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An extensive study of Bao»KO 45Bi03 thin films is reported, including precise measurements of the
transport coefficients, the reflectivity spectrum, the Raman spectra, the upper critical field, and the su-

perconducting energy gap. From the results for the normal-state properties, it is suggested that the elec-
tronic state in the metallic phase of Bal K Bi03 can be described by a simple band picture. The mea-
surement of the superconducting-state properties shows good consistency with this picture within the
BCS framework. Based on these experimental results, we firmly conclude that the density of states in the
conduction band of Ba& „K Bi03 is close to that expected from a band model in its metallic phase and
the superconductivity is of BCS type. The coupling strength A, -1 is also estimated from the gap mea-
surements and the temperature dependence of the resistivity.

I. INTRODUCTION

The superconductivity in the Ba-K-Bi-0 system above
20 K was discovered by Mattheiss, Gyorgy, and
Johnson. ' The superconducting phase was identified by
Cava et al. as the perovskite oxide Ba& „K BiO3, in
which the superconducting transition temperature has
exceeded 30 K. This is the highest transition tempera-
ture reported so far except those in the cuprate supercon-
ductors and the alkali-metal-doped C60.

The high-temperature superconductivity in this system
has attracted much interest because it contains neither
Cu atoms nor a two-dimensional structural feature,
which are considered to be crucial conditions for the high
transition temperature in oxide materials. To distinguish
similarities and differences in the high-T, Cu oxides and
clarify the mechanism of the high-temperature supercon-
ductivity in Ba& „K„Bi03,it is essential to investigate
physical properties of this system in both the supercon-
ducting and normal state.

Because of difficulty in preparation of sintered samples
with enough quality in this system, earlier studies were
confined to experiments on powder samples or sintered
samples with low density such as structural analysis by
diffraction methods, ' measurements of the magnetic
properties, ' and isotope effect measurements. ' ' These
studies established the basic understanding for the
Ba, K Bi03 system as follows. (1) Only the supercon-
ducting phase has a simple cubic structure. (2) The elec-
tronic specific-heat coefficient for the superconducting
phase is 1 —2 mJ/mole f.u. and much smaller than those

in the high-T, Cu oxides. (3) A BCS-like isotope effect is
observed for the superconductivity. (4) There is no local
moment.

In the next stage, Hinks et al. succeeded in synthesiz-
ing high-quality sintered samples through a melt-east
process in a reducing atmosphere. Using the high-
density sintered samples, measurements of optical, Ra-
man, and tunneling spectra were performed. '

The optical measurement' and the point-contact tun-
neling measurement' showed a BCS-like superconduct-
ing energy gap with 52/k~ ,T= 3.5 —4. 5. However, the
resistivity of the sintered samples were larger than 10
mQ cm indicating a serious effect of grain boundaries,
which is fatal for transport measurements' or fabrication
of sandwich-type tunnel junctions. ' Recently the
growth techniques of thin films' ' and single crystals'
has been developed and applied to tunneling studies with
sandwich-type junctions &8,20, 2

We have attempted to overcome the difficulty in sam-
ple preparation by synthesis of highly oriented thin films

by sputtering and performed the measurements of their
physical properties. In our preceding reports, ' ' the
results of optical and transport measurements in the nor-
mal state indicated that the splitting of the conduction
band observed in BaBi03 disappears in the metallic phase
of Ba, K Bi03. This situation is significantly different
from the case of the B-site substituted Bi oxide,
BaBi& Pb O3, and the copper-oxide superconductors, in
which the energy gap generated by either charge-density
wave (CDW) or the strong electron correlation is
preserved to some extent even in the metallic phase. For
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the superconducting state, the conductance spectrum for
a tunnel junction fabricated on a Bao»Ko45BiQ3 thin
film showed that this material is a BCS-type supercon-
ductor with a finite-energy gap. But a complete discus-
sion which covers both of normal and superconducting
states has not yet been done.

