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1. INTRODUCTION

In 2001, it was shown theoretically that near the
interface between a ferromagnet and a superconduc�
tor, triplet superconducting correlations (TSCs) with a
nonzero spin projection occur in the ferromagnet near
its interface with the superconductor along with con�
ventional (singlet) correlations when the magnetiza�
tion of the ferromagnet is spatially nonuniform [1, 2].
A distinguishing feature of TSCs is their insensitivity
to the exchange field and their penetration to the bulk
of the ferromagnet to distances typical of the normal
(nonmagnetic) metal (up to 100 nm). The occurring
TSCs were detected experimentally from the presence
of supercurrent in the structure formed by two super�
conductors with singlet superconductivity, which are
connected by a ferromagnetic interlayer with helical
magnetization [3], and by a ferromagnetic film or
nanowire with nonuniform magnetization at the inter�
faces with the superconductor [4, 5]. Later, it was
proved theoretically that TSCs occur in a composite
ferromagnetic interlayer between two singlet super�
conductors consisting of three and more ferromag�
netic layers in which the extreme layers contacting
with a superconductor ensure the conversion of the

singlet component of superconducting correlations to
the triplet correlation and back [6, 7]. Experiments on
superconducting niobium structures with a composite
cobalt�containing interlayer confirmed the possibility
of such a process, although the questions concerning
the mixing of compositions of metal layers remain
unanswered [8, 9]. The reciprocal effect of TSCs on
superconductivity in a singlet superconductor was
detected in [10, 11]. TSCs in superconductor struc�
tures with a ferromagnetic interlayer consisting of two
ferromagnets (S/FL/FR/S) were predicted for ballistic
transport without barriers in asymmetric heterostruc�
tures with strongly differing thicknesses or exchange
fields FL and FR of ferromagnets [12], as well as in the
case of diffuse scattering [13, 14]. It was shown theo�
retically that the dominant second harmonic in the
current–phase relation (CPR) of supercurrent is a
manifestation of the long�range proximity effect [13,
15, 16]. The largest share of the second harmonic was
predicted in [13] for disorientation of magnetizations
FL/FS with an angle close to 90° and a thickness of one
of the ferromagnets on the order of the coherence
length ξF. It was concluded in [17] from data on the
magnetic field dependence of critical current Ic that
the second CPR harmonic dominates in SFS systems
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with a magnetically active barrier. However, exact
estimates of the contribution of the second harmonic
to the CPR have not been obtained. An anomalously
high value of the critical current, which has been
observed in recent experiments with
YBa2Cu3O7 ⎯ x/SrRuO3/La0.7Sr0.3MnO3/Au–Nb struc�
tures, was explained by excitation of the triplet compo�
nent of the supercurrent in the ferromagnetic inter�
layer [18, 19]. In most computations and experiments,
a high transparency of interfaces (which is observed in
experiments at the interface between metallic super�
conductors and metallic ferromagnets) was presumed.
For example, in cuprate superconductor–manganite
ferromagnet oxide structures, the transparency of the
interface is determined, in particular, by the work
function [20] and can be relatively low, which limits
the proximity effect. It is for this reason that reports on
the excitation of triplet correlations at the interface
between a cuprate superconductor and manganite fer�
romagnet are rather contradictory. On the one hand,
the occurrence of the triplet component in a mangan�
ite ferromagnet was reported [21–24], while on the
other hand, the existence of a barrier with a low trans�
parency at the interface between a cuprate supercon�
ductor and a manganite ferromagnet, which strongly
limits the excitation of TSCs in the manganite ferro�
magnet, was detected [25, 26]. It should be noted that
La0.7Sr0.3MnO3 (LSMO) and La0.7Ca0.3MnO3
(LCMO) manganite ferromagnets used in experi�
ments are ferromagnets with 100% magnetic polariza�
tion of carriers (magnetic half�metals) at low temper�
atures. Therefore, singlet excitations at the interface
with the ferromagnet are suppressed, but this does not
rule out the excitation of spin�triplet correlations.

