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The processes associated with the interaction of an electromagnetic field with single and double
high-T, superconducting (YB,C;0,) bicrystal boundaries obtained as a result of the

oblique ion milling of steps on MgO substrates have been investigated experimentally for various
values of the temperature from 7=4.2-77 K, the magnetic field from B=—0.4—+0.4 mT,

and the power of microwave radiation with a frequency f,==30-52 GHz. The results obtained and
the data from numerical simulation have confirmed a hypothesis that current is transported
through the bicrystal boundaries by individual isolated regions that can be modeled by Josephson
junctions, each of which is described by the known resistively shunted junction (RSJ)

model. The physical mechanisms causing the behavior of the bicrystal boundaries to deviate
from the RSJ model, particularly the observed upward deviation (in comparison to theory) of the
range of currents for frequency (both harmonic and subharmonic) synchronization of the
spontaneous Josephson emission by an external microwave field, have been discussed. © 1995

American Institute of Physics.

1. INTRODUCTION

The high anisotropy and short coherence length (of the
order of an interatomic distance) of high-T. metal-oxide su-
perconductors impose considerable restrictions on the cre-
ation of Josephson junctions for known reasons (see, for ex-
ample, Ref. 1). There has recently been widespread interest
in some unconventional types of Josephson junctions, which
utilize the experimentally -established formation of weak
links on the boundaries of the crystalline grains in epitaxial
films deposited on a substrate with a specially created imper-
fection: a bicrystal boundary, a step on the substrate surface,
etc.2”!! The substrate imperfection serves as a seed for the
formation of a grain boundary having the properties of a
Josephson junction in an epitaxial high-T'. superconducting
film. For junctions formed on a substrate with a step, the
cases in which either one or two grain boundaries operate in
the working range of currents should be distinguished. The
existence of an array of two grain boundaries has been ob-
served repeatedly in experiments,” but the case of a single
grain boundary is predominant and has been investigated to a
relatively great extent,%”1%!> while there are practically no
data on investigations of junctions with a double grain
boundary. This is attributed to the fact that grain boundaries
form at the sites of breaks in the substrate surface on a step
with a height 4 similar to or somewhat greater than the thick-
ness d of the high-T, superconducting film.? In this case the
tilt angle of the epitaxial film on the step edge relative to the
plane of the substrate is greater than 60°, and the conditions
for formation of the upper and lower grain boundaries differ
significantly.?

The modification of step-edge junctions by decreasing
the step height (to a value less than the thickness of the
high-T, superconducting film) and employing oblique ion
milling of the substrate was recently proposed.s’10 One spe-
cial feature of the junctions obtained by this method is the
fact that a portion of the epitaxial YB,C;0, (YBCO) film
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which is rotated 45° in the ab plane and has two in-plane
bicrystal boundaries at the seams with the main film forms in
the vicinity of the step on the substrate. Both the case of a
single bicrystal boundary, in which the difference between
the critical currents of the two bicrystal boundaries is large,
i.e., I, <I,, and the case of two bicrystal boundaries with
similar values, i.e., I,;=I,, are observed here experimen-
tally, just as in the case of junctions on a high step. Recent
investigations of a Josephson junction on a single grain
boundary demonstrated that relatively satisfactory correspon-
dence to the resistively shunted junction (RSJ) model of a
Josephson junction having a current-voltage characteristic of
hyperbolic form and known' behavior of the Josephson cur-
rent steps under the action of an external microwave signal is
achieved either at temperatures near the critical
temperature'? or when certain conditions are imposed on the
geometry of the junction and the strength of the applied con-
stant magnetic field.'® The first measurements of the param-
eters of Josephson emission from grain boundaries also at-
tested to considerable deviations of their behavior from the
RSJ model,”'%!* which were manifested by significant
broadening of the emission line and a deviation from the
Lorentzian line shape. At the same time, detailed investiga-
tions of the low-frequency noise and magnetic measurements
indicated that a high-T. superconducting junction should be
regarded as a complicated multielement Josephson structure,
which can be modeled in some cases by a one-dimensional
array of N Josephson junctions which are connected in par-
allel and have a small dimension w<\; (w is the dimension
of the film forming the Josephson junction perpendicular to
the direction of flow of the transport current /, and \; is the
Josephson penetration depth of a magnetic field into the
weak-link region). A comparison of the experiment with the
results of the numerical simulations in Refs. 10 and 11 con-
firmed the validity of such a model, which explains, in par-
ticular, the formation of subharmonic current steps.
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FIG. 1. Unperturbed current-voltage character-
istic of Josephson structure YA2.6J2 (solid line
1) and its current-voltage characteristics under
external microwave radiation with a frequency
of 45 GHz at T=4.2 and various relative levels
of attenuation of the microwave power: 2) 20
dB; 3) 10 dB; 4) 5 dB. The arrows mark the
critical currents of the first and second bi-
crystal boundary, respectively. A substrate with
a high-T, bridge structure is schematically rep-
resented in the insert. The hatched region to the
left of the step corresponds to a film which is
turned 45° in the ab plane and forms two bic-
rystal boundaries connected in series. The arrow
shows the direction of the transport current. The
external magnetic field was perpendicular to the
plane of the substrate.