In this work, we report more extensive investigation on
superconducting Bao»KO 45Bi03 films with improved
quality including measurements of the transport
coefficients, the reAectivity spectrum, the Raman spectra,
the upper critical field, and the superconducting energy
gap. The consistency among the parameters for the su-
perconducting and the normal states obtained from these
experimental results give quantitative evidence that the
density of states of the conduction band in
Bao»KO 45BiO3 is close to that expected from the band
calculations, and the superconductivity in this system is
of the BCS type. The strength of the electron-phonon
coupling is also estimated as A, -1.

II. GROWTH OF THE THIN FILMS

The Bao»Ko 45Bi03 thin films were grown by rf-
magnetron sputtering from sintered targets (3"P) with a
cation ratio Ba:K:Bi=0.3:0.7:0.7. A mixture of argon
and 1% oxygen was used as the sputtering gas with total
pressure 5 —20 mTorr. The (110) and (100) SrTi03 sub-
strates were set on a stainless-steel heater block facing the
surface of the target. The distance between the target
and the substrates was 6.5 cm. In the most of the run,
the substrates were attached with silver paste or indium
metal to the heater block which was held at a tempera-
ture between 300 and 500'C during the growth. The rf
sputter source was operated with rf power of 80 W, re-
sulting in a deposition rate of 1.7 A/s. The deposition
was made for 0.5 h, producing a total film thickness of
3000 A. Because of the reducing growth conditions, the
films had large numbers of oxygen vacancies; these were
filled by annealing the films in Aowing oxygen at tempera-
tures between 450 and 500 C for 1 h.

The chemical composition of the films were determined
roughly by electron-probe microanaiysis and x-ray
fluorescence analysis. In particular, the K coposition x
was estimated from the lattice constant. The x-ray-
diffraction patterns indicated that the films included no
secondary phase and that the thin films on (110) and (100)
SrTiO3 substrates were perfectly oriented in the (110) and
(100) directions, respectively. The films exhibited super-
conducting transition between 20 and 23 K with the tran-
sition width narrower than 0.5 K.
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sensitive to the temperatures during film growth and an-
nealing procedure as shown in Figs. 1(a) and l(b). The
growth conditions of the films in Fig. 1 were summarized
in Table I. The films grown at the lower substrate and
annealing temperatures has the lower resistivity and posi-
tive temperature coefficient of resistivity. In sample j, the
resistivity is 240 pQcm at room temperature and 140
pQ cm at 30 K. These values are the lowest among those
reported so far for Ba& K„Bi03except for the thin films

grown by a laser deposition technique. ' The tempera-
ture coefficient of resistivity is always positive in sign
from 300 K to T, and the absolute value was 0.26
iMQ cm/K at 300 K. As shown in Fig. 1(a), the metallic
temperature dependence of resistivity is observed over
the whole temperature range for samples j, i, and h when
the resistivity at 300 K is lower than 700 pQcm. It
should be noted that the slopes of the resistivity in all the
metallic samples were almost parallel so that the
differences of resistivity among the films were tempera-
ture independent. On the other hand, in the films for
which the resistivity was much higher than 700 pQcm,
samples a —e, the resistivity increased with temperature.

No systematical difference can be seen among the x-

III. ELECTRICAL RESISTIVITY 0.5—

We measured the resistivity of the Bao»KO 45BiO3 thin
films by the four-probe method. The electrodes were
formed by evaporating gold on the as-sputtered films be-
fore the oxygen annealing. After the annealing pro-
cedure, the contact resistance of the gold electrodes was
lower than 1 Q, which was sufficient for the transport
measurements.

The resistivity of the Ba& «Ko 4~Bi03 thin films was
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FIG. 1. (a) Temperature dependence of the electrical resis-
tivity for the Bao»KO 45Bi03 thin films (a -d). (b) Temperature
dependence of the electrical resistivity for the Bao»KO „,Bi03
thin films (e —j).
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TABLE I. The growth conditions of the Bao»Ko 4,8i03 thin films in Fig. 1 are summarized. (Ag)
and (In) in the column for the substrate temperatures mean that the substrates were attached to the
heater block by Ag paste and In metal, respectively.