In this study, we report on the results of experimen�
tal investigations of supercurrent and quasiparticle
current in hybrid epitaxial micron�size superconduct�
ing mesastructures with an asymmetric composite fer�
romagnetic interlayer; the characteristic quantities (in
particular, the coherence length in the ferromagnet
and transparency of the cuprate superconductor–fer�
romagnet interfaces) are estimated, and the contribu�
tion of the second harmonic in the current–phase
relation of supercurrent is determined experimentally.

2. EXPERIMENTAL SAMPLES
AND MEASURING TECHNIQUE

We studied mesastructures consisting of two super�
conductors (a cuprate superconductor with a high
superconducting transition temperature and metallic
niobium) connected by a composite interlayer consist�
ing of two ferromagnets. The lower superconductor
electrode (YBa2Cu3O7 – x (YBCO) cuprate) was sput�
tered by laser ablation using an excimer Kr laser with a
wavelength of 248 nm on (110)NdGaO3 (NGO) or
(001) LaAlO3 (LAO) substrates with a size of 5 × 5 mm
and a thickness of 0.5 mm; then two layers of ferro�
magnet (strontium ruthenate SrRuO3 (SRO) and

strontium�doped lanthanum manganite
La0.7Sr0.3MnO3 (LSMO)) were deposited in situ. The
YBCO layer with a thickness of 80–190 nm was sput�
tered at a substrate temperature of 790°C and an oxy�
gen pressure of 0.6 mbar; the SRO and LSMO layers
were sputtered at a substrate temperature of 760°C and
an oxygen pressure of 0.3 mbar. Then the mesastruc�
ture was cooled in an oxygen atmosphere to 100°C
with a cooling rate of 5–10°C/min, after which the Au
layer with a thickness of 20 nm was sputtered at a tem�
perature of 100°C and a pressure of 10–5 mbar to pre�
vent degradation of the surface prior to Nb sputtering
ex situ during preparation of the mesastructure. A Nb
layer with a thickness of 100 nm was deposited by mag�
netron sputtering [18]. The measuring circuit and the
cross section of the mesastructure with a composite
interlayer are shown in Fig. 1a. For comparison, struc�
tures with interlayers consisting of a single ferromag�
net were prepared (Fig. 1b).

Depending on the sputtering conditions, the
superconducting transition temperature for YBCO
was 80–88 K for a transition width of 2 K. The upper
superconducting electrode was an Au–Nb bilayer. The
superconducting transition temperature of the bilayer
was in the interval 8.3–8.7 K for a transition width of
0.2 K. Five mesastructures with linear sizes of L = 10,
20, 30, 40, and 50 μm on the plane were prepared on
the substrate (henceforth referred to as a chip) using
photolithography, ion�beam etching, and lift�off pho�
tolithography. The SiO2 film of thickness 40 nm was
used for insulating the contact at the end faces of the
mesastructure. The properties of the surfaces were
monitored for satellite films using an atomic force
microscope, while sharp interfaces between
SRO/LSMO layers were observed in the transmission
electron microscope (Fig. 1c).

The use of the epitaxial film of the YBCO cuprate
superconductor as the lower electrode was necessi�
tated by the fact that this could ensure the epitaxial
growth of the oxide interlayer, for which two ferromag�
netic materials were used: LSMO with a coercive force
of 20–30 mT and an exchange energy of 2.3 meV [27]
and SRO with a coercive force on the order of 1 T and
an exchange energy of 13 meV [28]. The resistive char�
acteristics of satellite films and the current–voltage
(I–V) characteristics of the mesastructures were mea�
sured using the four�probe circuit (see Fig. 1a) in the
temperature range 4.2 K < T < 300 K in magnetic fields
H up to 2 kOe under the action of microwave mono�
chromatic radiation at frequencies fe = 1–3 GHz and
36–45 GHz. Radiation with a frequency of 1–3 GHz
was fed by a coaxial cable through blocking capacitors,
while radiation of millimeter wavelengths was fed
through a waveguide transmission line. To reduce the
effect of external electric fields, measurements were
taken in a screened box using a signal filtration system.
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3. EXPERIMENTAL RESULTS
AND DISCUSSION

We tested more than 25 chips with a hybrid ferro�
magnetic interlayer with five mesastructures on each
chip. The thicknesses of the SRO and LSMO films
were varied in the limits of 4–23 and 2–28 nm, respec�
tively. The topology of the chips remained unchanged;
only the thicknesses of ferromagnetic interlayers were
varied. The table contains the electrophysical parame�
ters for several mesastructures that will be considered
in greater detail below.

