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The nonequilibrium resistive response of thin films of the high-T, superconductor 
YBa2Cu30, , to laser light has been studied experimentally and theoretically. Two relaxation 
times can be distinguished in the resistive response of the films: a "short" time T,  < 10 ns and a 
"long" one T, $ lops. The latter is associated with a heating ofthe superconductor's lattice. The 
relative sizes of the thermal and nonthermal components of the resistive response are studied for 
various values of the parameters (the temperature, the intensity and length of the laser pulses, the 
dimensions of the samples, and the transport current). The observed effects are interpreted in a 
model with a spatially nonuniform distribution of the order parameter A(r) in the films and with 
penetration of an electric field into regions of pronounced nonuniformity as a result of "hot'' 
quasiparticles. 

1. INTRODUCTION 

Experiments on the destruction of superconductivity 
by optical radiation have been carried out for a long time 
(Refs. 1-4, for example). Testardi' observed a nonthermal 
response of a superconducting film at a temperature T <  T, , 
where T, is the superconducting transition temperature, to 
external optical radiation. "Nonthermal" here means an ef- 
fect which is unrelated to a heating of the lattice of the super- 
conductor. The "response" of the system is understood here 
as the appearance, upon the application of optical radiation, 
of a finite voltage U across a superconducting film through 
which a direct current j < j, is flowing ( j, is the critical cur- 
rent). The relaxation times of this voltage have been ob- 
served to be far shorter than the time scales of the lattice 
cooling as a result of thermal conductivity. At low light in- 
tensities, no response is observed; the response appears after 
a threshold is exceeded, at I >  I,, . At I >  I,, , the resistance 
of the sample which arises because of the light is the same as 
that of the sample in its normal phase (we denote the corre- 
sponding voltage by UN ). In the intensity interval 
I,, < I <  I,, the voltage Uvaries from zero to UN. There thus 
exists an intensity interval in which an incomplete destruc- 
tion of the superconductivity is observed. The experiments 
and their results are described in detail in Refs. 1 and 2. 
Several theoretical papers, e.g., Refs. 3-7, have been devoted 
to an interpretation of these experiments. The reader inter- 
ested in a more detailed bibliography of the work in this area 
is directed to the reviews by Elesin and Kopaev3 and Aronov 
and S p i ~ a k . ~  

From the way in which the experiments were carried 
out, we understand that the resistive response of the super- 
conductor stems from the appearance of some deviation 
from equilibrium in this case. This response was attributed 
in Refs. 3 and 5-7 to a deviation of quasiparticles from equi- 
librium. in the present paper we will also assume that only 
the system of quasiparticles deviates from equilibrium. This 
approach is justified in a study of narrow bridges on thin 
high T, films, in which there is a fast "ballistic" escape of 
nonequilibrium phonons from the sample. On the other 
hand, we should point out that the particular deviation from 
equilibrium, which is playing the major role, may be caused 

by other subsystems, depending on the particular physical 
situation. These other subsystems might be nonequilibrium 
phonons or a magnetic subsystem associated with the mag- 
netic field of the current flowing through the film. 

One of the basic results of Ref. 3 is a multivalued de- 
pendence of the width of the superconducting gap on the 
intensity Iof  the optical radiation. Since there are coherence 
factors in the collision integral representing collisions of 
quasiparticles with phonons, the average recombination rate 
of the quasiparticles falls off with decreasing value of the 
superconducting gap A at small values of A. This effect leads 
to a coherence instability,'~~-' which causes the supercon- 
ducting gap A(I) to abruptly vanish when the intensity of 
the optical radiation exceeds a certain critical value I,, . In 
other words, the superconducting film is in its normal phase 
at I >  I,, . In the light intensity interval I,, < I <  I,, , on the 
other hand, where A(I)  is multivalued, the normal and su- 
perconducting phases may coexist. In this "switching- 
wave" regime, a wave which switches the sample from its 
superconducting state to its normal state or vice versa propa- 
gates through the film. This is the qualitative explanation 
offered in Refs. 3 and 5-7 for the experiments of Refs. 1 and 2 
on the optical destruction of superconductivity in thin su- 
perconducting films. 

However, the mechanism discussed in Refs. 3 and 5-7 
for the optical destruction of superconductivity in thin films 
is apparently incapable of giving a complete description of 
the appearance of resistive states when optical radiation is 
applied to high T, superconducting films. Here are the argu- 
ments for that assertion. 

The critical intensity (for the occurrence of a coherence 
instability) can be estimated in a straightforward way from 
Refs. 3 and 5-7. Complete destruction of the superconduc- 
tivity should correspond to that density of quasiparticles at 
which A vanishes. From the condition for a steady state we 
have R = G, where R is the recombination rate of the quasi- 
particles, and G is the average rate of their photoproduction 
(the rate at which the quasiparticles are produced by the 
optical radiation). Since R is an average collision integral 
representing collisions of quasiparticles with phonons, we 
should have R - y N 2 ,  where N is the density of quasiparti- 
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cles, and yzconst. However, the quasiparticle density 
which would be required for complete destruction of the su- 
perconductivity is actually determined by a phase volume at 
the Fermi surface with a thickness (along the energy scale) 
on the order of A,, where A, is the superconducting gap at 
absolute zero." We find thus N- A,, i.e., R - yAg . The rate 
G of quasiparticle photoproduction, on the other hand, is 
proportional to the light intensity I. The condition for a 
steady state then leads us to 

so the critical light intensity for the destruction of supercon- 
ductivity throughout the sample is proportional to At. The 
dependence I,, cc At shows which light intensities are re- 
quired for this total destruction of the superconductivity in a 
high Tc superconductor, since the parameters of the super- 
conductor (which figure in y)  other than A, are not greatly 
different from their values in the low-temperature supercon- 
ductors. We immediately find an estimate of the critical light 
intensity at T< Tc : 