Sample Substrate
Substrate

Temp ( C)
Gas pressure

(mTorr)
Annealing conditions

Temp ( C) Cool rate ( 'C/H)

e

h

l

J

( 1 10)STO
( 1 10)STO
( 1 10)STO
( 1 10)STO
(1 10)STO
(1 10)STO
(1 10)STO
(110)STO
(110)STO
(110)STO

400 (Ag)
400 (Ag)
400 (Ag)
350 (Ag)
350 (Ag)
380 (In)
500
320 (Ag)
350 (Ag)
320 (Ag)

8

12
8

15
12
6

10
15
12
15

480
470
470
470
460
480
470
450
450
460

& 100
& 100

25
& 100
& 100
& 100
& 100

25
25
25

ray-diffraction patterns for these films so that we con-
clude that the difference in resistivity shown in Fig. 1

arises neither from precipitated impurity phases nor from
inhomogeneous distribution of the K content in the films.
The current-voltage characteristics in the superconduct-
ing state have no feature due to grain-boundary Joseph-
son junctions and the critical current density at 4.2 K
was as high as 2 X 10 A/cm even in sample b with
higher resistivity, indicating that the effect of grain boun-
daries on the electrical conduction is negligible in these
thin films. The difference in the lattice parameter among
the films is smaller than the experimental resolution,
0.02%, suggesting the formal valence of Bi ions, namely
the number of the charge carriers is almost the same for
all of the sample, which is consistent with the result of
the Hall measurement described below.

Thus the sample dependence of resistivity should be
due to difference in the number of more microscopic lat-
tice imperfections such as dislocations, stacking faults,
and antisite defects among the Bi and Ba sites which
elastically scatter the charge carriers in Bap 55KQ 45Bi03 ~

The increase in the elastic-scattering rate causes the in-
crease in the temperature-independent part of the resis-
tivity in the metallic films. Moreover the large elastic-
scattering rate results in a semiconducting behavior of
the resistivity for samples a —g, signaling a breakdown of
the Bloch-Boltzmann-type transport theory for these
films as discussed later.

Under appropriate conditions we are able to fabricate
thin films reproducibly with almost the same resistivity
and T, as sample i, which were mainly used for the mea-
surements of the physical properties described below.
We call all of these samples "sample i" in the rest of this
paper. The resistivity for sample i is below 500 pO cm
even at 300 K.

1.10

45Bi03 Thin Film
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K. The measurements were performed for the thin film
placed in a cryostat by a rapid-scan Fourier-type spec-
trometer. The spectrum consists of a clear peak at 60
cm ' and a broad dip at 135 cm

The normal-state reAectivity spectrum fits well with
the Drude curve as will be discussed in Sec. V. When the
sample is cooled below T, =22. 5 K, the reAectivity in-
creases below 90 cm ', while it decreases slightly above
90 cm '. As a result the ratio spectrum, R, (co)/R„(co),
exhibits a peak at frequency below 90 cm ' and a broad
dip at higher frequency. The positions of the peak ob-
served at 60 cm ' at 5 K shifts to lower frequency as
temperature is raised near T, . The temperature depen-
dence follows that of the superconducting gap energy of
the BCS model.

This overall spectral feature and the positions of the
peak and the dip show excellent agreement with the pre-
vious result reported by Schlesinger et al. ' for a high-
density sintered sample with T, =26 K with a transition
width of about 4 K. The values of the normalized
reAectivity at the peak and the dip are 1 .09 and 0.97, re-
spectively, in our data while those in the spectrum mea-
sured by Schlesinger et al. are 1 .05 and 0.98. This slight

IV. SUPERCONDUCTING PROPERTIES

We measured the superconducting energy gap in a
Bap 55Kp 45Bi03 thin film (sample i) by infrared and tun-
neling spectroscopies. Figure 2 shows the infrared
reQectivity spectrum for a thin film in the superconduct-
ing state at 5 K divided by that in the normal state at 30

