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The superconducting current induced by the penetration of the long-range triplet component of supercon-
ducting correlations into a composite ferromagnetic interlayer has been detected in mesa-heterostructures
based on oxide cuprate superconductors YBa,Cu;0; _ 5 and Au/Nb bilayer films with the composite oxide
interlayer that is made of ferromagnetic films of manganite La, ;Sr; ;MnOj; and ruthenate SrRuO; and has a
thickness much larger than the length of correlations determined by the exchange field. The deviation of the
superconducting current in the mesa-heterostructure with the fraction of the second harmonic of 13% from
a sinusoidal current—phase relation has been detected; this deviation can also be due to the generation of the
triplet component of superconducting correlations in the ferromagnet.
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It is known that long-range triplet superconducting
correlations can occur in a nonuniformly magnetized
ferromagnet (F) between two singlet superconductors
(S) [1, 2]. The triplet pairing was previously consid-
ered for the explanation of the appearance of the A
phase in superfluid *He [3]. In SFS structures with
uniform magnetization, the projection of the spin of a
superconducting pair on the direction of the magneti-
zation is conserved and singlet and triplet supercon-
ducting correlations with zero spin projection appear
in F [2, 4]; they penetrate into F and oscillate in it with
the characteristic length &y determined by the mag-
netic exchange energy E.,. In particular, in the dirty

limit, & = /(R D/E,,), where D = vl/3 is the diffu-
sion coefficient, v is the Fermi velocity, and / is the
mean free path. In the case of the generation of long-
range triplet superconducting correlations with non-
zero (1) spin projection, the exchange interaction
does not suppress superconductivity [2] and the length
of correlations (e.g., in the dirty limit) is determined

by the temperature T as &y = ./(AD/kyT) as for SNS

contacts with normal metal (N). Since the condition
kgT < E, is usually satisfied in experiments, the
appearance of long-range triplet superconducting cor-
relations in a ferromagnet leads to the anomalously
strong proximity effect and the existence of the super-
conducting current in SFS structures at sufficiently
large distances between superconductors.
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The first experimental indications of the anoma-
lously strong proximity effect explained by the gener-
ation of long-range triplet superconducting correla-
tions in a ferromagnet were obtained when studying an
Andreev interferometer with a holmium film bridge
having spiral magnetization [5] and SFS structures
with CrO,, which is a semimetallic ferromagnet with
100% polarization [6, 7]. These experimental data
were confirmed when studying single-crystal cobalt
nanowires [8] and SFS structures with Heusler alloy
[9], and a ferromagnet with spiral magnetization [10]
and “synthetic” interlayers consisting of alternating
PdNi and Ho layers [11]. The authors of [12] recently
reported a change in the superconducting critical tem-
perature of the SFF' structure consisting of a super-
conducting film S deposited on the bilayer structure of
ferromagnets with noncollinear magnetization [12].

At the same time, the investigations of long-range
triplet superconducting correlations in SFS structures
with a manganite ferromagnetic interlayer with 100%
polarization, where singlet superconducting correla-
tions cannot appear, give contradictory results. On one
hand, the authors of [13, 14] reported the effect of
long-range triplet superconducting correlations on
Andreev  reflection in  structures with a
La, ,Ca, ;MnO; manganite; on the other hand, super-
conducting current was not observed in them except
for the case of pinholes [15, 16].
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Fig. 1. Superconducting current density in the mesa-het-
erostructure versus the thickness of the LSMO film d, at

T = 4.2 K. The thickness of the SRO film d, varied in the

range of 4—5 nm. The squares, circles, pentagons, trian-
gles, and diamonds mark junctions with the sizes in the
plane of the substrate of 10 x 10, 20 x 20, 30 x 30, 40 x 40,
and 50 x 50 um, respectively. The data for the mesa-het-
erostructure with the thickness of the SRO layer d| = 23

nm are shown separately. The inset shows the cross section
of the hybrid heterostructure with the composite interlayer.
The arrows schematically show the directions of the mag-
netization vectors.

In this work, we experimentally study hybrid het-
erostructures S/M/S, (where S is the Nb/Au bilayer
structure and S, is the YBa,Cu;0, cuprate supercon-
ductor) with a composite magnetic oxide interlayer M
consisting of two thin layers of La,,Ca,;MnO; and
SrRuQ; ferromagnets with noncollinear magnetiza-
tion directions. Such structures were theoretically
considered in [17—20].

