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Properties of polycrystalline YBa2Cu,0, , films were investigated in strong magnetic fields 
H(40 kOe. In the range H<0.3Hc, ( T) the current-carrying capacity of these films was governed 
by a bulk force pinning vortices at boundaries of misoriented crystallites. In the range H 
> 0.3Hc2 ( T) the pinning force set the limit to shear deformation of the vortex lattice. 

The first investigations of the electric-current charac- 
teristics of bulk Y B ~ , C U , O , ~ ,  (YBCO) ceramic samples 
have revealed low (not exceeding j, - 10~-10%/cm~) val- 
ues of the critical current density at liquid nitrogen tempera- 
ture and a strong dependence of this density on the applied 
magnetic field.' The majority of the authors tend to assume 
that such samples are three-dimensional Josephson media in 
which the superconducting order parameter varies with po- 
sition and the weak links are either grain boundaries or twin- 
ning planes.2s3 These microstructure defects are found to 
play the dominant role also in the formation of the supercon- 
ducting glassy ~ t a t e . ~ . ~  The possibility of achieving high val- 
ues ofj, in the absence of weak links in a sample is suggested 
by the experimental values of the magne t i~a t ion ,~ '~  because 
an analysis of these results in accordance with the Bean mod- 
el, allowing for the real size of grains in the investigated 
ceramic samples, yields a maximum value of the current- 
carrying capacity of YBCO amounting to j, - lo6 A/cm2, 
which is much higher than the values found by direct mea- 
surements of the current. 

Such high critical current densities can be achieved in 
direct measurements (as deduced from the current-voltage 
characteristics) only in the case of YBCO  film^.^-^ There- 
fore, films are at present probably the only material for 
which the magnetic and electrical properties of YBCO can 
be studied in the mixed state without a significant influence 
of the effects associated with the presence ofweak links (per- 
colation, multiple Josephson effect, etc.). In an earlier pa- 
per" we demonstrated that the critical current density in 
YBCO films prepared by laser evaporation and character- 
ized by the superconducting transition temperature T, 
= 85-91.5 K can exceed 10' A/cm2 at 77 K. 

In the present study we used films prepared by the same 
method to study the behavior ofj, in strong magnetic fields, 
which provided information on the main type of pinning 
centers and how they interact with the Abrikosov vortices. 

1. PROPERTIES OF SAMPLES AND EXPERIMENTAL 
TECHNIQUES 

We investigated polycrystalline YBCO films on unor- 
iented SrTiO, substrates. The results of an electron-micro- 
scope examinationI2 indicated that the films were textured 
with the c axis of a YBCO crystal oriented mainly along the 
normal to the substrate surface. The degree of orientation 
was clearly related to the characteristic grain size, which 
depended on the film deposition regime. 

The critical temperature of the superconducting transi- 

tion in our films was T, -- 86-89 K, the width of this transi- 
tion was A T  = 1-1.5 K, the electrical resistivity before the 
transition was po = 200-400pfl-cm, and the resistivity ra- 
tio was y =p,,,/p, = 2-3. The required film geometry was 
produced by photolithography: The width of a strip was 
W = 100 pm,  the distance between the potential contacts 
was s = 10 mm (in some cases the measurements were car- 
ried out on samples with s = 2 mm), and the silver contact 
areas were formed by vacuum evaporation. 

In determining the critical current density by the direct 
method (current-voltage characteristic) we deduced j ,  from 
the value of the transport current which created a field 
amounting to 1 pV/cm. All the measurements were carried 
out in magnetic fields perpendicular to the plane of the film 
and to the transport current. 

Figure 1 shows the resistive superconducting transition 
curves for a YBCO film of thickness d = 150 nm recorded in 
different magnetic fields. An increase in H not only shifted 
the R (T)  curve toward lower temperatures, but broadened 
the transition considerably. The rate of change of the second 
critical magnetic field with temperature dH,, /dT, deduced 
from the values of the resistance near the transition amount- 
i n g t o R / R ,  =0.9,0.5,and0.1,  was -33.5 - 11.3, and 
- 6.4 kOe/K, respectively. The highest and lowest values 

were close to those reported for single crystals with different 

FIG. 1 .  Superconducting transition curves obtained for a YBCO film in 
different magnetic fields ( 0 ,  16, and 38 kOe). The inset shows the tem- 
perature dependences H, ,  ( T) obtained for different values of the junction 
resistance: 1 )  0.9R,,; 2 )  0.5R,,; 3) O.lR,, ( d =  150nm). 