where ArTSC is the "bulk" value (the value within the crys- 
tallites) of the order parameter in the high T, superconduc- 
tors. In the experiments of Refs. 1 and 2, however, the typi- 
cal intensities at which superconductivity was destroyed 
were on the order of lo3 W/cm2. According to our estimates, 
the critical intensities should have been on the order of 10'- 
lo6 W/cm2 in the high Tc materials if the same mechanism 
for the destruction of superconductivity had been operating. 
In the high T, materials, however, resistive states are 
known8s9 to arise even at substantially lower light intensities 
(three or four orders of magnitude lower). The estimate 
above is valid for a uniform distribution of the order param- 
eter and for A -A,. The high T, films which can presently be 
grown, however, are inhomogeneous (Ref. 10, for example), 
and the order parameter A may have different values in dif- 
ferent parts of the film. Consequently, in interpreting experi- 
mental results one must bear in mind that the parameter A 
may be small in certain regions (and locally quasiuniform) 
and that the mechanism proposed in Ref. 3 may operate in 
these regions. 

A spatial inhomogeneity appears to be an important 
property ofthe high Tc materials. It probably stems not from 
a "low quality" of specific samples but from the extremely 
small value of the coherent length { * in these materials. In 
YBa2Cu30, - , , this length is" f =: 3-4 A along the c axis, 
while that in the ab plane is { zb -20-30 A, i.e., on the order 
of a few interatomic distances. Whereas in low-temperature 
superconductors, where ,$ * is larger by several orders of 
magnitude, the "proximity effect"" prevents irregularities 
with a size of a few atomic length scales from causing a sub- 
stantial spatial variation of the superconducting gap A ( r  ), in 
the high T, superconductors, with 6 *< 10 d;, any irregular- 
ity of the material or of the superconductor or substrate with 
a size greater than or on the order of a few times the atomic 
length scale ( >{ * ) will lead to a substantial spatial variation 
of A(r).  

Moreover, thin films of the high T, materials are not 
"solid," in the sense that they consist instead of blocks (in 

the case of single-crystal films) or grains (in the case ff poly- 
crystalline films) with typical sizes a - 100-1000 A. As a 
result, there are regions (crystallites) in which A is compar- 
atively large. These regions occupy a large fraction of the 
volume of the superconductor. There are also regions, be- 
tween these crystallites, in which the values of A are consid- 
erably smaller and are to some extent random, with a distri- 
bution function which depends on the particular conditions 
under which the given sample was grown. 

This fact has been discussed previously in the literature. 
Attempts have been made (e.g., Ref. 13) to interpret the 
properties of high T, superconductors in a model of a ran- 
dom network of intergrain Josephson junctions. It is thus 
incorrect to analyze the destruction of superconductivity 
against the background of a uniform state; it is necessary 
instead to consider the optical destruction of superconduc- 
tivity in the case of a spatially nonuniform distribution of the 
size of the superconducting gap, A,(r ) . A nonuniform A, ( r ) 
profile in the high Tc superconductors might also have some 
new experimental consequences. 

In this paper we are reporting an experimental and 
theoretical study of the properties of films of this sort-spa- 
tially nonuniform thin films of high T, superconductors- 
when exposed to optical radiation. In Sec. 2 we describe our 
experimental results. In Sec. 3 we take up a theoretical model 
which (we believe) makes it possible to interpret these ex- 
periments. 

2. EXPERIMENTAL PROCEDURE AND RESULTS 

In this section of the paper we examine the results of 
experiments on the magnitude and temporal characteristics 
of the nonequilibrium resistive response of superconducting 
YBa,Cu,O, -, films to applied laser light at various values 
of the parameters, namely, the film thickness, the transport 
current, and the temperature. 

a) Test samples and experimental procedure 

In the experiments we studied the properties of 
YBa2Cu,0, , superconducting films grown at our Insti- 
tute by laser deposition on Z r20  and SrTiO, substrates. The 
films ranged in thickness from 1500 to 6000 A and had a 
block structure, with the crystallographic c axis perpendicu- 
lar to the plane of the film. We know that the blocks (or 
grains) in such films have a size in the ab  plane on the order 
of 1000 A. These films were used to fabricate narrow bridges, 
ranging in width from 50 to 500,um, with lengths of 3-8 mm. 
Silver contacts were deposited on the bridges for measure- 
ments by the four-probe method (Refs. 1 and 2, for exam- 
ple). The contact resistance at T = 77 K was no higher than 
1 a. Figure 1 shows typical curves of the resistance of these 
bridges versus the temperature T for various values of the 
transport current. It can be seen from this figure that the 
superconducting transition temperature for the samples 
used in these experiments is Tc =: 84-85 K ,  and the transition 
width is no greater than AT' z2-3 K. The critical current 
density J,  in these bridges at T = 77 K is J, >2. lo5 A/cm2. 