3.1. Electron Transport

The temperature dependences of resistance R of
mesastructures (Fig. 2a) contain two segments with
decreasing resistance, which correspond to transition
of YBCO and Au–Nb films to the superconducting
state. Above the superconducting transition tempera�

ture for YBCO ( ), the R(T) dependence exhibits
the metal�type linear behavior typical of the tempera�
ture dependence for the YBCO electrode (see Fig. 2b).

At T < , the value of R sharply decreases
(Fig. 2a) and no features typical of the temperature
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Fig. 1. (a) Cross section and circuit diagram for measuring electrophysical parameters of the mesastructure: A—source of current
through the mesastructure; V—voltmeter. (b) Characteristic values of resistances RNA for three types of mesastructure, averaged
over five chips. (c) Image of the SRO/LSMO interface obtained by JEM�2100 transmission electron microscope with magnifica�
tion 8 × 105; the position of the interface is marked by arrows.

Electrophysical parameters of mesastructures considered in this study

Mesastructure no. dSRO, nm dLSMO, nm L, μm RNA, μΩ cm2 jc, A/cm2 λJ, μm

1 14 0 20 0.11 0 –

2 0 2 20 120 0 –

3 8.5 6 10 0.16 88 28

4 8.5 6 10 0.13 4.5 120

5 8.5 6 20 0.11 5.7 110

6 8.5 6 40 0.13 1.9 190

7 5.6 15 50 0.20 1.1 220

8 10 9 30 0.15 2.2 170

9 8.5 3 10 0.13 25 51

dSRO and dLSMO are the thicknesses of the SRO and LSMO films; L is the linear size of the mesastructure, jc is the critical current density,
RNA is the characteristic resistance of the mesastructure, RN is the normal resistance, and A = L2 is the mesastructure area. Mesastructure
nos. 4–6 are located on the same chip.
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dependences of autonomous films (see Fig. 2b) con�
stituting the mesastructures are observed in this tem�
perature range. This is due to the fact that below the
superconducting transition temperature of YBCO, the
contribution of the LSMO and SRO films to the value
of RNA (area A = L2) is substantially smaller than the
contribution from the interfaces of the films in the
mesastructure. Additional measurements show that
the resistance of the Au–Nb bilayer film is also low
[29]. As a result, the resistance of the mesastructure in

the temperature range T <  is the sum of the
resistances of the YBCO/SRO, SRO/LSMO, and
LSMO/Au interfaces between the materials:

Figure 3 shows the values of characteristic resis�
tance RNA of the YBCO/SRO/LSMO/Au–Nb mesa�
structures, measured for current I > Ic of the mesas�
tructure as a function of the LSMO interlayer thick�
ness. It can be seen that the value of RNA noticeably
changes from chip to chip. The resistances of the
mesastructures on the same chip (i.e., having the same
thickness of the interlayer) differ much less strongly. It
will be shown below that this is due to the decisive
effect of the LSMO/Au interface, which was subjected
to ion cleaning by ex situ sputtering of Nb, on the value
of RNA.

