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Chapter 6 
 

NON-STATIONARY PROCESSES IN 
NANOCONTACTS WITH HIGH-Tc 

SUPERCONDUCTORS 

6.1 Abstract 

The conductivity of ceramic samples is determined by their 
structure and their superconductive coherence length is rather 
small (ξ~2-3 nm). The ceramics can be described as a system of 
randomly distributed, randomly oriented and weakly bound 
mono- and polycrystalline grains. The characteristic dimensions 
of crystals are much larger than ξ, and the grain boundaries 
resulting in normal or semiconductor character.  The inter-grain 
zones behave as tunnel contacts. Thus, the superconductive metal 
oxide ceramics could be considered as Josephson media with S-I-
S, S-N-S or S-N-I-N-S grain transitions. The transport properties 
of such media are quite sensitive to the structure which in turn 
depends on the preparation technique. Hence, in order to 
formulate general conclusions, it is important to investigate the 
superconductive parameters of both single grains and entire 
structures, produced by different recipes. 

High-Tc superconducting ceramics (YBa2Cu3O7-y, 
Bi2Sr2CaCu2Oy) were investigated by PCS, namely by means of 
NCs in “shift” geometry between the ceramics bars, or in “pin-
to-plate” geometry, with a pin electrode of normal or 
superconducting metal. We investigated the IVC of the 
superconducting ceramic NCs at small bias voltage as well as the 
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large jump-like hysteresis for large bias voltages. The results for 
frequency dispersion of these singularities at small and large bias 
and their dependencies both for HF and optical range irradiation 
are discussed in the light of the thermal model for non-
homogeneous media that has a characteristic length for thermal 
processes l~10 nm.  

 

6.2 Non-Stationary Josephson Effect in High-Tc 
Superconductors under High Frequency Radiation 

The samples of high-Tc superconducting ceramics (YBa2Cu3O7-

y, Bi2Sr2CaCu2Oy) were prepared according to the standard 
technology of solid phase synthesis with multi-stage grinding, 
pressing and annealing. The wire electrodes were attached to the 
opposite ends of the ceramic bars (2x2x10 mm) by applying 
springs and Indium gaskets, or they were glued with Ag paste. 
We characterized samples in both “shift” and “pin-to-plate” 
geometries, with the opposite electrode (bar or pin) consisting of 
superconducting (Nb, Ta) or normal (Cu, Ag) metals. High-Tc 
films of 1-100 µm thickness were also measured. The latter were 
produced by suspension deposition on MgO or SrTi substrates 
and subsequent annealing.  Bridges of dimensions w<30 µm and 
l<40 µm of high-Tc superconductors were made by scribing of 
the films. 

When NC between superconducting metal and high-Tc ceramic 
is made, the Josephson structure (see Chapter 1.2) is realised due 
to the presence of dielectric (oxide on the metal electrode) or 
semiconductor phase (of high-Tc ceramic) in between the 
superconducting zones (superconductive metal and 
superconductive grain of ceramics). At these conditions the 
Josephson effect will occurs, characterised by the critical 
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superconductive current Ic at zero bias (V=0) and by supercurrent 
(nondissipative current) at V>0. 

The difference between the high-Tc and the low-Tc 
superconductors is in that  the former display the d-wave pairing 
with the anisotropic energy gap vanishing at certain symmetry 
points on the Fermi surface. In particular, NCs of YBa2Cu3O7-y 
ceramics differ from traditional superconductor NCs in that they 
have very low critical currents Ic. The characteristic voltage 
Vc=IcRN which defines the maximal frequency of Josephson 
tunnelling current between two superconductive zones, is about 1 
mV (see Fig. 6.1 and 6.2). This value is much smaller than 
expected (Vc=πΔ/e), taking into account that the energy gap Δ for 
YBa2Cu3O7-y is equal to 20-40 meV [1]. 