Figure 2 shows the layout of our experimental appara- 
tus. A direct transport current J< J,  was passed through the 
film of the high T, superconductor with the help of a pair of 
current contacts. The film was housed in a cryostat. The 
optical radiation from a pulsed neodymium laser (with an 

506 Sov. Phys. JETP 72 (3, March 1991 A. V. Okomel'kov 506 



FIG. 1 .  Temperaturede endence of the resistance of a high T, bridge with 
a thickness 6 = 3300 % at various current densities j(.4/cm2): 1- 
3.1.102; 2-1.4.10'; 3-2.6. lo'. 

output wavelength A ,,, = 1.06 p m  and a pulse length 
T,,, z 30 ns) was projected onto a region d z  1 mm in diame- 
ter between the contacts. The sample was exposed to the 
light in such a way that the entire width of the bridge was 
illuminated. Since the length of the bridge was large in com- 
parison with the diameter of the exposed region, and since 
the contact resistance was low, we were able to eliminate 
almost completely the effect of illumination of the contacts 
in these measurements. The potential contacts were used to 
measure the voltage A U = ARJ, i.e., the response of this cur- 
rent-carrying superconducting system to the pulse of optical 
radiation. This voltage was sent to an oscilloscope. For the 
results reported below, the power density of the laser light 
was a constant 1.5 kW/cm2. 

b) Experimental results 

Analysis of the temporal characteristics of the voltage 
pulses which appeared across the potential contacts revealed 
two distinct characteristic relaxation times in the response of 
the system: a "short" time rs < 10 ns and a "long" one 7, ) 10 
ps. The relative sizes of the thermal and nonthermal compo- 
nents of the response depend on the various experimental 
parameters and conditions, e.g., the film thickness, the tem- 
perature, the transport current, and the width of the super- 
conducting transition, AT,. 

U, rel. units 

1 zL, 
0,l o ,zt ,ps  

P, kWIcrn2 

FIG. 3. a: Oscilloscope traces of the photoresponse of a high T, film to the 
laser pulse shown in part b of this figure, at various temperatures. 1-100 
K; 2-86 K; 3-84 K; 4-77 K. b: Oscilloscope trace of the laser pulse 
acting on the film. 

Figure 3 shows an oscilloscope trace of the response of 
the system, observed as a voltage signal. The presence of an 
equilibrium thermal component of the response can be es- 
tablished experimentally in a fairly easy way (Fig. 4),  from 
the shape of the responses to a train of several laser pulses. if 
the system has not completed its thermal relaxation by the 
time the next pulse of the train arrives, each pulse of the 
photoresponse is raised above the preceding pulse (Fig. 4b). 
A time shift of the photoresponse with respect to the begin- 
ning of the laser pulse at T< T, is evidence that a threshold 
(in the laser light intensity) must be exceeded for the non- 
equilibrium resistive state to arise. The presence of a charac- 
teristic time on the order of T(  in the response (see the curve 
in Fig. 3 corresponding to T = 100 K )  is usually linked with 
a bolometric (thermal) effect: the appearance of a resistive 
state as the result of a heating of the lattice. The time r, is 
determined by the characteristic time for heat removal from 
the system. The presence of the characteristic relaxation 
time T,, on the other hand, indicates the existence of a non- 

FIG. 2. Experimental layout. 1-Nd laser ( A  = 1.06pm); 2-beam split- 
ter, 3,Lpolarizers; 5-high T, sample; 6--cryostat; 7-power meter; 
8--coaxial photocell; 9--oscilloscope; 10-light spot. 

t 

FIG. 4. 
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experimentally) may be qualitatively different. Further- A,(/ , & 
0 

more, the deviation from equilibrium which arises in the 80 82 84 86 a8 qffl 

thermal mechanism for a deviation from equilibrium in this ARbol 0 

high T, materials has several important distinguishing fea- 

system. We will refer to this mechanism as the "nonbolomet- ''- 
ricW(or "nontherrnal") mechanism for a deviation from 
equilibrium. 

As we have already mentioned, the nonthermal re- 8 -  
sponse of a current-carrying superconducting film to exter- 
nal optical radiation was observed a fairly long time ago in 
low Tc superconductors (Refs. 1 and 2, for example). In the 
high Tc materials, however, the mechanisms for the occur- 4 

rence of this deviation from equilibrium and the region of 
parameter values in which they operate (and are manifested 

tures and may lead to some interesting new results, which FIG. 6. Thermal component of the photoresponse AR versus the tempera- 

may be of interest for applications. ture of the sample at various current densitiesj (A/cm2b. 1-2.6.10'; 2- 
1.4.10'; 3-3.1. lo2. The bridge thickness is h = 3300 A. 

Curve 1 in Fig. 5 shows the amplitude of the response of 

A\d 1 \\ 

- IJ \\ 

r I /  , I  

- 
the system to external optical excitation (i.e., the photore- 
sponse of the system) versus the sample tempera;ure at a 
transport current densityj = 4.6. lo3 A/cmZ. Curve 2 in Fig. 
5 shows for comparison the corresponding behavior of the 
bolometric component of the photoresponse. This curve was 
plotted with the help of information on the heating A ( T ,  ) of 
the superconductor's lattice found experimentally (as in 
Ref. 2, at T >  Tc ) and on the experimental temperature de- 
pendence of the bridge resistance R: 

It was established experimentally that at the power levels of 
the optical radiation used in our experiments the heating of 
the samples did not exceed 0.5-0.7 K. 

It can be seen from Fig. 5 that the total photoresponse 
signal may differ substantially from the thermal signal, par- 
ticularly as the temperature is lowered ( T < Tc ). It then be- 
comes a straightforward matter to work from the total re- 
sponse of the system to the external radiation to find the 
nonthermal component of the response. Figures 6 and 7 
show the amplitudes of the thermal and nonthermal compo- 
nents of the photoresponse versus the temperature for var- 
ious values of the transport current density Jc found by this 
method. It turns out that the amplitude of the nonthermal 

response is the stronger function of the transport current, 
increasing with increasing Jc . The nonthermal response ex- 
ists at lower temperatures (Figs. 6 and 7).  The highest am- 
plitudes of both the nonthermal and thermal components 
are found at progressively lower temperatures as the trans- 
port current is raised. 