To compare the resistive characteristics of the
interfaces in a mesastructure and to find which contri�
bution from which interface determines the resistance
of the mesastructure with a composite interlayer, we
additionally prepared structures with a single ferro�
magnetic interlayer (e.g., sample nos. 1 and 2 in the
table). The results for characteristic resistances RNA
averaged over five chips for all structures are shown in
Fig. 1b. The value of RNA for structures with the SRO
interlayer is almost three orders of magnitude smaller
than for the structure with the LSMO interlayer.
Assuming that the resistance of the LSMO/Au inter�
face does not exceed 1 μΩ cm2 [30], the high resis�
tance of the YBCO/LSMO/Au mesastructure
(100 μΩ cm2) (see Fig. 1b) can be explained by the
high resistance of the YBSO/LSMO interface. Using
the results from [30], we find that the resistance of the
SRO/Au interface is about 0.05 μΩ cm2, while the
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Fig. 2. (a) Temperature dependence of the resistance of mesastructure no. 8. The lower inset shows the magnified segment of the
R(T) curve at low temperatures; the upper inset shows the temperature dependence of the critical current. (b) Temperature
dependences of normalized resistance of YBCO, SRO, and LMSO films with thicknesses of 100, 60, and 55 nm, respectively,
sputtered directly on the (110) NGO substrate. The values of sheet resistances are 11, 27.5, and 87 Ω for YBCO, SRO, and LMSO
films, respectively.
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Fig. 3. Dependence of RNA of the
(110)NGO/YBCO/SRO/Au/Nb mesastructure on the
thickness of the LSMO interlayer for various values of size
L of the mesastructure.
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resistance to the YBCO/SRO interface is 0.1 μΩ cm2,
which coincides with the data from [25].

Let us consider the contribution from the
LSMO/Au interfaces, which cannot exceed
0.2 μΩ cm2 taking into account our results for the
YBCO/SRO interface, which is smaller than the value
obtained in [30] (1 μΩ cm2). Note that data on the
resistance of the LSMO/Au interface were obtained in
[25, 30] by depositing gold ex situ after cooling of the
LSMO epitaxial film transported to another chamber.
As a result, the resistances of the LSMO/Au interface
obtained by the two methods differ significantly. Con�
sequently, the main contributions to the resistance of
the mesastructure with a composite interlayer in our
case comes from the interfaces (RYBCO/SRO ≈
0.1 μΩ cm2 and RLSMO/Au ≈ 0.2 μΩ cm2).

We believe that resistance RSRO/LSMO of the inter�
face does not make a substantial contribution to the
resistance of the mesastructure. TEM measurements
show that the SRO/LSMO interface in mesastructures
is quite homogeneous and is clearly seen on the scale
of Fig. 1c. More detailed analysis of the SRO/LSMO
interface using TEM with correction of aberrations in
SRO/LSMO heterostructures [31] revealed mixing of
Mn and Ru atoms on the scale of an atomic cell
(0.3 nm), as well as mixing of Sr and La atoms on the
scale of two atomic cells. Electron energy loss spec�
troscopy (EELS) revealed that a nonuniform distribu�
tion of oxygen vacancies within 1–2 nm can be
observed at the SRO/LSMO interface [31, 32]. The
high quality of the SRO/LSMO interface allows us to
disregard the contribution of resistance RSRO/LSMO of
the interface. Indeed, analysis of superlattices
(LSMO/SRO)n of the films (n = 1, 12, 24) revealed
that the contribution of the resistance of the
LSMO/SRO interface is substantially smaller than the
resistance of individual films [33]. Consequently, the
value of RNA of the mesastructure is mainly deter�
mined by the resistances RLSMO/Au and RYBCO/SRO.

Using the values obtained for the characteristic
resistance of interfaces, we can estimate the averaged
(over the directions of quasiparticle momentum)
transparency of the LSMO/Au interface using the for�
mula

(1)

where pF is the smallest value of the Fermi momentum
from LSMO and Au for the following parameters:
ρLSMOlLSMO ≈ 2 × 10–11 Ω cm2 and RNA = 0.2 μΩ cm2.
The transparency D of the interface is found to be
quite low (D ≈ 10–3). The transparency of the
YBCO/SRO interface obtained for a slightly different
characteristic resistance RNA = 0.1 μΩ cm2 of the
interface is approximately equal to 10–2 due to smaller
values of ρLSMOlLSMO. It should be noted that the esti�
mate for the transparency of the interface was
obtained using the free electron model disregarding

D 2π
2
�

3

e2pF
2

����������� 1
RNA
�������� 2ρ

LSMOlLSMO

3RNA
��������������������������,= =

the correlation effects in metal oxide films. Conse�
quently, we have a structure of two superconductors
connected by a composite interlayer of two ferromag�
nets separated by a transparent interface. The trans�
parency at the interfaces between the superconductors
and ferromagnets is D = 10–3 to 10–2.