The thermal fluctuations in the contact further reduce and can 
apparently vanish the static Josephson response of the contact. 
The informative study of high-Tc contacts can be achieved with 
the high-frequency modulation of the resistive state at nonzero 
voltages. Exposure of the NC to an external electromagnetic field 
induces current steps in the IVC (Josephson non-stationary 
effect). These steps were observed for bias voltages up to only 4 
mV, even at the maximum of radiation intensity. The position of 
the induced steps is defined by the well known Josephson 
equation 

 
/ 2 , 0,1, 2, 3,nV nhf e n= = K      (6.1) 

 
where n is the number of the step, f is the frequency of the 
impinging radiation and 2e the charge of the superconducting 
pair. 

In Fig. 6.1, the initial IVC of a Ta–YBa2Cu3O7-y (1) NC and its 
modification upon MW irradiation (2) is shown. It should be 
noted that at large bias voltages, the IVC is shifted upwards from  
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Fig. 6.1 I-V characteristic of a Ta–YBa2Cu3O7-y nanocontact at 
Т=4,2 К without radiation (1) and when Ta–YBa2Cu3O7-y 
underexposed to the microwave radiation with Ω/2π=78 GHz (2). 
On the right the second derivative of the I-V characteristic (3) is 
shown for the same contact under identical irradiation 
conditions, to evidence the steps generated on I-V characteristic. 

 
the linear dependence by an amount which grows monotonously 
with increasing bias. This behaviour is typical for 
semiconductors and therefore we have to conclude that 
semiconducting phase is present in ceramic samples.  

For improved resolution of the current steps, the signal of the 
second derivative of the IVC (3) was measured with the help of 
the standard low frequency (~1 kHz) modulation method [2, 3]. 
The positions of the first steps which occur as the bias is 
increased correspond well to the Josephson equation (6.1), but at 
larger bias the distance between the adjacent steps expands, and 
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their slope increases. In other words: the dynamic resistance 
increases for larger bias voltage.  

For the highest observable step (corresponding to n=19), we 
obtain Vn=3,1 mV (fn~1,5.1012 Hz) from the Josephson equation 
(6.1), while the corresponding experimental value is 3,9 mV. 
Hence we must take into account the effect of the external 
radiation on the resistive (semi-conducting) regions of the 
contact zone. 

Fig. 6.2 illustrates that the step-like changes in resistance are a 
characteristic phenomenon for high-Tc ceramic contacts not 
exposed to radiation. Several resistive regions with a resistance 
that varies in a stepwise fashion can be identified in the IVC of a 
contact between Ta and a YBa2Cu3O7-y ceramic (Fig. 6.2). 

 

 
 
Fig. 6.2 I-V characteristic of a Ta-YBa2Cu3O7-y ceramics contact 
without irradiation (1) and under irradiation with f=7,8.1010 Hz 
(2). Т=4,2 К. 
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The resistances of the IVC for the 3 different steps indicated by 

the dashed lines in Fig. 6.2 are (going from left to right) 3,42 
Ohm, 6,05 Ohm and 9,37 Ohm. These experimental data are 
close to nR0 with n=1, 2, 3 and the average value of R0 
amounting to 3,14 Ohm. Exposure to HF radiation induces 
current steps in the IVC of the contact (line 2 in Fig. 6.2 is 
shifted along the voltage axis by 0,5 mV). However, in contrast 
with the samples of Fig. 6.1, the steps are not regular at low bias 
voltages. For large bias voltages across the contact, the distance 
between steps becomes regular. In all probability, the resistance 
regions on the IVC are not associated with thermal effects, 
because the Josephson step structure on IVC is still observed and 
extends to quite high voltages (~4 mV), and so, the sample is still 
in superconductive state. The multiplicity in the variation of 
resistance suggests the existence of phase slip centres in long 
superconducting channels in the ceramic, but the size of the 
single crystallites in our samples significantly exceeds the 
coherence length, which is quite small for these materials: ξ~10-7 
сm. A possible reason for the resistive regions can be formation 
of three-dimensional phase slip centres which one can imagine as 
phase separation surfaces [4] appearing in damaged regions in 
the ceramic near the contact with a metal electrode. 

In contrast to the contacts made of a ceramic and a normal 
superconductor (Nb, Ta), the NC of Cu and the high-Tc 
superconductor presents a slope in the critical current [5] and  
induced steps (see insert on the Fig. 6.3), both caused by the 
presence of resistivity in the circuit.  