0.95 I

50 100 150
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200

FICz. 2. Reflectivity at 5 K divided by that at 30 K for a
Bap»Ko 45Bi03 thin film (sample i ).
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FICx. 3. (a) I-V curve for a Ba0»K0458i03/Au tunnel junc-
tion fabricated by standard photolithography and ion milling.
(b) Normalized conductance curve derived from the I-V curve
in (a) by numerical differential.

difference should be due to the fact that the height of the
peak and the depth of the dip strongly depend on the
normal-state properties such as the damping factor, the
carrier number or the effective mass though the position
of the peak does not depend on them. Following the
analysis by Schlesinger et al. ,

' we obtained the super-
conducting gap 5=3.7+0.3 meV from the normalized
reAectivity spectrum. The error is due to the energy reso-
lution of the optical spectrometer.

As pointed out by Schlesinger et al. ,
' the spectrum

shows a remarkable deviation around the minimum from
the calculation using the standard Mattis-Bardeen con-
ductivity, which is valid only in the zero or infinite
mean-free-path and extreme weak-coupling limit. Bick-
ers et al. showed that a more general Eliashberg calcula-
tion with X-1 provides a better fit to the observed
spectra, which is consistent with our estimation of k as
discussed below.

Figure 3(a) shows the current-voltage characteristics
for a superconductor-insulator-normal metal (SIN)-type
tunnel junction with Au counter electrode fabricated on
sample i by standard photolithography and ion milling.

We formed a natural insulating barrier by exposing the
film to the air for 30 min before the evaporation of the
Au counter electrode. The zero-bias conductance of the
junction in the superconducting state as small as 2% of
that in the normal state indicates the higher quality of
this junction. The spectrum of the tunneling conduc-
tance in Fig. 3(b) obtained by numerical differential from
the I-V curve can be fitted by the calculated curve using
the simple BCS density of states with the superconduct-
ing gap 6=3.45 meV, which coincides with the result of
the infrared measurement.

Since far-infrared light penetrates deeply into the film,
the superconducting gap determined by infrared mea-
surement is thought to be the value well inside of the film.
Therefore, the degradation, if any, in the vicinity of the
interface does not affect the infrared gap measurement.
We can set the transition temperature of the thin film

T, =22. 5 K determined by the resistivity measurement
for calculation of the ratio of the energy gap to transition
temperature and obtain 26/k~T, =3.8+0.3, which is

smaller than those in A15 superconductors. Similar
values have been reported in the optical measurement'
and the point-contact tunneling measurement' for
Bao 6K0 4Bi03 sintered samples and the tunnel junctions
fabricated on thin films grown by molecular-beam epi-
taxy' and a laser deposition method. '

We measured the conductance spectra for several tun-
nel junctions in the bias voltage region from 10 to 100
mV searching for the structure generated by the
electron-phonon coupling. Although we observed struc-
ture in the energy region from 10 to 25 mV, the ampli-
tude of the structure is smaller than 0.3% of the junction
conductance. Moreover the conductance spectrum in the
energy region higher than 25 mV is quite monotonous
and we could not identify any phonon structure. Sharifi
et al. ' also observed no clear phonon structure in the
voltage region higher than 20 mV for their sandwich-type
tunnel junctions. These results seem to be inconsistent
with the estimation of the electron-phonon coupling
strength k-1 discussed below. On the other hand, the
tunneling spectrum for point-contact junctions reported
by Huang et ah. ' exhibited a significant structure in the
energy region from 15 to 80 meV.

The disagreement between the results for the thin film
junctions and for the point-contact junctions may come
from the difference of the junction current density during
the measurements. In our thin-film junctions the conduc-
tance for the unit area is about one hundred times larger
than that in the point-contact junctions. ' Thus much
larger current flowed across the film junctions in the
high-bias region and probably smeared out the phonon
structure by the heating effect in the vicinity of the junc-
tions.