Mesa-heterostructures square with the in-plane
side L from 10 to 50 pum were fabricated on
(110)NdGaO; substrates [21]. The lower electrode
was an epitaxial film of YBa,Cu;0,_5 cuprate super-
conductor and the upper superconducting electrode
was a Nb/Au bilayer structure. The interlayer M con-

Parameters of the mesa-heterostructures at 7 = 4.2 K,
where d| is the thickness of the SRO, d, is the thickness of
the LSMO, L is the linear dimension of a mesa-heterostruc-
ture in the plane of the substrate, RyA is the characteristic
resistance of a mesa-heterostructure, A = L2, and jo = Io/A
is the superconducting current density

Sample | d|,nm | dy, nm | L, um Hg}\? 2 A;‘g;’nz
912 14 0 20 0.12 0
666 0 2 20 1200 0
932 5.5 3 30 0.11 2
930 5.5 6 20 0.15 9
978 4.5 3 50 0.45 0.75
934 23 30 30 350 0.3
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sisted of two ferromagnets: F;, was SrRuO; (SRO) and
F, was La,, ;Sr; ;MnO; (LSMO) with thicknesses from
5 to 30 nm (see inset in Fig. 1). The magnetization
vector of the Lay,Sr,;MnQO; epitaxial film lay in the
plane of the substrate [21], whereas the magnetization
vector of the SrRuQO; film was usually directed at an
angle of about 23° to the plane of the substrate [22].
The study of ferromagnetic resonance in the
LSMO/SRO heterostructure at a frequency of 10 GHz
showed the presence of uniaxial magnetic anisotropy
characteristic of LSMO films [21]. However, the effect
of the ferromagnetism of the SRO film was not
revealed because of a high (about 1 T) saturation field
of SRO. Peaks of three materials of heterostructures,
YBCO, LSMO, and SRO, were observed in X-ray
spectra of the LSMO/SRO/YBCO heterostructure.
This indicates the epitaxial growth of films in the het-
erostructure and the absence of mixing of the materials
at interfaces. The shape of the mesa-structure and feed
lines for a direct current supply were formed using
photolithography and plasmachemical and ion etch-
ing [16].

The superconducting current was observed in all
mesa-heterostructures with the total thickness d of the
composite interlayer up to 53 nm, which is much
larger than the coherence lengths of the ferromagnets
of the interlayer & that are determined by the
exchange field (see table).

To calculate the coherence length &;q\o in the
LSMO film, we used the exchange energy E., =
2.3 meV found from the measurements of the electron
specific heat [23]. The estimate obtained in the dirty
limit is & gyo = 7 nm at vy = 2 x 107 cm/s and the
mean free path /; g0 = 0.4 nm, which is calculated
from the difference between the resistances of the
autonomous LSMO film at room and helium temper-
atures [24]. The value E, = 13 meV for SRO was
obtained from the measurements of the proximity
effect at the SRO/YBCO interface [25]. In the dirty
limit at v = 107 cm/s and the mean free path Iy =
1 nm, this gives the value Egzo = 2 nm, close to the
estimate obtained in [26]. The control measurements
of the mesa-heterostructure with interlayer made only
of LSMO [16] or only of SRO [27] showed that the
critical current is absent for mesa-heterostructures
where the SRO and LSMO spacers are thicker than 14
and 2 nm, respectively (see table).

The current density j of the mesa-heterostructures
under study decreases by an order of magnitude with
an increase in the total thickness of the spacer d = d| +
d, from 8.5 to 53 nm. At the same time, a quite high
value j- = 9 A/cm? was observed for sample 930 (d =
11.5 nm, L = 10 um, see table). The critical current
density j- depends nonmonotonically on the thickness
d, of the LSMO (see Fig. 1). The low critical current
density at small d, values (1.5 and 3 nm) is explained
by the formation of the so-called dead (nonmagnetic)
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Fig. 2. Magnetic-field dependence of the critical current of
the mesa-heterostructure with the dimensions L = 50 pm,
d; =4.5nm, and d, = 3 nm in the range of fields below the
saturation field of the ferromagnetic interlayer at 7= 4.2 K.

layer at the interface, where ferromagnetic properties
are suppressed with a decrease in the thickness of F. It
can be seen that an increase in the total thickness of
the interlayer d owing to the doubling of d, leads to a
quadruple increase in the average j value for the sam-
ple with initially almost the same d, and d, values. It is
noteworthy that the nonmonotonic dependence of the
critical long-range triplet superconducting correlation
on the thickness of one of the ferromagnets with the
maximum at d = §g was theoretically predicted in [20],
but for a more complex structure. A further significant
increase in d in the experiment was accompanied by a
decrease in the critical current according to the theo-
retical calculations reported in [17—20].