1

In this report we present the results of experimental in-
vestigations and the dynamic high-frequency characteristics
of YBCO Josephson structures on substrates with a low step,
both with a single bicrystal boundary and with a double bi-
crystal boundary, at various values of the temperature T in a
weak external magnetic field B.

2. EXPERIMENTAL METHOD

Low steps (#=2-5 nm) were formed on an MgO sub-
strate using a photoresist mask by ion milling at a 60° angle
to the plane of the substrate. After the resist was stripped, a
YBCO film with a thickness d=250 nm was laser-deposited
at 600—700 °C. The YBCO films obtained were oriented par-
allel to the ¢ axis and had a critical temperature 7,=89-91
K. A thin-film bridge with a width w=4-8 um was formed
across each step by photolithography followed by ion milling
of the YBCO film.® The high critical current density
je=I/wd>10"7 AJem* (T=4.2 K) of the YBCO film mea-
sured on both sides of the step attests to its uniformity and
the absence of weak links in it. The value of j, for the bridge
spanning the step decreased to 10>~10° A/cm?, attesting to
the formation of a weak link in the thin film.

The unperturbed current-voltage characteristics of the
Josephson structures, as well as the current-voltage charac-
teristics recorded under electromagnetic radiation in the mil-
limeter range (with a frequency of 30-50 GHz) and a con-
stant external magnetic field, were investigated. The
measurements were performed in a shielded room with thor-
ough filtering of the signals from the electric lines entering
the cryostat. Partial synchronization of the spontaneous
emission by a weak external electromagnetic field results in
the appearance of a detector response 7 (Ref. 14) with an
odd-resonant form in the range of voltages on the Josephson
junction V=hf,/2e, where f, is the frequency of the exter-
nal field. A plot of 7{V) can serve as a convenient test for
comparing the dynamic characteristics of an unperturbed Jo-
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sephson structure (the width of the Josephson emission line,
the frequency spectrum of the spontaneous emission, etc.)
with theoretical models. The response of each Josephson
structure to the high-frequency electromagnetic field and the
constant magnetic fields was numerically simulated using the
PSCAN program,'®> which makes it possible to automatically
formulate the system of differential equations describing a
circuit containing several Josephson junctions and integrate
it with respect to time with a variable spacing.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The investigations of the region of a Josephson structure
under a transmitting electron microscope revealed that the
YBCO film contains two bicrystal boundaries formed by 45°
rotation of the bridge film fragment near the step in the ab
plane.® A substrate with a step and a thin YBCO film depos-
ited on it is schematically represented in the insert in Fig. 1.
The orientations of the YBCO film and the MgO substrate in
the ab plane coincided on both the milled side and the side
protected from milling, while in the immediate vicinity of
the step, the YBCO film was turned 45°. The position of the
portion of the film rotated in the ab plane (the oblique hatch-
ing to the left of the step) shows that growth of this film
occurs in the region shielded by the photoresist mask during
ion milling.

The typical current-voltage characteristic shown in Fig.
1 has two sections with an almost constant differential resis-
tance R, separated by a feature with an abrupt increase in
R, . This form of the current-voltage characteristic is caused
by the fact that due to the difference between the critical
currents [, <I ., of the two bicrystal boundaries, successive
passage of the boundaries into the resistive state is observed
as the transport current is increased, the section with the
sharp change in R, corresponding to the larger critical cur-
rent /,,. The application of microwave radiation in the mil-
limeter range confirms that there are two bicrystal bound-
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TABLE I. Parameters of the samples investigated.