When the impinging radiation is in the MW range, the relative 
values of the critical current are correctly described by the 
modulus of the zero-order Bessel function (solid line in Fig. 6.3). 
This function is given by the expression 
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1( / )n c nI I J eV hf= ,    (6.2) 
 

 
 

Fig. 6.3 Effect of the incident radiation power on the critical 
current: 1- the contact Cu-YBa2Cu3O7-δ ceramics (f1=7,9.1010 Hz, 
Т=4,2 К); 2 – the contact Ta-YBa2Cu3O7-δ  ceramic (f2=4,75.1014 
Hz, Т=2,15 К). The insert shows the I-V characteristic of the Cu-
YBa2Cu3O7-δ ceramics contact (the solid line was obtained 
without radiation, and the dashed line under radiation of 
frequency f1). 
 

where n is the order of the function and V1~ P  is the amplitude 
of the alternative voltage, induced on the contact by the external 
HF field. To determine the scale along the abscissa axis, the 
experimental and theoretical dependences were made to coincide 
at the filled points.  
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In the case of a Cu electrode, a weak link in the 
superconducting circuit emerged in the ceramic itself, probably at 
the boundary between grains, near the point of the contact 
between the electrodes. In such contacts, however, the non-
stationary Josephson effect is reliably observed at liquid N2 
temperature. Quite often the resistive parts (their existence can be 
considered the reason of the finite slope of critical current) are 
connected in series. This was observed also for the contacts with 
superconducting metals. The slope is associated with the fact that 
metal oxide ceramics have a multi-phase granular structure 
(especially near the surface) consisting of superconducting and 
normal phases. In view of such a heterogeneous composition, the 
obtained contacts can be represented as a series-parallel circuit 
formed by elements with different conductivity. 

The equivalent circuit [6] for a NC in this case can be drawn as 
a parallel circuit, where one arm contains the Josephson element 
and a resistance R1, while the parallel arm contains the resistance 
R2. It is assumed that the resistive elements have linear IVC and 
that the incident radiation power is quite low, so that bolometric 
effects are not observed. Applying Kirchhoff’s laws to such a 
circuit, we can easily show that  
 

( ) 1 1
1 2 2 1 2 1 2,    ,    ( )c c jI I R R R V I R V V R R Rδ∗ − −= + ∗ = = +  

(6.3) 
 
where V1=hf/2e  in accordance with (1.8). 

The notation used in these expressions can be followed from 
the insert in Fig. 6.3. Formula (6.3) leads to expressions for the 
values of R1 and R2 as a function of the experimentally measured 
quantities: 

 
1

1 2 1,    ,    ( 1)j jR V I R R V V R R V Vδ δ∗ ∗ ∗ ∗ −= = = −  (6.4) 
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For R2≠∞, we always have Vj>δV. Applying this technique to a 

Cu-high-Tc superconductor contact whose IVC are presented in 
the insert in Fig. 6.3, we obtain R1=1,75 Ohm and R2=3,63 Ohm. 

6.3 Bolometric Response of Nanocontacts with 
High-Tc Superconductors Exposed to 
Electromagnetic Radiation with Frequencies in the 
Optical Range 

A completely different behaviour of the critical current under 
irradiation with a power Ic(P) was observed in the optical 
frequency range (Ω/2π=4,75.1014 Hz). As can be seen from Fig. 
6.3, the increase in radiation intensity caused a monotonic 
decrease in the critical current for the Ta-YBa2Cu3O7-δ contact. 
At a certain level of radiation power, the critical current becomes 
equal to zero. We can assume that the laser radiation heats the 
contact in this frequency range. It is well known [7, 8] that in S1-
Constriction–S2 structures formed from different superconductors 
with quite different energy gaps (Δ1<<Δ2), the temperature 
dependence of the critical current is similar to that for the 
material with the smaller gap. In our case [9], the gaps for Ta and 
YBa2Cu3O7-δ differ by more than an order of magnitude. Hence 
we can expect that Ic(T)~Δ1(T), where Δ1(0)=0,7 meV for Ta. To 
determine the temperature increase ΔТ (in the contact exposed to 
laser radiation) with respect to the He bath temperature (Т0=2,15 
К), a linear dependence of the temperature increase on the laser 
power was assumed. When the sample is heated to above the λ-
point of He (Тλ=2,17 К), the steepness of this dependence 
increases considerably, due to a decrease in the heat removal 
from the contact. The radiation power required for heating the 
contact to a temperature Тλ was chosen empirically to be equal to 
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1,7 mW. The destruction of superconductivity in Ta (Тс=4,48 К) 
gives another point on the second segment of the dependence  

