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The conductance curves of point-contact tunnel junctions between Ag and Ba, K, BiO; (x ~0.4) re-
veal a BCS behavior with low leakage current at zero voltage and some broadening of the
superconducting-gap structure. In the energy range above the superconducting energy gap, the structure
in the voltage dependence of the second derivative d2V /dI? of the voltage with respect to the current of
the tunnel junction has been investigated in detail in magnetic fields up to 10 T. While part of this struc-
ture is rapidly changing in a magnetic field, three reproducible peaks in d?¥ /dI*(V) remain stable up to
the transition temperature from the superconducting to the normal state with only additional broaden-
ing in the applied magnetic field. An analysis of this structure in terms of strong-coupling effects yields
the spectral function aF for the electron-phonon interaction. The obtained spectral weight in the ener-
gy region 20-70 meV points to the importance of the oxygen optical modes in the electron-phonon cou-

pling for the superconductivity of Ba,_, K ,BiOs.

INTRODUCTION

Among the fundamental questions in high-7, super-
conductors, a description of the normal state of the su-
perconducting oxides in the framework of a Fermi liquid
remains a central issue.! Within the Fermi-liquid
description, the BCS theory of superconductivity predicts
an energy gap in the density of states of quasi-particle ex-
citations. In an experimental approach of this question,
tunneling spectroscopy has been a very decisive probe for
the classical superconductors via a direct measurement of
the quasiparticle density of states N of the superconduc-
tor (proportional to the conductance dI /dV of the tunnel
junction). The observed sharp BCS singularity in the
quasiparticle excitation spectrum clearly demonstrates
the existence of the superconducting energy gap and,
moreover, strongly supports the existence of a Fermi sur-
face. Tunneling experiments have also clarified the
electron-pairing mechanism in the classical superconduc-
tors, namely the electron-phonon interaction.

Despite the effort of many groups, the tunneling data
on the high T,’s remain ambiguous and controversial.’
Discrepancies in the tunneling behavior of high-T, super-
conductors with respect to the BCS theory are often be-
lieved to reflect intrinsic properties of the new materials
as, for example, the quasi two-dimensional character of
the lattice with the stacked ab planes and the spin fluc-
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tuations leading to magnetic moments. The former can
account for the inhomogeneity of the order parameter
which can cause a (broadened) multipeak structure in the
tunneling conductance,® while the latter can explain the
linear background.* In the bismuthates both features are
absent, i.e., the superconducting Ba, _, K, BiO; has a cu-
bic structure and is diamagnetic in the normal state. On
the other hand the system is a perovskite superconduct-
ing oxide. Hence, this simplified system can throw some
light on the more complex copper oxides.

In the first tunneling measurements on Ba,;_ K, BiO;
(Refs. 5 and 6) tunneling conductances with a finite zero-
bias signal and smeared gap-like anomalies (typical phe-
nomena for the copper oxides) were observed despite of
the simplicity of the system with a cubic and nonmagnet-
ic structure. In these experiments an indication of the
phonon mechanism of superconductivity was found in
the observed nonlinearities of the tunneling conductance
in the voltage (energy) range of the phonons. Conclusive
BCS behavior was found in later work by the same
group’ and by others®® in tunneling data with a complete
superconducting-energy-gap structure. In these experi-
ments”®  the electron-phonon coupling in the
Ba,_,K,BiOj; tunneling curves was also investigated.

McMillan and Rowell'® have introduced a method to
recover in a self-consistent way the spectral function
a’F(w) for the electron-phonon interaction from the
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measured density of states using the integral equations
describing superconductivity with a strong electron-
phonon coupling.!! Here a?F(w) is the convoluted prod-
uct of the phonon density of states F(w) and the matrix
element squared for the electron-phonon coupling. Twice
the integral of the function a?F(w)/w over the phonon
frequencies w defines the electron-phonon coupling con-
stant A which, together with the Coulomb repulsion term

u*, determines the superconducting transition tempera-

ture T,.