In singling out the nonbolometric response of the sys- 
tem by the method outlined above, we assumed that the heat- 
ing of the sample, AT,, was approximately the same above 
and below Tc at a given laser light intensity. This assumption 
is legitimate if the specific heat and thermal conductivity of 
the substrate do not change abruptly in the temperature 
range under consideration; abrupt changes might occur near 
a structural phase transition, for example. The variation in 
the specific heat and the thermal conductivity of the super- 
conducting film can be ignored at the film thicknesses and 
laser pulse lengths involved here. 

Figure 8 shows the factor by which the heating of the 
sample, AT,, must exceed the heating observed experimen- 
tally, AT,,,, , if the entire response of the system is to be 
attributed to the lattice heating. In the temperature range 
studied, however, we did not observe any abrupt change in 
the specific heat or thermal conductivity as the temperature 
was varied. This circumstance, combined with the temporal 

FIG. 5. The photoresponse + R  versus the temperature of a high T, sample FIG. 7. Nonbolometric component of the photoresponse AR versus the 
with a thickness h = 6000 A at a current density j = 4.6.10" A/cm2. 1- sample temperature at various current densities j (A/cm2). 1-2.6. lo3; 
Total signal; 2-thermal component. 2-1.4. lo3; 3-3.1. lo2. The bridge thickness is h = 3300 A. 
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FIG. 8 

characteristics which we found, shows that the fast response 
of the system which we have singled out is of nonthermal 
origin. 

The temperature dependence which we found for the 
amplitude of the photoresponse differs from the correspond- 
ing results of Refs. 8 and 9. Among the major differences are 
the decrease observed in Ref. 9 in the amplitude of the signal 
with increasing transport current and the broader tempera- 
ture interval in which the nonthermal response  exist^.^ In 
our own experiments we observed an increase in the ampli- 
tude of the signal with increasing transport current. We be- 
lieve that these differences may stem from structural differ- 
ences in the test samples, differences in film thickness, and 
differences in the dimensions of irregularities in the films. 
The experiments of Ref. 8 used films on MgO substrates. The 
characteristic size of the crystallites in superconducting 
films of that sort is usually larger than that in films on Zr,O 
substrates. In addition, the film thicknesses in Ref. 8 were 
d-400 A, i.e., substantially less than those in the present 
experiments. The broadening of the temperature interval in 
which the nonbolometric response is observed with decreas- 
ing film thickness is confirmed by Fig. 9, which shows our 
results on the temperature dependence of the amplitude of 
the nonthermal response for two films differing in thickness. 

FIG. 9. Normalized amplitude of the nonbolometric signal versus the 
n2rmalized temperature of the sample for various bridge thicknesses h 
(A) .  1-3300,2--1500. The current density is j = 1.4. 10' A/cm2. 

The differences in the behavior of the amplitude of the 
response as a function of the transport current can be inter- 
preted in the following way. Our experiments show that a 
threshold temperature T, is required for the appearance of a 
nonequilibrium resistive response of the system to optical 
excitation of a given intensity; i.e., no response is observed at 
T <  TI. If one assumes that the resistance which arises is 
associated with a breaking of weak links in the sample, then 
it is quite likely that the conditions prevailing in our experi- 
ments were such that the transport current promoted only a 
weakening of these links. As a result, the superconducting 
bridge would have become increasingly sensitive to the opti- 
cal radiation with increasing transport current. At a high 
transport current2' the weak links may have been broken 
completely, with the result that the sensitivity of the bridge 
to the optical radiation fell off. These are probably the condi- 
tions which prevailed in the experiments of Ref. 8. 

Analysis of the experimental results reveals another in- 
teresting aspect of the behavior of the nonthermal response. 
The nonthermal resistive response exists only when the 
bridge resistance R  ( T) is below a certain R,  (Fig. 10, a and 
b).  At R  > R,, there is only a bolometric component. This 
effect is observed at various transport current densities. The 
value of R, depends on the film thickness and the transition 
width AT,. For all the films studied, with various thick- 
nesses, the value of R , / ( R ,  AT, ), where RN is the resis- 
tance of the sample in its normal (nonsuperconducting) 
state, is essentially a constant (within z 5% ) . There is thus a 
relationship between R,  and AT,, i.e., the structure of the 
sample (the number and sizes of weak links and crystal- 
lites). 

3. THEORY 

We consider a model of a spatially nonuniform distribu- 
tion of the order parameter A , ( x )  in the superconductor 
(Fig. 11 ), and we assume that a "weak" superconductivity 
(in the regions between grains or blocks) is destroyed by 
even a weak external agent. Since the dimensions (a)  of the 
crystallites are much larger than the distances (b)  between 
them, the breaking of the weak links cannot lead to a large 
response of the system: The response will be small to the 
extent that the parameter b /a  is. The breaking of the weak 
links in an inhomogeneous superconductor determines the 

FIG. 10. Normalized nonbolometric response versus the resistance of the 
sample at various current densitiesj (A/cm2). a: h = 3300A. 1-2.6. lo3; 
2-1.5.10'; 3-3.4. lo2. b: h = 6000 A. 1-7.6. 10'; 2 4 . 2 .  lo'. 
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a A' J wf- Xi-%- FIG. parameter 1 1 .  a-Spatially A ( x ) ;  b--profile inhomogeneous of the electric profile field in of a the spatially order 
- .- inhomogeneous superconductor having the profile A(x)  

shown in part a of this figure, as direct current flows through - the superconductor. -n/2 3 a12 x -a/Z 0 a12 - x 
IE 

threshold values of the external effects at which the resistive 
state arises in the superconductor. The destruction of super- 
conductivity near the weak links may be caused by a coher- 
ence-instability m e ~ h a n i s m . ~ * ~ - ~  Since A in these regions is 
small in comparison with the bulk value, the threshold light 
intensity for the appearance of the coherence instability may 
be low in them. Since the weak links are random, the thresh- 
old and the response of the system near the threshold are 
apparently determined by the statistics of these random 
links. 

