MS transition,
measurements were made on three semiconducting sam-
ples with x =0.0, 0.24, 0.31, and three superconducting
samples with x =0.38 (T, =31.5 K), x =0.41 (T, =30
K), and x=0.51 (T, =21.5 K). The K concentrations
(x ) were determined by x-ray diffraction. The supercon-
ducting transition temperatures (T, ) were obtained from
the bulk magnetization results shown in Fig. 1. For the
optical measurements, one of the large (approximately 1

mm X 1 mm) sample faces was mechanically polished to a
mirrorlike surface using a 0.5 micron abrasive. All opti-
cal measurements were performed immediately after pol-
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tical constants that are exact to within experimental error
over the entire measured energy range.

III. RESULTS AND ANALYSIS
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FIG. 1. Bulk magnetization (zero-field cooled) for the super-

conducting samples taken on warming. The data have been
scaled to the magnetization at 5 K for each sample.

ishing to reduce the possibility of surface degradation due
to atmosphere exposure.

The reflectance was measured with a rapid-scanning
Fourier transform interferometer at near-normal in-
cidence between 0.01 and 5 eV for the x =0 sample and
between 0.1 and 5 eV for samples with x&0. Several
combinations of sources, beamsplitters, and detectors,
with overlapping spectral regions, were used to cover this
energy range. The data from overlapping spectral ranges
never differed by more than 1%. The spectroellip-
sometric measurements were performed between 1.5 and
5.5 eV on a rotating analyzer system with an incident an-
gle of roughly 66 . Spectroellipsometry is a self-
normalizing technique and is, therefore, insensitive to
surface imperfections (i.e., microscratches due to polish-
ing). The measured refiectances and those calculated
from the ellipsometric data agreed to within 3% in all
cases, which confirms the consistency of our data.

By combining reflectance and spectroellipsometric
data, it is possible to significantly reduce errors in the cal-
culated optical constants which are introduced when the
limited reAectivity data are extrapolated in a Kramers-
Kronig' (KK) analysis. A detailed discussion of this
correction procedure has been published previously, ' so
only a brief description will be given here. The first step
of our correction procedure includes choosing a high-
frequency extrapolation for the reAectivity such that the
phase of the complex reAectance obtained from the KK
transform matches the low-energy part of the ellipsome-

, trically determined phase. Once this has been achieved,
the KK derived phase is set equal to the ellipsometric
phase above approximately 3 eV, forming the corrected
phase, O„„(co). In order to take advantage of the
ellipsometer s greater sensitivity at high energy, the mea-
sured reflectance is also equated with the ellipsometrical-
ly determined refiectance above approximately 3.5 eV, to
form Rc, b(co). Finally, Rc, b(m) and O„„(co)are used
in standard constitutive relations to calculate the optical
constants. This procedure efFectively eliminates the er-
rors associated with traditional KK analyses, yielding op-
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FIG. 2. Room-temperature optical reflectance of BKBO as a
function of doping. The inset shows the higher-energy
reflectance which is truncated in the main graph to emphasize
the low-energy response.

The development of the optical reflectance with dop-
ing, x, is presented in Fig. 2 up to 4 eV. The most obvi-
ous trends as x increases are a monotonic increase of the
refiectance in the infrared (IR) region and a monotonic
decrease of the plasma energy. The reflectance between 2
and 5.5 eV is shown in the inset of Fig. 2. The optical
response above 3.5 eV is nearly independent of x, indicat-
ing that the electronic states in this energy range are rela-
tively insensitive to doping. Qualitatively similar
refiectance results have been reported previously for
film' ' and polycrystalline samples' ' ' (x &0.4), howev-
er, the low-frequency (co &2 eV) refiectance values exhib-
ited by our single crystals are considerably larger than
those previously reported.

