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We report tunneling measurements using superconducting bulk samples of Bao.6Ko.4BiO3 and evaporated counterelectrodes of 
Sn. With our procedure, we find reproducible tunneling characteristics that show the gap feature and high frequency structure in 
the d//dVversus Vcurves. This structure may be related to the phonon spectrum or to the excitations that give rise to supercon- 
ductivity in these ceramic materials. The energy gap evolution with temperature follows BCS-like behavior, with ratio 2J/KnT¢ 
at T--O K in the range of intermediate coupling. 

I .  Introduction 

The discovery of superconductivity in 
Bat_xKxBiO3 provides the possibility of  comparing 
its characteristics to conventional phonon mediated 
superconductors and to the new Cu-based, high-To 
materials [ 1 ]. This compounds has received much 
attention because it is the first oxide superconductor 
without Cu in which the transition temperature, To, 
is of  the order of  30 K, well above the best A-I 5 strong 
coupled superconductors. The crystal structure of  this 
compound is a simple-cubic perovsldte formed from 
corner-shared BiO~ octahedra with Ba and K on the 
cell origin [2,3 ]. This three dimensional structure is 
isotropic with no magnetism and, therefore, the pair- 
ing mechanism might be totally different from the 
Cu-O based compounds where magnetic interac- 
tions or low dimensional behavior could be respon- 
sible for the superconducting state. Early oxygen iso- 
tropic effect measurements in the B a - K - B i - O  system 
have led to large values of  aox that imply a phonon- 
mediated pairing mechanism [4]. Calculation on the 
thermodynamic properties of  this compound by Na- 
varro and Escudero, using Eliashberg gap equations, 
confirm the strong coupling behavior of  this corn- 
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pound similar to Nb3Ge, a typical intermetallic su- 
perconductor [5]. Raman spectroscopy shows an 
optical phonon at 348 cm -1 (43 meV) with a Fano 
lineshape indicative of  strong coupling between this 
phonon and the electron spectrum. For a non-su- 
perconducting sample of  the material at a lower po- 
tassium content, the same phonon is not observed to 
be coupled to the electronic states [6 ]. Supercon- 
ducting energy gap measurements, using infrared 
spectroscopy [ 7 ] and tunneling measurements [ 8 ], 
are consistent with a coupling constant, 2A/KnTc, in 
the range of 3.5 to 5.8. The tunneling results [ 8 ] show 
broad gap structure due to the apparent large life- 
time broadening effects. More tunneling data is re- 
quired to understand this apparent broadening of the 
superconducting gap in these materials. 

Further the excitation spectrum that can be ob- 
tained from available tunneling measurements (from 
the differential conductivity and the derivative of  the 
differential conductivity) must be explored. This 
spectroscopic technique, which is the most inform- 
ative probe of the superconducting state, senses the 
microscopic processes which form the supercon- 
ducting condensate, and can give information to 
completely characterize the superconducting state. 
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The information that can be extracted from tunnel- 
ing experiments is: the temperature dependence of 
the energy gap, the phonon density of  states, the cou- 
pling function o t 2 ( t o ) F ( t o ) ,  e tc .  However, reliable 
tunneling data in these new ceramic materials have 
been very difficult to obtain. This is mainly due to 
the problem of making reproducible tunnel junc- 
tions. These particular difficulties are attributable to 
the nature of the parameters that are involved in these 
high-T¢ superconductors, such as the small coher- 
ence length, ~o, the rapid surface degradation, and 
possible changes in oxygen stoichiometry. 

In this paper we report on tunneling experiments 
with these materials which give information on the 
size of the energy gap and the structure of the ex- 
citation spectrum. 
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Fig. 1. Resistance vs. temperature for a sample of  Bao.6Ko.4BiO3: 
( a ) as received, ( b ) after j unction fabrication. 