1266 Sov. Phys. JETP 68 (6), June 1989 0038-5646/89/061266-05$04.00 @ 1989 American Institute of Physics 1266 



orientations of the basal plane relative to the magnetic 
field13: for the perpendicular orientation of H relative to the 
ab plane it was found that (dH,, /dT ( + 4.67.1 kOe/K and 
for the parallel orientation it was - 23 kOe/K. 

The broadening of the superconducting transition in 
polycrystalline films observed in a magnetic field could be 
attributed, as in the case of ceramic samples, to misorienta- 
tion of the component crystallites characterized by an ani- 
sotropy of dHc2/dT. Therefore, the specimen film had a 
fine-grained structure with a considerable misorientation of 
the directions of the c axis in neighboring grains. In the case 
of well-oriented YBCO films evaporated on a ( 100) surface 
of the SrTiO, substrate it was found that broadening of the 
transition in a magnetic field perpendicular to the surface 
was much weaker. The ratio of the extreme values of IdH,, / 
dT I was 2-3 and the "lower" value - 5 kOe/K was retained 
indicating that the c axis of the film was oriented preferen- 
tially along the normal to the surface. 

Knowing the value of dHc2 /dT, we could use the ap- 
proximations of Ref. 14 to estimate the upper critical mag- 
netic field at zero temperatures: 

In the case of perpendicular and parallel directions of the 
field relative to the basal plane it was found that 
H 2 ( 0 )  = 382 kOe and H !, (0)  = 2000 kOe. From rela- 
tionship f = (@,/2n-Hc2 ) 'I2, where cP, is a flux quantum, 
we can find the coherence lengths f (0)  = 3.0 nm and 
6' (0)  = 1.3 nm. Using the expression for the depairing cur- 
rent" and allowing for the influence of the geometry of a 
sample,16 we can estimate the maximum critical current den- 
sity for such films: 

j,=0,5S-'(15nW/Z,,)'" i,,, (1)  

where the linear density of the critical depairing current is l 7  

S is the cross-sectional area of the film; A,, = A 2/d; A is the 
depth of penetration of the magnetic field; and d is the film 
thickness. 

The penetration depth A can be determined most accu- 
rately by visualization of Bitter patterns in YBCO single 

FIG. 2. Temperature dependence of the density of the critical current 
flowing in a YBCO film. The inset shows typical current-voltage charac- 
teristics at t = T / T ,  = 0.65. The numbers alongside these characteristics 
are the values of H in kilo-oersted. 

~ r s y t a l s ' ~ ~ ~ *  and its value was found to be 200-300 nm. It 
should be pointed out that in this case the film thickness 
obeys d < A  so that we could use Eq. ( 1 ). Assuming A ~ 2 5 0  
nm (representing the average value from Refs. 17 and IS), 
we found that Eq. ( 1 ) yields the critical current densities as 
follows: j! (0)  = 4.47. 10' A/cm2 and j k  (0)  = 1.95.10' 
A/cm2. Extrapolation of the experimental values of the criti- 
cal current density to zero temperature (Fig. 2) gave 
j, (0)  z 5 X lo6 A/cm2 (for a film of thickness d = 150 nm 
and width W = 100,um). 

It follows that at low temperatures the specimen YBCO 
films had the current-carrying capacity close to the physical 
limit. 