3.2. Dependence of the Critical Current
on the Interlayer Thickness

The critical current observed for most investigated
mesastructures with the total thickness of the compos�
ite interlayer from 7 to 50 nm in the temperature range

4.2 K < T <  exhibited a linear decrease upon
heating (see inset to Fig. 2a). For comparison, there
was no supercurrent in mesastructures with a single
ferromagnetic interlayer (LSMO or SRO) with a
thickness exceeding 5 nm, which is equal in order of
magnitude to the coherence length ξF, which will be
estimated later. For smaller thicknesses of the inter�
layer, the supercurrent in some samples was associated
with the current through pinholes. The existence and
the power decrease of the critical current for compos�
ite layer thicknesses exceeding 5 nm indicate the trans�
port of spin�triplet superconducting correlations
through the ferromagnetic interlayer [8, 19]. The
spread in the values of the critical current for different
chips and within a chip noticeably exceeded the spread
in the values of RNA; for this reason, Fig. 4 shows the
distribution profiles of the critical current density jc on
plane dLSMO, dSRO, which were obtained by averaging
over several samples with the same thickness. It can be
seen that the critical current density has a peak for
layer thicknesses dLSMO ≈ 6 nm and dSRO ≈ 8 nm. It
should be noted that the critical current peak of TSCs
in superconducting structures with a bilayer composite
ferromagnetic interlayer is predicted for a thickness on
the order of the coherence length [7, 13].

Let us estimate the coherence length in the films
forming the interlayer. Since electron mean free path l
in oxide materials (SRO and LSMO) is quite small
[35, 36], we can assume that the electron transport is
of the diffusion type. In addition, thin films typically
exhibit diffuse scattering from the SRO/LSMO inter�
face due to the difference in the Fermi velocities of the
materials. In the case of diffusion, the coherence
length in a normal (nonferromagnetic) material is
ξN = (�D/T)1/2, while its value in a ferromagnetic
material is ξF = (�D/Eex)

1/2, where D = vFl/3 is the dif�
fusion coefficient and vF is the Fermi velocity. We can
estimate the mean free path using the semiempirical
formula l = lphonon(R300 K/R4.2 K – 1), where lphonon is the
phonon mean free path from the literature (0.4 nm for
LSMO [35] and 1 nm for SRO [36]). The measured
R(T) dependences show that R300 K/R4.2 K ≈ 3 for SRO
films grown on the (110)NGO substrate and
R300 K/R4.2 K ≈ 10 for LSMO films grown in the

Tc
Au–Nb
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(110)NGO substrate (see Fig. 2b). This gives  ≈

8 nm and  ≈ 3 nm, respectively. It can be seen
from Fig. 4 that the peak of the critical current is
observed for values of dLSMO slightly smaller than our

estimate of ; conversely, the value of dSRO for the
SRO substrate is slightly larger than our estimates of

coherence length .

3.3. Magnetic�Field Dependences 
of the Critical Current

The magnetic�field dependences of the critical
current of mesastructures (Fig. 5a) noticeably differed
from the Fraunhofer dependence typical of Josephson
junctions with a uniform distribution of the supercur�
rent. When the field direction changes (from an
increase to a decrease and back), a hysteresis associ�
ated with the ferromagnetic origin of the interlayer
materials is observed on a large scale of field variations.
Moreover, the critical current is observed at much
higher values of fields (up to 2 kOe in experiment; see
inset to Fig. 5a). For example, for mesastructure no. 5
for H = –1.3 kOe, the critical current is Ic = 16.5 μA,
which constitutes 94% of Ic(H = 0) and 0.7 of the peak
value at H = –6.5 Oe. It should be noted that the crit�
ical current in YBCO/Au/Nb mesastructures without
a magnetic interlayer [29] and with an antiferromag�

ξF
LSMO

ξF
SRO

ξF
LSMO

ξF
SRO

netic Ca0.7Sr0.3CuO2 interlayer [37, 38] sharply
decreased upon an increase in the magnetic field,
while the critical current in a mesastructure with a fer�
romagnetic composite interlayer even increased in
fields stronger than 1 kOe. Such an unusual behavior
of the critical current with TSCs in structures with a
metallic ferromagnetic interlayer was also noted in [9].