The doping dependence of the real part of the optical
conductivity, o.„obtained from our corrected KK
analysis, is shown in Fig. 3 up to 4 eV. The most prom-
inent features of o

&
are (i) a strong absorption band in the

infrared (hereinafter referred to as the "IR absorption
band") which decreases in energy monotonically with in-
creasing x, (ii) a large free-carrier absorption centered at
zero frequency which develops for x )0.38, and (iii) a
deep minimum above the IR absorption band. The low-
energy response of o, indicates the presence of a MS
transition near x =0.35 at room temperature. The IR
absorption band in BaBi03 has been assigned to charge
excitations across the CDW gap, so the systematic
decrease in the IR absorption band energy at higher dop-
ing levels suggests that the CDW gap energy, E, de-
creases monotonically with increasing x. It is noteworthy
that the IR absorption band persists into the metallic re-
gime (x )0.35), remaining resolvable as a shoulder on
the free-carrier response for x =0.38 and 0.41. The con-
ductivity minimum above the IR absorption band implies
that the bands nearest the Fermi energy are well separat-
ed from the other bands.
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FIG. 3. The optical conductivity of BKBO, obtained by our
corrected Kramers-Kronig procedure (Ref. 19), as a function of
x. Vertical hash marks indicate the values of coo used as the
upper limit in the spectral weight integration of Eq. (1) (see Fig.
5).

The doping dependence of the integrated optical con-
ductivity can be analyzed quantitatively by defining the
spectra function, N, s.(co), as

2m V„))
N, (trc)o= o, (co')d co',

m.e

where m and e are the free-electron mass and charge, re-
spectively, and V„&& is the unit-cell volume. Comparison
to the well-known f sum rule identifies the quantity
(m /m *)N,s.(co) as the total effective number of carriers
(free and bound) per unit cell participating in conduction
below co, where m * is the renormalized (eff'ective) carrier
mass. An equivalent plasma frequency can be assigned to
N, s(co) as follows:

4m-e' (m ~m *)Nes'(~)
COp— —8 a'

~ ( cd )d co
m V„)) 0

Equation (2) emphasizes that (m lm*)N, fr(co) includes
both bound and free-carrier contributions below m, since
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FIG. 5. The low-energy spectral weight obtained by integrat-
ing the optical conductivity (Fig. 3) up to the conductivity
minimum, coo, plotted vs x.

co is defined in terms of the total integrated conductivity.
The optical conductivity in Fig. 3 was integrated ac-

cording to Eq. (1) to obtain N, s(co) between 0 and 4 eV as
shown in Fig. 4. The MS transition results in a clear
difference between N, (frc)o for x ~0.31, which increases
slowly from zero at low energies and rises sharply when
the IR absorption band is encountered, and N, s.(co) for
x ~ 0.38, which rises quickly from zero at low frequencies
due to the large free-carrier component and plateaus in
the vicinity of the conductivity minimum. Notably, as a
function of increasing x, the magnitude of N, s-(co) for all
values of co between 0 and 4 eV increases in the semicon-
ducting regime, but decreases in the metallic regime, ex-
hibiting a maximum near the MS transition. This unusu-
al behavior is better illustrated in Fig. 5 where the in-
tegral of the optical conductivity between co=0 and the
conductivity minimum, coo (vertical hash marks in Fig. 3),
is plotted versus x. Figure 5 indicates that the spectral
weight associated with the bands nearest the Fermi ener-

gy reaches a maximum near the MS transition. We point
out that the qualitative results presented in Fig. 5 do not
depend significantly on the particular choice of coo, but
that by choosing coo in the conductivity minimum, the
most accurate quantitative estimate is obtained. Unfor-
tunately, the doping dependence of the free-carrier densi-
ty cannot be accurately determined from the optical data
because it is impossible to unambiguously separate the
free-carrier and IR absorption band components of the
spectral weight in the metallic regime.
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FIG. 4. The effective number of carriers, N, &, obtained from
an integration of the optical conductivity (Fig. 3) according to
Eq. (1).