For the determination of the upper critical field H, z we
can use the resistivity measurement, since, as shown in
Fig. 4(a), no remarkable broadening of the resistive super-
conducting transition in the magnetic field was observed
in the Bao5&KO45Bi03 thin film. This feature is quite
different from the case for the sintered sample previously
reported ' in which a remarkable tail in the resistive
transition was observed at 1 T and the broadening of the
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FIG. 4. (a) Resistive superconducting transition in fixed mag-
netic fields up to 8 T for a Bao»K045Bi03 thin film (sample i).
(b) Temperature dependence of H, 2 determined from (a).

transition grew with increasing field. We can well define
the upper critical magnetic field H, 2 at each temperature
from the midpoint of the transition for sample i in Fig.
4(a) and plotted in Fig. 4(b). We have extended the mea-
surement of H, 2 from the magnetic-field dependence of
the resistivity at each fixed temperature using a pulsed
magnetic field up to 40 T for sample i and sample d, the
latter of which has the room-temperature resistivity 1.1

mQ cm and negative temperature coefficient of the resis-
tivity. The transition temperature of sample d is 20 K.
For both samples H, 2 shows almost linear temperature
dependence down to 4.2 K in Fig. 5 though a saturation
behavior seems to appear at 1.7 K for sample i. The
linear dependence of H, 2 observed here apparently devi-
ates from the concave downward curve calculated from
the Werthamer-Helfand-Hohenberg (WHH) theory for
the dirty limit, although the overall feature of this ma-
terial is that of a dirty superconductor. Moreover, there
seems to be little efFect from the Pauli paramagnetism on
H, 2 in this material, which is known to suppress H, 2 in a

dirty material in the low-temperature region (T «T, )

below the values expected from the simple WHH curve,
which does not take into account the efFect of the applied
magnetic field on the electron-spin magnetic moments. '

The previous reports for sintered samples also did not
show the concave downward behavior expected from the
WHH theory up to 8 T.

The temperature coefficient of H, 2 at the transition
temperature (dH, 2ldT)T T is —1.0 T/K for sample t

C

and —1.6 T/K for sample d. The absolute values of
( dH, 2 Id T)T T observed here are significantly larger

C

than —0.5 T/K previously reported from the magnetic
measurement for a powder sample by Batlogg et al. , but
rather close to —0.79 T/K obtained from the resistive
measurement for a high-density sintered sample by Kwok
et al. This is probably due to the ambiguity in deter-
mining the magnetic field at which the magnetization
starts to deviate from the value in the normal state as
pointed out by Kwok et al. H, 2 at 4.2 K is 17 T for
sample i and 24 T for sample d.

It should be noted that H, 2 in sample d in the low-

temperature region is higher than that of sample i al-

though the transition temperature of sample d is slightly
lower. This result seems to be a natural consequence of a
superconductivity in the dirty limit in which the upper
critical field is enhanced by a short mean free path. As
discussed above, a linear extrapolation of H, z to 0 K con-
sistent with the Ginzburg-Landau (GL) theory may be
more appropriate than to WHH formula. The corre-
sponding critical field is H, q(0) =23 T and the GL coher-
ence length is g'oL(0) =37 A for sample i in Fig. 4(b).
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V. NORMAL-STATE PROPERTIES
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FIG. 6. Hall coefficient and electrical resistivity for
Ba0»K0 45Bi03 thin films (sample i and sample g).

In our previous work on the x dependence of the opti-
cal spectrum, ' we have suggested that the destruction of
the CDW gap in the metallic Bai K B103 restores the
original O 2p and Bi 6s hybridized conduction band with
less than half-filling, just what one expects from the band
theory but completely different from the picture where
the holes are doped into the parent insulator BaBi03 by
K substitution. The measurement of the normal-state
properties performed in this work confirmed the previous
result.