We are not interested in the behavior of the system near 
the threshold here. We are interested in the behavior of the 
resistive response at a high laser light intensity above the 
threshold. To study this behavior, we consider how the resis- 
tive response of the system with broken weak links changes, 
i.e., how the electric field penetrates into crystallites, -a in 
size, in which the order parameter is quasiuniform. The pen- 
etration of an electric field into these regions may be asso- 
ciated with two effects: ( 1 ) a disbalance of the populations of 
the electron and hole branches of the quasiparticle spec- 
trumI4-" and (2)  an Andreev reflection of quasiparticles 
from irregularities in the relief A (x)  (Refs. 16-18). Each of 
these effects depends on the quasiparticle distribution func- 
tion. By using external agents (e.g., optical radiation) to 
alter the quasiparticle distribution function, we can thus find 
different resistive responses of the system to this external 
agent. 

a) Current-carrying states in inhomogeneous 
superconductors; Andreev reflection 

Spatially inhomogeneous, current-carrying supercon- 
ductors have been studied in connection with research on the 
intermediate states of type I  superconductor^.'^-^^ The in- 
termediate state has been represented as consisting of alter- 
nating layers of a superconducting phase S and a normal 
phase N. Our model of weak links in a superconductor is 
somewhat reminiscent of the structure of the intermediate 
state (there are alternating regions of weak and strong su- 
perconductivity), but there are differences: In our case the 
layers are not strictly periodic, the length scale of the regions 
of strong superconductivity satisfies a )  b, where b is the 
characteristic size of the regions between the crystallites of 
the high Tc superconductor, and the value of the order pa- 
rameter A in the S layers may not be small (as it is in the 
intermediate state). We accordingly use the model of an in- 
termediate state which was proposed in Refs. 13-15, taking 
these differences into account, and also noting that the qua- 
siparticle temperature in our case takes on nonequilibrium 
values and depends on the laser light intensity. 

A kinetic equation for the quasiparticles was used in 
Refs. 13-1 5 to study the penetration of an electric field from 
N regions into a superconductor. The equation for the elec- 
trostatic potential is 

-- "' Z,-~D (r) =o, 
dx" 

where 

T is the effective quasiparticle temperature, A(T) is the su- 
perconducting gap, L ( T) is the quasiparticle diffusion 
length, 0, is the Debye temperature, v, is the Fermi veloc- 
ity, cr,, - 1, and T -  ' is the momentum relaxation frequency. 
At T z  T, we have 

where r~ ' is the energy relaxation frequency.l6,I7 
In the derivation of Eq. (1)  in Refs. 15-17, it was as- 

sumed that the quasiparticles have a quasiequilibrium distri- 
bution function. It was also assumed that the parameter Tin 
the length scale I, is the temperature parameter in the Fermi 
distribution of quasiparticles. Generally speaking, a descrip- 
tion of the quasiparticle distribution in the effective-tem- 
perature approximation is rather crude. In the case at hand, 
however, in which there is intense optical excitation (at an 
intensity above the threshold for the appearance of an non- 
bolometric response), and in which we are not interested in 
effects which stem from the details of the quasiparticle dis- 
tribution function, that approach is valid. 

The distance (I, ) which the electric field penetrates 
into the superconductor depends on A and also on the effec- 
tive quasiparticle temperature T. Accordingly, it may vary if 
these parameters are varied (e.g., if the intensity of the opti- 
cal excitation of the quasiparticles is varied). Estimating the 
length scale (I, ) to which the electric field penetrates into 
high Tc superconductors in Eq. ( 1 ) (we are taking the pa- 
rameter values of YBa,Cu,07 - , from Refs. l l and 19-22), 
we find I, - 100 A at T- A. The length scale 1, may thus be 
less than or on the order of the length scales of the variations 
in the order parameter in the high Tc superconductors, 
a- 100-1000 A. On this basis we can assume that the effects 
discussed in Refs. 13-15 may be important for the resistive 
photoresponse in these materials. Two parameters (and two 
effects) are associated with the effective quasiparticle tem- 
perature T, which depends on the light intensity, and with 
the value of the order parameter A: 1)  the typical distance 
which the electric field penetrates into the superconductor, 
I, ( T), and 2)  the jump'' in the electric field at the N-S layer 
boundary, which is a consequence of an Andreev reflection 
of quasiparticles from the nonuniform order parameter pro- 
file A (x)  . 

Let us examine the spatially nonuniform order-param- 
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eter profile A (x)  shown in Fig. 1 la. The profile of the elec- 
tric field which arises at such irregularities during the flow of 
an electric current is shown in Fig. 1 lb  (according to Ref. 
15). In accordance with ( 1 ), the electric-field profile in the 
interval Ix 1 < a/2 is 

E (s) =E8 ch ( t) ch-1 [ 5 ] 
22, ' 

and the potential difference U, on the interval from 
x = - a/2 to x = a/2 is found from 

0 / 2  

Ua = j E (r  ) dx=2LEEa th 
-a !2  

(3  

The potential difference over a region of the superconductor 
of length a + b (a  sort of average "period") is equal to sim- 
ply the sum of the voltage drops across these regions: 

From (4)  we see that the length scale I ,  appears in the 
expression for U. This length scale depends on the effective 
temperature, according to ( 1 ), and thus on the photoexcita- 
tion intensity. However, the Andreev reflection causes Es to 
differ from the electric field in the normal (N) phase, 
EN = j/a, wherejis the total current, and c i s  the "metallic" 
conductivity, as was shown in Ref. 15. The jump EN-E, in 
the electric field at the N-S boundary depends on the quasi- 
particle distribution function and thus on the effective tem- 
perature T. To find this dependence, we work from a kinetic 
equation for the quasiparticles. Solutions of this equation for 
the case in which there is an electric field in a superconduc- 
tor in the intermediate state were studied in Refs. 13-15. 

