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Abstract—We have detected experimentally considerable deviations of the frequency dependences of the Sha-
piro step amplitudes and the critical current of Nb/Au/YBa,Cu;0, thin-film hybrid Josephson heterojunctions
prepared on YBa,Cu;0, metal-oxide superconductor films with a tilted ¢ axis from the regularities inherent in
Josephson junctions of traditional superconductors with an s-symmetry of the order parameter. It is shown that
possible formation of “splintered” fluxons with a size A, < A; due to faceting of the interface and formation of

a chain of nanosize 0 and 7 junctions must be taken into account in describing processes in lumped heterojunc-
tions (whose size L is smaller than the Josephson penetration depth A; determined from the averaged value of

the critical current density). For heterojunctions with a size A, < L < A, a substantial decrease in the maximal
amplitude of the first Shapiro step with increasing voltage (Josephson oscillation frequency) is observed at volt-
ages much smaller than the energy gap in niobium (V <€ Ayy/e); this effect is manifested most strongly when
the size L is greater than A,. A fractional Shapiro step and a subharmonic detector response have been observed

in the current—voltage characteristics of heterojunctions; the dynamic processes responsible for their emergence
and indicating the presence of the second harmonic in the current—phase relation are studied. It is shown that
the effect of interface faceting on the current—phase relation increases with a heterojunction size L > A,. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

In most metal-oxide superconductors with a high
superconducting transition temperature, the d. .

symmetry type of the superconducting order parameter
dominates (D superconductors) [1, 2]. In Josephson
junctions of D superconductors misoriented in the ab
plane relative to one another, 7 junctions are formed
under certain conditions; for such junctions, the ground
state with a phase difference equal to 7 in the supercon-
ducting order parameter is stable [2-9]. In the case of
faceting of the interface in Josephson junctions of D
superconductors, alternation of 0 and 7 junctions leads
to alternating modulation of the critical current density
Jj.(x) along the interface on the nanoscale; as a result,
pairs of “splintered” fluxons [10] containing a magnetic
flux @, < Dy/2 and O, > Oy/2, P, + P, = O, are formed
(®, is the magnetic flux quantum). Such fluxes were
detected experimentally in [11] in bicrystal Josephson

junctions DO/D45.1 For a large amplitude of spatial vari-
ation of the critical current, the size of the splintered
fluxon is smaller than the Josephson penetration depth
A, [10], which provides a new scale of the size depen-
dence of static and dynamic processes in junctions.
Fluxons with a fractional magnetic flux quantum were
observed in junctions (including those formed by ordi-
nary S superconductors) with inhomogeneities on the
order of A, [12]. Judging from our earlier preliminary
results [4], it cannot be ruled out that such fluxon for-
mations may substantially affect the frequency depen-
dence of dynamic parameters of junctions containing a
D superconductor. Theoretical calculations [13] for
junctions of D superconductors predict singularities in

'n the D superconductor, one of the axes (a or b) in the basal ab

plane is directed along the normal to the bicrystal interface (for
bicrystal Josephson junctions) or to the plane of the junction (for
planar Josephson junctions), while in the D45 superconductor, it
is turned through an angle of 6 = 45° relative to these axes.
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the amplitude of the superconducting current compo-
nent for gap voltages V = Ap/e (Ap is the energy gap in
a D superconductor) analogous to the Riedel singular-
ity observed in junctions of S superconductors. How-
ever, no information is available at present on the fre-
quency dependence of the superconducting current in
junctions of D superconductors under voltages much
smaller than the superconducting gap.

In Josephson junctions of D superconductors, low-
energy bound Andreev states are formed on the (110)
plane [2]; these states are clearly manifested in the form
of a singularity in the conductivity of junctions at low
voltages [2—7, 14] and strongly affect the superconduct-
ing current /; of the junctions. In particular, such states
lead to a deviation of the /(¢) dependence (¢ is the
phase difference between the wavefunctions of the
electrodes of the Josephson junction) from the sinusoi-
dal shape [2-7, 15]. According to the results of theoret-
ical calculations [10, 11], Josephson junctions with an
alternating critical current density j, contain, along with
the first harmonic (sin@), the second harmonic (sin2@).
A nonsinusoidal current—phase relation was observed
in asymmetric bicrystal Josephson junctions Dy/Dys
in [8, 16]; we also observed earlier an analogous depen-
dence in hybrid heterojunctions Nb/Au/YBa,Cu;0,
prepared on YBa,Cu;0, (YBCO) films with a tilted
crystallographic axis ¢ [3]. Note that the second har-
monic (sin2¢) was observed in small-size heterojunc-
tions (on the order of tens of micrometers) [3, 17],
while deviations from the sinusoidal dependence in
larger heterojunctions (on the order of tenths of a milli-
meter) were not detected [18].2 It should be noted that
the specific growth of a YBCO film tilted at an angle
specified by a specially oriented (in the (7 10 2) plane)
NdGaO; substrate is such that facets whose faces are
oriented either along the ¢ axis (001) or in the ab plane
(110) are formed in the junction region of the hetero-
junction [4, 19]. Accordingly, it follows from the results
of theoretical calculations [2, 5-7] that the transport
properties of junctions between such faces and an S
superconductor (Nb in our case) must differ substan-
tially, forming alternating nanojunctions of various
types (S/Dcand S/Dys) in heterojunctions in view of the
d symmetry of the order parameter.