IV. DISCUSSION

The principal optical results of the preceding section
can be summarized as follows: (i) a MS transition occurs
near x =0.35 at room temperature; (ii) the IR absorption
band energy decreases monotonically with increasing x
and persists into the metallic regime; and (iii) the integral
of the optical conductivity below the conductivity
minimum, N, fr(coo), increases with x in the semiconduct-
ing regime, but decreases with x in the metallic regime,
reaching a maximum near the MS transition.
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In view of the fact that substituting K for Ba removes
electrons from the system, one possible interpretation of
the X,fr(coo) results shown in Fig. 5 is that a crossover
from holelike to electronlike carriers occurs near the MS
transition with increasing x. This interpretation is
strongly supported by the available Hall and Seebeck
e6'ect results which indicate that the carriers are holes in
BaBi03, ' and electrons in Bao 6 o 4 03 Addi-
tional doping-dependent transport measurements need to
be performed in order to confirm the crossover point and
to obtain the free-carrier density in the metallic regime.

The doping dependence of the optical data can be un-
derstood in the context of general theoretical arguments
concerning the nature of the CDW state in the bismu-
thates. Ciiven the small charge transfer between Bi
sites ' ' ' and the covalent nature of the Bi-0 bond, '

the appropriate CDW paradigm for the bismuthates is a
bond-order CDW in which the charge density is associat-
ed with the inequivalent Bi-0 bonds rather than with the
Bi sites as in the so-called site-diagonal CDW picture
(e.g., BazBi +Bi +06). Within the bond-order CDW pic-
ture, the Bi03 lattice is unstable at half filling to a sym-
metric Peierls distortion that alternately expands and
contracts the oxygen octahedra ' ' as illustrated in Fig.
6. Such "breathing mode" distortions have, in fact, been
observed in structural studies' of BaBi03. The CDW
state is stable presumably because its electronic energy is
lower than the energy of the undistorted state by an
amount greater than or equal to the commensurate
Peierls condensation energy, Ec. The Peierls distortion
doubles the unit cell, which splits the half-filled metallic
band [qualitatively illustrated in Fig. 7(a)] into filled and
empty subbands [Fig. 7(b)], resulting in a serniconduct-
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ing ground state. The separation between the subbands is
approximately equal to the CDW gap energy, E, which
should depend to some extent on the magnitude of the
deviation of the Bi-0 bond length from equilibrium, u

(Fig. 6).
Away from half filling, the CDW state should remain

energetically favorable so long as the doped holes do not
reduce the condensation energy per electron, E&/N,
below some critical fraction, f„ofthe CDW gap energy,
E . Therefore, at small doping concentrations, electrons
are removed from the top of the filled subband as illus-
trated in the schematic semiconducting band structure of
Fig. 7(c). This is expected to result in a linearly increas-
ing carrier (hole) density with increasing x, in agreement
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FIG. 6. The cubic perovskite structure of BKBO is shown
for reference in the upper drawing. The lower drawing is a
schematic representation of the oxygen octahedra. The solid
lines illustrate the symmetric Peierls distortions and the dashed
lines illustrate the undistorted case. The deviation of the Bi-0
bond length from equilibrium, u, and the lattice spacing, a, are
identified.

FICs. 7. A qualitative band structure derived from the bond-
order CDW picture is illustrated (Ref. 12). (a) shows the half-
filled metallic band apparent in the absence of a CDW distor-
tion. The splitting of this half-filled band into filled and empty
subbands by the CDW is shown in (b). (c) and (d) illustrate the
effect of doping on the band structure for semiconducting (c)
and metallic (d) cases. Below the MS transition (c), doping adds
holes to the top of the filled subband, whereas above the MS
transition (d), doping removes carriers from a (1—x)/2 filled
band. The energy difference between the split bands in the
semiconducting regime is the CDW gap energy, Eg.
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with the doping dependence of X,if in the semiconducting
regime (Fig. 5). The MS transition occurs at approxi-
mately the doping level where Ec/X= f,Eg. The con-
comitant collapse of the CDW gap at the MS transition
leads to a recombination of the split bands, resulting in a
(1—x)/2 filled metallic band as illustrated in Fig. 7(d).
In this case, doping is expected to decrease the free-
carrier (electron) density linearly with increasing x. The
observed behavior of X,tr in the metallic regime (Fig. 5)
appears consistent with this prediction. It is important to
remember, however, that Fig. 5 plots the total carrier
density and that doping dependence of the free-carrier
density is not known with certainty in the metallic re-
gime.