2. CRITICAL CURRENT IN A FILM SUBJECTEDTO A 
MAGNETIC FIELD AND PINNING OF VORTICES BY 
STRUCTURE DEFECTS 

Initial parts of the current-voltage characteristics of the 
specimen films (inset in Fig. 2),  used to find the critical 
current density, can be described by the universal law 

wherej, = (0.01-0.03)jc and E,,z 10-"/m, which is typi- 
cal of nonideal type I1 superconductors and is associated 
with incoherent motion of the Abrikosov vortices.19 The 
parts of the current-voltage characteristics corresponding to 
the viscous flow of the vortices are not observed and this may 
be associated with the anomalously large values of the 
Stoeckley parameter a=: lo2-10VRef. 19) at T = 4.2 K. 
The nonlinear parts of the current-voltage characteristics, 
described in high magnetic fields by the dependence 
U ( j )  cc (j - j, )"  with m =: 2, are followed by an abrupt tran- 
sition of a film to the normal state as a result of heating, 
which is typical of hard supercond~ctors .~~ 

The temperature dependence ofj, (Fig. 2)  near T, is 
quadratic j, a ( 1 - t)*, t- T/T,, and cooling results in 
gradual weakening of this dependence. The temperature de- 
pendence of j, (T) observed for YBCO films has been ex- 
plained by many authors using the model of a superconduc- 
tor with weak links of the SNS, SINS, and similar  type^.^,^' 
The main justification of this conclusion is the fact that val- 
ues ofj, obtained for these films are low and that the depen- 
dence j, ( t )  is quadratic near t = 1. 

It is shown in Ref. 10 and it also follows from the above 
estimate ofj, that for our films the influence of weak links is 
weak and the value ofj, is close to its physical limit. More- 
over, the quadratic dependence j, ( t )  is predicted also by 
other models, such as that ofa nonideal type I1 superconduc- 
tor with a spatially inhomogeneous distribution of the mean 
free path of electronsI5 or pinning of vortices because of elec- 
tron scattering by grain boundaries2* Therefore, the depen- 
dence j, ( t )  obtained for films with a high current-carrying 
ability is not related to the effects typical of structures with 
weak links. We shall show later that in the case of polycrys- 
talline YBCO films it is most likely that vortices are pinned 
at the boundaries of misoriented ~rys ta l l i t es ,~~  and this can 
give rise to a dependence of the j, = ( 1 - t)312 type. 

It follows from Fig. 3 and the results of Ref. 10 that the 
critical current density in films is much less sensitive to a 
magnetic field than in the case of bulk samples (see, for ex- 
ample, Ref. 1 ). Since the critical current is not related to the 
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FIG. 3. Dependence of the critical current density on the magnetic field 
applied to a YBCO film ( d  = 150 nm) at different temperatures: 1 )  
t = 0.49; 2 )  0.57; 3 )  0.65; 4 )  0.9; 5 )  0.95. The inset shows the dependence 
of the bulk pinning force on H'" 1 ) t = 0.49; 2 )  0.57; 3)  0.65. 

breaking of weak links, but is a characteristic of a given ma- 
terial, an analysis of the j, (HI curves can give information 
on the bulk Fp and elementary forces pinning vortex lines to 
defects of the crystal structure of YBCO. 

For t ( I ,  the critical magnetic field makes it impossible 
to determine the complete dependence of the bulk pinning 
force on the magnetic induction: Fp (b)=jcB, where 
b = B /Bc,. A large demagnetization factor for thin films 
perpendicular to the magnetic fields implies B = H, so that 
we shall replace the magnetic induction with the external 
magnetic field. 

Figure 4 shows the dependence of Fp/F,""" on b ob- 
tained at various temperatures for two films. These traces 
are bell-shaped, as expected for nonideal type I1 supercon- 
ductors. In the range of magnetic fields corresponding to 
b <0.3 the behavior of F, (b)  can be described by Fp a b0 5 ,  

as demonstrated by the inset in Fig. 3. For a batch of films 
the power exponent lies within the range 0.5-0.6 and the 
critical current density in the films thus decreases in a mag- 
netic field in accordance with jc a B - '0.544' . 