 
 

Fig 6.4 Temperature dependence of the critical current in a Ta-
YBa2Cu3O7-δ contact. The solid line is calculated according to 
BCS theory. The insert shows the change in I-V characteristics 
upon irradiation with a frequency f2=4,75.1014 Hz. 
 
ΔТ(Р). The slope of the linear dependence was found to be 0,21 
K/mW.  

Since the contact temperature was higher than Тλ for all values 
of laser power used in our experiments, the temperature increase 
above Тλ was calculated from the formula  

 
( )0, 21 1,7T PΔ = −                        (6.5) 

 
Fig 6.4 shows the dependence of the critical current of the 

contact temperature determined in this way [10]. The solid line 
corresponds to the temperature dependence of the energy gap of 
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Ta calculated according to BCS theory. The scales along the 
ordinate axis for both dependences were made to coincide at 
T=2,17 K (filled point in Fig. 6.4). The experimental and 
theoretical values are found to be in good agreement. This fact 
validates the thermal mechanism of radiation detection assumed 
for this frequency range. 

The insert in Fig. 6.4 shows the IVC of a similar contact 
measured in the absence of radiation (solid line) and when 
exposed to the maximum laser radiation power. The nonlinearity 
in the region 0,5-1,0 mV under irradiation may be due to the 
contribution of superconductive inclusions along the path of the 
transport current, or to the response of the resistive ceramic 
regions to the external radiation. 

Irradiation of high-Tc ceramic-Nb contacts (Тс=9,2 К) by a 
laser beam at the maximum power reduced the critical current to 
only half of its value. This means that the temperature increase in 
these contacts, as in the contacts with Ta, was not more than 4-5 
K.  

Thus, unlike what was observed for irradiation in the MW 
range, the response to light with a frequency of 4,75.1014 Hz is of 
bolometric origin and associated with a steady heating of the 
contact by the electromagnetic radiation.  

6.4 Local State Switching in Heterogeneous High-
Tc Superconductors 

6.4.1 Experimental Results for Superconducting 
Ceramics 

Many authors have reported the existence of considerable 
hysteresis effects in the electrical conductivity of Bi2Sr2CaCu2Oy 
contacts. Large current-voltage characteristics were observed for 
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various types of conducting structures with a current 
concentration, such as tunnel contacts, contacts with direct 
conductivity, and microbridges [11, 12, 13, 14]. Several 
mechanisms were proposed to explain the observed effects, 
including the formation of the phase slip centres, suppression of 
superconductivity of tunnel junctions between individual 
superconducting grains, and thermal effects. 

Here we report investigations of step-like singularities and 
hysteresis effects [15, 16] in different IVC of contacts formed by 
high-Tc superconductors. The measurements were carried out 
over a wide range of temperatures and HF radiation frequencies. 
The IVC were recorded using a circuit containing a current 
source as well as a circuit with a given voltage. The main 
experimental results were obtained for Bi2Sr2CaCu2Oy high-Tc 
superconductors. The initial ceramic samples and bulk bridges 
with geometric dimensions exceeding 50 µm had a 
superconducting transition temperature of about 86 K. The 
resistance decreased with temperature, i.e., the temperature 
dependence of the resistivity was of that of a metal. The 
stationary Josephson effect was not observed in comparatively 
narrow bridges (w<30 µm) and high-Tc material contacts with 
superconducting metals (Nb and Ta). 