" Sample h, nm w,um | Ry, Q [I(T=42K),rA |V(I,),uV
YA2.6J1 3 8 1 100 > 1000
YA2.6J2 3 4 6 36 140
YA2.4J1 3 8 36 30 120
YA2.3J5 5 8 2 7500 > 1000
YA2.7J5 2 8 2 3000 > 1000
YA2.24)3 10 7 2 80 70

aries connected in series. When the power P, of the
microwave radiation is at a low level (curve 2 in Fig. 1), the
current-voltage characteristic displays two Josephson current
steps, one on each side of V(I_,). The current step at small
V<V(I.,) is related exactly to the frequency of the incident
radiation f, by the Josephson relation: V=V, , =nmhf,/2e
when n=m=1, where n is the number of the harmonic of
the external microwave field causing synchronization of the
Josephson emission and m is the number of Josephson junc-
tions connected in series that participate in the synchroniza-
tion process. The second step in the current-voltage charac-
teristic at V, ,>V(I,) is sloped, and its position depends on
P, due to the summation of the resistive contribution of the
first bicrystal boundary and the current step on the second
bicrystal boundary. When the power P, is increased, the cur-
rent steps on the two bicrystal boundaries can overlap, but
the numbers n corresponding to them need not coincide. As a
result, mutually parallel vertical current steps form in the
current-voltage characteristic at values of V,, where the
emission frequencies of the two bicrystal boundaries are
multiples of 2eV/h, while the phase difference of the emis-
sions can take any value (Fig. 1, curves 3 and 4). This regime
differs from the case of phase locking in an array of con-
nected Josephson junctions, in which the phase difference of
the Josephson emissions is dictated by the external electro-
dynamic coupling of the Josephson junctions.'®

The dynamic characteristics of similar structures with
two Josephson junctions connected in series are determined
primarily by the difference between the critical currents of
the bicrystal boundaries. However, when the dynamics of the
processes in Josephson junctions are investigated in the vi-
cinity of the first harmonic f of the spontaneous Josephson
emission or in the presence of microwave radiation with a
frequency f,=f, the relationship between the voltages in the
Josephson structure is significant. For example, when the
difference between the parameters is small, f, is high, and
thus V(1.,)<V, ;, the response of the Josephson structure is
determined by the interaction of the two bicrystal boundaries
and the synchronization of their oscillations by the external
force. When V(I ,)>V, ; and thus I, <1 ,, the influence of
the Josephson junction with the larger critical current can be
neglected in a first approximation, if it is assumed that the
dynamics of the processes in a Josephson structure are deter-
mined by only one bicrystal boundary, while the other bi-
crystal boundary is in the superconducting state. The results
of measurements of several samples at 7=4.2 K are pre-
sented in Table I. We shall begin a more detailed discussion
of the Josephson structures with the first case.
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3.1. Two bicrystal boundaries in series

The current-voltage characteristics of Josephson struc-
ture YA2.24J3, which satisfies the condition V(I )<V, |,
were measured for three fixed frequencies f,=36, 44, and 52
GHz at T=4.2 K, at which the influence of thermal noise can
be neglected. We note that the case of f,=36 GHz corre-
sponds to the condition V(I,,)=V, ;. Figure 2 presents a set
of current-voltage characteristics for various levels of exter-
nal electromagnetic power with f,=52 GHz. We determined
the critical current /, and the amplitude of the current step
I,, of the second bicrystal boundary from the features in the
current-voltage characteristics marked with arrows in Fig. 2.
It is seen from the figure that the current step at V=V, ,,
which corresponds to summation of the n=1 steps of two
bicrystal boundaries, is most clearly displayed. The presence
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FIG. 2. Unperturbed current-voltage characteristic of Josephson structure
YA2.24)3 (I) and its current-voltage characteristics under external micro-
wave radiation with a frequency of 52 GHz at T=4.2 and various relative
microwave power levels, dB: 2) 32.5; 3) 21; 4) 17.4; 5) 15.2; 6) 12.8. The
arrows point out features corresponding to the transition to the resistive state
and the appearance of the current step of the second junction. Curves 2—6
have been displaced along the current axis for clarity, but the scale for 7 is
the same as for curve /.
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FIG. 3. Dependence of the normalized values of the critical current
i, =1I./1,,(0) (crosses—experiment; solid line—theory) and the current
step iy, =1,,/1,,(0) (filled circles—experiment; dashed line—theory) on the
amplitude of the current of the microwave radiation i for a voltage V,, on
the bicrystal boundaries at T=4.2 K and f,=52 GHz.