Here, we report on the results of experimental inves-
tigations of the magnetic field dependences of the
superconducting critical current as well as the fre-
quency dependence of the superconducting current and
Shapiro steps in Nb/Au/YBCO hybrid heterojunctions
on films with a tilted ¢ axis. Assuming the possible for-
mation of fractional fluxons in such heterojunctions
and taking into account size limitations [10], we per-
formed experiments on samples with a size L ranging

2 In view of the smallness of the superconducting current density in
all hybrid heterojunctions studied, the condition for a lumped
Josephson junctions was satisfied: the junction size L was smaller
than the Josephson penetration depth A ; for a magnetic field.
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Fig. 1. IV curve of a Nb/Au/YBa,Cu30, heterojunction

with L =40 um at 7 = 4.2 K: autonomous IV characteristic
(dashed curve) and IV characteristic recorded under the
action of electromagnetic radiation of frequency f, = 43.45 GHz

(solid curve). The direction of the bias current is shown by
arrows. Inset (a) is schematic representation of an inclined
YBCO film with the (1 1 20) orientation, o. = 11° and B =
45°. Inset (b) is the dependence of the critical current den-
sity {j,» and the characteristic resistance RyA of the junction

on its linear size L (dashed and solid curves are functional
dependences providing the best approximation of experi-
mental data).

from 10 to 50 pm. The second harmonic amplitude in
the current—phase relation is estimated quantitatively
and physical mechanisms explaining the experimental
data are discussed.

2. EXPERIMENTAL TECHNIQUE

YBCO epitaxial films with a thickness of 150 nm
were deposited by laser sputtering at a temperature of
770-790°C in oxygen under a pressure of 0.6 mbar. For
growing YBCO films, we chose NdGaO; substrates
with the (7 10 2) orientation. Detailed studies using
X-ray diffractometry revealed that YBCO films formed
on the (7 10 2) plane of the NdGaOj; substrate as a result
of epitaxial growth have the (1 1 20) orientation, so that
the crystallographic c axis is deflected from the normal
to the substrate plane through an angle ot = 11°, remain-
ing in the (110) plane of the YBCO film (see inset (a) to
Fig. 1). Preliminary investigations proved that a film
inclination by 10°-14° is optimal for the electron trans-
port along the ab plane, preserving the monodomain
nature of the film [19] and ensuring the formation of the
crystallographic structure of Nb/Au/YBCO heterojunc-
tions with alternating transitions of the S/D. and S/D,s
type. Obtained YBCO films had a superconducting
transition temperature 7, = 87-90 K and a critical cur-
rent density of 10°~10° A/cm? at T=77 K [3, 4, 17]. The
Au films were deposited in two stages: first by laser
sputtering in situ in the same vacuum chamber at
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Sizes and electrophysical parameters of heterojunctions
atT=42K

No. | Lyum | I, uA | Ry, Q | V., uV B, A, um
1 50 198 044 | 87 3 117
2 50 267 0.2 53 4 101
3 40 160 036 | 58 6 104
4 30 60 0.93 55 3 127
5 30 74 0.56 | 41 5 115
6 20 13 3.6 65 4 156
7 20 8.5 3.1 26 - 227
8 10 0.7 | 453 32 - 390
9 10 20| 19.8 40 - 233

100°C, which minimized the decrease in the oxygen
content and ruled out the effect of various impurities in
the formation of the YBCO/Au two-layer structure. A
test measurement of the superconducting transition
temperature of the YBCO film after the formation of the
YBCO/Au structure resulted in the value of 7, = 89 K
for a superconducting transition width of AT < 0.5 K.
The formation of heterojunctions was completed by
radiofrequency magnetron sputtering of an additional
Au layer with a thickness on the order of 10 nm and a
200-nm-thick Nb film. Photolithography and ion-beam
etching in argon were used for the formation of the
geometry of square planar heterojunctions with an area
A = L?, where L = 10-50 um [3, 4, 17]. In our opinion,
the superconducting transition temperature of the
YBCO film in completely prepared heterojunctions
decreased to T, = 84 K during the bombardment of the
film by argon ions in the course of formation of the
structure geometry. The superconducting transition
temperature of Nb films was 7, = 9.1-9.2 K.