The electron-phonon-interaction mechanism for the
superconductivity in Ba,_,K,BiO; has been studied
theoretically by Shirai, Suzuki, and Motizuki!? using the
realistic electronic bands of BaBiO;. The calculated
electron-phonon interaction function a?F(w) has prom-
inent features in the frequency range of the oxygen
stretching and/or breathing modes, which are expected
to dominantly contribute to the superconductivity.!? The
electron-phonon interaction constant A exceeds 1.0 for
compounds with a potassium content less than 0.3 indi-
cating a strong electron-phonon coupling.

In the work of Huang et al.” evidence has been report-
ed for the predominant electron-phonon coupling in
Ba,_,K,BiO;. Nonlinearities in the tunneling charac-
teristics above the superconducting energy gap have been
interpreted as the phonon effect in the superconducting
density of states. By means of a modified McMillan-
Rowell inversion scheme (accounting for the proximity
effect) the Eliashberg function a?F(w) has been obtained
with a resemblance to the phonon density of states
F(w)."* The authors also obtained a remarkable agree-
ment between the calculated and experimental T,.

Sharifi et al.® found the nonlinearities in the tunneling
conductance above the energy gap were not reproducible.
Moreover, the authors argued that the nonlinearities are
not symmetric in the bias voltage but in the current indi-
cating their origin in spurious effects such as microshort-
path changes or flux-line motions induced by current.

To elucidate the origin of the nonlinearities in the tun-
neling conductance, we have measured in detail the volt-
age dependence of the second derivative of the current-
voltage characteristics of tunnel contacts with
Ba,_, K, BiOj; under the influence of external parameters
such as temperature and magnetic field.

In our conductance curves of the Ag-Ba,_, K, BiO,
tunnel junctions we observed the BCS behavior with a
pronounced energy gap together with a (sub)linear and
slightly asymmetric background with respect to the
zero-bias voltage. The superconducting-gap structure
disappears at the transition to the normal state. In addi-
tion, structure was found in the tunneling conductance at
voltages above the energy gap. Part of this structure was
stable in an applied magnetic field and was observed for a
number of different point contacts. The maxima in the
second derivative d2?V /dI? of the voltage with respect to
the current can be related to the peaks in the phonon
density of states obtained by neutron-scattering experi-
ments.!> The McMillan-Rowell inversion scheme has
been applied to obtain the Eliashberg function for the
electron-phonon interaction. The reasonable agreement
with the calculated electron-phonon interaction spectrum
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and the resemblance with the phonon density of states in-
dicate a significant role of the phonons in the mechanism
of superconductivity in Ba, _ K, BiO;.

EXPERIMENT

The Ba,_,K,BiO; single crystals have a potassium
content x ranging from 0.41 to 0.43. x-ray diffraction
studies show the monophase structure with the cubic
symmetry. The transition to the superconducting state is
quite wide with the onset of superconductivity at
T"*'=28 K and the full superconductivity at TS"4=18
K, probably associated with the inhomogeneity of the po-
tassium distribution in the crystal.

The point-contact technique was used to make the tun-
nel junctions. A silver single-crystal needle was pressed
on the freshly cleaved, deep-blue colored surface of the
crystal at liquid-helium temperature. The inset contained
three differential screw mechanisms which allows us to
change the position of the tunneling contact as well as the
pressure between the tip and the crystal at low tempera-
tures. The measurements were performed in the temper-
ature range from 1.5 to 30 K in magnetic fields up to 10
T. The current modulation technique was applied to
detect phase-sensitively the first and second derivative of
the voltage with respect to the current of the tunnel junc-
tion.

RESULTS AND DISCUSSION

The point-contact junctions use the natural oxides or
some degradation on the surface layers of the contacting
electrodes to form the tunnel barrier. The barrier is con-
trolled by a smooth adjustment of the pressure between
the electrodes. In contrast to the sandwich-type junc-
tions, the characteristics of the interface and the tunnel
barrier are not well defined here. On the other hand, the
point-contact method is very suitable for studies on the
high-T, superconductors with the known problems of
surface degradation and inhomogeneous stoichiometry,
because the “best” place can be found by such a local
probe on the surface.

