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Abstract

The normal-state transport properties of Ba12xKxBiO3 crystals with a wide range of potassium compositions (0# x # 0:62)
were studied. Although the host material BaBiO3 has a monoclinic structure, the system changes from a monoclinic to an
orthorhombic structure with a small doping of potassium (0# x , 0:35) and behaves similar to a doped semiconductor,
without exhibiting superconductivity. In the composition range, holes are majority carriers in the transport phenomena.
Whenx exceeds a critical value (, 0:35), the system goes into a cubic superconducting phase with a single metallic band.
The vicinity of the critical composition transport phenomena is easy to understand assuming the existence of two conducting
channels that are made up of metallic and semiconducting phases. MaximumTc exceeding 30 K was observed atx , 0:4, where
carrier density was at its maximum. Overdoping with potassium suppresses superconductivity. In the metallic composition of
x . 0:45, transport seems to correlate with the phonon mode with an energy distribution of 15–43 meV.q 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Among oxide superconductors that do not contain copper,
Ba12xKxBiO3 (hereafter referred to as BKBO) exhibits the
highest superconducting transition temperature, exceeding
30 K at the optimal doping level (x , 0:4) [1,2]. The most
remarkable feature of BKBO, unlike high-Tc cuprates, is its
isotropic crystal structure without any metal-oxygen super-
conducting layers. This structure is believed to play a key
role in the production of high-temperature superconductiv-
ity. The parent compound BaBiO3 (x� 0) has a monoclinic
crystal structure with a breathing- and a tilting-mode lattice
distortion of BiO6 octahedra [3], and it shows semiconduct-
ing behavior despite the theoretical calculation predicting
metallic behavior [4]. The distortion produces inequivalent
Bi sites and is believed to cause a possible valence dispro-
portionation (or charge density wave; CDW) of Bi31 and
Bi51. The breathing-mode distortion disappears atx , 0:1,
and the material changes into an orthorhombic structure.
The semiconducting behavior persists in the orthorhombic

phase. A cubic metallic superconducting phase is estab-
lished at a potassium content ofx , 0:35 [3]. While the
maximum superconducting transition temperature (Tc) is
attained nearx� 0:4, further doping with potassium causes
a decrease in the superconducting transition temperature [5].
Superconductivity is observed up tox , 0:5, which has
been thought to be the solubility limit of potassium [3].
The majority carriers, which contribute to transport beha-
vior, are known to be electrons in the metallic phase despite
the substitution of divalent barium by monovalent potas-
sium.

As BKBO has no local magnetic moment, any magnetic
pairing mechanisms that may explain the mediation of
superconductivity in cuprate superconductors does not
hold in BKBO. Recent experimental studies on single crys-
talline specimens elucidated the superconductivity of
BKBO [6–10]. Moreover, measurements of transport prop-
erties [6,9–15], magnetic properties [12,16–20], pressure
effect [21], photo-electron spectroscopy [22], and tunneling
spectroscopy [23] revealed that a phonon-mediated pairing
mechanism plays a key role in the superconductivity of
BKBO. However, in spite of extensive studies about
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superconductivity, the normal-state transport properties of
BKBO are still unclear, and some obscure points including
semiconductor-metal transition remain to be clarified. In
order to understand the nature of BKBO, it is essential to
clarify the normal-state transport properties. Although
studies on transport properties have been performed on
single crystals and thin films [6,9–15,24], there are some
discrepancies in the results of resistivity and Hall effect
measurements. This discrepancy seems to be caused by a
difference in crystal quality and indistinct composition,
including the oxygen content of the specimens. In order to
have a better understanding of the normal-state transport
properties of BKBO, it is necessary to perform experiments
for high-quality crystals with a distinct composition. More-
over, as a phonon-mediated mechanism is thought to play an
important role in the superconductivity of BKBO, transport
behavior must be investigated by taking account of electron-
phonon interaction. Although it was a difficult task to
control the potassium and oxygen content and to establish
the homogeneity of BKBO crystals, we have opened a route

that can control the composition and quality of BKBO crys-
tals [9]. In this study, normal-state transport properties were
measured for crystals with various potassium contents and
distinct oxygen content, and the transport behaviors were
investigated in detail.