Electrophysical parameters of the films and hetero-
junctions were measured using a four-point scheme with
a bias current in a temperature range of 7=4.2-300 K in
magnetic fields H < 50 Oe under the action of electro-
magnetic radiation at frequencies f, = 36—120 GHz.

3. ELECTROPHYSICAL CHARACTERISTICS
OF HETEROJUNCTIONS

The Josephson effect was observed in all hetero-
junctions studied by us; the current—voltage (IV) char-
acteristics of these heterojunctions did not display an
excess current (Fig. 1). This circumstance indicates the
absence of microshorts with direct conductivity, i.e.,
direct “short-circuits” between YBCO and Nb films,
which usually lead to the emergence of excess current.
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In view of the small thickness of the Au interlayer,
mutual diffusion of Nb and YBCO is possible. How-
ever, Nb/YBCO junctions have a very high characteris-
tic resistance due to the formation of oxide layers of
niobium. Additional measurements revealed that the
characteristic resistance of Nb/YBCO junctions is
RyA = 0.1-1 Q cm?, which is several orders of magni-
tude higher than the characteristic resistance RyA =
107°-107 Q cm? of Au/YBCO junctions (Ry is the nor-
mal resistance). Using the values of RyA, we estimated
the transparency of the potential barrier at the
Au/YBCO interface averaged over the area of the junc-
tion and over the directions of quasiparticles momenta;
the resulting values of D = 10°-10~* are typical of
superconducting tunnel junctions. It should be noted
here that the resistance of the Nb/Au interface is sub-
stantially lower (by several orders of magnitude) than
that of the Au/YBCO interface due to better matching
of the Fermi velocity and the absence of chemical inter-
action of the materials [20].

The superconducting critical current density aver-
aged over the area of the heterojunctions at 7=4.2 K is
given by

(jy = IJA = 1-10 Alem’,

where /. is the critical current. The values of the Joseph-
son penetration depth A, for a magnetic field, which are
calculated by the formula

2\ = _ D
/ 275“07\’<.]c>,

where | is the permeability of vacuum, lie in the inter-
val 100400 pm and are much higher than the maximal
linear size of the junctions studied here (see table). The
quantity A = 220 nm in formula (1) is the sum of the
London penetration depths for YBCO and Nb. For the
Nb/Au/YBCO heterojunctions studied here, the con-
dition

ey

L<4), (2)

is satisfied; this condition implies that such heterojunc-
tions must possess the properties of lumped Josephson
junctions and the values of (j.) and RyA must be inde-
pendent of the junction size L [21, 22].3 However, the
experimentally observed values of () and RyA depend
on the size of the heterojunctions (see inset b to Fig. 1).
The increase in the values of RyA observed upon a
decrease in size L < 20 um indicates a decrease in the
barrier transparency D, which may be due to an oxy-
gen-depleted YBCO layer formed in regions near the

3For L>4 ) > a Josephson junction should be treated as a distrib-

uted structure in which dynamic processes are determined by the
motion of Josephson fluxons.
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Fig. 2. Experimental magnetic field dependences of the critical current at 7' = 4.2 K for heterojunctions with sizes L = 20 um (a)
and 50 wm (b). The Fraunhofer dependence |sin H|/H is shown by the dashed curve. The solid curve is the calculated /.(H) depen-
dence in the model of alternating density of the superconducting critical current. The inset shows the image of the (1 1 20) surface
of the YBCO film, obtained using an atomic force microscope. The crystallographic orientations of the growth steps of the YBCO

film are shown by arrows.

edges of the heterojunctions during sample prepara-
tion [20]. For junctions with a size L < 40 pum, the value
of (j.) increases in proportion to L and attains satura-
tion for L > 40 pum. With increasing L, the contribution
from the edge regions with a reduced value of () to the
total superconducting current through the heterojunc-
tion decreases, and the edge effects can be disregarded
even for L = 30 um (see inset b to Fig. 1). It should be
noted that the characteristic voltage V, = I Ry remains
virtually unchanged upon a change in L, which is typi-
cal of tunnel junctions of S superconductors. For
Josephson junctions based on high-T, superconductors
of metal-oxide materials, the value of V, depends on
(j» as a rule. For example, the value of V, for bicrystal

YBCO junctions is proportional to V. < /{j.) [2, 8],
which is usually explained in the literature by the exist-
ence of different transport mechanisms for the supercon-
ducting and normal components of the current [9, 18].