The magnetic�field dependence of the critical cur�
rent is governed by several mechanisms: penetration of
magnetic flux quanta (Josephson vortices) leading to
the “Fraunhofer” dependence; the occurrence of the
domain structure in the ferromagnetic interlayer; and
rotation of the magnetization of the layers under the
action of magnetic field. In the case of a Josephson
junction with a uniform distribution of the supercur�
rent, the dependence of the critical current on the
magnetic field parallel to the plane of the junction is
described by the Fraunhofer dependence

(2)

where Φ0 = 2.06783461 × 10–7 G cm2 is the magnetic
flux quantum and Φ = μ0HSeff is the magnetic flux of
the external field in the mesastructure [17, 39]. Zeros
(minima) of the Fraunhofer dependence are observed
for the external magnetic field flux through the cross
section of the mesastructure, equal to magnetic flux
quantum Φ ≈ Φ0. It should be noted that in the
absence of TSC, the supercurrent must be consider�
ably suppressed in a magnetic field in accordance with
relation (2) for Φ � Φ0, when several magnetic flux
quanta penetrate the junction because the maxima on
the Fraunhofer dependence decrease in proportion
to 1/Φ.

Estimating the effective area Seff = Ld' of penetra�
tion of the magnetic field directed along the junction
plane, we must take into account permeabilities of
interlayers, d' = μ1dLSMO + μ2dSRO + λNb + λYBCO,
where λNb = 90 nm and λYBCO = 150 nm, are the Lon�
dons magnetic field penetration depths for Nb and
YBCO, respectively, and μ1,2 is the permeability. For
Josephson junctions with a ferromagnetic interlayer,
the effective thickness increases by a factor of μ = 1 +
χ [17, 40]. Substituting the values of μ1 = 12 and μ2 =
3 obtained from the magnetic�field dependences of
the magnetic moment of the interlayer for thicknesses
dLMSO = 6 nm and dSRO = 8.5 nm and L = 10 μm of
mesastructure no. 4 (see Fig. 5a), we find that the min�
ima of the critical current must be located at ΔH =
6 Oe due to the penetration of Josephson vortices.
This value differs insignificantly from spacing ΔH ≈
10 Oe between the minima on the Ic(H) curve shown
in Fig. 5a. The difference can be due to the fact that to
estimate χ, we used the results of measurements of
magnetic moment M(H), which were obtained for the
magnetic field direction coinciding with the hard
magnetization axis [19]. Fourier analysis of oscillatory
dependences Ic(H) recorded on the scale of fields up to

Ic H( ) Ic 0( )
πΦ/Φ0( )sin

πΦ/Φ0

������������������������� ,=

10

0 10
dLSMO, nm

5

jc, А/сm2

5

dSRO, nm

12 8 4 2 1

Fig. 4. Contours of the region of the critical current density
distributions at T = 4.2 K on the plane of the thicknesses of
the ferromagnetic layers of the interlayer. The boundaries
are obtained from the values of jc averaged over several
mesastructures.
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±30 Oe for mesastructure nos. 4, 5, and 6 located on
the same chip and having the same thickness d' shows
the existence of three to five periods of the Ic(H)
dependence, which increase in proportion to L–1 (see
Fig. 5b).