The IVC of the contacts measured in our experiments 
practically coincide with the analogous characteristics of narrow 
bridges. They also vary in a similar manner with the changing 
frequency of electromagnetic radiation and temperature. The 
characteristics of contacts formed with pins made of 
superconducting and normal metals are also identical. 
Replacement of a ceramic by high-Tc films of various 
thicknesses also left the general form of IVC unchanged. Hence 
the experimental results mainly correspond to the contacts 
formed between Ta and Bi2Sr2CaCu2Oy high-Tc films. 
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Typical IVC of the investigated samples are shown in Fig. 6.5. 
A region of gradually decreasing supercurrent is formed on the 
initial part of the IVC. In some samples, a region of negative  

 
 

Fig. 6.5 I-V characteristics of contacts between Nb and 
Bi2Sr2CaCu2Oy high-Tc superconducting ceramics measured 
with a current source (a) and between Ta and a Bi2Sr2CaCu2Oy 
high-Tc film measured with a voltage source (b). The dashed line 
shows the I-V characteristics of the same contact obtained with 
the current source. 
 
differential resistance (Fig. 6.5, b) was observed for bias voltages 
V~5 mV. This segment of IVC was reversible with respect to the 
change in direction of the voltage sweep applied to the contact. 

For voltages V>10 mV, the IVC are divided into a set of 
individual exponential branches, which are described quite well 
by functional dependences of the form: 

 

( )0 1exp /n nI I V a⎡ ⎤= −⎣ ⎦ ,   (6.6) 
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which are characteristic for metal-semiconductor contacts. Here 
n is the number of the branch. The constants an are of the order of 
a fraction of 1 V. Upon a change in DC bias voltage, transitions 
from one branch to another (shown by arrows in Fig. 6.5) occur 
abruptly when certain critical current or voltage values are 
attained, and the resistance varies by 10-30% in the transition. 
Special experiments involving an alternating bias voltage and 
IVC recording on an oscilloscope with a resolution 10-5 s have 
failed to reveal any time dependence of the signal in the regions 
of the resistance jumps. Each resistance jump during a transition 
from one exponential branch to another is accompanied by a 
strong hysteresis in the IVC and, when the bias voltage 
decreased, a corresponding reverse jump to a much lower voltage 
takes place. This correspondence is difficult to trace because of 
electromagnetic stray currents, which cause a transition to occur 
simultaneously through several stable states. The quantities Ijf 
and Ijb in Fig. 6.5 correspond to the values of the current passing 
through the sample for forward and backward passage of current 
in the same hysteresis loop. As a rule, the first jump in the 
resistance occurs for a current of the order of tens of µA passing 
through the sample. 

The IVC undergo considerable alteration upon heating from 4,2 
to 200 K. The resistance increases in the initial segment of IVC, 
the excess current gradually decreases to zero for Т~Тc, and the 
sample resistance than begins to decrease. For large bias voltages 
in the region of hysteresis loops, the values of the critical current 
for forward and backward transitions gradually approach each 
other with increasing temperature, and the hysteresis loop 
degenerates into a reversible transition for Т~40 К. Upon 
subsequent increase in temperature, a reversible voltage 
switchover occurs for higher and higher current values. 
Decreasing gradually, it disappears as the temperature 
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approaches Тc. The temperature dependence RS(T) of the static 
resistance of a contact measured at a constant bias voltage V~20  

  

 
 

Fig. 6.6 Temperature dependence of the static resistance RS and 
the critical power Pc, dissipated in the contact at the first 
switching of the resistance. 
 
mV is shown in Fig. 6.6. It can be seen from this figure that a 
local minimum is observed against the background of a 
monotonic resistance decrease as the temperature approaches Тc. 
For some samples, this singularity is observed in the temperature 
interval 40<T<120 K.  

The HF modulation of the voltage applied to the contact 
revealed the existence of the frequency dispersion in the 
behaviour of the IVC upon irradiation in the interval from 
acoustic frequencies to 80 GHz. For irradiation frequencies f<f0, 
where f0=30-50 GHz for various samples, a reversal of the sign 
of curvature is observed upon a gradual increase in the power of 
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the radiation incident on the contact (Fig. 6.7). The curvature 
does not reverse its sign at frequencies f>f0. 

 
 

 
 

Fig. 6.7 Effect of irradiation on the initial segment of the IVC: 
the IVC in the absence of radiation (line 1), under the irradiation 
of frequency f=Ω1/2π=9,6 GHz (lines 2-4), and f=Ω2/2π=78 GHz 
(lines 2’-4’). The radiation power (at level of mW) increases 
from zero level with the increasing of number of the lines. Т=4,2 
К. 

 
Fig. 6.8 illustrates that for high voltages in the region of 

multiple-valued IVC, a gradual increase in power (at mW level) 
leads to a degeneracy of the hysteresis into a reversible voltage 
jump (for measurements with a current source), whose value 
decreases to zero upon a further increase in the radiation 
intensity. The value of the frequency f0 mentioned above is the 
boundary value for IVC rearrangement in the hysteresis region. 
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For f0, the hysteresis degenerates with increasing MW irradiation 
power in the interval of currents Iif>I>Iib (Fig. 6.8, a). The  

 
 

Fig. 6.8 Influence of irradiation on the multiple-valued region of 
the I-V chacteristics at T=4,2 K: (a) refers to radiation with 
frequency f =9,6 GHz and (b) to an electromagnetic field which 
varies with f=78 GHz; the radiation power is of mW level and 
increases from zero with increasing number of curves. 
 
voltage step remaining in the IVC is shifted upon further power 
increase towards larger currents, and the sample resistance 
diminishes. In the frequency range f>f0 a hysteresis degeneracy is 
observed for currents I<Iib (Fig. 6.8, b), after which the voltage 
jump is displaced towards lower values of current, and the 
sample resistance grows. 

The multiple-valued IVC described above were also observed 
on the bridges prepared from polycrystalline YBa2Cu3O7-δ high-
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Tc films, but the samples displaying such IVC were not so 
frequent. 

The presence of a semiconducting phase in our samples is 
confirmed by the thermally activated nature of the R(T) curve in 
Fig. 6.6. The semiconducting energy gap calculated from similar 
dependences for various samples in the temperature range 40-80 
K vary from fractions of meV to several meV.  

The initial regions of IVC presented in Fig. 6.5 indicate that our 
samples have no continuous superconducting current channel, 
and that the conduction is accomplished through the 
semiconducting layer. Although the IVC in this region for some 
contacts can be described by a power function (V~Iα), where the 
exponent a is slightly greater than 2 (which is typical of a 
transition to the resistive state for a network of weak Josephson 
links [17]), we did not observe a non-stationary Josephson effect 
in the contacts exposed to HF radiation. With the increasing 
temperature, the superconducting component of the transport 
current reduces, while the conduction through the 
semiconducting layer increases. 

As mentioned above, the resistance jumps and the IVC 
hysteresis loops at DC bias V>10 mV gradually disappear as the 
temperature approaches Tc. No new singularities were observed 
on IVC for higher bias voltages and temperatures up to T=Tc. 
Therefore, these singularities should be attributed to the 
degradation of the superconducting state in individual grains.  

The experimental data indicate that the electric power Pc=IjVj 
dissipated in the contact at the bias voltage corresponding to the 
characteristic jumps decreases with increasing temperature (Fig. 
6.6). If we assume that the resistance jumps have a thermal origin 
and that the temperature in the vicinity of the individual grains is 
determined by the temperature of the thermostat (He bath) and 
also by the Joule heating of that region, the relation between the 
critical power and the thermostat temperature must have the form 
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βPc+T=Tc. Fig. 6.6 presents this kind of dependence for the NC 
between the superconducting electrode and Bi2Sr2CaCu2Oy 
ceramics. 

The thermal mechanism of the observed effects is also 
confirmed by the anomalous behaviour of the temperature 
dependences of the excess current in the initial segment of the 
IVC. Another fact that also confirms this conclusion, is the 
temperature dependence of the critical power Pc up to T=Tλ. 
These phenomena could be attributed to a significant changes in 
the conditions of heat removal from the hot contact region at 
T<Tλ. 

 

6.4.2 Hysteresis in the I-V Characteristics of High-
Tc Superconductors 

The evolution of the contact state can be visualized as follows: 
the weak inter-granular links cease to be superconducting for 
small bias voltages when a critical current density is attained; in 
some cases (see, for example, Fig. 6.5, b), the normal region 
expands with increasing bias voltage and the IVC acquires a 
segment with a negative differential resistance. This segment is 
completely reversible for measurements with a voltage source. 
Due to the presence of a layer connected in series which exhibits 
a semiconductor-type conductivity, the initial segment of the IVC 
always has a finite slope. As the current increases, the Joule-
heating of semiconducting regions becomes more important. The 
temperature of over-heating is maximal near superconducting 
grains due to the concentration of current lines. After the 
attainment of Tc, individual grains go to the normal state, and the 
sample resistance increases abruptly, even in measurements with 
a voltage source. When an individual grain ceases to be 
superconducting, the transport current is redistributed in the bulk 
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of the high-Tc material, but Joule-heating is still insufficient to 
maintain all the volume in the normal state. Subsequently, the 
overheated region expands due to transitions in neighbouring 
grains. To return the sample to a superconducting state, the 
transport current must be reduced significantly in order to cool 
the entire normal region (which includes several grains) below 
Tc. Obviously, the real situation at the contact is complicated in 
view of the spread of current from the contact, the presence of 
voids in the material, and the change in the conditions of heat 
removal from the hot region during the phase transition of the 
various grains.  

It should be noted that similar IVC with hysteresis loops 
spanning over several resistive transitions were observed [18] 
during thermal degradation of the superconducting state due to 
the action of the transport current in composite conductors based 
on Nb-Ti alloys. 

Let us now turn to the results of experiments concerning the 
exposure of the contacts to HF radiation. Taking into account the 
observed dispersion of the response at frequencies f>f0=30-50 
GHz, we first consider the data for the frequency range f<f0. The 
behaviour of IVC for various levels of radiation power in this 
frequency range is correctly described by classical rectification 
of the HF alternating current. In the quasi-static approximation, 
the IVC of the non-linear element, exposed to electromagnetic 
radiation, is described by equation (3.3). The results of the 
corresponding calculations are presented in Fig. 6.9 (a) for 
several values of the AC voltage V1. The calculations were made 
for a model IVC (line 1 in Fig. 6.9, a), coinciding in shape with 
experimental curves obtained with a small bias voltage across the 
contact. A comparison of the family of curves in Fig. 6.9 (a) with 
the experimental data for the radiation frequency f=9,6 GHz (Fig. 
6.7) indicates that the behaviour of the IVC in the region where 
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V→0 is indeed determined by classical detection processes of 
electromagnetic radiation. 

 
Fig. 6.9 The effect of  bias voltage modulation on the I-V 
characteristics: a) the results of calculations for the initial 
segment of model I-V characteristics for modulation amplitudes 
V1, of : 0 (line 1); 0,2 mV (line 2); 0,4 mV (line 3); 1,0 mV (line 
4) and 1,8 mV (line 5). 

b) experimental results obtained for the bias voltage modulated 
by the acoustic frequency (~1 kHz) with modulation amplitudes 
V1: 0 (line 1); 0,36 mV (line 2); 0,5 mV (line 3); 1,0 mV (line 4) 
and 1,3 mV (line 5). 
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The multi-valued nature of IVC in the hysteresis region 
complicates a similar analysis for large bias voltages across the 
contact. For this reason, special experiments were performed to 
detect the low-frequency signal from an audio-frequency 
oscillator (f=1,9 kHz). The results of these experiments are 
presented in Fig. 6.9 (b). It can be seen that as the amplitude V1 
of low-frequency modulation increases, the hysteresis loop 
degenerates into a reversible jump for a certain voltage, lying 
between Vjf and Vjb, or in a current jump that is displaced towards 
higher voltages upon a further increase in V1. Such signal 
behaviour is in a good agreement with the IVC modification in 
the hysteresis region under MW irradiation at frequencies f < f0  
(see Fig. 6.8, a).  

The behaviour of the IVC when irradiated in the frequency 
range f>f0 is completely different. As the radiation intensity 
increases, the differential resistance in the initial region of the 
IVC increases, and the hysteresis loop is displaced towards 
smaller currents and voltages (see Figs. 6.7 and 6.8, b). A 
comparison of these results with the data obtained for various 
temperatures leads to the conclusion that exposure to MW 
radiation with f>f0 results in heating of the whole contact region 
or of several of its individual zones. 

6.5 Conclusions 

The characteristic voltage Vc=IcRN that defines the Josephson 
current frequency, is found to be about 1 mV. This value is much 
smaller than expected (Vc=πΔ/e), taking into account the energy 
gap Δ for YBa2Cu3O7-δ (20-40 meV). 

Exposure to electromagnetic radiation induces current steps on 
the initial part of IVC (non-stationary Josephson effect) for bias 
voltages up to 4 mV. In the microwave range, the behaviour of 
the critical current is correctly described by zero-order Bessel 
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function. We found that the response of contacts of high-Tc 
superconductors to mm range radiation is of Josephson nature, at 
least up to frequencies of ~1,5.1012 Hz. Unlike the behaviour in 
the microwave range, the response to radiation in the optical 
frequency range is of bolometric origin and associated with a 
steady radiation heating of the contact. The behaviour of the 
critical current with increasing laser radiation power is correctly 
described by the temperature dependence of the energy gap. 

Given the heterogeneous composition of the ceramics, the NCs 
can be presented as a series-parallel circuit formed by elements 
with different types of conductivity. The observed hysteresis 
singularities in the IVC can be attributed to the degradation of the 
superconducting state in individual grains. The experimental data 
confirm that a thermal mechanism is the origin of the observed 
effects. 

Exposure of the NCs to HF radiation resulted in a frequency 
dispersion also in the hysteresis part of IVC. The behaviour of 
IVC for irradiation in the range f<f0 (f0=30-50 GHz) is correctly 
described by a classical rectification model of the HF alternating 
current. The behaviour of the IVC in the frequency range f>f0 
(microwave and optical range) is completely different and can be 
attributed to heating of the whole contact region or of several of 
its individual zones by the radiation. 

Other authors [19] also observed the effects of large-amplitude 
voltage switching in poly-crystalline high-Tc films of 
Bi2Sr2CaCu2Oy. The characteristic time of the switching process 
was found to be ~1 µs. These results were interpreted on the 
basis of a thermal model, as a consequence of the transition of 
superconducting grains to the normal state. In our experiments, 
much shorter characteristic times 1/τ≈f0~4.1010 s-1 were 
registered, which are considerably smaller than the thermal 
relaxation time for individual grains with a size of 1-10 µm. 
Using the standard values of the thermodynamic characteristics 
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of Bi2Sr2CaCu2Oy high-Tc superconductors at Т~Tc, we can 
estimate the typical geometric size d as ≈(λ/cρf0)1/2~10 nm [20], 
where we considered the following values: thermal conductivity 
λ=0,04 J/(сm.s.К), specific heat с=0,2 J/(g.К), and density ρ=4,5 
g/сm3. Such nano-sized regions, overheated under HF radiation, 
can be attributed to thin semiconducting layers that separate the 
superconducting grains. The state of these layers impacts the 
behaviour of the entire contact zone. 

The independence of the IVC shape on the type of the sample 
(a bridge or a contact with either a normal or a superconducting 
metal all give the same results) indicates that the observed effects 
are associated with the properties of the high-Tc material in the 
small volume in which the transport current is concentrated. It is 
well known that the polycrystalline films and ceramic samples 
under investigation have the form of a multiply connected 
disordered system of superconducting grains of various 
geometrical size, connected through weak Josephson links with a 
statistical spread of the binding energy of inter-grain junctions. 
The spatial heterogeneity of metal oxide ceramics is enhanced by 
the important (~20 %) porosity of ceramics and by the presence 
of inclusions with semiconductor-type conductivity. The strong 
spatial heterogeneity in superconductive properties of high-Tc 
superconductors is due to a small coherence length of the order 
parameter ξ that is, typically, of the order of several nm. 
Consequently, any structural and phase differences in the 
material having a size of the order of atomic separation are 
responsible for significant spatial variations in the 
superconducting energy gap. 
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