2. Experiment

BKBO crystals were grown by the electrochemical
method developed by Norton [25]. Details about crystal
growth have been described in previous papers [6,9]. Raw
materials, Ba(OH)28H2O (98%) and Bi2O3 (99.9%), were
dissolved into liquid KOH (semiconductor grade) in a plati-
num crucible at 2108C in a flowing mixed gas of oxygen and
nitrogen. To obtain crystals with various potassium
contents, the weight ratio Ba(OH)28H2O/KOH was varied
from 0.025 to 0.225. The crystals were grown at 2108C for
40 h at an applied voltage of 0.4 V. Crystals were then
removed from the KOH solution, immediately after the
applied voltage was turned off, and were washed using
distilled water and ethanol. Crystals with a composition of
x� 0, which corresponds to BaBiO3, were grown by cool-
ing a melt of polycrystalline specimen in an alumina cruci-
ble from 900 to 6008C at a rate of 28C/h.

Powder X-ray diffraction was performed by using CuKa
radiation, and the refinement of the diffraction data was
performed for all crystals in order to evaluate crystal struc-
ture. The composition of the crystals was determined by
electron probe microanalysis (EPMA). Potassium contents
were also determined by the relationa� 4:35482 0:1743x
between pseudo-cubic lattice constanta and potassium
contentx, which was discovered by Pei et al. [3] during
their neutron diffraction study of polycrystalline specimens.
The oxygen contents of the crystals were determined by
iodometric analysis. Transport properties were measured
at temperatures between 10 and 300 K by a DC four-probe
and two-probe methods on the [100] plane of the crystals
with a rectangular shape. Hall-effect measurements were
performed with the four-probe method at temperatures
between 77 and 300 K in applied fields from 0 to 8 kOe
using an electromagnet. The electrical contacts that were
used for transport measurements were established by attach-
ing gold leads onto a crystal surface by silver paint with
subsequent annealing in oxygen at 4008C for 4 h.

3. Results and discussion

3.1. Temperature dependence of resistivity

The potassium contents of the crystals that were grown in
this study are shown in Fig. 1(a) as a function of the nominal
weight ratio of Ba(OH)28H2O to KOH. The potassium
content decreased linearly when the weight ratio increased.
The potassium contents estimated from the lattice parameter
of the crystals were in agreement with those determined by
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Fig. 1. (a) Potassium contentx of Ba12xKxBiO3 crystals as a func-
tion of weight ratio Ba(OH)28H2O/KOH in nominal composition.
(b) Oxygen content and superconducting critical temperature of the
crystals as a function of potassium content. The solid lines are only a
visual guide.



microanalysis using EPMA. Attempts to dope with potas-
sium of x . 0:62 were unsuccessful. The oxygen content
and superconducting transition temperatureTc of crystals
with various potassium compositions are shown in Fig.
1(b). The oxygen content in the crystals decreased as the
potassium content increased. As the decrease in oxygen
content was very small (, 4:55× 1023

=x), the crystals
grown by electrochemical deposition are thought to contain
enough oxygen to cause superconductivity. Therefore,
although there is a potential that a little decrease in oxygen
content helps to compensate a charge unbalance caused by

potassium doping, the electrical neutrality in the crystal will
be basically attained by a change in the atomic valence of
bismuth ions. Superconductivity was observed for crystals
with a potassium content abovex , 0:3. As shown in the
figure, superconducting transition temperatureTc tends to
increase initially as the potassium content increases;
however, it decreases after it reaches a maximum at about
x� 0:4. Superconducting transition can still be observed for
a crystal withx� 0:62 (Tc , 8:5 K).