2. Experimental 

The tunneling measurements were done using bulk 
ceramic material with the composition Bao.6Ko.~BiO3. 
The melt processed sample was prepared as reported 
by Hinks et al. [ 3 ]. The tunnel junctions were con- 
ventional, sandwich type metal-insulator-supercon- 
ductor (MIS) junctions. A pellet of high density ma- 
terial was encapsulated in high vacuum epoxy. Once 
the epoxy had cured, the surface of  the pellet was 
polished and cleaned with an etching solution de- 
scribed by Gurvitch et al. [9 ]. After the cleaning 
procedure, the surface was left in the laboratory at- 
mosphere for about 24 h. The junctions were com- 
pleted by evaporating a thin strip of Sn as the coun- 
terelectrode. The junction dimensions were 
approximately 0.1 × 1.0 mm 2 with differential resis- 
tances (zero bias) of between 20 to 100 f~. The tun- 
nel junctions were measured at different tempera- 
tures between 4 and 300 K. In order to check that the 
material was still superconducting after fabrication 
of the junction, the resistance versus temperature 
characteristic was measured and compared to the 
material as received. As can be observed in fig. 1, the 
onset temperature ( ~  30 K) and the zero resistance 
(21 K) of the as-received material was not changed 
indicating no degradation occurred during 
fabrication. 

The measurements on the tunnel junctions were 
done using the conventional modulation technique. 

The differential resistance (dV/d/ )  and the first de- 
rivative, d2V/d/2, versus voltage show interesting 
features which can be related to the energy gap, A. 
The measurements also display structure at higher 
voltages which is, in conventional superconductors, 
the signature of phonon interactions with quasipar- 
ticles. The conductance (the inverse of the differ- 
ential resistance) is proportional to the density of 
states in the superconducting state. The second har- 
monic, d2V/d/2, gives information about the cou- 
pling function ct2(to)F(o~). Dips in d 2 V / d / 2  will 
correspond to peaks in the coupling function once 
the energy scale is corrected by to- / f .  

The conductance versus voltage characteristics of  
a typical tunnel junction of Bao.6Ko.4BiO3-I-Sn taken 
at different temperatures above To, are shown in fig. 
2. The curve at 200 K can be considered as the nor- 
mal state, in the sence that it shows typical parabolic 
behavior. Also a small, negative offset is observed, 
which can be explained assuming a different average 
barrier height at each side of  the insulating barrier as 
proposedby Brinkman et al. [ 10]. At 77 K and be- 
low, the conductance shows an extra feature. The 
parabolic background remains but an increase in the 
conductance around zero volts becomes more and 
more noticeable as the temperature decreases. This 
anomalous normal state was also observed by Za- 
sadzinski [ 11 ] in his tunneling experiments, in the 
material with x=0.375.  There is no explanation for 
this feature, although recent theoretical work reports 
a similar behavior in systems with interacting charge 
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Fig. 2. Conductance vs. voltage curves (vertically shifted) for a 
Bao.6Ko.4 BiO3-insulator-Sn junction in the normal state at dif- 
ferent temperatures. 
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Fig. 3. Conductance vs. voltage of  the Bao.sKo.4BiO3-insulator- 
Sn tunnel junction measured at 4 K. 

density waves and superconductivity [ 12 ]. Note that 
the zero resistance transition temperature, as indi- 
cated in fig. l, occurs at 21 K, but the conductance 
curves at 21 and 18 K do not show the opening of 
an energy gap. One logical explanation for this be- 
havior is the well known fact that tunneling senses 
regions in the sample to a depth related to the co- 
herence length in contrast to the resistance mea- 
surement which senses the bulk percolative length. 

Figure 3 shows the conductance vs. voltage char- 
acteristic of  the same tunnel junction at 4 IC The 
curves shows the energy gap and structure from l 0 