By analogy with superconducting films made of transi- 

FIG. 4. Dependence of the relative bulk pinning force on the reduced 
magnetic field: a) t = 0.98; 0) t = 0.95 ( d  = 150 nm);  A )  t = 0.89 
( d  = 250 nm).  

tion metals, we shall assume that the main pinning centers in 
YBCO are grain boundaries. At least three mechanisms for 
the interaction of vortex lines with grain boundaries may 
result in pinning: elastic interaction between strain fields in 
the core of a vortex line and defects at a grain boundary, 
electron scattering at a boundary in combination with 
changes in the local value of the mean free path of electrons 
in the boundary, and finally the anisotropy of the supercon- 
ducting parameters along different crystallographic direc- 
tions, which is responsible for an abrupt jump at the bound- 
ary between neighboring grains.23 

A purely empirical estimate of the elementary pinning 
forces due to the last two mechanisms for pinning of vortex 
lines to grain boundaries is obtained in Ref. 22 (usually the 
first mechanism is assumed to be weak). I t  is shown there 
that both mechanisms give reasonable values of the critical 
current density subject to magnetic fields. However, it is not 
very likely that the pinning of vortex lines is due to the elec- 
tron scattering in the specimen polycrystalline YBCO films. 

First, the mean free path of electrons in metal oxides is 
anomalously short (this follows from the residual resistiv- 
ity), so that the gain in the condensation energy near a 
boundary is small, i.e., the gradient of the coherence length & 
at a grain boundary (which governs the strength of the ele- 
mentary interaction of a vortex line with a defect, i.e., the 
pinning force) is weak, since & = (I&(,) ' I 2 ,  and the mean free 
path I inside a grain differs little from its value near the 
boundary. Second, it follows from our electron-microscopic 
examination that grain boundaries formed by misfit disloca- 
tions are chemically clean and are therefore characterized by 
a high electrical transparency. It is clear from the results of 
Ref. 23 that a reduction in the electron scattering coefficient 
by a grain boundary weakens greatly the elementary pinning 
force. Third, in the case of pinning at grain boundaries be- 
cause of the electron scattering the bulk pinning force pre- 
dicted for low values of b should be proportional to b"4 (Ref. 
2 5 ) .  However, as shown in the inset in Fig. 3, we found that 
Fp a b ' I2 .  

We can thus assume that pinning of vortex lines at grain 
boundaries observed in polycrstyalline YBCO films is pri- 
marily due to the anisotropy of the superconducting param- 
eters and misorientation of the c axes of neighboring grains. 
Moreover, this mechanism predicts a dependence j , ( t )  
which is weaker than ( 1 - t )  far from t = 1. 

It follows from the theory of pinning that the elemen- 
tary pinning force jp may be governed by the difference 
between the condensation energies in neighboring graim2' 
Moreover, if there is an abrupt change in the coherence 
length at a grain boundary (in the present case this may be 
due to the anisotropy of superconducting properties), the 
elementary pinning force can be described by 22.26 

where &, and 6, are the values of the coherence length in the 
neighboring grains; SH,, is the change in the upper critical 
magnetic field passing across a grain boundary; (...) denotes 
the average value. 

The average value (SH,, )/(Hc2 ) can be deduced from 
the data given in Ref. 13 on the orientational dependence of 
dH,, /dT for a YBCO single crystal relative to the basal 
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TABLE I. 

plane ab. Since the temperature dependence of the upper 
critical magnetic field remains linear for any orientation of 
H relative to the ab plane in the range of magnetic fields and 
temperatures of interest to us, it follows that the required 
parameter can be described by 

where 

and 0 is the angle of rotation of the c axis between two neigh- 
boring grains. We shall assume approximately that the maxi- 
mum angle 0 is 30". We then obtain (SH,, ) / (H,, ) -- 0.3. 
The thermodynamic value of the magnetic field is H, = @,/ 
2 " 2 n - g ( ~ ) A ( ~ ) ;  the values of /2 (0)  and J(0)  are defined as 
described above. 

Some calculated properties are listed in Table I. We 
simply mention that the average value ( 6  ) is the coherence 
length deduced using the data for dH,, /dT  in the middle of 
the superconducting phase transition. It is clear from Table I 
that the calculated elementary pinning forces are quite close 
to the experimental values determined from the relationship 
f p  = jc @(,, jc = jc ( B  = 0 ) .  The theoretical values of the ele- 
mentary pinning force are slightly higher than the experi- 
mental values; this is probably due to errors in the selection 
of the central angle of misorientation of the c axis between 
neighboring grains. 