4. MAGNETIC-FIELD DEPENDENCES
OF THE CRITICAL CURRENT
OF HETEROJUNCTIONS AND THEIR
STRUCTURE

For heterojunctions with L =20 um, the experimen-
tal 1.(H) dependence of the critical current on the mag-
netic field in the region of the first peak (Fig. 2a) is
close to the “Fraunhofer” dependence [sin H|/H typical
of lumped Josephson junctions with L = 2\, [22]. It can
be seen from Fig. 2a that as the magnetic field increases
to |H| > 5 Oe, the deviation of the I.(H) dependence
from |sin H|/H increases, indicating that the distribution
of the superconducting current can be treated as quasi-
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uniform [8, 18]. A more accurate approximation of the
experimental I.(H) dependences in the range of high
fields H > 5 Oe can be obtained using a theoretical model
in which the absolute value, as well as the sign of j., var-
ies over the length of the junction [8, 10, 11, 23, 24]. Itis
impossible to unambiguously determine the distribu-
tion of the superconducting current density j. in a junc-
tion from the experimental dependence I.(H). The eval-
uation of j, gives at least several solutions that describe
the I.(H) dependence in the region of peripheral peaks
more exactly than |sinH|/H. The experimentally mea-
sured I.(H) dependences can be approximated much
better on the basis of alternating rather than unipolar
distributions j.(x). The accuracy of calculations of j(x)
increases with expansion of the range of the experimen-
tal magnetic field, which was limited in our case by the
trapping of magnetic flux quanta for H = 10 QOe. In
stronger fields, a hysteresis loop was observed in the
magnetic-field dependences and the dependences were
poorly reproduced. In Fig. 2, we represent only repro-
ducible unambiguous /.(H) dependences.

For junctions of larger size (L > 30 um), the I.(H)
dependence strongly differs from |sin H|/H; in the region
of the first peak, it resembles the dependences observed
in distributed junctions, although condition (2) for
lumped junctions is still observed (see Fig. 2b and
table). It was shown theoretically in [10, 11] that the
presence of a faceted interface in a Josephson junction,
for which the conditions A < b < A, holds (b is the
characteristic size of the facet), leads to the formation
of “splintered” Josephson fluxons with a fractional
magnetic flux quantum. The characteristic size A, of
such a splintered Josephson fluxon for a one-dimen-
Vol. 101
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Fig. 3. Experimental dependence of critical current /.. (O), first I (A) and fractional /;,, (M) Shapiro steps on the dimensionless
amplitude a of the high-frequency current /.. for two heterojunctions at 7= 4.2 K: (a) L = 20 pum, f, = 51.42 GHz; (b) L =40 um, f, =
50.61 GHz. The theoretical I .(a) and /,(a) dependences are shown by the solid and dashed curves, respectively. Calculations were
made taking into account the second harmonic in the current—phase relation and the capacitance of the heterojunction (a) and in the

framework of the RSJ (b).

sional dependence j.(x), which can be modeled by the
expression

Je(x) = {jo) + jisin(2nx/b),

can be estimated as

7\’2 .
= a2, 3)
bj,
where j, is the amplitude of alternating modulation of
the critical current density in the junction. For j; = (j,),
the fluxon size is small (A; < A)).