to 70 mV. Figure 4 shows a set of  dI/dV versus V 
curves taken from 4 to 21 K with the curves dis- 
placed vertically for clarity. The data have two in- 
teresting features: first, the evolution of  the mini- 
mum of  the conductance curve, G(0) ,  with 
temperature and, second, the evolution of the high 
frequency symmetrical structure on both sides of  the 
gap region. The dependence of G(0)  with temper- 
ature could be correlated with increasing the elec- 
tronic density of  states inside the energy gap as the 
temperature is increased. After normalizing the 
curves shown in figure 4 with the characteristic d / /  
d V at 18 K, we plotted the relative depression of the 
G(0)  as l - G ( 0 )  versus T/Tc in fig. 5. Figure 6 
shows the conductance of  the tunnel junction at 4 K 
normalized with data at 18 K. The energy gap, A, can 
be determined using a smeared BCS density of  states, 
given by N,(E) = R e { E - i F ) / [  ( E - I F ) 2 - ~ ]  1/2}. In 
this equation F is a parameter which may be related 
to the density of  states inside the gap, and was pro- 
posed by Dynes et al. to account for lifetime effects 
[ 13 ]. The values for J and F in this equation that fit 
the experimental result of  fig. 6 are J = 2 . 9  meV, and 
the smeared parameter F =  1.6 meV. Using the same 
fitting routine we can extract the energy gap devel- 
opment with temperature, which is shown in fig. 7. 
In fig. 7 we plotted the energy gap normalized to the 
value of 4 K. The error bars mark the uncertainty in 
the measurement. The temperature scale is also nor- 
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Fig. 4. Conductance vs. voltage curves taken from 4 to 21 K for 
the Bao.~Co.,BiO3-insulator-Sn junction. The curves have been 
displaced vertically for clarity. 
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Fig. 5. The relative depression of  the zero bias normalized con- 
ductance G ( 0 ) plotted as 1 - G (0) vs. T/Tc for the Bao.6Ko.4BiO3- 
insulator-Sn junction. Tc was taken as 18 K. 
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Fig. 6. Normalized conductance curve at 4 K normalized to 18 K 
for the Bao.~Ko.4BiO3-insulator-Sn junction. The dotted curve is 
a smeared BCS density o f  states with .4=2.9 meV and F =  1.6 
meV. 

malized to 18 K. Normalizing to 18 K is not arbi- 
trary and is justified by the fact that at 18 K the tun- 
neling characteristic dI/dV versus V shows normal 
state behavior. The solid line in this plot is the ex- 
pected BCS behavior. Using the value of A obtained 
at 4 K (2.9 meV) and To= 18 K, the ratio 2A/KBTc 
is 3.75 indicating an intermediate-strong coupled 
BCS superconductor. 

Figure 8 shows the d2V/d/2 versus energy ( eV-A)  
characteristic of the conductance data shown in fig. 
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Fig. 7. Temperature variation of the normalized energy gap .4(T) / 
.4(4 K)  for Bao.6Ko.4BiO3 with To=IS K. The solid line repre- 
sents the temperature dependence of  the BCS theory. 
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Fig. 8. d ~ V/dI  2 vs. eV- `4  characteristic o f  the conductance curve 
shown in fig. 3. The gap (2.9 meV)  was subtracted o f tbe  energy 
values. The numbers  indicate the values of  the dips in the curve 
at 4 K. Note that the structure disappears as the temperature in- 
creases from 4 to 77 K. The curve at 21 K was vertically moved 
for clarity. 

3, It is worth noting that this structure is symmetric 
with respect to voltage on both sides of the energy 
gap feature. The arrows indicate dips at approxi- 
mately 8.2, 15.4, 26, 32.1, 39.3, 46.6, 55.1, 59.1, 64.3 
meV, after subtracting the value for the energy gap 
(2.9 meV). This data can be correlated to the re- 
cently published inelastic neutron experiments re- 
ported by Loong et al. [ 14 ] and to the optical phon- 
ons that were observed by Raman spectroscopy [ 6 ]. 
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It is interesting to mention that in the inelastic neu- 
tron experiments, two bands are observed at 30 and 
60 meV, higher resolution neutron experiments may 
reveal fine structure in these bands, which are re- 
lated to the softening of the oxygen phonon modes, 
according to molecular dynamics simulation (MD)  
MD calculations also show a band extending from 
25 to 37 meV, peaks at 11, 15 and 51 meV, a shoul- 
der at 16 meV, small peaks at 25, 46, 67 and 73 meV 
[ 14 ]. Practically all these features can be correlated 
one to one with our experimental tunneling results. 
Figure 8 also shows the d 2 V/dI  2 curve taken at 21 
and 77 K. We can observe that the structure totally 
disappears at 21 K, indicating that this is a charac- 
teristic of  the superconducting state. 

3. Conclusions 

We can summarize the results of  this research in 
the following points: 

(1) We observed reproducible tunneling char- 
acteristics in junctions of  Bao.6Ko.aBiOg-insulator- 
Sn. The energy gap was found to be A=2.9 meV us- 
ing a smeared density of  states with F =  1.6 meV at 
4 K .  

(2) According to the ratio 2A/kBTc the super- 
conductor is in an intermediate coupled regime, 
which can be characterized in the framework of the 
BCS theory. 

(3) The energy gap dependence with tempera- 
ture follows the normal BCS behavior. 

(4) The structure in the second derivative curve 
can be associated with phonon modes observed in 
recent neutron experiments. 
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