The typical temperature dependence of resistivityr(T)
for crystals with various amounts of potassium is shown in
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Fig. 2. The temperature dependence of resistivity for the crystals with: (a)x� 0; (b)x� 0:22; (c)x� 0:34; (d)x� 0:39; (e)x� 0:48; and (f)
x� 0:62. The solid lines show the calculation results.



Fig. 2. The behavior ofr (T) varies remarkably when the
potassium doping level is increased. Ther(T) of crystals
with potassium contents ofx , 0:3 (Fig. 2(a) and (b))
show a temperature dependence similar to that of doped-
semiconductors without exhibiting superconductivity; the
resistivity increases when the temperature decreases, tend-
ing to be saturated at very low temperatures. Crystals with a
composition of 0:3 , x , 0:45 (Fig. 2(c) and (d)) show a
superconducting transition at low temperatures. However,
semiconductor-like behavior is still observed in ther (T)
of crystals with compositions nearx� 0:34. Crystals with
a composition ofx� 0:39 show a peculiar temperature
dependence; the resistivity decreases as the temperature
decreases, and a hump is observed in ther (T) curve at
temperatures between 100 and 200 K. An almost linear
temperature dependence can be seen in crystals with a
composition ofx� 0:42 above 100 K, which have the high-
est Tc (,30 K). Crystals with a potassium content ofx .
0:45 (Fig. 2(e) and (f)) exhibit simple metallic behavior, but
superconductivity is observed up tox� 0:62 (Tc � 8:5 K).
The behavior resembles the features of conventional metal-
lic superconductors.

3.1.1. Behaviors in low potassium compositions
Ther (T) of a BaBiO3 (x� 0) crystal (Fig. 2(a)) is similar

to those of the doped semiconductors. In general, the resis-
tivity of typical semiconductors is proportional to the
inverse of the number of carriers that are excited across
an energy gap and is represented byrs�T� �
rs�exp�Es=kBT�1 1�, whereEs, kB, andr s are the excitation
energy, Boltzmann’s constant, and proportional coefficient,
respectively. Ther (T) of crystals with a composition of
x , 0:3 can be explained by a parallel resistor model given
by

r�T� � 1
�r0 1 aT�21 1 rs�T�21 ; �1�

wherer 0 anda are the residual resistivity and temperature
coefficient, respectively. Resistivity that cannot be
explained by a semiconducting component has been
ascribed tor0 1 aT. When the temperature decreases,
the conduction in the semiconducting part freezes, and
r0 1 aT plays a dominant role in the resistive behavior.
The result obtained by fitting Eq. (1) to ther (T) of BaBiO3

crystal is shown in Fig. 2(a) by a solid line. Ther (T) is
explained effectively by Eq. (1) in the whole temperature
range measured. The excitation energyEs of 0.17 eV was
obtained by fitting the above equation to the data. This
value is slightly lower than that (, 0:24 eV) obtained by
Takagi et al. [26] from resistivity data at high tempera-
tures between 150 and 800 K and the value (0.21–
0.27 eV) obtained by Hashimoto et al. [27] at temperatures
between 100 and 280 K. The discrepancy in these results
is thought to be caused by the formula used for fitting.
Takagi et al. used a simple Arrhenius-type formular�T� �
Aexp�Es=kBT� in order to evaluateEs. When the formula
was used to fit the linear part of ther (T21) curve obtained
in this study, anEs of 0.21 eV was obtained. This value is
consistent with those obtained by Takagi et al. and Hashi-
moto et al. The semiconducting nature of BaBiO3 seems to
be caused by a possible valence fluctuation of bismuth
ions that is due to a breathing and tilting mode lattice
distortion of the BiO6 octahedra, and the charge fluctua-
tion creates a gap in the Bi 6s band. Namatame et al. have
revealed the existence of a gap opening at the Fermi level
through a study of photo-electron spectroscopy for BKBO
crystals with various potassium compositions [22].