In our case, in view of the specific nature of deposi-
tion of YBCO films on inclined NdGaOj; substrates with
the (7 10 2) orientation, growth steps with a height of
about 20 nm and a characteristic length of 200-300 nm in
the plane of the substrate are present on the (1 1 20) sur-
face of the YBCO films (see the inset to Fig. 2a and the
results of atomic-force microscope measurements pre-
sented in [3, 4]). Such growth steps are mainly oriented
along the (001) and (110) crystallographic planes of the
YBCO film. According to the results of theoretical cal-
culations [2, 5-7], the junctions with the (001) and
(110) planes give different types of junctions (S/D, and
S/D,s, respectively) in view of the d symmetry of the
order parameter in the YBCO film. It was shown earlier
in experimental studies [17, 18] that the S/D, junctions
at T = 4.2 K can be treated as Josephson 0 junctions
with a nonsinusoidal current—phase relation; in this
case, the second harmonic amplitude amounts to about
10% of the critical current. As regards the S/D,5 junc-
tions, Andreev states with energies € < Ap are formed
in them in addition to Andreev states with € = A}, on the
order of the superconducting gap in a D superconductor
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like in S/D,. junctions [2, 8]. It was proved theoretically
in [2, 5, 6, 8] that the stable state in the S/D,5 Josephson
junctions at helium temperatures is a state with a phase
shift equal to 7, with the characteristic voltage

A3D

V. =
¢ ekT

and with a large second harmonic amplitude in the cur-
rent—phase relation. Thus, due to the presence of alter-
nating S/D. and S/D,s junctions, the structure of the
heterojunctions studied here has the form of a chain of
parallel-connected 0 and 7 Josephson junctions.

In the heterojunctions studied so far, faceting pre-
dominantly occurs in only one direction [3, 5]; conse-
quently, we can also use one-dimensional expressions
in our case [10]. For example, using our estimates for j,
and (j.) we obtain from expression (3) A, = 10 um for
heterojunction no. 3 with A, = 104 um, A = 0.22 um and
b = 0.2 um. It should be noted that the condition A < b
which is used in calculations [10] does not hold exactly
in our experiments; for this reason, the estimates of the
value of A based on formula (3) are correct only in order
of magnitude. However, the other necessary condition
for the existence of splintered fluxons [10, 11],

Gy,
J1

b<A,

is satisfied to a high degree of accuracy.

Experiments [11] show that splintered fluxons are
unstable formations. In all probability, the instabilities
on the IV curves and magnetic-field dependences of the
critical current in large-size heterojunctions (L > 40 um),
Vol. 101
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which were observed in our experiments, are precisely
due to instability of such fluxon formations.

As a result, despite the strict fulfillment of condi-
tion (2), the magnetic-field dependences observed for
the heterojunctions studied here are typical rather for
distributed Josephson structures with an alternating dis-
tribution of the superconducting current density and a
fluxon penetration size A, < A,.

5. DYNAMIC PROPERTIES
OF HETEROJUNCTIONS

The IV curve presented in Fig. 1 was measured
under the action of external monochromatic electro-
magnetic radiation with a frequency f, = 43.45 GHz for
L =40 pm. It should be noted that the IV curve exhibits
the first (1), second (/,), and even fractional (/,,) Sha-
piro steps. An analogous form of the IV curve is also
observed for heterojunctions with a size L = 20 pum.
Figure 3 shows the dependences of the critical current
amplitudes /. and first Shapiro step /, on amplitude a of
the high-frequency current /_ normalized to the critical
current (a = I/I.). According to the results of calcula-
tions based on the resistive model of Josephson junc-
tions (RSJ) [21, 22], the I.(a) and I,(a) dependences
shown in Fig. 3a proved to be proportional to Bessel
functions J,(a) for small-size heterojunctions with L <
20 wm. With increasing L, a considerable deviation of
the experimental /.(a) and I;(a) dependences from
those calculated in the RSJ is observed. For example,
the difference between the first peak /;,,,, in the I,(a)
dependence from the theoretical value calculated in the
RSJ amounts to 25% for heterojunctions with L =
20 um (Fig. 3a), while the deviation from the theory for
heterojunctions with L = 40 um is 70% (Fig. 3b). Fig-
ure 3b shows that the shape of the /(a) and /(@) depen-
dences also changes as the size of junctions increases to
L> 20 um; this may be due to the enhanced effect of the
second harmonic in the current—phase relation for large
heterojunctions (with L > A,) [10, 11, 21, 22]. It should
be noted that the amplitude of fractional Shapiro steps
increases with junction size L and with the critical
current.

Let us consider the frequency dependences of the
maximal values of the amplitudes of the first harmonic
Shapiro step I, ,,(f.) shown in Fig. 4 for junctions with
L =20 and 40 um. For lumped Josephson junctions, the
value of 7, ,,,(f.) is determined by the amplitude of the
first harmonic of Josephson oscillation, which
increases with frequency and attains saturation for Af, >
2el Ry in accordance with the resistive model (solid
curve in Fig. 4) [21, 22].