It follows from Eq. (2)  that in weak magnetic fields the 
elementary vortex-line pinning force, due to the crystallo- 
graphic anisotropy of the superconducting properties, is in- 
dependent of b. An increase in the external magnetic field 
should reduce the force proportionally to the superconduct- 
ing order parameter:& cc ( 1 - b) (Ref. 26). 

In a sufficiently strong magnetic field, when it is neces- 
sary to sum over the elementary interactions, we can use the 
framework of Ref. 28 to obtain the following results: 

where a, (H,, ) is the period of a vortex lattice at H = H,,; 
V, is the correlation volume of the vortex lattice2'; n, is the 
distance between the pinning centers. 

In the derivation of Eq. (4 )  it is assumed, as usual, that 
there is no flexural deformation of the line, so that the corre- 

lation length is LC = d; it is assumed that f ,  (b)  =&/d 
(which is the elementary pinning force along a filament): 
The correlation radius is postulated to be equal to the period 
R, = a, of a vortex lattice (i.e., strong single-particle pin- 
ning perturbations destroy the long-range order of a vortex 
lattice). In spite of the fact that Eq. (4 )  gives the bulk pin- 
ning force accurately apart from the numerical coefficients, 
we can use the experimental values of Fp (H) and fTP to 
estimate the average distance between pinning centers, 
which in this case is related to the average grain size D: 
n r ~ D - ' .  

Our estimates (Table I )  indicate that DZ 100 nm, 
which is of the same order of magnitude as the result ob- 
tained by electron microscopy. Moreover, Eq. (4)  gives the 
correct dependence of the bulk pinning force on b in the 
range of low values of the magnetic field b < 0.3. 

We can therefore conclude that the mechanism of pin- 
ning of vortex lines at grain boundaries because of the anisot- 
ropy of H,, can account in a consistent manner for all the 
experimental data on the current-carrying capacity of poly- 
crystalline superconducting YBCO films. 

The behavior of Fp (6)  for b20.3 requires a separate 
analysis for these films. It  follows from the experimental 
data (Fig. 4 )  that Fp (b)  cc b '"(1 - b)" ,  where 1 <n<2, 
i.e., the pinning force cannot be described by a linear depen- 
dence on ( 1 - b) in the limit b -+ 1, as predicted by Eq. (4) .  

3. INFLUENCE OF PLASTIC DEFORMATION OF A VORTEX 
LATTICE ON THE BULK PINNING FORCE 

The transition to the resistive state occurring in mag- 
netic fields characterized by b -+ 1 in nonideal type I1 super- 
conductors may be due to two mechanisms: detachment of 
vortices from pinning centers and plastic flow of weakly 
pinned vortex rows.23 In the former case the bulk pinning 
force is proportional to the strength of the elementary inter- 
action of vortex lines with defects and its dependence on the 
reduced magnetic field is governed by the behavior of the 
elementary pinning force [and by the validity of Eq. (4)  1. In 
the second case the motion of a magnetic flux appears at the 
moment when the Lorentz force (which is the magnetic 
pressure force) exceeds the shear strength of a vortex lattice 
and then we have Fp a C,, , where C,, is the shear modulus 
of such a lattice. 

It is shown in Ref. 29 that the field dependence of the 
shear modulus of a vortex lattice for type I1 superconductors 
is of the form (K, 1 is the Ginzburg-Landau parameter) 
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FIG. 5. Dependence of the bulk pinning force on the shear modulus C,,: 
1) I = 0.95 ( d  = 150 nm);  2 )  t = 0.89 ( d  = 250 nm).  

Since for all of our samples the bulk pinning force obeyed 
F, cc (1  - b ) " ,  where 1 < n < 2 ,  we may draw the conclusion 
that the transition of films to the resistive state in the limit 
b - 1 occurs in this case in accordance with the second mech- 
anism. 