A solution of the kinetic equation for the quasiparticle 
distribution function was sought in Refs. 13-1 5 in the linear 
approximation: 

n=nF(f) +6n=na(~)  +no ( g ,  r) +n, (8, r)  cos 0, (5)  

where t9 is the angle in momentum space, reckoned from the 
current direction. Here 

is a Fermi distribution with a renormalized spectrum of ele- 
mentary excitations, and Sn/n & 1 (Ref. 15, for example). 
Expression (5)  is the standard Legendre-polynomial expan- 
sion of a nonequilibrium increment Sn in a distribution func- 
tion, in which we have retained only the first two terms. In 
this approximation the normal current j, is expressed in 
terms of n, by 

where the x axis has been chosen to run along the current 
direction, V, z VF cos 0, and N =pi/3?rzfi3. In the zeroth 
approximation in A/T, i.e., in the limit A-0, which corre- 
sponds to a normal metal, the following expressions hold for 
an unbounded sample (Ref. 12, for example) : 

d np e @ 
n . ( ~ ) = - e ~  sign ( a )  = - ch-' ( 4 ) s i g n  ( 5 ) .  

d r 4T 2T 

where at A = 0 the quantity E = Ic / is the quasiparticle ener- 
gy in a normal metal. 

Determining the functions no and n ,  with the corre- 
sponding boundary conditions is an independent problem. It 
has been studied in particular in Refs. 14 and 15, in an effort 
to determine the distribution functions in the intermediate 
state in the Sand  N regions for above-barrier quasiparticles 
(E > A; see also Fig. 1 la ) .  Since an intermediate state was 
examined, and the parameter A/Twas much less than unity, 
nearly all the quasiparticles were above-barrier particles 
( E >  A). We know,'' however, that the transmission coeffi- 
cient for the movement of such particles out of an N region 
into an S region has a value w < 1. In other words, there is a 
finite probability that these particles will be reflected from 
the N-S boundary with changes in the sign of the momentum 
and the charge (this is Andreev reflectionla). It was shown 
in Refs. 13-15 that Andreev reflection leads to a jump in the 
electric field at an N-Sboundary (more precisely, it leads to 
an abrupt change in the electric field near the boundary, over 
a distance on the order of the coherence length). The phys- 
ical meaning of the abrupt change in the electric field is that 
not all the quasiparticle current (the normal component of 
the currentj, ) can flow across the boundary; part of it trans- 
forms into the superconducting current component j, . The 
total current through a superconducting film, j = j, + j, , is 
thus a constant, but the relative values ofj, and j, change at 
the N-S boundary. 

The case in which we are interested here, of a spatially 
inhomogeneous superconductor, differs from the case of the 
intermediate state in a type I superconductor in that A has a 
highly nonuniform profile, of the type shown in Fig. 1 la, 
even at T4A. At A/T> 1, the quasiparticle density in the 
weak-link regions (regions with a size on the order of b in 
Fig. 1 l a )  is far higher than in regions of a strong supercon- 
ductivity. As a result, the Andreev reflection at the N-S 
boundary is dominated not by the above-barrier quasiparti- 
cles ( E  > A; there are few quasiparticles at energies E > A) 
but by quasiparticles in the "wells" of the order-parameter 
profile A (x) . As we have already seen, the mean free path in 
the high T, superconductors satisfies I f  5 6, while the length 
scale of the variations satisfies b $-6 [otherwise, there would 
be no wells on the A(x) profile, because of the proximity 
effect1*]. The result is that in regions on the order of b in size 
the distribution function can be approximated in this case as 
being the same as in a bulk normal metal. We accordingly 
assume that Eqs. (8)  and (9)  hold for nonequilibrium incre- 
ments in the distribution function. 

In the N regions the superconducting current is zero 
( j, = 0), so the total current is, according to (7),  

The normal component of the current, which stems from the 
particles in the well on the A(x) profile, transforms into a 
superconducting current at the boundary, since the trans- 
mission coefficient for these quasiparticles is w = 0 (Ref. 
18). The magnitude of this current is 
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(the total current in the N region is given by an equivalent 
expression, but the upper limit A in the integral would have 
to be replaced by + cc ). We have ignored the contribution 
to the Andreev reflection from above-barrier ( E  > A) quasi- 
particles under the assumption that the relation A/T) 1 
holds and under the assumption that there are relatively few 
such particles. As a result we find the following estimate of 
the jump in the electric field at the N-S boundary: 

where we have used a = Ne2r/m for the conductivity, and 
we have taken n, (g) from (9) .  

Expression ( 12) is the same as the first term of Eq. ( 19) 
of Ref. 16. For the situation discussed in Ref. 16 (the inter- 
mediate state), that term played no major role and was ac- 
cordingly discarded. In other words, the contribution of 
quasiparticles with energies E < A to the Andreev reflection 
was discarded. 

Substituting (9)  into (12), we find (with A = 0 and 
{>Owehave{--&) 

a 
8 np 

Ex-Es=-2EN J - - d e = 2 ~ ~ [ n ~ ( e = 0 ) - a F ( c = ~ )  I 
,, d c  

We thus find the following expression for the electric 
field in the superconductor, near the N-S boundary: 

E8=2ENnF(e=A)=  EN 
esp ( 4 1 T )  -t 1 

It follows from (14) that at A/T)l the electric field E, is 
exponentially small: Es zz 2E, exp ( - A/T) . 

