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Abstract

We report the superconducting properties of Co/Pb/Co heterostructures with thin insulating interlayers. The main specific feature of
these structures is the intentional oxidation of both superconductor/ferromagnet (S/F) interfaces. We study the variation of the criti-
cal temperature of our systems due to switching between parallel and antiparallel configurations of the magnetizations of the two
magnetic layers. Common knowledge suggests that this spin valve effect, which is due to the S/F proximity effect, is most pro-
nounced in the case of perfect metallic contacts at the interfaces. Nevertheless, in our structures with intentionally deteriorated
interfaces, we observed a significant full spin valve effect. A shift of the superconducting transition temperature 7 by switching the
mutual orientation of the magnetizations of the two ferromagnetic Co layers from antiparallel to parallel amounted to AT, = 0.2 K at
the optimal thickness of the superconducting Pb layer. Our findings verify the so far unconfirmed earlier results by Deutscher and
Meunier on an F1/S/F2 heterostructure with oxidized interlayers [Deutscher, G.; Meunier, F. Phys. Rev. Lett. 1969, 22, 395. https://

doi.org/10.1103/PhysRevLett.22.395] and suggest an alternative route to optimize the performance of superconducting spin valves.

Introduction

Models and specific realizations of the superconducting spin  superconductivity (S) and ferromagnetism (F) on each other
valve (SSV) have been the subject of intensive research over the ~ when they are put into a close contact [11-17]. