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The effect of external 10-GHz electromagnetic radiation on the current-voltage characteristics 
and R (T )  ofthin (d < 6 )and wide (w >A, )aluminum films has been investigated in the region ofthe 
superconducting transition. It was found that, in the resistive region, the specimens under investi- 
gation exhibited properties characteristic of a system of S-N-S weak links. Synchronization ef- 
fects in the statistical set of junctions are related to the dynamics of fluxoids of different polarity, 
which have been detected experimentally in such films by the flux transformer method in the 
absence of an external magnetic field. 

PACS numbers: 74.50. + r, 74.70.Gj, 73.60.Dt, 73.60.Ka 

In an earlier study1 of thin aluminum films, it was found 
that (a) the R ( T )  curve for a superconducting junction had a 
two-step form and (b) the electrical conductivity a ( U )  of the 
specimen had an oscillatory form near Tk . The resistance of 
the films was substantially lower than the quantum limit 
[R (We2 = R, = 4.11 Icn I .  To elucidate the mecha- 
nisms responsible for the observed effects, we have carried 
out experiments designed to investigate the interaction 
between an external electromagnetic field and aluminum 
films near the critical transition temperature. 

1. The specimen under investigation was an aluminum 
film with d = 3 x cm, w = 0.03-0.1 cm, and L = 0.5-1 
cm, i.e., we examined specimens with d <{ ( T )  and width 
w >A,; their resistance was R = 8-12 0. The films were 
deposited at the rate of 20 A/s on a warm (-300 K) glass 
substrate in a "poor" vacuum of lop4 Torr. For measure- 
ments in liquid helium, the films were mounted in a cryostat 
shielded from external magnetic fields. 

Data on the conductivity of the films as a function of the 
applied voltage and temperature were obtained by using the 
well-known modulation method. The current used in these 
measurements did not exceed 1 p A  at 1 kHz. An xy plotter 
was used to record automatically all the required character- 
istics, namely, I (U), dU/dIvs U, and R (T).  In the last case, 
the temperature probe was a carbon resistance thermometer. 
Occasionally, more detailed information on the supercon- 
ducting junction was obtained by determining the function 
dR /dT(T)  using the generation and detection of second 
sound in helium 11. The specimen was irradiated in a direc- 
tion parallel to the terminating piston in a three-centimeter 
waveguide. 

2. The presence of two singularities on the R ( T )  curve is 
characteristic for a system of weak links and is usually2 inter- 
preted as a transition to the superconducting state Tk of the 
"banks" and the establishment of a coherent state T,, of the 
links (Fig. 1). The broad resistive region T2, < T <  Tk is in- 
teresting. The current-voltage characteristics in this region 
indicates the presence of an excess current that increases 
linearly with decreasing temperature. A critical current is 
observed below T,, and the current-voltage characteristics 
assume a "disruptive" character due to the inhomogeneous 
entry of vortex  string^.^ 

FIG. 1 .  1-Copies of the recorded film resistance as a function of tempera- 
ture. 2-Normalized conductivity of the Al-AI,O,-Bi tunnel junction in 
the region in which the aluminum electrode goes over into the supercon- 
ducting state. The inset shows current-voltage characteristic of the alumi- 
num film with excess current dl: curve 1 )  T = 4.2 K, 2) 1.85, 3) 1.74. 

Experiments with films in the microwave field were per- 
formed at temperatures T=Tk at which there were no in- 
trinsic oscillations in the conductivity.' Irradiation gave rise 
to a structure on the d 2U/dI  versus U characteristics with 
strictly periodic maxima (Fig. 2). When the external field 
frequency was increased (reduced) at constant power, the 

FIG. 2. u'(U) = d  21/dU2 as a function of U, and the running number of 
oscillation period as a function of the bias voltage under microwave illu- 
mination at T = 2.05 K, P = lo-' W (Cf = 7.6 GHz, A-10.2 GHz). 
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period of the oscillation was found to increase (decrease). 
The dependence of the position of the maxima along the vol- 
tage scale on their running number is linear, and the ratio of 
the oscillation periods is equal to the frequency ratio of the 
electromagnetic fields applied to the film. The effect is ob- 
served only in a narrow temperature range near T,. The 
relationship between the irradiation frequency and the peri- 
od of the oscillations can be used to estimate from the Jo- 
sephson relation the number of coherent sources n = 2eU/ 
&a contributing to the response of the system. The value 
n - 100 was found to remain unaltered for a given geometry 
of the specimen. As the temperature was reduced, intrinsic- 
generation and self-detection effects were found to "mask" 
the effect of the microwave signal on the specimen. The func- 
tion al(U) then reflected the presence of different subhar- 
monic components of the natural oscillations of the system. 
The fact that an oscillating microwave field structure can be 
induced is clearly a manifestation of the coherence proper- 
ties of the system and of response times that are characteris- 
tic for Josephson contacts. These effe,cts should also be re- 
flected in the so-called inverse Josephson effect, i.e., the 
transformation of microwave radiation into a constant vol- 
tage.4 In fact, a voltage was recorded across the film when 
the current circuit was opened. An increase in the micro- 
wave signal led to an increase in the potential difference and 
reached U = 1 mV for a completely open attenuator (P1120 
mW). " It was found that the effect was observed only in the 
temperature range T,, < T < T,, i.e., in the region corre- 
sponding to the resistive superconducting transition in the 
film. We also note that the vortex structure whose genera- 
tion is not related to external fields and measuring currents 
in the specimen was also recorded in this temperature 
range.' 

The microwave field had an appreciable effect on R (T). 
For power levels P = - 13 dB relative to the generator pow- 
er, the resistance of the film was found to decrease through- 
out the range T,, < T <  T,, and the value of T,, was found 
to shift towards higher temperatures (A Te0.01 K). Further 
increase in the power was accompanied by an increase in the 
resistance of the film, which substantially exceeded the value 
corresponding to P = 0 (Fig. 3). The position of the first step 

FIG. 3. Effect of 10-GHz microwave power on R (T) of the aluminum film. 
P, = - 8 dB, P, = - 13 dB (the superconductivity curves are shifted 
along the ordinate axis). The inset shows the voltage across the specimen, 
induced by the microwave radiation, as a function of temperature. 

on the R ( T )  curve near T, was found to be the same for all 
microwave-signal strengths. We have thus detected an en- 
hancement of the superconducting properties of wide films 
by the application of microwave radiation-an effect that 
was previously observed6 only for narrow channels with 
w-lpm. 

All the foregoing data suggest that a system of weak- 
link contacts, or the so-called Josephson medium, was estab- 
lished in the films that we investigated. Qualitative ideas on 
the structure of weak links were deduced from the tempera- 
ture dependence of the conductivity o ( T )  of the A1-Al,O,-Bi 
tunnel junction under zero bias. The point is that, near T,, 
the conductivity o (T)  is determined by the change in the gap 
A and satisfies the relation7 

u s  (A (r, T)>2  1;---= 
ON (kBTd2 

B, 

for any Cooper pair-breaking mechanism, where B is a con- 
stant determined by the particular mechanism. 

In contrast to the usual linear behavior ofu(T) in homo- 
geneous systems, our films were found to have nonlinear 
u (T)  in the region of the R ( T  )-transition spread, which clear- 
ly indicates an inhomogeneous modulus of the order param- 
eter in the A1 electrode. We note that this behavior of the 
film is not due to edge or thickness effects, but is connected 
with the structure of the specimen. Electron microscopy of 
the films showed the presence of a considerable spread of the 
linear size of crystallites forming the film (50-200 A). Bear- 
ing in mind the known dependence of the critical parameters 
T, of aluminum films on the mean size of granules,8 it may 
be considered that a structure of the form S-N-S, i.e., a set of 
superconducting regions in a normal host, appears in low- 
resistance films with R : - 10 a. The presence of S-regions 
in an N-host is responsible for the large (A B ( R  ;/R,)T,) 
width of the semiconducting junction, which reflects the 
spatial inhomogeneity of the order parameter. 

The data of Fig. 2 and the well-known Josephson rela- 
tion enable us to determine the number of weak-link con- 
tacts that are responsible for the coherent response of the 
system to microwave radiation. However, there is a consid- 
erable discrepancy between the results of simple estimates 
and the proposed number of weak links with d 2 6 (T). We 
consider that the nonlinear properties of the films that we 
have found are related to the dynamics of fluxoids of unlike 
polarity that appear in the absence of the magnetic field as a 
result of thermodynamic fluct~ations.~ In that case, their 
electromagnetic size A, is much greater than the size of an 
individual link, so that the area trapped by a vortex will 
contain a large number of Josephson microjunctions. The 
structural inhomogeneity of the system will then have very 
little effect on the properties of the fluxoids and, as they 
move, the individual links will synchronize along the flow 
lines of the vortex supercurrent. The resonant interaction 
between external microwave fields and the system of these 
moving vortices results in the observed features of the cur- 
rent-voltage characteristic. The short response time 
r - 1 0 - ' O  s to the electromagnetic radiation may be regarded 

557 Sov. Phys. JETP 58 (3), September 1983 V. M. Svistunov and V. Yu. Tarenkov 557 



FIG. 4. a) Amplitude of the signal from the flux transformer, U,(I,), as a 
function of the microwave power, b) anomalous behavior of the character- 
istic of the flux transformer. 

as evidence for the high mobility of the vortices, the creation 
of which turns out to be possible in the system of weak links. 

In this series of experiments, we also used the supercon- 
ducting flux transformer: in the presence of the microwave 
field, we recorded the voltage U, induced by the motion of 
vortices in the film as a function of the transport current I, in 
the generator film. The shift of T,, on the R ( T )  curve toward 
higher temperatures upon irradiation was accompanied by a 
reduction in the signal amplitude from the transformer (Fig. 
4). We think that the last effect is due to the stimulation of 
the supercurrent across the microjunctions, i.e., an increase 
in the contact link energy, responsible for the corresponding 
increase in vortex pinning.'' This, in turn, affects the reduc- 
tion in the resistance of the film throughout the temperature 
range T,, < T < Tk . Further increase in the microwave pow- 
er leads to an increase in the effect of the microwave currents 
on the vortices, the dynamics of which governs dissipative 
processes in the resistive region. 

In the course of our investigation of the transformer 
characteristics in zero external field there were several cases 
in which, in contrast to the vortex drag, we observed on the 
U,(I,) curve singularities that were independent of the polar- 
ity of the current I ,  (see Fig. 4). It seems reasonable to relate 
them to processes of generation and detection of internal 
electromagnetic fields in the resonant strip system that con- 
stitutes the film transformer. 

3. The study of the so-called Josephson media, i.e., sys- 
tems of random junctions, is attracting considerable atten- 

tion at present. The greatest advances-both experimental 
and theoretical-have been achieved by studying regular 
structures." Nevertheless, the problem of internal synchro- 
nization of a large ensemble of junctions with different prop- 
erties remains unsolved. Essentially, the results reported 
here and the natural oscillations in the conductivity reported 
previously' suggest the presence of a nonstationary Joseph- 
son effect in thin and wide films of aluminum with R : gNe2 
in a certain temperature range near Tk. The synchronization 
of an enormous number of weak links forming the film may 
be due to the dynamics of thermally-generated vortex struc- 
tures. 

We are greatly indebted to the late A. A. Galkin for 
constant attention and support of this research, and to V. V. 
Stupakov, M. A. ~elo~olovsk6 ,  and A. I. D'yachenko for 
useful discussions. 

"The inset in Fig. 3 shows the temperature dependence of the induced 
potential difference across the film under exposure to microwave power 
P = 5 x 1 0 r 6 W .  
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