For junctions of S superconductors, the RSJ approx-
imation disregarding the presence of a Riedel singular-
ity for V = Ap/e, which follows from the results of
microscopic theory, correctly describes the available
experimental data up to voltages (Josephson oscillation
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Fig. 4. Dependences of the normalized maximal amplitude
of the first Shapiro step on the frequency of the external
electromagnetic action for heterojunctions with L = 20 um
(dark circles) and 40 um (light circles). The solid curve
shows the frequency dependence of I ,,,,/I.(0) calculate in
the RSJ.

frequencies) corresponding to the superconducting gap
2A/e (e.g., Any/h = 700 GHz for Nb) [22]. However, as
can be seen from Fig. 4, the normalized value of [, ../,
in our experiment noticeably decreases even at a fre-
quency f, > 40 GHz, which is much lower than fre-
quency Ayp/h. It should be noted that the effect of the
Riedel singularity in tunnel junctions of S superconduc-
tors is manifested in the increase in the ratio 7, ,,/I, [25].
For large heterojunctions (L = 40 um) the observed
decrease in the ratio 1, ,,,,/I. was stronger than for small
heterojunctions (L = 20 um).4 The theoretical calcula-
tions performed in [13] for Josephson junctions of D
superconductors reveal a weak frequency dependence
of the superconducting current component up to fre-
quencies Ap/h corresponding to the gap voltage and
exceeding 1 THz. Consequently, in the framework of
existing theories, the change in the value of I,,/I.
must be small in the frequency range f, = 35-80 GHz.
A possible reason for the noticeable decrease in the val-
ues of [, ,,./I. with frequency may be energy pumping
from the first harmonic of the current—phase relation,
which determines the value of /., to the second har-
monic for L > A, [10, 11]. The effect of the nonuniform
distribution of the external microwave current at natural
resonance of heterojunctions on the dynamics of for-
mation of the Shapiro step (and the value of ;).
which we observed earlier in distributed heterojunc-
tions of S superconductors [26], cannot not be ruled out
either. The resonance frequency of natural electromag-

4 Since the maximal value / 1max Of the Shapiro step is measured,
the frequency dependence of the heterojunction impedance,
which affects the matching with the external system, can be
ignored.
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netic oscillations in the structures under study with a
strongly nonuniform critical current density distribu-
tion may be close to the frequency of formation of
standing waves. This effect is analogous to the Fiske
resonance with the effective velocity of wave propaga-

tion on the order of ¢; = w A, where 0, = /21l ./D,C

is the plasma frequency. As a result, the resonance fre-
quency f, = ¢/2L turns out to belong, in order of mag-
nitude, to the frequency range represented in Fig. 4. It
should be noted that the IV curves did not display sin-
gularities corresponding to Fiske resonances.

6. SUPERCONDUCTING CURRENT-PHASE
RELATION

It follows from Figs. 1 and 3 that the application of
external monochromatic electromagnetic radiation to
heterojunctions with L = 20-50 um leads to the emer-
gence of fractional Shapiro steps /;,(a) in addition to
harmonic steps on the IV curves at V = (1/2)(hf./2e).
For small-size heterojunctions (L = 10 um), no frac-
tional steps were detected; this is apparently due to the
fact that the expected values of /,,,,.(a)/I.(0) £ 0.1 for
these junctions were found to be smaller than the limit-
ing current resolution of the measuring system
(0.2 nA). A possible reason for the emergence of /,,,(a)
steps on the IV curves of the heterojunctions is the
deviation of the current—phase relation from the sinu-
soidal shape [3, 16]:

I,(@) = I.,sin@+1.,sin2¢.

It should be noted that the IV curves of the heterojunc-
tions (both autonomous and those obtained under the
action of an external electromagnetic field including
those on which fractional Shapiro steps were observed)
were symmetric about V = 0 in contrast to the IV curves
for distributed Josephson junctions for L > 4\, [27].

Higher harmonics in the current—phase relation
(sin2¢, sin3@, etc.) can be observed at low tempera-
tures in Josephson junctions of the superconductor-nor-
mal metal-superconductor (SNS) type [21, 22]. Typical

values of transparency for SNS junctions are D ~ 1.
However, the transparency values typical of our hetero-

junctions are D = 10°-10"* < 1, which enables us to
treat them, rather, as tunnel Josephson junctions [3];
however, in contrast to the latter junctions, their cur-
rent—phase relation is not necessarily sinusoidal.