The r (T) curves for crystals with potassium contents of
up to x , 0:3 can also be explained by Eq. (1). An activa-
tion-type conduction seems to be dominant in normal-state
electrical conduction at temperatures above,100 K.
However,r (T) changes its behavior at temperatures below
100 K, and after reaching its maximum it tends to decrease
slightly as the temperature decreases. Presumably, at low
temperatures, a crossover from semiconducting conduction
to another type of conduction occurs. The results of fitting
Eq. (1) to the data are shown in Fig. 2(b) by a solid line, and
the parameters used for fitting are listed in Table 1, where
s s � r s

21. Excitation energyEs decreases as the potassium
content increases. This fact indicates that a reduction of the
semiconducting band-gap takes place by potassium doping.
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Table 1
The parameters used for fitting Eq. (1) to the data of resistivity
measurements for crystals with potassium concentrations of 0#

x # 0:28

x r0 (kV cm) a(V cm/K) s s (S cm21) Es (meV)

0.00 5232 49568 0.063 168
0.11 54 114 578 173
0.23 53 63 2287 131
0.28 44 22 45 119

Fig. 3. The T21/4 dependence of resistivity for a crystal with
x� 0:11. The solid line shows the result of fitting using the formula
r � r0exp�T0=T�1=4.



The reduction of the band-gap was also observed in a study
of X-ray photoelectron spectroscopy (XPS) for BKBO crys-
tals [22], which are the same crystals as those used in this
study.

As shown above, ther (T) curve of crystals with a potas-
sium content ofx , 0:1 can be fitted basically by using Eq.
(1) in the whole temperature range measured. However, as
shown in Fig. 3, the resistivity of a crystal withx� 0:11
showsT21/4 dependence at temperatures between 116 and
219 K. This fact implies that variable range hopping (VRH)
conduction [28], which is represented by the formula
r�T� � r0exp��T0=T�1=4�, plays a role in the transport beha-
vior at this composition. Hellman et al. also noted the exis-
tence of VRH for a crystal withx� 0:13 [11]. The value
T0 � 1:15× 109 K obtained in this study is consistent with
that reported by Hellman et al. As this composition corre-
sponds to that of the phase boundary between monoclinic
and orthorhombic phases, and the difference in crystal struc-
ture between these phases is only a breathing mode distor-
tion of BiO6 octahedra, two phases may possibly coexist in a
crystal with a composition at the phase boundary. The coex-
istence of two phases will introduce a modulation of the
periodic potential in the crystal lattice and create localized
states at the band-tail near the Fermi level; hence, VRH
conduction will occur among these states. Resistivity cannot
be explained by VRH or by simple activation-type conduc-
tion at low temperatures below,100 K. This indicates that
a crossover from VRH to another conduction process occurs
at low temperatures. Localization length 1/a and average
hopping distanceR can be roughly estimated using theT0

values and the density of statesN(Ef) at the Fermi level
according to the formulasT0 � 24a3�pkBN�Ef ��21 and
R� �3=8a��T0=T�1=4, which explain the transport properties
of non-crystalline materials [28]. If the value
T0 , 1 × 109 K and instead ofN(Ef), Hall carrier density
nH , 5 × 1019, which was obtained by the Hall-effect
measurement mentioned later, were used,�1=a� ,
2:58× 1028 cm (or 25.8 nm) andR , 4:6 × 1027 cm (or
460 nm) were deduced at 200 K. The value ofR is an
order of magnitude larger than the lattice spacing
(, 40 nm), suggesting that a long-range inter-unit-cell
hopping conduction takes part in transport behavior at a
composition that is near phase boundary (x , 0:1).