We assume that the pinning centers in polycrystalline 
films form a channel-like structure parallel to the Lorentz 
force. At the edges of these channels a vortex lattice is pinned 
more strongly than in the middle. Therefore, as soon as the 
Lorentz force exceeds the shear stress for the flow of a vortex 
lattice, the vortex lines begin to move inside the channels 
relative to the rigidly pinned vortices at the edges and the 
superconductor goes over to the resistive state. The bulk pin- 
ning force is then governed by the maximum shear stress 
F, = 2u,,, / L ,  where L is the width of the channel of weakly 
pinned vortex lines. It follows from the theory of strength of 
metals that cr ,,,, = C,,/27~, so that F, = C,, /Lr  (Ref. 25). 

Figure 5 shows the dependence of the bulk pinning 
force on the shear modulus C,, found from Eq. ( 5 ) .  The 
values of H,, were determined experimentally and x was 
deduced from x = A ( T )  /[( T )  . The linear dependence 
F,, (C,, ) demonstrates that the bulk pinning force in super- 
conducting crystalline YBCO films subjected to magnetic 
fields in the range b > 0.3 is governed by plastic shear of a 
vortex lattice and not by the strength of the elementary inter- 
action with pinning centers. An estimate of the width of 
weakly pinned channels gives L = 150-200 nm, which is of 
the same order of magnitude as the grain size. 

I t  therefore.follows that the specimen films represent a 
channelled pinning system in which the local values of the 
pinning force vary over distances proportional to the grain 
size. In view of the strong inhomogeneity of the microstruc- 
ture, a pinning lattice can always exhibit weakly pinned 
channels along which single vortex rows can flow. 

We can now draw the following conclusions. 
1. The temperature and field dependences of the critical 

current density in YBCO films prepared by laser evapora- 

tion are typical of nonideal type I1 superconductors and can 
be described using theoretical models which allow for spatial 
variation of the mean free path of electrons. 

2. Vortices in polycrystalline YBCO films are pinned at  
grain boundaries and the effect is due to a strong anisotropy 
of the superconducting properties. 

3. In strong magnetic fields the bulk pinning force in 
polycrystalline YBCO films is governed by shear plastic de- 
formation of a vortex lattice. 

'V.G. Bar'yakhtar, V. M. Pan, V. G.  Prokhorov, et al., Pis'ma Zh. Eksp. 
Teor. Fiz. 46, Prilozh., 168 (1987) [JETP Lett. 46, Suppl. S141 
(1987)l ;  V. M. Pan, V. G.  Prokhorov, G. G.  Kaminskii, et al., Fiz. 
Nizk. Temp. 13,861 (1987) [Sov. J. Low Temp. Fiz. 13,493 (1987)l ;  
H. Watanabe, Y. Kasai, T. Mochiku, etal., Jpn. J. Appl. Phys. Part 2 26, 
L657 (1987); U. Dai, G.  Deutscher, and R. Rosenbaum, Appl. Phys. 
Lett. 51, 460 (1987). 

'V. G.  Prokhorov, G. A. Takzei, M. V. Gavrilenko, et al., Problems in 
High-Temperature Superconductivity [in Russian], Vol. 2, Ural Divi- 
sion of the Academy of Sciences of the USSR, Sverdlovsk (19871, pp. 
162, 163. 

'M. Hervieu, B. Domenges, and C. Michel, Phys. Rev. B 36,3920 ( 1987). 
"K. A. Muller, M. Takashige, and J. G. Bednorz, Phys. Rev. Lett. 58, - 
1143 (1987). 

'G. W. Crabtree, J. Z. Liu, A. Umezawa, et al., Phvs. Rev. B 36, 4021 
(1987). 

'E. M. Gyorgy, G .  S. Grader, D. W. Johnson Jr., et al., Appl. Phys. Lett. 
52,328 (1988). 

'P. Chaudhari, R. H.  Koch, R. B. Laibowitz, et al., Phys. Rev. Lett. 58, 
2684 (1987). 