Under the action of large-amplitude electromag-
netic radiation (with a = 1), the quasiparticles energy
distribution function may change, leading to the emer-
gence of fractional Shapiro steps [28]. For this reason,
we also measured the selective detector response of het-
erojunctions at frequencies f, = 35-120 GHz at a small
amplitude of electromagnetic radiation. Under these
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conditions, the detector response at voltages V =
(1/2)(hf./2e) corresponding to the emergence of the
fractional Shapiro step I,,,(a) was observed for all junc-
tions in which a step was detected. Thus, the emergence
of the second harmonic in the current—phase relation in
the form of fractional Shapiro steps was found to be
independent of the amplitude of the external radiation.
Indeed, the characteristic relaxation times for excited
quasiparticles in superconducting metal-oxide materi-
als are on the order of 10-3-10"'2 s [29], which is an
order of magnitude smaller than the period of oscilla-
tions of external electromagnetic radiation in our exper-
iments (107! s). Consequently, the quasiparticle energy
distribution function remains close to equilibrium
under the action of electromagnetic radiation with a fre-
quency up to 100 GHz.

Deviations of the current—phase relation from sinu-
soidal shape (and, hence, fractional Shapiro steps) can
be observed on the IV curves of distributed Josephson
junctions in view of a nonuniform distribution of the
superconducting current over the area of the junction
(e.g., when condition (2) of a lumped junction is vio-
lated) [21, 22]. It was noted in Section 3 during the dis-
cussion of size effects that condition (2) holds for all
heterojunctions studied by us. To find the effect of a
nonuniform distribution of the superconducting cur-
rent in a heterojunction on the current—phase rela-
tion, let us first consider heterojunctions for which a
more stringent criterion for a lumped junction as
compared to (2) is satisfied, i.e., L <A, A,

It was shown in Section 4 that the heterojunctions
under consideration can be treated as a chain of Joseph-
son 0 and 7 nanojunctions S/D, and S/D 5 in view of the
(7 10 2) crystallographic orientation of the YBCO film
and the morphology of its surface. It was noted above
that the YBCO order parameter contains both d-sym-
metric and s-symmetric components, which are respon-
sible for the emergence of current—phase relations of
S/D, and S/D,s nanojunctions of the first (I.;) and sec-
ond (/,) harmonics, respectively [17]:

I, Ry=AA/eAp, 4)

In these expressions, we assume that the order
parameter in YBCO is described by the expression

A(B) = Apcos20 +A,,

where 0 is the angle between the electron momentum
and the direction of the a axis, and A, is the s compo-
nent of the order parameter. Taking into account the

experimental transparency values D = 104, we obtain
from expressions (4) and (5) the ratio of the amplitudes
Vol. 101
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of the harmonics in the current phase dependence,

for values of A/e = 1 mV and Ap/e = 20 mV typical of
heterojunctions [3]. Such a level of deviation of the
shape of the current—phase relation from sinusoidal
cannot be detected at 7= 4.2 K because of thermal fluc-
tuations. At the same time, the contribution from
Andreev levels to the superconducting current of S/D,s
junctions leads to substantial increase in the second har-
monic amplitude in the current—phase relation [2, 5]:

_ AD 03
T TAAGKT
A quantitative estimate of the contribution of the sec-
ond harmonic in the current—phase relation to the
height of the harmonic Shapiro step was obtained using
the fact that the height of the nth harmonic step in the
high-frequency RSJ approximation (hf, > 2el.Ry) for
q # 0 varies as the sum of Bessel functions J, with dif-
ferent phases,

I/1, = 2max[J,(x)sin® + ¢J,,(2x)sin20], (6)
o

where x = a/o(0*B. + 1)"2; = hf./2el Ry is the nor-
malized frequency of the varying electromagnetic field;

B. = 41teIL.R,2v C/h is the MacCumber parameter, which

is determined by the capacitance C of the Josephson
junction. The maximum of the expression in the brack-
ets is taken for the phase shift ® between Josephson
oscillation and external radiation [21, 22, 30]. The val-
ues of the MacCumber parameter were obtained from
the hysteresis on the IV curves for the heterojunctions
under investigation and are given in the table; it can be
seen that the value of B, = 3-6 weakly depends on the
size of the junctions. Expression (6) implies that the
value of ¢ at a frequency hf, > 2el Ry can be calculated
from the minima of the experimental dependence
1.(a)/1(0). For example, at the first minimum, we have

_ I(a)
1= 1.00)7,(2%)°

which gives g = 0.14 for the experimental dependence
shown in Fig. 3a. It should be noted that this method of
estimating g rules out the effect of the capacitance of
the junction, but does not allow us to determine the sign
of the second harmonic amplitude in the current—phase
relation.