Within the bond-order CDW picture (see Fig. 6), the
systematic decrease in the IR absorption band energy
with increasing x suggests a decrease in the Bi-0 bond
length distortion, u, with doping. Indeed, such a de-
crease in u has been observed in doping-dependent ex-
tended x-ray-absorption fine-structure (EXAFS) measure-
ments. ' A more quantitative comparison between the
optical and EXAFS results can be made using a specific
CDW gap equation proposed by Rice and Wang (RW)
for BKBO:

Es =[a +6( V+yu ) J'~ —[a +6( V —yu ) ]' (3)

In Eq. (3), a is the Bi 6s orbital energy, V is the 6s-2p
hopping integral at the equilibrium Bi-0 bond length, y
is the derivative of the hopping integral with respect to
position along the Bi-0 bond direction, and u is the mag-
nitude of the Bi-0 bond length distortion as shown in
Fig. 6. Since the values of V-2.2 eV, a —1.21 eV,
and y —5. 1 eV/A are essentially independent of doping,
Eq. (3) relates E directly to the Bi-0 bond length distor-
tion, u. Estimated values of the Bi-0 bond length distor-
tions, computed from Eq. (3), are u =0.08 A (x =0),
u =0.055 A (x =0.24), and u =0.039 A (x =0.31).
These estimated u values compare favorably with the
available EXAFS data in the semiconducting regime, '
although there is not a one-to-one correspondence be-
tween the doping levels included in the various studies.
Additional data, especially EXAFS data as a function of
doping, is needed in order to fully verify the RW relation.

The persistence of the IR absorption band into the me-
tallic regime is somewhat difficult to understand. For in-
stance, phase separation (i.e., the presence of both metal-
lic and semiconducting phases) is not a plausible explana-
tion because the IR absorption band evolves smoothly
with doping in the metallic regime. It is interesting to
note, however, that the magnitude of the optically es-
timated Bi-0 bond length distortion in the metallic re-
gime [Fig. 3 and Eq. (3) lead to u (0.01 A for x ~0.38]
falls below the EXAFS resolution. Thus, one possibility
is that local static CDW distortions remain in the metal-
lic regime which the absorption measurements are unable
to detect. Another, and perhaps more probable, explana-
tion is that the metallic regime is characterized by dy-
namic fluctuations in the CDW order. Not only would
such local fluctuations be unobservable in standard
structural investigations (except possibly diffuse x-ray
scattering), they would also lack the spatial and temporal

coherence necessary to sustain a pervasive semiconduct-
ing state.

It is natural at this point to compare the optical
response of BKBO to that of BPBO. Although an
analysis of the low-energy spectral weight has not been
reported for BPBO, rough estimates of the integrated op-
tical conductivity based on published data ' appear
consistent with a maximum near the MS transition.
Also, the available Hall and Seebeck effect data for metal-
lic BPBO indicate that, like BKBO, the charge carriers
are electrons. ' An interesting contrast between the
two materials is that the IR absorption band energy de-
creases much more slowly with doping in BPBO (Refs.
23, 38, and 39) than in BKBO. When interpreted in
terms of a bond-order CDW picture, this suggests the ex-
istence of finite Bi-0 bond length distortions at higher
doping levels in BPBO. Unfortunately, the resiliency of
local distortions in BPBO compared to BKBO is not well
understood. It has recently been suggested that K doping
screens the CDW charge fluctuations more effectively
than Pb doping, but this is difficult to justify since holes
are added to the 0 2p band regardless of the dopant
site. ' ' Furthermore, since the bands at the Fermi
surface have partial Bi character, the screening due to Pb
doping should, if anything, be more effective.