3.1.2. Behaviors in intermediate potassium compositions
r (T) curves of crystals with compositions of 0:3 , x ,

0:45 can be explained by the formula:

r�T� � 1
rs�T�21 1 rm�T�21 �2�

which was used by Hellman et al. [24], in order to explain
the transport behaviors of BKBO thin films assuming paral-
lel metallic and semiconducting channels. Here,r s(T) and
rm(T) are, respectively, the resistivity of the semiconducting
channel and the metallic channels as a function of tempera-
ture. The metallic channel is responsible for conductivity at
lower temperatures, and the semiconducting channel, which
freezes at low temperatures, is dominant at higher tempera-
tures. The resistivityrm(T) of the metallic channel can be
ascribed to a scattering of conduction electrons by thermal
phonons and is proportional to an integral over the phonon
density of state. If the phonon mode has a flat energy distri-
bution from Em1 to Em2, therm(T) can be expressed by

rm�T� � r0 1 am
Em1 2 Em2

kB
1 T ln

eEm2=kBT 2 1
eEm1=kBT 2 1

 !" #
�3�

wherer0 andam are the residual resistivity and the fitting
coefficient, respectively. The results obtained by fitting Eq.
(3) to the data are shown in Fig. 2(c) and (d) by solid lines,
and the parameters used for fitting are listed in Table 2. The
values ofEs are almost constant (,30 meV) in these com-
positions. The phase boundary between orthorhombic and
cubic phases, which is shown by Pei et al. [3], exists in this
composition range. When the doping level of potassium is
increased, the semiconducting band-gap disappears due to
the suppression of lattice distortion, and a Bi 6s single
conduction band seems to be established in the cubic
phase. The band appears to be similar to that predicted
theoretically for cubic BaBiO3 by Hamada et al. [29]. Super-
conductivity appears at the composition ofx , 0:35. On the
other hand,Em takes the value of 15–25 meV. These values
are consistent with those obtained for BKBO thin films by
Hellman et al. [24].

A similar type of transport behavior, which suggests the
existence of two conducting channels, was observed in the
related superconductor BaPb12xBixO3 by Marx et al. [30].
Although a variety of explanations can be given with regard
to the two conducting channels, an inhomogeneous distribu-
tion of potassium may introduce two structurally different
components into BKBO crystals. The coexistence of the two
components may explain the two electrically different
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Table 2
The parameters used for fitting Eq. (2) to the data of resistivity measurements for crystals with potassium concentrations of 0:34 # x # 0:42

x r0 (mV cm) s s (S cm21) am Es (meV) Em1 (meV) Em1 (meV)

0.34 632 21.9 1.44× 1021 27.1 15.7 19.6
0.39 3.26 228 1.64× 1023 30.4 16.0 18.4
0.42 1.92 276 5.48× 1025 29.9 15.4 25.1



channels. As the potassium content ofx� 0:3–0.4 is insuf-
ficient for the homogeneous distribution of potassium ions
in a Perovskite lattice and the difference between orthor-
hombic and cubic structures is very small, orthorhombic
semiconducting components will persist partially in the
cubic metallic phase of these compositions. By using the
optical measurement, Karlow et al. observed the persistence
of the IR absorption band in the metallic compositions [31].
As the IR absorption band corresponds to an excitation
across the band-gap, this suggests the existence of a semi-
conducting component in crystals withx� 0:3–0.4. More-
over, Hamada et al. showed that two different Bi–O
distances, which are characteristic in the monoclinic
phase, exist in BKBO crystals even in these compositions
[29]. The existence of different Bi–O distances may be
another reason for the formation of the semiconducting
channel [31]. These results support the validity of using a
two-channel conduction model to explain the transport
behavior of BKBO. Although the microscopic origin of
the two conducting channels is unclear at present, the char-
acteristic transport properties observed for crystals with
0:3 , x , 0:45 can be explained by the parallel conducting
channel model. A pseudogap, which was observed in XPS
measurements for the same crystals as those used in this
study [22], could not be confirmed in the transport measure-
ments that were performed in this study. However, a

neutron-diffraction study for a specimen with a composition
of Ba0.6K0.4BiO3 revealed the existence of a dynamic lattice
distortion [32]. Presumably, to stabilize the lattice distortion
the state density at the Fermi level would decrease for redu-
cing the energy of electrons; and this might be a reason of
the formation of the pseudogap.