The finite capacitance of the junction and the second
harmonic in the current phase dependence lead to the
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Fig. 5. Heights of fractional Shapiro steps I, for hetero-
junctions with ¢ =—0.14 and B, = 4 as functions of the nor-

malized amplitude a of the external high-frequency current
for frequencies f, = 51.42 GHz (light squares) and 70.2 GHz

(dark squares). The dashed and solid curves correspond to
the 1,,,(a) dependences calculated by formula (7) for nor-

malized frequencies ® = 1.62 and 2.2, respectively.
formation of fractional Shapiro steps on the IV curves
with a height

Ji(x)Jo(x)
“(B.0)/4 +1

c

1
11/2 = 2max{ sin@[q], 2x)+p
o

()

1,(2x)J,(2x)
4¢°B, 20 05O | L
P gorar }}

The expression in the brackets is sign-alternating; con-
sequently, the I,,(a) dependence differs from that
obtained earlier for bicrystal junctions with a low
capacitance [15]: 1,,(a) < J,(2x), x = a/m. Values of g <
0 provide good agreement with experiment (Fig. 5). For
q > 0, the calculated values of I;,(a) substantially
exceed the measured values and do not lead to the
experimentally observed minimum between a = 0 and
the first minimum of the /.(a) function. Negative values
of g follow from theoretical calculations for S/D,s junc-
tions [2, 5-7] and were observed earlier in experimental
investigations of bicrystal Josephson junctions [9].

Pay attention to the fact that a slight change in the
normalized frequency ® of the external radiation
noticeably changes the shape of the /,,,(a) dependence.
This is due to the simultaneous effect of the capacity of
the junction and the nonsinusoidal current—phase rela-
tion on the process of formation of a fractional Shapiro
step (the first two terms in expression (7) have opposite
signs). The same behavior of the /,,,(a) dependence is
also observed in our case (see Fig. 5), although the
maximal value of I,,(a) differs from the theoretical
estimate by a factor of several units. It should be noted
that we did not use any fitting parameters for comparing
Vol. 101
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the experimental and theoretical results in Fig. 5. The
second harmonic amplitude in the current—phase rela-
tion and the amplitude scale of external electromag-
netic radiation were determined from comparing the
results of calculation based on formula (6) with the
experimental /.(a) dependence (see Fig. 3a).

According to [10, 11], the second harmonic ampli-

tude g ~ L2/7Lf in the current—phase relation must

increase with increasing size of heterojunctions
(L > \,) due to the presence of parallel-connected 0 and
T constants in the junctions. Indeed, the second har-
monic amplitude g = —0.4 determined by formula (6)
from the data presented in Fig. 3b for L = 30 um
increases to a value of ¢ =—0.9 upon an increase in the
junction size to L = 40 pum; in accordance with the
results of calculations [11], all values of g < 0.

7. CONCLUSIONS

It was found from electrophysical and microwave
properties of Nb/Auw/YBCO thin-film hybrid hetero-
junctions that the critical current density in the junction
is nonuniformly distributed over the junction length
even for lumped junctions (which are smaller than the
Josephson penetration depth, L < A;). Owing to faceting
of the interface in Au/YBCO films and the effect of d
symmetry of the superconducting order parameter in
YBCO, the heterojunctions studied here are correctly
described by the model of a chain of 0 and 7 junctions.
In such chains, “splintered” Josephson fluxons can be
formed with fractional values of the magnetic flux
quantum and with values of A, several times smaller
than the Josephson penetration depth for a magnetic
field.

It was found experimentally that the maximal value
of the first Shapiro step decreases with increasing fre-
quency of external electromagnetic radiation. Such a
behavior of high-frequency dynamic processes occur-
ring at frequencies f, << Ay,/h may be due to the emer-
gence of splintered fluxons leading to a nonuniform
distribution of the magnetic and microwave fields in
heterojunctions. This effect was enhanced with increas-
ing junction size (L > A); the departure of the magnetic-
field dependence of the critical current from the Fraun-
hofer dependence also increased.

The fractional Shapiro step and the subharmonic
selective detector response, which were experimentally
observed in the heterojunctions studied here, are asso-
ciated with the presence of the second harmonic in the
current—phase relation. The second harmonic ampli-
tude in the current—phase relation and its sign (the sec-
ond harmonic amplitude is negative for heterojunctions
under investigation) were estimated using experimental
methods.
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