'B. Oh, M. Naito, S. Amason, etal.,  Appl. Phys. Lett. 51, 852 (1987). 
'S. B. Ogale, D. Dijkkamp, T.  Venkatesan, et al., Phys. Rev. B 36, 7210 
(1987). 

"'S. V. Gaponov, F. V. Garin, V. N. Golubev, et al., Zh. Eksp. Teor. Fiz. 
95, 1086 (1989) [Sov. Phys. JETP 68,625 (1989) 1. 

"S. V. Gaponov, Vestn. Akad. Nauk SSSR No. 12,3 (1984). 
"N. A. Kiselev, A. L. Vasiliev, 0 .  V. Uvarov, et al., Proc. Ninth European 

Congress on Electron Microscopy (EUREM 88),  York, England, 1988, 
Vol. 2, publ. by Institute of Physics, Bristol ( 1988), p. 223. 

"T. K. Worthington, W. J .  Gallagher, and T. R.  Dinger, Phys. Rev. Lett. 
59, 1160 (1987). 

I4N. R. Werthamer, E. Helfand, and P. C. Hohenberg, Phys. Rev. 147, 
295 (1966). 

"A. I. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 61, 1221 
(1971) (Sov. Phys. JETP 34,651 (1972)l. 

'"L. G.  Aslamazov and S. V. Lempitskii, Zh. Eksp. Teor. Fiz. 84, 2216 
(1983) [Sov. Phys. JETP 57, 1291 (1983)l .  

"C. J. Jou, E. R. Weber, J. Washburn, et al., Appl. Phys. Lett. 52, 326 
(1988). 

IXL. Ya. Vinnikov, L. A. Gurevich, G.  A. Emel'chenko, and Yu. A. Osi- 
 van, Pis'ma Zh. Eksv. Teor. Fiz. 47, 109 (1988) [JETP Lett. 47, 131 . . 
(1988)l .  

"A. VI. Gurevich, R. G. Mints, and A. L. Rakhmanov, in: Physics o f  
CompositeSuperconductors (ed. by R. G. Mints) [in Russian], ~ a u k ; ,  
Moscow ( 1987). 

"'V. G.  Prokhorov, G.  G. Kaminskii, K. G. Tret'yachenko, and V. M. 
Pan, Fiz. Nizk. Temp. 12,675 ( 1986) [Sov. J. Low Temp. Phys. 12,381 
(198611. 

"P. Chaudhari, Proc. Eighteenth Intkern. Conf. on Low Temperature 
Physics, Kyoto, 1987, in: Jpn. J. Appl. Phys. 26, Suppl. 26-3, 2023 
(1987). 

"T. Matsushita, M. Iwakuma, Y. Sudo, et al., Jpn. J. Appl. Phys. Part 2 
26, L1524 (1987). 

"E. J. Kramer, Adv. Cryog. Eng. 28, 307 ( 1981 ) .  
'4V. G. Prokhorov, K. G. Tret'yachenko, and G.  G.  Kaminskii, Fiz. Nizk. 

Temp. 10, 878 (1984) [Sov. J. Low Temp. Phys. 10,461 (1984)l .  
"A. Pruymboom, W. H. B. Hoondert, W. H. Zandbergen, and P. H. Kes, 

Proc. Eighteenth Intern. Conf. on Low Temperature Physics, Kyoto, 
1987, in: Jpn. J. Appl. Phys. 26, Suppl. 26-3 1531 (1987). 

"A. M. Campbell and J .  E. Evets, Critical Currents in Superconductors, 
Taylor and Francis, London and Barnes and Noble, New York ( 1972). 

"K. Okuda, S. Noguchi, A. Yamagishi, et al., Jpn. J .  Appl. Phys. Part 2 
26, L822 (1987). 

'XA. I. Larkin and Yu. N. Ovchinnikov, J .  Low Temp. Phys. 34, 409 
(1979). 

'qE. H. Brandt, Phys. Rev. B 34,6514 (1986). 

Translated by A. Tybulewicz 

1270 Sov. Phys. JETP 68 (6), June 1989 Gaponov eta/. 1270 