A large number of point contacts have been examined
in magnetic fields up to 10 T and at various temperatures.
The best resolved tunneling spectra were achieved after
the first soft touch of the electrodes at 4.2 K. Figure 1
displays a variety of observed tunneling conductances
dI/dV for different Ag-Ba,_,K,BiO; point contacts
measured at 4.2 K. On each curve a reduced conduc-
tance is observed around zero-bias voltage and a max-
imum in both voltage polarities. The maxima are sym-
metric with respect to the zero-bias voltage. The relative
changes of the conductance around zero bias vary from
contact to contact. In the best examples (lower four
curves) the conductance at zero bias is about 20% of the
high voltage value. In these cases as will be shown below,
the observed zero bias conductance is completely compa-
tible with the width I of the main peak. This fact points
to a low leakage current in these junctions. Most of the
current is tunneling through the barrier and the max-
imum can be related to the superconducting energy gap.
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FIG. 1. Tunneling conductance traces dI /dV for different
point-contact tunnel junctions Ag-Ba;_,K,BiO;. All the
curves were recorded at T=4.2 K. For clarity, the curves are
shifted (except the bottom one) in the conductance scale taking
the high voltage value as a reference point.

In most cases we observed a slightly asymmetric
(sub)linear background. The positive bias voltage in the
displayed characteristics corresponds to a positively
biased Ag electrode.

The upper four curves in Fig. 1 illustrate the kind of
spurious effects which could be observed. In these
curves, the incompatibility of the zero-bias conductance
with the width of the gap-like peaks indicates the pres-
ence of leakage currents. Such a phenomenon is normal-
ly observed in the point-contact tunnel junctions with
high-T, superconductors. In the voltage range above the
main peaks up to 50 mV, we often observed dips in the
conductance symmetrically positioned with respect to the
zero-bias voltage. The dips are very sensitive to the mag-
netic field. Unlike the main peak in the conductance
curves, the dips disappear when a small magnetic field of
about 200 mT is applied. The voltage positions of the
dips are not reproducible, but change from contact to
contact. The dips could originate from a redistribution
of the current paths when the critical current is reached
in a weak link or crack nearby the contact. Due to the
weakness of the superconductivity in these places, the
redistribution can also be influenced by a small magnetic
field. Two pairs of peaks can be seen in curve 3 with the
first one positioned at the usual voltage of the gaplike
peak and the other one at twice the voltage. As a possi-
ble explanation two parallel contacts can be considered,
where beside the expected N-S point contact (N denotes
the normal Ag electrode and S the superconducting ox-
ide) there is an S-S contact. The S-S contact could be
created with a piece of the superconducting
Ba,_,K,BiO; sticking on the Ag electrode.

We describe all these anomalous effects only to point
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out that all of them can also be found in the supercon-
ducting copper oxides, see, e.g., Ref. 14. They are some-
times taken as an indication of unusual intrinsic proper-
ties. However, taking into consideration that for the
bismuthates tunneling data on high-quality single crystals
and epitaxial films”®° have shown the complete BCS
character of the quasiparticle excitation spectrum, all
these effects can be referred to as “parasitic’ here. The
same parasitic or extrinsic origin may be responsible for
the anomalies in the tunneling data of the cuprate high-
T, superconductors.

In Fig. 2 the tunneling conductance of a point contact
with low leakage current is shown in the superconducting
state (solid line) as well as in the normal state (broken
line). The superconducting state conductance was mea-
sured at 4.2 K. When a magnetic field is applied, there is
a pair-breaking effect on the gaplike peak (inset Fig. 2).
The zero-bias structure indicates that a 10-T field is not
sufficient to suppress the superconductivity (Nagata
et al." reported H,,=16 T for the upper critical magnet-
ic field). When the temperature was increased up to 26 K
the dip disappeared and only the background conduc-
tance which we attribute to the normal state remained.
This normal-state tunneling curve is displayed in Fig. 2 as
the dashed line. As one can see the normal-state conduc-
tance fits well the overall background in the supercon-
ducting state curve. Small differences should be attribut-
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FIG. 2. The tunneling conductance for a Ag-Ba,_, K, BiO;
tunnel junction (6 in Fig. 1) in the superconducting state (solid
line: B=0 T and T=4.2 K) and in the normal state (broken
line: B=10 T and T=26 K). The inset shows the influence of
the magnetic field on the gap-related structure.
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ed to possible changes in the point-contact resistance dur-
ing the magnetic field and temperature sweeps.