of two bicrystal boundaries is also indicated by the features
of the current-voltage characteristic in the vicinity of the step
at V=V, , (see, for example, curves 3 and 4 in Fig. 2). Here
the vertical step corresponds to the summation of the steps of
two bicrystal boundaries synchronized by the external field,
and the features in the current-voltage characteristic in the
form of a change in R, are caused by the presence of a step
on only one of the bicrystal boundaries. It should be noted
that vertical current steps were also observed at V=V, , (be-
yond the range of voltages shown in the figure) for all other
values of f,. Curve 2 also shows a vertical subharmonic step
with n=1/2 and m=2. We note that over the entire range of
voltages investigated V<0.5 mV, the subharmonic current
steps detected at V,, , were multiples of n=1/4 and periodi-
cally transformed from sloped to parallel steps and back due
to the more severe conditions for their locking by the exter-
nal force.

The values of the critical currents and the amplitudes of
the Josephson current steps, including the subharmonic steps,
exhibited an oscillatory dependence on the normalized am-
plitude of the external field ig=1Igz/1.(0) for both bicrystal
boundaries. Figure 3 presents experimental plots of the de-
pendence of the normalized values of the critical current
i, =1,/1,(0) and of the amplitude of the current step
i =I1,,/1,1(0) at V=V, , on igr, which were obtained
from a treatment of the experimental current-voltage charac-
teristics for f,=52 GHz. The theoretical plots for the critical
current and the first current step presented in Fig. 3 were
obtained from the RSJ model for a single Josephson junction
with consideration of the experimental value of
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hf,2el . Ry,=1.65, where Ry, is the normal-state resis-
tance of the first bicrystal boundary determined from the
value of R; at V<V(I,,).

It can be seen from Fig. 3 that the plots of i,; and i}, in
the range igr<<4.5 [up to the first minimum of the function
i.1(irr)] exhibit relatively satisfactory agreement with the
theoretical plots. This is evidence that the estimated critical
frequency f. of the Josephson structure determined from dc
measurements according to the formula f.=(2e/h)V,
(Vo=I.Ry, where Ry is the value of the normal-state resis-
tance of the Josephson junction), is close to the value of f,
dictating the dynamics of the Josephson structure.! At rela-
tively high values of ix>5 there is a significant difference
between the experimental values of i,, and the theoretical
value. For example, the second and third local maxima of
i1;(igF) significantly exceed the theoretical value. It should
be noted that in the case of two independent Josephson junc-
tions connected in series, such an upward deviation
[i,,(igr=6)=1] is impossible according to the RSJ model.'®
A similar upward deviation of the maximum amplitude of the
Josephson current step at V=V, , was previously observed
for a closely arranged pair of tin microbridges of variable
thickness and was caused by their interaction by means of
nonequilibrium quasiparticles.!®!” At the same time, the de-
tector response of the Josephson structure with two bicrystal
boundaries to a weak signal ig<<0.1 with f,=f did not have
the odd-resonant form characteristic of phase-dependent se-
lective detection.! Variation of the magnetic field, even in the
case in which the critical currents of the bicrystal boundaries
were equal, i.e., I,;=1,, (sample YA2.6J2), did not produce
a synchronous detector response. This attests to passage from
a regime with the mutually independent spontaneous Joseph-
son emission of two bicrystal boundaries to a partially coher-
ent regime under the action of the external electromagnetic
field,'® which is most likely due to the small but finite cou-
pling energy of the bicrystal boundaries, as well as the influ-
ence of the load impedance of the microwave waveguide
loop shunting the Josephson structure.