Our results emphasize the coupling between the elec-
tronic state and local structural distortions in the bismu-
thates. It is noteworthy that structural distortions modu-
late absorption bands in a number of other cubic
transition-metal oxide perovskites as well. For instance,
recent optical investigations of the charge-transfer insu-
lators, RTi03 (R =La, Ce, Pr, Nd, Sm, Gd), show a mid-
IR band whose energy position increases with decreasing
Ti-0-Ti bond angle (La~Gd). Another example is the
Mott-Hubbard RNi03 (R = La, Pr, Nd, Sm, Eu, Y, Lu)
system in which a decrease in the Ni-0-Ni bond angle
with rare earth (La~Lu) leads to a metal-to-
semiconductor transition between La and Pr, and an in-
creasing band-gap energy in the semiconducting regime.
The correspondence between these results is rather strik-
ing, especially given the significantly different origins of
the semiconductivity in these three systems. In the case
of the nickelates and the titanates, the energy gap is
determined by the width of the Hubbard bands which
narrows with decreasing bond angle. " ' By contrast, the
magnitude of the Bi-0 bond length distortion appears to
govern the CDW gap energy in the bismuthates. Thus, it
is clear that a connection exists between local structural
distortions and the electronic state of a variety of cubic
transition-metal oxide perovskites, although the specific
nature of the coupling is different.

We note finally that although the we11-known "midin-
frared" band in the high-T, cuprates bears a certain
superficial resemblance to the IR absorption band in the
bismuthates, there are significant differences between the
optical responses of these materials. First, in the bismu-
thates, the IR absorption band evolves continuously from
the fundamental CDW absorption band at x =0. By con-
trast, in the cuprates, the midinfrared band coexists with
the fundamental charge-transfer absorption band at inter-
mediate doping. ' ' This indicates that the effect of dop-
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ing on the electronic structure is completely difterent in
these two systems. In addition, contrary to previous con-
clusions, we find that the frequency dependence of the
optical response below the plasma energy is distinctly
different in the bismuthates and the cuprates, and that
there is no evidence for a universal low-frequency
normal-state response among the high-T, superconduc-
tors.

V. SUMMARY

The experimental data we present in this paper
represent the first single-crystal reflectance data for
BKBO, and cover a sufficiently wide range of doping
(0 x 0.51) to critically test theoretical predictions re-
garding the effects of doping through the MS transition.
Our results show that with increasing x, a MS transition
occurs near x =0.35, the CDW gap energy decreases
monotonically, and the integrated optical conductivity
reaches a maximum near the MS transition. The devel-
opment of the low-energy spectral weight with doping
suggests a crossover from holelike to electronlike conduc-
tion at the MS transition, consistent with the available
Hall and Seebeck effect data. A self-consistent interpre-
tation of these results is given within the bond-order

CDW picture in which deviations of the Bi-0 bond
length from equilibrium influence many aspects of the
bismuthate normal state. In particular, the doping
dependence of the integrated optical conductivity is con-
sistent with a simple band structure derived from the
bond-order CDW picture, and the CDW gap energy is
directly related to the magnitude of the Bi-O bond length
distortions. A comparison of our results with the optical
response of other cubic transition-metal oxide perovskites
suggests the possibility of a fundamental connection be-
tween the IR absorption bands observed in these materi-
als and local structural distortions. Finally, we note that
there is currently no evidence to support a connection be-
tween the IR absorption band in the bismuthates and the
"midinfrared" band in the high-T, euprates.
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