In the same way we explored the contact shown in Fig.
3. The solid line in the upper part represents a normal-
ized tunneling conductance referred to as the experimen-
tal density of states (EDOS). The tunneling conductance
in the superconducting state at 4.2 K and O T was nor-
malized to the tunneling conductance in the normal state
at an increased temperature 7=22 K and at 10 T. The
dashed line in Fig. 3 represents the theoretically calculat-
ed BCS density of states (TDOS) as introduced by Dynes,
Narayanamurti, and Garno'® in a phenomenological
model taking into account lifetime broadening of the
quasiparticle energies. The calculated density of states
TDOS is given by

TDOS=Re{(V—iT')/[(V—i['*—A*]'"?}, (1)

where A is the superconducting energy gap and I' is the
lifetime broadening parameter. A good agreement is ob-
tained between these two curves for the parameters A=35
meV and T'=1.7 meV. Consequently, the 2A /kp T, ratio
is about 4.1 indicating a medium strength of coupling.
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FIG. 3. Upper part: the solid line displays the tunneling con-
ductance of a Ag-Ba;_,K,BiO; tunnel junction (7 in Fig. 1)
normalized with respect to the normal state. The dashed line is
the calculated life-time broadened density of states with A=35
meV and I'=1.7 meV. Lower part: the second derivative
d*V /dI*(V) of the voltage with respect to the current of the
same tunnel junction measured at different magnetic fields. All
the curves were taken at T=4.2 K except the bottom one
(T=22 K). Curves are shifted in the vertical direction.
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By adding a constant to the tunneling conductance in
both the superconducting and the normal state in order
to take account for any leakage current, we obtain a
better agreement between the calculated and experimen-
tal curve. However, the very small leakage currents
(10™* with respect to the tunneling current at high bias
voltage) required demonstrates that leakage current is
negligible and that only the superconducting density of
states (with some additional broadening) is probed in the
tunnel junctions. Generally, the origin of the broadening
is unknown and may be a consequence of a surface prob-
lem, proximity effect, unusual tunnel barrier, or inhomo-
geneity. We note that our sample is not perfectly homo-
geneous. An inhomogeneous order parameter can be ex-
pected in the scanned area. It has been shown by Kirt-
ley? that a distribution in the order parameter of the
probed sample would give the same broadening in the
tunneling conductances as the above mentioned lifetime
broadening.

Special attention was payed to the tiny structure ob-
served in the tunneling conductance at voltages above the
energy gap. The corresponding nonlinearities can be
better seen in the directly measured second derivative
d*V /dI? of the voltage with respect to the current. For
sufficient signal-to-noise ratio and resolution, we kept the
modulation voltage in the second derivative measurement
around 1 mV. As mentioned before, in many contacts a
structure appears at high voltages in the form of conduc-
tance dips due to a spurious critical-current effect.® It
cannot be excluded that in other junctions this structure
appears in a weaker form, thereby undermining any ar-
gumentations based on an energy-resolved spectroscopic
effect. We remark that similar dips have also been ob-
served by Morales et al.!” Since the asymmetry of the
tunneling conductance of our junction is small we cannot
distinguish whether the position of these anomalies is
symmetric in the voltage or in the current. The symme-
try in the current would prove the spurious origin.

In Fig. 3 we have plotted the second derivative curves
at various magnetic fields. For an applied magnetic field
above 1 T a very stable structure consisting of three
peaks emerges, which remain unchanged up to 10 T. The
persistency of this structure in a strong magnetic field is
not compatible with the before mentioned spurious
effects. The peaked structure disappeared by driving the
junction to the normal state at a temperature 7 =22 K.
The thermal broadening of the d?V /dI*(V) signal with
5.4 kp T linewidth'® is not sufficient to smear all details of
the peaks for a temperature 7=22 K. Hence, the ob-
served effect is associated with the superconducting state
only.