Substituting ( 14) into (4) ,  we find the potential differ- 
ence across the region a + b: 

where I ,  is given by ( 1 ). Under the conditions a/l, & 1 and 
A/Tg 1, expression ( 15) gives us (as it should) the potential 
difference across a film of a normal metal of length a + b: 

b) "Hot" quasiparticles 

Let us determine from the balance condition for the 
number of particles the extent to which the system of quasi- 
particles is heated by the laser light. We will make use of the 
results of Refs. 5-7, where solutions of the kinetic equation 
were analyzed for the case of optical excitation of quasiparti- 
cles, by a source described in the approximation w > 2A, by 

Here I is the energy flux density of the laser light; c is the 
velocity of light; L (+v~rr,, ) 'I2 is the quasiparticle diffusion 
length; u, (p, ) is the velocity (momentum) of the electrons 
at the Fermi surface; r = re r,, ; re is the quasiparticle breed- 
ing factor representing the breeding of quasiparticles by elec- 
tron-electron  collision^;^ r,,, is the quasiparticle breeding 
factor for the breeding caused by the absorption of phonons; 
m is the effective mass of an electron; w is the frequency of 
the optical excitation; r is the momentum relaxation time for 
the relaxation caused by impurity centers. 

We consider a quasihomogeneous superconductor with 
a superconducting gap A at T < T, . We assume that the re- 
gions in Fig. 1 la with the large value of the order parameter 
A (these regions have a typical size - a )  are regions of a 
quasihomogeneous superconductor of precisely this sort. 
We assume that the quasiparticle energy distribution is 

n,=n (E) = [exp (EIT) +I]-', (18) 

where Tis the quasiparticle temperature, which is a function 
of the optical excitation intensity I. For the steady-state spa- 
tially uniform case the kinetic equation is3 

where the quasiparticle source Q ( E )  is given by ( 17). Dur- 
ing optical excitation, the collision integral representing the 
collisions of quasiparticles with phonons is dominated by the 
recombination term S R ,  as has been pointed out in Ref. 3, 
among other places. We also assume that the superconduc- 
tor is at a low temperature, and we ignore the phonon distri- 
bution function, assuming N, & 1. We furthermore assume 
k = - 1, where k is the power in the power-law dependence 
of the matrix element of the electron-phonon interaction 
on the wave vector, in the recombination term. We are mak- 
ing this assumption for simplicity; it was also made in Refs. 
5-7. This assumption corresponds (Ref. 23, for example) to 
the case of PA phonons (piezoacoustic scattering). In this 
approximation we have the following expression for the re- 
combination term: 

*wD-E  

In the approximation T & h D  we can assume 

since the quasiparticle distribution function is substantially 
nonzero at scales 6- T (Refs. 3 and 5-7). For the quasipar- 
ticle recombination rate R (the density of quasiparticles 
which recombine per unit time) we have thus 

where 

512 Sov. Phys. JETP 72 (3), March 1991 A. V. Okornel'kov 512 



where, for PA phonons ( k  = - 1 ), 

The second term in braces (curly brackets) in (22) stems 
from the one in the coherence factor [ 1 + (A2/&&') ] in the 
collision integral. Physically, this term describes the change 
caused in the quasiparticle recombination rate by a deviation 
of the superconducting gap A from its equilibrium value A, 
at absolute zero. It can be seen from (22) that the coherence 
factor plays a particularly important role near the phase 
transition, where A -0. At low quasiparticle temperatures, 
on the other hand, with A =: A, and In ( A/A,) -0, the recom- 
bination rate is described by the usual expression (as, for 
example, in semiconductors) as a function of the quasiparti- 
cle density: R a yN2. It is important to note that y may vary 
with the superconductivity mechanism in the various cases, 
while the dependence R a N is universal. It reflects the fact 
that two quasiparticles participate in one recombination 
event. 

Estimating the quasiparticle density, we finally find the 
following expression for the recombination rate: 

A 
R= 

2A ngv"(p) {[ exp ( A i T )  + 1 

where v(p)  = pFm/7r2fi3 is the density of states at the Fermi 
surface and g is the matrix element of the electron-phonon 
interaction. For estimates we can assumeI2 gv(p)  - 1. 

Integrating expression ( 17) for the quasiparticle source 
over the energy in a similar way, we find an average rate G of 
photoproduction of quasiparticles. This is the density of 
quasiparticles produced per unit time by the optical excita- 
tion: 

x 

The intensity dependence of a, (a, a I) is taken from ( 17). 
Having expressions for the recombination rate (25) and the 
photoproduction rate (26) of the quasiparticles, we can then 
find from the condition for a steady state (the rates of photo- 
production and recombination are equal), 

along with the equation for the superconducting gap A [see 
(6)  1, the dependence of the effective quasiparticle tempera- 
ture T and the order parameter A on the light intensity I .  

In writing the condition for a steady state in the form in 
(27) we are assuming that the quasiparticle density pro- 
duced by the light is far higher than the equilibrium quasi- 
particle density. In general, however, we have to allow for 
the circumstance that the recombination rate in an equilibri- 
um state is nonzero at a nonzero temperature, and on the left 

side of Eq. (27) we should have not the total recombination 
rate but its change from the equilibrium recombination rate 
R, : 

where R, = R ( T = T, ), T, is the lattice temperature, and R 
is given by (25). 