As shown in Fig. 6, the Hall coefficients for two of the
Bap 55Kp 45Bi03 thin films, samples g and i, are negative
in sign suggesting the charge carriers are electrons. The
values of the Hall coefficient RH= —3-4X10 cm /C
are about twice smaller than the expected value from a
simple free-electron gas model based on the band picture.
Nevertheless the smaller value can be explained by band
theory considering the anisotropy in the scattering of the
charge carriers. Note that the values of RH are nearly
identical in both samples, whereas the resistivity is by a
factor of more than 2 different. Therefore, the difference
in resistivity is mainly due to the difference in the mobili-
ty. For a more precise discussion on the consistency be-
tween the Hall coefficient and the band theory, an investi-
gation for the composition (x) dependence of RH in the
Ba& K Bi03 system is necessary but such a study has
not been done yet. The temperature dependence of RH is
small as seen in typical metals and shows a good agree-
ment between samples g and i.

The optical reAectivity spectrum at room temperature
for sample i is shown in Fig. 7. The spectrum does not
show a large deviation from the Drude curve shown by
the solid line from far-infrared to visible region. The
best-fit Drude parameters are the bare plasma energy
(QE )co =2.9 eV and the damping factor @=1.0 eV.
The conductivity at co=0, o (0)=E

co& /y =2 X 10
0 ' cm ', derived from the fitting parameters is in fair
agreement with the dc conductivity of this film.
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FIG. 7. Reflectivity spectrum at room temperature for a
Bao»Ko4~Bi03 thin film (sample i). The solid line is a curve
calculated by a Drude model with the parameters given in the
text.

It should be noted that the damping factor of 1.0 eV is
quite large, which gives rise to serious doubt whether the
optical conductivity can be described by Drude theory
for a single free-carrier band. We do not have experimen-
tal results to answer this question in the present stage.

Nevertheless, the fact that the deviation of the
reAectivity from the Drude curve is significantly smaller
than in the predecessor BaBio z5Pbo 7503 (Ref. 34) and/or
the superconducting cuprates (Ref. 35) strongly suggests
that the splitting of the conduction band observed in
BaBi03 disappears and a conduction band with density of
states expected from the band calculation is realized in

Hap 55KQ 45Bi03. In BaBiQ 25Pbp 75O3 the optical spec-
trum shows a pronounced deviation from the Drude
curve, which is a consequence of the persistence of the
CDW gap even in the metallic phase. Our data do not
rule out a small deviation in the lowest energy region as
pointed out by Schlesinger and co-workers, ' ' but we
suppose that this may not be intrinsic and further im-
provement in the sample homogeneity would diminish
the deviation from the Drude curve.

In order to further characterize the electronic and/or
phonon states we have measured the Raman-scattering
spectra for both metallic and insulating samples. The
spectra shown in Fig. 8 were measured at room tempera-
ture in the backscattering configuration using 5145-A
beam from an Ar laser. Details were described in the
preceding paper by Tajima et al. The Raman spectrum
of the parent insulator BaBi03 is dominated by an ex-
tremely strong peak at S70 cm ' with higher harmonics.
This peak was assigned to the breathing mode of the oxy-
gen octahedra surrounding Bi atoms. In an ideal
(undistorted) cubic perovskite structure there is no
Raman-active optical phonon —forbidden by the selec-
tion rule. The anomalously strong intensity of the
breathing-mode phonon in BaBi03 arises from the static
breathing-mode distortion coupled with the resonant
electronic excitation across the CDW gap ( -2 eV).

As the K composition increases, the intensity of the
570-cm ' peak is reduced and finally disappears in the
metallic phase. The decrease in intensity is partly due to
the decrease in the CDW gap energy which makes the
scattering off resonant. At the metallic compositions, the
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Ba& K Bi03 thin films with a 5145-A Ar-laser excitation.

VI. DISCUSSION

Considering the experimental results shown above it is
a good approximation to assume that the electronic
structure in Bao»Ko45BiO3 can be described by band
theory. By this assumption and the BCS formulas, the
mean free path is estimated from the superconducting-

570-cm ' peak disappears almost completely, though
some peak features are seen at different frequencies, the
origin of which is not clear at present. The structural
analysis indicates a cubic symmetry for the metallic
Ba, „K Bi03. However, as far as the breathing-mode
distortion remains, the breathing-mode phonon is Raman
active even in the cubic symmetry (Oh ). Therefore,
the disappearance of the 570-cm peak is an indication
that Ba& K Bi03 recovers an ideal cubic perovskite
structure without breathing-mode lattice distortion in the
metallic phase, consistent with the result of the x-ray
structural characterization on single crystals as well as
the neutron structural study. This conclusion from the
Raman study is compatible with the various experimental
facts shown above.