Although ther (T) curve of a crystal withx� 0:34 could
be explained by Eq. (2), as shown in Fig. 4, ther(T) seems
to depend onT21/4 at temperatures between 95 and 250 K.
This fact may suggest that a VRH conduction plays a role in
crystals withx , 0:35. Dabrowski et al. [33] also observed
theT21/4 dependence of resistivity in a polycrystalline speci-
men with x� 0:35. As this composition corresponds to a
critical concentration for the phase transition from an
orthorhombic to a cubic structure, there is a high potential
that these phases coexist in the crystal. In this case, a
randomness may be introduced to the crystal lattice, and
VRH conduction will take place.

3.1.3. Behaviors in high-potassium compositions
The metallic behaviors that were observed in crystals

with x . 0:45 can be explained by Eq. (3). The fitting results
are shown in Fig. 2(e) and (f) by solid lines, and the fitting
parameters for crystals with various amounts of potassium
are listed in Table 3.Em has a value that is distributed in a
range from 22 to 43 meV. This indicates that the phonon
mode, which affects transport behavior, has an energy distri-
bution from 22 to 43 meV. According to the neutron diffrac-
tion study on BKBO polycrystal, it is revealed that the
spectrum of acoustic-phonon distributes in an energy
range of 10–50 meV, and that of optical-phonon, which is
due to oxygen-breathing vibrations, distributes at energies
from 50 to 80 meV [34]. The value ofEm obtained in this
study are consistent with the phonon spectrum distribution
(10–80 meV) observed in neutron diffraction measurement,
15–70 meV obtained by tunneling spectroscopy [23,35],
and the values of 27 and 58 meV obtained by an analysis
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Fig. 4. The T21/4 dependence of resistivity for a crystal with
x� 0:34. The solid line shows the result of fitting using the formula
r � r0exp�T0=T�1=4.

Table 3
The parameters used for fitting Eq. (3) to the data of resistivity
measurements for crystals with potassium concentrations of 0:48 #

x # 0:62

x r0 (mV cm) am Em1 (meV) Em2 (meV)

0.48 0.124 5.4× 1025 21.7 26.7
0.56 0.221 9.4× 1026 27.6 36.1
0.62 0.106 2.2× 1025 28.1 42.8

Fig. 5. ParametersEs, Em1, and Em2 as a function of potassium
contentx, which were obtained by an analysis of the temperature
dependence of resistivity, as shown in Fig.2.



of resistivity measurement for a metallic crystal [36]. This
suggests that electron-phonon interaction plays a key role in
the transport phenomena and the superconductivity of
BKBO.

ParametersEs, Em1, andEm2, which were obtained by an
analysis ofr (T) curves for crystals with various potassium
compositions, are shown in Fig. 5 as a function of potassium
contentx. In accordance with potassium doping, the semi-
conducting band-gapEs decreases monotonically and
almost disappears atx , 0:35, indicating the formation of
a Bi 6s single metallic band. This composition might be a
critical composition for the metal-insulator transition. On
the other hand,Em‘s for crystals with metallic compositions
increase slightly upon increasing potassium doping. This
may suggests a dominant contribution of electron–phonon
interaction in the transport behavior of metallic BKBO.

3.2. The behavior of carriers: Hall-effect measurements

In order to investigate the behavior of carriers contribut-
ing to the transport behavior of BKBO, Hall-effect measure-
ments were performed at temperatures between 77 and
300 K for the same crystals as those used in the resistivity
measurements. Hall densitiesnH obtained at 300 K are
shown in Fig. 6 as a function of potassium contentx. In
the BaBiO3 (x� 0) crystal, Hall coefficientRH has a positive
sign, which indicates that the holes are the majority carriers
in electrical conduction. When potassium is doped into the
crystal,nH increases by a magnitude of three at a composi-
tion of x� 0:23. Hall voltage was not detected, even with a
sensitivity of 1 nV, for crystals with compositions of
0:23 , x , 0:34. Hall effect seems to be extremely small
in these crystals. It is noted that a peculiar magnetically
induced voltage, different from the Hall voltage, was
observed for crystals in this composition range. The reason
for this behavior, which disturbed the Hall-effect measure-
ment, is unclear at present.