The measurements of the critical current /. as a
function of the magnetic field H (Fig. 2) show that it
increases with the weak magnetic field from 5 to 15 Oe.
The strength of the magnetic field at which the critical
current is maximal depends on the parameters of the
mesa-heterostructure and the direction of this field.
Similar I.(H) dependences were observed for SFS
junctions in which the long-range triplet supercon-
ducting correlation component of the superconduct-
ing current was induced [6, 11] as in the case of the fer-
romagnetic interlayer in SFS with the singlet compo-
nent [28]. In the case of a wider variation range of the
external magnetic field, hysteresis with a decrease in
its amplitude is observed, indicating the existence of
ferromagnetism in the spacer [28]. The /-(H) depen-
dence shown in Fig. 2 does not exhibit hysteresis
because the total range of variation of the magnetic
field is much lower than the saturation magnetic field
of the ferromagnetic layer [28].

The theoretical calculations reported in [17, 18]
predict a strong increase (by several orders of magni-
tude) in the second harmonic of the phase dependence
of the superconducting current /(@) = I-sin(p) +
1sin(2p) for the asymmetric interlayer (d, # d5)
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Fig. 3. Microwave properties of the mesa-heterostructure
withd; =6nm,dy=55nm,and L=10umat 7=4.2 K.
(a) Family of the current—voltage characteristics of the
mesa-heterostructure under microwave irradiation at a
frequency of 41 GHz, where a is the damping constant (in
decibels) owing to the external electrodynamic system. (b)
(Circles) Critical current and amplitudes of the (triangles)
first and (diamonds) half Shapiro steps versus the normal-
ized amplitude of microwave radiation a = Igg/Ic. The
lines are the amplitudes with the second harmonic of the
phase dependence of the superconducting current with g =
0.13 calculated within the modified RSJ model.

under the variation of the angle between the directions
of the magnetizations of the F films, I, > I;. The
measurements of the dynamics of variation of the Sha-
piro steps of the mesa-heterostructure demonstrate
deviation from the sinusoidal current—phase relation.
The current—voltage characteristics of the mesa-het-
erostructure with L = 10 um, /- = 88 pA, and normal
resistance Ry = 0.16 Q in the case of the action of
monochromatic microwave radiation at a frequency of
f.=41 GHz exhibit not only integer but also fractional
Shapiro steps (Fig. 3a). For the critical frequency f. =
(2e/h) IRy = 6.8 GHz, the ratio f,/f; = 6 is in good
agreement with RSJ model in the high-frequency
limit. This is experimentally confirmed by the maxi-
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mum of the first Shapiro step /; = 94 pA and, corre-
spondingly, by the ratio /,/I- = 1.1. In this case, the
maximum height of the half-integer Shapiro step was
I, , = 15 pA. Within the modified RSJ model [29] tak-
ing into account a nonsinusoidal current—phase rela-
tion, this value indicates that the fraction of the second
harmonic g = I,/1, is about 13%. It is worth noting
that the direct comparison of the experiment with the
theory developed in [17—19] is complicated because of
the presence of the barrier between manganite and
superconducting electrode. The authors of [20] stated
that a long-range triplet superconducting correlations
can hardly exist in the structure with two ferromag-
netic layers. In our case, one of the S/M barriers is
likely magnetically active and ensures the necessary
function of the “third component.” It is not excluded
that the antiferromagnetic layer appearing at the
SRO/LSMO interface provides the function of the
third component [30].

To summarize, we have experimentally detected
the superconducting current in mesa-heterostructures
with a composite bilayer oxide interlayer with noncol-
linear directions of the magnetizations in the layers. It
has been shown that the total thickness of the inter-
layer is much longer than the length of ferromagnetic
correlations, which is determined by the exchange
field. The Josephson effect observed in these structures
is explained by the penetration of the long-range trip-
let component of the superconducting order parame-
ter into the magnetic interlayer. The deviation of the
current—phase relation in the mesa-heterostructure
from a sinusoidal dependence has been detected with
a high fraction of the second harmonic; this deviation
can also be due to the generation of the triplet compo-
nent of the superconducting order parameter.
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