The negative Hall coefficient and disappearance of the
570-crn ' peak in the Raman spectrum indicate destruc-
tion of the CDW gap in the metallic Ba& K Bi03,
which strongly suggests restoration of the conduction
band expected from the band calculation for this materi-
al. Moreover the reAectivity spectrum is also consistent
with this band picture if we assume that the motion of
the charge carriers in this material can be described by a
Drude form.

state properties and the normal-state properties, respec-
tively.

Using the Fermi velocity U~ extracted from the result
of band calculation, we obtained the Pippard length
go=huF/2tr b, =570 A from the superconducting energy
gap 5=3.7 meV for sample i. The GL coherence length
goL(0) =37 A in this sample is calculated from the linear
temperature dependence of H, z. Thus Bao»Ko 45Bi03 is
a dirty-limit superconductor with the mean free path
l ((go. The mean free path l =6.9 A is estimated by the
formula for the dirty limit in the BCS theory from go and
(dH, z/d T)T T .

C O

On the other hand l =mUF/ne p=7 A and is directly
estimated from the measured resistivity p at 30 K using
the carrier number n, the effective mass m and vF from
the band calculation. Moreover, if we assume that the
optical conductivity is described by a Drude form,
l =hu~/2~@ =7 A is also derived from the scattering rate

y in the plasma spectrum at 300 K.
These three estimations from independent measure-

ments coincide well with each other. This internal con-
sistency between the normal-state parameters and the su-
perconducting parameters justifies the validity of both
the above assumption and the description of the super-
conductivity in this system based on the BCS theory.

The estimation of the mean free path from the resistivi-
ty measurement also provides an explanation for the clear
correlation between the magnitude and the temperature
dependence of resistivity for the Bao»K045Bi03 thin
films in Fig. 1. In the samples with the room-
temperature resistivity lower than 700 pQcm, the tem-
perature dependence of resistivity is metallic with posi-
tive temperature coefficient. When the room-temperature
resistivity of the sample exceeded 700 pA cm, the ternper-
ature dependence of resistivity exhibits a semiconductor-
like behavior. The critical resistivity 700 pQcm corre-
sponds to the mean free path equal to the lattice parame-
ter 4 A. This is consistent with the general trends that
the lower bound of mean free path in Bloch-Boltzmann
transport theory is set by lattice parameter, thus giving
an evidence that the present films are homogeneous and
the transport properties are not affected by macroscopic
inhornogeneity such as grain boundary or inhomogeneous
distribution of the K composition. Actually the mean
free path for sample d used for the H, 2 measurement is

0

estimated to be l =4 A or less by the same procedure as
used for sample i.

The physical parameters for Bao»KO 45Bi03 derived
here were summarized in Table II together with the
values for BaBio z5Pbe 7503 ( T, = 12 K) for compar-
ison. ' ' The mean free path for BaBio z5Pbo @03 is sup-
posed to be close to the lattice constant 4.2 A from the
fact that the resistivity for this material shows a semicon-
ductorlike behavior with a negative temperature
coeKcient. The Pippard length go was calculated from
the superconducting energy gap 6 and the Fermi velocity
based on the simple band picture for both materials. It
can be seen that the (dH, z/dT)T T for BaBio z5Pbo 7503

C

is about half of that for Bao»Ko45BiO3. The value of
(dH, z/dT)T T is even smaller than that expected from

C
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TABLE II. Physical parameters for Bao»Ko 4,Bi03 (sample
i) and BaBio 25Pbo 7503.

T, (K)
b, (meV)
( dHc 2 ld T) z- —y (T/K)

go (A)
goL(0) (A)
I(A)
'Reference 39.
"Reference 40.
'See the text.