3.2. Single bicrystal boundary

In the case of Josephson structures for which 7,,<I,
(see Fig. 4), the unperturbed current-voltage characteristic
had only one section with an increase in R, at small values
of V<V, with a form similar to the RSJ model. At the same
time, some differences from the RSJ model were observed.
For example, at I>1, (as for a Josephson structure with two
bicrystal boundaries) there was an appreciable excess current
(a shift in the current-voltage characteristic relative to the
plot of V=1IRy), which is characteristic of weak links with a
nontunneling type of conduction. It is seen that under the
microwave radiation, current steps appear in the current-
voltage characteristics at V=V, , (dashed curves in Fig. 4).
Here the subharmonic steps with n=1/2 and 3/2 (see curve
3) had an oscillatory dependence on igzy (see the insert in
Fig. 4), were mutually parallel, first appeared at small values
of irr>0.2, and increased in size with increasing iz along
the sequence n=1/2, 1, 3/2, 2, etc. We note that subharmonic
current steps are not observed for a single Josephson junction
according to the RSJ model.! Regardless of their number, the
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FIG. 4. Unperturbed current-voltage characteristic of Josephson structure
YA2.6J1 with one “working” bicrystal boundary (/) and its current-voltage
characteristic under external microwave radiation with a frequency of 52
GHz at T=4.2 K at different levels of the microwave power: 2) 26 dB; 3)
5.6 dB. The insert contains normalized plots of the dependence of the criti-
cal current (crosses) and the n=1/2 subharmonic current step (squares) on
the microwave current. The solid line is a theoretical plot of i (igr) accord-
ing to the RSJ model.

current steps in the experimental perturbed current-voltage
characteristics intersected the unperturbed characteristic at
definite values of ipr<2 and had a nearly hyperbolic form.
The insert in Fig. 4 shows plots of the dependence of the
critical current i.=1,/I.(0) and the subharmonic step
i12=1,,,/1,(0) on ixg obtained for a frequency of 52 GHz at
T=4.2 K, and the solid line is a theoretical plot of i .(igxr)
based on the RSJ model for the experimental value of
hf,/2eVy,=1.5. It is seen that the oscillation period of the
experimental plot of i.(igr) corresponds to the RSJ model,
although the positions of the minima of i (izr) are broad-
ened significantly. It is also seen that the values of ipy at the
features (dips) in the plot of ij,,(izr) in the regions of the
maxima correspond to the values of ipr at the features
(humps) in the plot of i (igF) in the vicinity of the minima.

Better agreement between experiment and the RSJ
model was observed for some samples when the temperature
was increased. For example, at T=77 K the oscillation pe-
riod of i (igxr) and the height of the first maximum corre-
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FIG. 5. Dependence of the critical current on the magnetic induction for the
forward (crosses) and reverse (squares) directions of the transport current
for Josephson structure YA2.6J1 at T=4.2 K.

sponded to the RSJ model of a Josephson junction to signifi-
cantly greater (10%) accuracy, and subharmonic current
steps were no longer detected.

Figure 5 shows the experimental dependence of the criti-
cal current on the external magnetic field perpendicular to
the plane of a substrate with a Josephson structure at 7=4.2
K. It can be seen that regardless of the direction of the trans-
port current, the form of the periodic function 7 .(B) is nearly
symmetric about /=0. The minimum of I .(B) at B=0 is
most likely due to the lack of cancellation of the residual
field B, near the value of the earth’s field. A significant dif-
ference between the plots obtained and the ‘“Fraunhofer”
dependence typical of a Josephson junction with a uniform
distribution of the critical current density is observed. The
experimental plot of 7 (B) is closer in form to two Josephson
junctions (SQUIDs) connected in parallel than to a single
Josephson junction. Moreover, the appearance of higher
maxima as B increases attests to a significantly nonuniform
distribution of the current density on the bicrystal
boundary.*!! The similarity of I.(B) to plots for SQUIDs
was maintained at higher temperatures (7>>4.2 K). Such be-
havior of the Josephson structure was most likely caused by
the significant nonuniformity of the bicrystal boundary,
which has also been observed for some other junctions on
grain boundaries.? The simplest model of such junctions may
be an array of lumped Josephson junctions connected in par-
allel, but separated by the inductances of the superconduct-
ing edges."!