It is well known that the domain structure in the
ferromagnetic interlayer can radically change the
mechanism of electron transport [41–43]. In particu�
lar, domains can stimulate excitation of TSC in the
ferromagnet in contact with a cuprate superconductor
exhibiting d�wave symmetry of the superconducting
order parameter [41]. Magnetic domains in the LSMO
film in a magnetic field applied in the substrate plane
have size ddom = 0.1–0.3 μm, and the shape of domains
strongly depends on the field strength in the film [44,
45]; the domains in the SRO film have the same size
[46]. In weak magnetic fields (smaller than the LMSO
saturation field approximately equal to 200 Oe), the
domains of the LMSO film can produce the strongest
effect, while in fields of 1000 Oe and higher, the
domains in the SRO field play the major role. It should
be noted that period ddom of the domain structure is
considerably smaller than the magnetic field penetra�
tion depths λJ = Φ0/(2πμ0d'jc)–1/2 in the Josephson
junction, which are given in the table. According to
estimates obtained in [43], magnetic flux distortions
caused by domains are averaged over scale λJ and are
not manifested in the critical current for ddom � λJ. It
cannot be ruled out, however, that domain�induced
inhomogeneities in the magnetization of the LSMO
film may lead to additional modulation of the Ic(H)
dependence. However, it can be seen from the data
presented in Fig. 5b that the oscillations of Ic(H) are
not associated with the domain structure, because the
effective area Seff = ddomd' of magnetic field penetra�
tion in this case must correspond to substantially

larger periods of oscillations of the critical current as a
function of the magnetic field, than the value of ΔHFFT
in the figure. The existence of Fourier expansion com�
ponents with fractional periods ΔHFFT rather indicates
the deviation of the CPR from the sinusoidal depen�
dence [17] than the effect of the domain structure.

It is also important that the maximal values of the
critical current are observed in nonzero magnetic
fields (see Fig. 5a). In zero magnetic field, the cou�
pling between the SRO and LSMO films is antiferro�
magnetic, as follows from the measurements of mag�
netization of YBCO/SRO/LSMO/Au samples on a
SQUID magnetometer [19]. With increasing field, the
angle between the directions of magnetization of the
interlayer materials changes and the critical current
increases [13]. In the LSMO saturation fields (200–
300 Oe), the magnetization of LSMO is directed along
the external magnetic field and does not change in
strong magnetic fields. Consequently, the behavior of
Ic(H) in fields exceeding 1 kOe is determined by the
magnetization of the SRO interlayer.

3.4. Microwave Dynamics of Mesastructures

Analysis of the high�frequency dynamics of the
Shapiro steps occurring on the I–V curves under the
action of microwave radiation indicates the lack of
direct contacts (pinholes) between superconductors,
because oscillations of Shapiro steps depending on the
microwave power are observed and the amplitudes of
these oscillations are conform with the model of a
resistively shunted Josephson junction [29]. The
absence of pinholes is ensured by high values of the
interlayer thickness for which the roughness of the lay�
ers is much smaller than the thicknesses of the LSMO
and SRO films.
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A more accurate comparison of the experimental
dependences of the Shapiro steps with those calcu�
lated using the modified resistive model [29] makes it
possible to determine the CPR of mesastructures. The
CPRs were measured in zero magnetic field as well as
upon cooling of mesastructures in a constant magnetic
field (100–200 Oe) parallel to the substrate plane. The
family of I–V curves obtained under the action of
microwave irradiation at a frequency of 41 GHz is
shown in Fig. 6a. Since the normalized frequency fe of
microwave radiation was substantially higher than the
characteristic frequency of the mesastructures (fe �
fc = (2e/h)IcRN), the effect of capacitance of the mesa�
structures could be disregarded (McCumber parame�

ter βc = (2π/Φ0)Ic C � 1). Under such conditions,
the occurrence of a fractional Shapiro step on the I–V
curve (which was determined by differentiating the I–
C characteristics shown in Fig. 6a) unambiguously
indicates that the CPR is not sinusoidal [29]. The ratio
q = Ic2/Ic1 of the CPR second harmonic amplitude to
the amplitude of the first harmonic was determined
from numerical approximation of the dependences of
the critical current amplitudes and Shapiro steps on
the normalized microwave current (Fig. 6b). Due to
the effect of the CPR second harmonic, the critical
current and the first Shapiro step have nonzero local
minima (see Fig. 6b). Since we assumed that Ic1 ≈ Ic