Bao»KO 45Bi03

22.5
3.7+0.3

—1.0

570
37
6.9

BaBio 25 o 75

12'
1.65'

—0.53

900'
70b

the Pippard length and the mean free path. In
BaBio 25Pbo 7503 the experimental results have suggest-
ed that the persistence of the CDW distorts the conduc-
tion band and generates a pseudogap around the Fermi
level. The discrepancy between the experimental result
and the calculation based on the simple band picture may
be explained by this distortion of the conduction band.
By contrast, the consistency of parameters of
Bao 55Ko 45Bi03 with the band theory and the BCS theory
indicates the almost perfect restoration of the simple
band picture upon K substitution for BaBi03.

Both Bi-based materials are dirty superconductors and
the short mean free path makes goL(0) in these materials
as short as the in-plane coherence length in the Cu-based
superconducting oxides. The Cu-oxide superconductors
are rather clean [goL(0)(I] and the short coherence
length is due to the short Pippard length.

Finally we would like to attempt to estimate the
strength of the electron-phonon coupling in
Bao 5&KO45Bi03. First, we can estimate conventionally
the coupling constant A, from the gap measurement. Fol-
lowing the numerical studies based on the Eliashberg
equations, ' 2A/kz T, =3.8+0.3 obtained in this work
corresponds to 0(A, (1. Although the accuracy of the
data is not enough to determine the exact value of A, , the
upper bound of A, may be set around 1. Another source
for the estimation of the strength of the electron-phonon
coupling is the temperature dependence of the electrical
resistivity. In the temperature region much higher
than the Debye temperature, the Bloch-Boltzmann resis-
tivity approaches to a straight line with the slope
dpldT =A, l(0.246', „(co ) ). The slope of 0.26
pQ cm/K at 300 K for the Bao 55KO 45Bi03 thin 61ms ob-
served in this work corresponds to k -0.6 with
E co&=(2.9 eV) estimated from the optical measure-
ment. There is a large ambiguity also in this estimation

due to the lack of the resistivity data in the high-
temperature region and sufficient understanding of the
transport mechanism in this material. Especially it is
suggested that the case with a very short mean free path
requires a large correction to value of k. The corrected
value of A, is about two times larger than the uncorrected
value in the case of A15's. Actually the slope at 300 K
does not extrapolate to the resistivity at T, but to a value
20%%uo higher than that. Nevertheless the estimation of k
from the resistivity seems to be consistent with the gap
measurement and suggest that A, is around 1.

Recently Huang et al. ' performed a gap-inversion
analysis on their point-contact tunneling data and ex-
tracted 1,—l and 2b, lk&T, =3.8 —3.9. The numerical
study on the superconductivity in Ba, K„Bi03 by Jin
et al. is fairly successful in explaining the whole experi-
mental data including the result by Huang et al. based
on a model of the electron-phonon Eliashberg function.
Shirai, Suzuki, and Moitzuki also extracted X=0.8 for
Bao 6Kp 4Bi03 from a numerical calculation based on the
tight-binding model with parameters estimated from the
band calculation. Our estimation is also consistent
with them.

VII. SUMMARY

In summary, we have performed an extensive study on
the superconducting- and normal-state properties of
Ba, „K Bi03 thin films. Through the quantitative anal-

yses on the experimental results, we conclude that the
density of states of the conduction band in Ba, „K Bi03
is close to that calculated by the band theory in its metal-
lic phase, and the superconductivity is of BCS-type in the
dirty limit as previously suggested from the studies for
bulk samples. The gap measurements and the slope of
the resistivity suggest A, -1.

This result is quite in contrast to the case of the
copper-oxide superconductors, in which the electronic
states are largely distorted from the simple band picture
by the strong electron correlation and there has not been
established any theory which connects the parameters for
the normal state with those for the superconducting state.
It would be meaningful that the study for Bai K„Bi03
has confirmed that the conventional weak- or moderate-
coupling BCS mechanism can be responsible for high-T,
value of the order of 30-40 K.
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