4. NUMERICAL SIMULATION AND COMPARISON WITH
EXPERIMENT

A single bicrystal boundary was numerically simulated
using a model consisting of an array of N Josephson junc-
tions of small dimensions connected in parallel by induc-
tances (such an array of five Josephson junctions is shown in
Fig. 6a). The number of Josephson junctions in the array was
varied from N=4... 8. The current was fed symmetrically to
the ends of the array. This corresponded to an experiment in
which the constant current in the Josephson structure was
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FIG. 6. (a) Model of an array of N=5 Josephson junctions connected in
parallel by the inductances L,...Ly_,. (b) Dependence of the critical cur-
rent I, on the magnetic flux calculated for model (a): dashed line—
calculation for the case of large inductances (L,=L,=13 pH, L;=L,=26
pH) when spreading of the end currents occurs; solid curve—calculation for
the case of small inductances (L,=L,= 1.3 pH, L;=L,=2.6 pH).

supplied through a superconducting film. As we know, the
constant current in a superconducting film of width w flows
mainly along the edges in layers of width X\, , where
N, =\%/d is the penetration depth of a magnetic field into a
superconducting thin film of thickness d<\; and A\ is the
London penetration depth of a magnetic field. To describe
each of the Josephson junctions we used the RSJ model with
a small capacitance (a McCumber parameter
Bc=27wf.CRy<1, where C is the capacitance of the Jo-
sephson junction), in which the parameter V(=100 uV was
fixed and the critical currents of all the Josephson junctions
in the array were assigned identical values, which were cho-
sen on the basis of the fixed value of the critical current of
the entire array. In the calculations under discussion I, was
selected equal to 100 wA, which corresponds to sample
YA2.6J1 (see Table I). The inductances satisfied the condi-
tion L,+L,+...+Ly=8 pH, which is equal to the induc-
tance L=pow (uo=4m-10"" H/m is the magnetic perme-
ability of the vacuum) of a slot-shaped line with a length
equal to the width of the bridge w=8 xm. When the induc-
tances were equal, the critical currents of the Josephson junc-
tions in the array were approximately 20 wA. The source
electric current in the calculations was equal to the sum of
the constant component and the oscillating addition, and we
considered the time-averaged voltage on the Josephson junc-
tions as the modeling output parameter. We note that with the
inductance values selected, the total critical current of the
array amounted to 97% of the sum of the critical currents of
N=5 Josephson junctions, and the dimensionless inductance
of the loops I=(2m/®y)2LI, (P, is the quantum of mag-
netic flux) was of order /=0.02-0.1, depending on N.

It turned out that the model displays behavior qualita-
tively similar to the experimental results by N=S5; therefore,
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FIG. 7. Current-voltage characteristic (dashed line) of a Josephson structure
at T=4.2 K and corresponding detector responses 7(V) to microwave ra-
diation with a frequency f,=30.5 GHz when B=52 uT (curves /, 2, and 3)
and B=—153 uT (curves 4, 5, and 6). The results of the numerical simula-
tion of 7(V) obtained for fixed experimental values of I .(B) are represented
by the dot-dashed and thin lines.

all the data from the calculations are presented for this case.
Figure 6b presents the dependence of the critical current I,
of the array on the magnetic flux supplied to each of the four
loops in the array. The values of the magnetic flux were
proportional to the inductances forming the loops, so that the
magnetic field was identical across all loops. The mean flux
in all loops of the array is plotted on the horizontal axis in
Fig. 6b. For small values of L, +L,+L;+L,<8 pH the
maximum value of I, for the array is observed when B=0.
The plot of 7.(B) has local maxima with different heights,
which are attributed to the interference of two oscillatory
dependences of the critical current with two periods. The
twofold difference between the periods was stipulated by the
intentional selection of sets of values for the inductances of
the superconducting loops in which L/L3;=L,/L4=2.

A similar plot of 7.(B) is also observed experimentally
(see Fig. 5). The dashed line in Fig. 6b is a plot of I.(B)
calculated for the case of large inductances. Here the maxi-
mum value of /, is achieved as soon as B #0. This result is
attributed to spreading of the currents supplied to the ends of
the array and is possible only with sufficiently large values of
I~1. In this case better agreement with experiment is ob-
served, but the values selected for Ly (N=1... 5) exceed the
experimental values.