(which is the case for small q < 1), the values of q deter�
mined by this method are slightly underestimated.
According to theoretical work [13], the second har�
monic dominates in the CPR during the excitation of
spin�triplet correlations in the asymmetric ferromag�
netic interlayer, increasing with the angles of misori�
entation of magnetization of the layers in the interlayer
and attaining its maximal value for angles close to π/2.
According to the results of measurements on the
SQUID magnetometer, antiferromagnetic ordering of
the magnetizations of the LSMO and SRO layers is

RN
2

observed in the substrate plane. Consequently, in zero
external field, the magnetizations of the ferromagnetic
layers are antiparallel, and the critical current is mini�
mal in accordance with the results obtained in [13].
This is indeed observed on the Ic(H) dependence (see
Fig. 5a). For the LSMO ferromagnet with uniaxial
magnetic anisotropy, the angle between the direction
of magnetization and the external magnetic field is
determined by the magnetic field magnitude; in fields
stronger than the saturation field (200–300 Oe), the
magnetization of the LSMO layer is directed along the
field. Consequently, an increase in the CPR second
harmonic should be observed even in weak fields.
However, we have not observed an increase in the frac�
tion of the second harmonic in the microwave experi�
ments on five mesastructures upon the application of a
magnetic field of 20–50 Oe, and the maximal value
was q = 0.5. The limitation imposed on the growth of
the CPR second harmonic amplitude can be due to
nonuniformity of the exchange field in the ferromag�
netic layers, which is associated with the domain
structure [42], as well as diffuse scattering and spin flip
[14] because of the imperfection of the interfaces
between the superconductors and ferromagnets in the
mesastructure. It should be noted that the reason for
the occurrence of the CPR second harmonic in a
Josephson junction between the s�wave and d�wave
superconductors can be due to the fact that the sym�
metry of the condensate wavefunction of YBCO in the
ab plane is predominantly of the d�wave type [29].
However, in the c direction of YBCO, the critical cur�
rent is determined by the s�wave component of the
superconducting order parameter [29]. In our c�ori�
ented mesastructures, the s�wave component of the
YBCO is small, which is manifested in small values of
critical frequency fc as compared to that for structures
without an interlayer [29]. It should be noted that in
the c direction of superconducting contacts with the d�
wave symmetry, which are connected by a ferromagnet
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with a domain wall, exactly the s�wave TSC compo�
nent appears [41]. However, the effect of the domain
structure of ferromagnets on the ratio of the CPR har�
monics of the Josephson current with TSCs in the
S/FL/FR/S junctions remains unclear.

4. CONCLUSIONS

It has been shown experimentally that the critical
current of superconducting mesastructures with an
LMSO/SRO asymmetric composite magnetic inter�
layer is a nonmonotonic function of thicknesses dLSMO

and dSRO of the manganite and the ruthenate. The
supercurrent is observed for the total interlayer thick�

ness up to 50 nm (in particular, when dLSMO � ).
The maximal critical current density is observed for
interlayer thicknesses close to the coherence length. In
spite of the low transparency of the interfaces between
the superconductors and ferromagnets, the observed
Josephson effect can be explained by the occurrence of
TSCs. A complex magnetic�field dependence of the
critical current of mesastructures is determined by
several factors. For fields weaker than the saturation
field for the LSMO film, Fourier analysis makes it pos�
sible to single out components corresponding to frac�
tional values of the main period of Ic(H) oscillations
associated with deviation of the CPR from the sinuso�
idal dependence. This is confirmed by microwave
measurements of the dependences of the Shapiro step
heights on the radiation power; it was found that the
value of the second harmonic may reach 50% of the
first harmonic. Another factor determining the modu�
lation of the magnetic�field dependence is the forma�
tion of domains; however, the mechanism of the influ�
ence of domains on the magnetic�field dependence of
the critical current remains unclear so far.
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