In Fig. 4 we have plotted the second derivative at 10 T
for different point contacts showing the reproducibility of
the three peaks. The tunnel junctions with the identical
three peak structure in d?V /dI* at higher fields (as
shown in Fig. 4) can show differences in the finer detailed
structure at smaller fields, which we relate to the critical
current effects. The irreproducible dips in the conduc-
tance traces (for examples see Fig. 1) result in huge S-
shaped structures in the second derivative, which hinder
the tunnel spectroscopy at small fields. In a magnetic
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FIG. 4. The measured second derivative d*V /dI*(V) of the
voltage with respect to the current for different tunnel junctions
at B=10T and T=4.2 K. The numbering refers to Fig. 1.

field this anomalous structure is rapidly changing. Nev-
ertheless, the anomalous structure is suppressed for fields
above 1 T while the three-peak structure remains. At
this point we stress that we have observed at least two
different point contacts (one of them shown in Fig. 3)
with different zero-bias conductances revealing the very
same tiny structure above the energy gap at zero magnet-
ic field. These two tunnel junctions have very small
spurious effects at zero magnetic field. These two junc-
tions were used in the McMillan-Rowell inversion
scheme presented later in the paper.

Relating the three peak structure to the superconduct-
ing density of states, the peaks in the d2V/dI*(V)
characteristics have to be positioned at voltages corre-
sponding to the characteristic phonon (or, more general-
ly, mediating boson) energies #io plus the shift with
respect to the superconducting energy gap A. In our case
the three maxima at zero field (Fig. 3) are positioned
around 20, 30-50 and 60-80 meV. Accounting for the
shift with the superconducting energy gap A=5 meV,
these maxima can be identified with three broad phonon
bands centered around 15, 25-45, and 55-65 meV as ob-
tained from the neutron scattering experiment.!'

A question arises as to why the phonon structure is ob-
servable, if the order parameter is itself smeared, e.g., due
to stoichiometric inhomogeneity, which would also cause
a smearing of the phonon anomalies. For a possible ex-
planation, we refer to the paper of Zasadzinski et al.,®
where pronounced phononlike anomalies in the
Ba,_,K,BiO; system were observed only for a concen-
tration x =0.375, and not for x =0.5. This is consistent
with theoretical work of Shirai, Suzuki, and Motizuki'?
which describes the dramatic effects on the Eliashberg
function a’F(w) with K concentration. Thus the optimal
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K concentration, i.e., the optimal order parameter con-
tributes the most.

The tunneling data from Fig. 3 and from another point
contact yielding the same tiny structure at zero magnetic
field have been inverted using the McMillan-Rowell in-
version scheme. From the obtained convergence in the
iterative procedure, the resulting Eliashberg spectral
functions a*F(w) are shown in Fig. 5. Below 8 meV a
quadratic energy dependence of the electron-phonon in-
teraction has been assumed. Besides the Eliashberg func-
tion and the electron-phonon interaction parameter A, an
important result in the McMillan-Rowell analysis is the
value of the Coulomb repulsion parameter u* and the
calculated superconducting transition temperature 7.
We obtained for the two contacts A=1, respective 0.7,
u*=0.07, respective 0 and for the transition temperature
T,.=30.8 K, respective 31.7 K.

Concerning the possible observation of the phonon
structure in the tunneling data, we rely more on our
direct measurements of the second derivative
d?V /dI*(V) than on the results of the inversion pro-
cedure which can be affected by uncertainties in the re-
duced density of states. The input data of the McMillan-
Rowell inversion require the tunneling conductance in
the superconducting state normalized with that in the
normal state. Although the overall shape of the back-
ground in the normal-state tunneling conductance agrees
well with the superconducting one (see Fig. 2), small
differences could be found in the high-voltage slope prob-
ably related to changes in the point-contact resistance
during the magnetic field and temperature sweep. More-
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FIG. 5. Upper part: the Eliashberg functions a?F(w) ob-
tained from a McMillan-Rowell analysis of the tunneling data
for two different tunnel junctions (7, upper curve, and 8 in Fig.
1). The upper curve is shifted vertically by 0.15. Lower part:
phonon density of states of Ba, (K, 4BiO; obtained by inelastic
neutron scattering (Ref. 13).
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over, especially at low bias voltages, the presence of the
broadening parameter I' in the description of the super-
conducting tunneling conductance yields some uncertain-
ty in the derived reduced density of states. Both effects
influence the distribution of spectral weight in the func-
tion a’F(w) resulting from the structures in the second
derivative curves. For instance, this could result in a less
pronounced structure for the first phonon branch (acous-
tic modes) in a*F(w) compared to the second derivative
data of the junctions. All this also influences the result-
ing parameters for A, u*, and T,. Moreover, the presence
of the (minor) spurious effects cannot be excluded at low
magnetic fields.