The sign of Hall coefficientRH suddenly changes from
positive to negative at compositions nearx� 0:34, which is
close to the critical composition of the phase boundary
between orthorhombic and cubic structures. This composi-
tion also corresponds to that of the metal-insulator transition
observed in the resistivity measurements. These facts
suggest that the phase transition atx , 0:35 has a significant
effect on the electronic structure of BKBO.

All crystals with compositions ofx $ 0:34 have negative
RH, which indicates that electrons are the majority carriers in
electrical conduction and play an important role in the
superconductivity of BKBO. Hall density nH decreases
monotonically with an increase in potassium content after
reaching a maximum (27:0 × 1021 cm23) atx , 0:4. ThenH

of 27:0 × 1021 cm23 corresponds to a carrier density of
, 0:54 electrons/unit-cell and is consistent with an, 0:6
electrons/unit-cell, which is expected for�1 2 x� at x� 0:4
from a simple assumption about band structure and atomic
valence. The potassium content dependence ofnH has the
same trend as that of a transition temperatureTc above
x , 0:35; Tc reaches its maximum value at a potassium
content ofx , 0:4, wherenH takes the largest value. In an
optical study, Karlow et al. [31] also observed a peak atx ,
0:35 in the potassium content dependence of an effective
carrier number. Moreover, by using tunneling spectroscopy,
Kosugi et al. [23] confirmed the validity of weak-coupling
BCS relation 2D=kBTc � 3:5 for the superconducting crys-
tals used in this study. The above facts clearly indicate that
BKBO is a conventional BCS-like high-Tc superconductor.

The temperature-dependent Hall coefficient or carrier
density has been reported for BKBO crystals [14,37,38].
However, the data show some discrepancies that seem to
be due to the quality of the crystals and an uncertainty in
composition, including oxygen content. In this study, the
temperature dependence of carrier densitynH(T) was
measured for high-quality crystals with distinct potassium
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Fig. 7. The temperature dependence of Hall carrier densitynH. Solid
lines show the results of fitting usingn�T� � nm 1

ns=�exp�Es=kBT�1 1� assuming semiconducting and metallic
components. The inset is the potassium content dependence of the
slope of the straight lines fitted for the data.

Fig. 6. Hall densitiesnH at 300 K as a function of potassium content
x. The solid lines are only a visual guide.



and oxygen contents. Some typical behaviors ofnH(T) for
crystals with superconducting compositions are shown in
Fig. 7. ThenH shows almost linear temperature dependence
at temperatures between 150 and 270 K. For a comparison
of the variation ofnH against the temperature,nH(T) were
fitted roughly by straight lines, and the slope dnH=dT of the
lines is shown as a function of potassium contentx in the
inset of Fig. 7. While dnH=dT is significant for a crystal with
a composition ofx , 0:4, it tends to decrease drastically
with increasing potassium content. The dnH=dT is very
small for crystals ofx . 0:5. The temperature-dependent
Hall density observed for crystals withx� 0:39 and 0.43
can be ascribed to the nature of the semiconducting compo-
nent, which persists in the cubic metallic phase. If semicon-
ducting and metallic components coexist in the crystal, the
Hall density will depend on temperature according to the
relationnH�T� � nm 1 ns=�exp�Es=kBT�1 1�, wherenm and
ns are carrier densities of metallic and semiconducting
components at 0 K, andEs is excitation energy across the
band-gap. ThenH(T) of the crystals withx� 0:39, 0.43, and
0.56 were fitted by the above equation, and the results are
shown by solid lines in Fig. 7.nm, ns andEs obtained by the
fitting are listed in Table 4. Though theEs of the crystals
with x� 0:39 and 0.43 are slightly smaller than those
obtained from the analysis ofr (T), they are consistent