Figure 7 shows the current-voltage characteristic of a
Josephson structure with a single bicrystal boundary at
T=4.2 K and the corresponding detector response 7(V) to
microwave radiation with a frequency f,=30.5 GHz for two
values of the constant magnetic field B=52 and —153 uT.
This figure also presents the results of the numerical simula-
tion for an array with N=>5 and magnetic flux ®/®, corre-
sponding to the experimental values of /_.(B). We note that
the form, similar to odd-symmetric resonance, of both the
experimental and theoretical plots of 7(V) attests to the syn-
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chronous detection process known for a Josephson junction
conforming to the RSJ model. At the same time, subhar-
monic responses are clearly visible at V=V,,, | in both the
theoretical plots and the experimental plot for a magnetic
field corresponding to values of I, which are depressed con-
siderably in comparison with the maximum value. The dif-
ference between experiment and calculation is probably due
to the difference between the experimental dependence of
R,4(V) and the theoretical dependence and by the influence
of excess noise, which broadens the Josephson emission
line.”'> When I, = I™*(B) the subharmonic response is not
observed experimentally, and in the calculations it has a less
pronounced character and is asymmetric relative to 7=0,
pointing out that the processes are not coherent under these
conditions.

The simulation of a bicrystal boundary by a parallel ar-
ray of Josephson junctions also accounts for some other ex-
perimentally observed features. For example, in the plots of
i iligp) for f,=44 GHz and 52 GHz we observed an
N-shaped feature at izr=0.1 (see Fig. 3) corresponding in
both cases to the first maximum in the plot of the subhar-
monic step i,,(igr), which had a height i]5*=0.4 when
f.=52 GHz. An N-shaped feature was also noted in the plot
of i (igF) in Ref. 10, in which a single YBCO grain bound-
ary was modeled by two Josephson junctions conforming to
the RSJ model and connected in parallel. Oscillating plots of
the Josephson current steps with n=1/2, 1, 3/2, and 2 in a
magnetic field corresponding to the minima of the experi-
mental plot of I.(B) were also obtained on the basis of this
model in Ref. 10, and the maximum height of the subhar-
monic current step had a value i]}5*=0.2, which is 3.5 times
smaller than the value in our experimental case (see the in-
sert in Fig. 4). The experimentally observed higher value of
i.1>1 (see Fig. 3) at weak microwave fields (izz<<0.1) is
attributable to the slow variation of the external magnetic
field, which is significant for systems with Josephson junc-
tions connected in parallel even when ordinary shielding
with low residual magnetization is employed.

5. CONCLUSIONS

The results presented here of an experimental investiga-
tion of a high-T, superconducting thin-film bridge spanning
a step on a substrate without a break in the film are typical of
Josephson structures formed on grain boundaries. One spe-
cial feature of such Josephson structures is the significant
nonuniformity of the distribution of the critical current den-
sity over the broad temperature range 7<<T',, which results
in considerable deviation of their behavior from the RSJ
model. At the same time, the investigation of the dynamics
of the transformation of the current-voltage characteristic un-
der the action of a microwave field revealed that the critical
frequency of such Josephson junctions is close to the ap-
proximate value f.=V,/®, following from the RSJ model.
The experimentally observed deviations from the RSJ model
[the ““SQUID-like” dependence of 1.(B), the presence of
subharmonic steps on the perturbed current-voltage charac-
teristics at a nonzero magnetic field close to the earth’s field,
etc.] are at least qualitatively explained by the model of a
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bicrystal boundary in the form of a parallel array of several
inductively coupled Josephson junctions described by the
RSJ model.

The observation of a detector response at certain values
of the magnetic field to a weak microwave signal which does
not perturb the current-voltage characteristic of a single bi-
crystal boundary at voltages corresponding to the n=1/2
subharmonic attests to a significant deviation of the phase-
frequency characteristics of the spontaneous emission spec-
trum of the bicrystal boundary (according to the model of an
array of Josephson junctions connected in parallel) from the
spectrum of a single Josephson junction conforming to the
RSJ model. This means that the current-voltage characteristic
and the spectrum of the spontaneous electromagnetic emis-
sion of a single bicrystal boundary are strongly dependent on
a weak external magnetic field B<® wd, which, in the final
analysis, determines its high-frequency dynamics under mi-
crowave electromagnetic radiation. The experimental inves-
tigation of two bicrystal boundaries connected in series
showed that an interaction between them is observed only
when there is a strong (igr>1) synchronizing microwave
field. The broad range of variation of f, and P, correspond-
ing to frequency locking of the double bicrystal boundary
that was detected attests to a nonresonant interaction be-
tween them. The experimental lack of phase locking of the
double bicrystal boundary when igr<1, even in the case in
which their critical currents were equalized by the magnetic
field, attests to the small value of the coupling energies be-
tween the bicrystal boundaries.
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