The case simplest to analyze is that in which the tem- 
peratures are low ( T, < T, ) and the light intensities are not 
too high. In this case the bulk value (i.e., the value inside the 
crystallites) of the order parameter is exponentially close to 
the value of the order parameter at a low temperature, A, 
(Ref. 12): 

A=A,- (2nA0T)'" exp ( - A , l T ) .  (29) 

Since A =A,, Eq. ( 17) by itself is sufficient for determining 
the effective temperature Tin this case. We might add that 
the rate of "thermal" recombination is vanishingly low, 
R, -0, and there is no need to generalize (28). In this case 
we have T/A 4 1; i.e., the bulk superconductivity is not de- 
stroyed. According to (25), the expression for the quasipar- 
ticle recombination rate is 

Substituting (26) and (30) into (27), we find the following 
expression for the effective quasiparticle temperature: 

where the characteristic intensity is 

The weak (logarithmic) dependence of the effective tem- 
perature Ton the light intensity Iagrees well with the results 
of a numerical c a l ~ u l a t i o n , ~ ~  where the phenomenological 
equation from Ref. 25 describing the quasiparticle diffusion 
was used, along with a corresponding diffusion equation for 
phonons. 

An estimate of the value of I, for a neodymium laser 
(for light with a wavelength A ,,, = 1.06 p m )  and for the 
parameter values of the superconductor YBa2Cu,0,-, 
yields 1,- 10'-lo9 W/cm2. At reasonable light intensities 
we would thus have I< I,. From (3  1 ), with photoexcitation 
intensities I- lo2-lo3 W/cm2, we find that the effective qua- 
siparticle temperature T is on the order of 20-30 K. This is 
much lower than A,. At A/T% 1 we have 

According to (33), for YBa,Cu30, - , (with the parameter 
values from Refs. 19-22, for example) we have I ,  =: 20-40 
A. Working from Eqs. ( 15) and ( 16), and taking account of 
our result in (3  1 ), we easily find the following expression for 
the photoresponse of the system under the conditions 
A/T$l and b / a41 :  

U I A 
- = -[!I+& exp (- 
UN a+b 
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where I, is the threshold intensity of the laser light. In (34) 
we have incorporated the circumstance that our estimates 
started from a state of the type shown in Fig. l la ,  with 
broken weak links. It should thus be kept in mind that in our 
model there is a threshold value of the laser light intensity, 
I , ,  such that the resistive response of the system arises only 
at I > I , .  This critical intensity I, is determined by the statis- 
tics of the weak links and by the particular mechanism which 
breaks them. 

It follows from (34) that near the threshold intensity I, 
a voltage U arises abruptly: At I = I, we have U/UN 
- (b / a ) / (  1 + b /a). We can make use of this circumstance 
to estimate an average value of the parameter b /a from the 
experimental data. Figure 12 shows plots of U(I) found 
from (34) for several parameter values. Expression (34) 
was derived for intensities ZZ I,. 

The dependence of the photoresponse on the laser light 
intensity described by (34) (which was derived for the case 
A/T& 1 ) stems from a change in the jump in the electric field 
at the N-S boundary upon a heating of the quasiparticles. 
This heating is determined by the Andreev reflection of 
quasiparticles at the N-S boundary. The length scale for the 
penetration of the field under the condition A/T$1 is I ,  
= I ,  (T) =:const(T) + o(T/A). 

As the effective temperature T increases, however, the 
change in the photoresponse voltage U begins to rise more 
rapidly, since the change in the field jump EN-Es is now 
accompanied by a change in I ,  ( T ) .  In the T region close to 
T, , the effect stems primarily from the change in the quanti- 
ty 

while the jump EN-Es is close to zero, since the height of the 
barrier for the Andreev reflection approaches zero. 

4. CONCLUSION 

In summary, we have studied the properties of the non- 
equilibrium resistive response of thin films of the high T, 
superconductor YBa,Cu,O, - , to external laser light. We 
have shown that this resistive response has components from 
both equilibrium (thermal) and nonequilibrium processes. 
Each of these processes is characterized by its own relaxa- 
tion time. The thermal and nonthermal components of the 
response differ in the way they depend on the temperature, 
the light intensity, and the transport current flowing 
through the fil'm. We have examined mechanisms for 
changes caused in the resistance of a spatially inhomogen- 
eous superconducting film by a deviation from equilibrium 
in the quasiparticle system. We have shown that the change 
caused in the resistive state of an inhomogeneous supercon- 
ductor by optical radiation may be a consequence of a pene- 
tration of an electric field into the superconductor. In addi- 
tion to being of general physical importance (for research on 
the physics of nonequilibrium superconductivity in the high 
T, materials), the effects of the hot quasiparticles may be of 
interest for applications, since the time scales for the estab- 
lishment and destruction of the nonequilibrium state in the 
quasiparticle system can be very short (7, 5 10- l2  s).  This 
circumstance may be of assistance in the development of a 
variety of fast electronic devices using these effects. 
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FIG. 12. Plots of expression (34) for var- 
ious values of the parameter 41,/a. 1- 
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[A/T>l,  l E z l E  (T=O)=const (T) ,  
b / a  = 0.11. 
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'' The superconductivity mechanism in the high T, superconductors ap- 
parently might also be of a nonphonon nature, and not describable by 
the BCS model. However, (first) a self-consistent equation for thegap A 
corresponding to the BCS equation should be a part of any model. Sec- 
ond, in an analysis of highly nonequilibrium photoexcited states of a 
superconductor at h, A, we are not particularly interested in the spe- 
cific structure of the ground state or in the form of the equation for A. 

'' One should of course bear in mind that the concepts of "large" and 
"small" transport currents are slightly arbitrary in this case and depend 
on the thickness and structure of the film. 
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