with those of r (T). The existence of a semiconducting
component may be the reason that temperature-dependent
Hall density was observed in BKBO crystals with a high-Tc

composition. When the amount of the semiconducting
component decreases due to an increase in the doping
level, the temperature dependence of the Hall density will
disappear. Extremely smallns and Es of crystals withx�
0:56 implies a disappearance of the semiconducting compo-
nent or band gap. The carrier densitynm of the crystals with
a metallic composition (x . 0:5) is temperature-indepen-
dent, like conventional metals.

4. Conclusion

The characteristic features of the transport properties in
BKBO were investigated by means of resistivity as well as
Hall-effect measurements. Possible band schemes for the
BKBO system are shown in Fig. 8 for some characteristic
potassium composition ranges. BaBiO3 is a semiconductor
in spite of the fact that band-structure calculations predicted
metallic behavior. A half-filled Bi 6s band seems to be elec-
tronically unstable. It is split into an empty upper band and a
filled lower band with a gap opening at the Fermi level that
is due to a strong coupling of lattice distortions of BiO6

octahedra and charge fluctuations of the Bi ions. A small
doping of potassium into the barium site introduces a struc-
tural transformation from a monoclinic to an orthorhombic
phase, but the system still behaves as a semiconductor with-
out exhibiting superconductivity. As potassium doping is
equivalent to the removal of electrons from a lower Bi 6s
band, hole-density increases upon potassium doping at
semiconducting compositions (0# x , 0:35) and the
holes behave as the majority carriers in transport phenom-
ena.

When the potassium content exceeds a critical
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Table 4
The parametersnm, ns, andTs, which are used for fitting the tempera-
ture dependence of Hall densitynH for crystals with potassium
contents of 0.39, 0.43, and 0.56

x nm ( × 1021/cm3) ns ( × 1021/cm3) Es (meV)

0.39 4.19 12.4 35
0.43 6.09 1.41 25
0.56 7.39 1.19 1.3

Fig. 8. A possible band scheme of Ba12xKxBiO3 for a variation of potassium contentx.



concentration (x , 0:35), the material transforms to a cubic
phase. The phase transition from an orthorhombic to a cubic
structure seems to change the electronic structure of BKBO.
A single metallic band is established in the cubic phase, and
the material exhibits superconductivity. However, in crys-
tals with a composition in the vicinity of the critical compo-
sition x , 0:35, semiconducting and metallic components
seem to coexist in a crystal. The maximum transition
temperature exceeding 30 K is observed at a composition
of x , 0:4, where carrier density has its maximum value.
The resistivity of crystals with a metallic composition can be
ascribed to the scattering of conduction electrons by
phonons with an energy distribution from 20 to 50 meV.
This fact implies that a phonon-mediated mechanism
plays a key role in the superconductivity of BKBO.

Further doping of potassium introduces holes into the
metallic Bi 6s band, and the density of electrons decreases,
thereby causing a decrease inTc. Superconductivity can be
observed up to the composition of solubility limitx , 0:6
(Tc , 8:5 K). Recently, it has been revealed by X-ray
absorption spectroscopy (XAS) measurements for the
same crystals as those used in this study that doped holes
go into the Bi-6s–O-2p antibonding orbital [39]. This is
consistent with the result of Hall effect measurement. If
holes are injected into the conduction band, the Fermi
level will shift to lower energy. A shift of the Fermi level
against potassium doping has been observed in XPS
measurements for the same crystals as those used in this
study [22,39]. This fact might support the validity of the
rigid-band picture assumed in this study. Finally, it is
noted that a variable range hopping conduction may exist
at compositions of phase boundaries.
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