Our results for the electron-phonon interaction (Fig. 5)
can be compared with the inversion of the tunneling data
on Ba,_,K,BiO; by Huang et al.” and the theoretical
calculation of the Eliashberg function of Ba;_, K, BiO;
by Shirai, Suzuki, and Motizuki.'? In the data of Huang
et al. two dominant peaks are clearly observed up to 50
meV with the minimum in between at 20 meV. In our
spectra, the first branch of the spectrum (up to 20 meV) is
not resolved and overlaps with the second one. Because
structure is observed in this region in our measured
second derivative d2V /dI?, the absence of a clear max-
imum for the first branch could be related to the above
mentioned uncertainties in the reduced density of states
in this frequency range. A detailed comparison with the
data of Huang et al.” shows a remarkable agreement in
magnitude and shape of aF in the energy range 25-55.
Our data, in contrast to those of Huang et al., also reveal
a significant spectral contribution in the high-energy
range around 60 meV. The most pronounced feature
which can be found in our Eliashberg function is a
minimum in the spectrum at 50 meV. This minimum can
be found in the phonon density of states F(w) as well as
in the Eliashberg function calculated by Shirai, Suzuki,
and Motizuki.!? Our spectra therefore demonstrate the
importance of the high-frequency optical modes of oxy-
gen in the electron-phonon interaction, in agreement with
first-principles calculations.!?

CONCLUSIONS

Low leakage tunnel junctions on Ba,_ K, K BiO; have
been investigated both in the superconducting and in the
normal state. The effect of the magnetic field on the gap-
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like peaks in the tunneling conductance has been mea-
sured up to 10 T.

The normalized tunneling conductance was successful-
ly fitted to the smeared BCS density of states with the re-
sulting superconducting energy gap A=35 meV, the life-
time broadening I'=1.7 meV and the ratio 2A/kyT,
equal to 4.1. Because in tunneling measurements of other
workers”®? the ideal BCS gap structure has been ob-
served without any smearing, we ascribe the smearing
effect to an extrinsic origin such as inhomogeneous
stoichiometry.

A reproducible structure was observed at characteristic
phonon energies in the measured second derivative
d*V /dI*(V). This structure is often interfering with
spurious (current-driven) effects. The spurious signal can
be suppressed by the application of a magnetic field leav-
ing a clear phonon structure in the d*V /dI? spectra.
The McMillan-Rowell inversion of the tunneling data
yields the Eliashberg interaction function a?F(w) which
resembles the phonon density of states obtained by neu-
tron scattering experiments'? as also the Eliashberg func-
tion calculated theoretically by Shirai, Suzuki, and
Motizuki.!? The spectral weight in the high-frequency re-
gion points to an important contribution of the optical
modes of oxygen in the electron-phonon interaction in
agreement with the first-principle calculation.!> The ob-
tained parameters A and pu* give the transition tempera-
ture T, close to the experimental 7T, =28 K.

It is desirable to perform similar measurements on
more perfect samples with no broadening in the BCS
quasiparticle spectrum. It would be also interesting to
perform the tunneling experiment on a thin film (film
thickness smaller than the London penetration depth) in
a parallel magnetic field with no vortices inside the sam-
ple. Similar experiments have been performed by Rasing
et al.'® on thin lead films. Nevertheless, our measure-
ments support the important role of the electron-phonon
interaction in the superconductivity of Ba, _, K, BiO;.
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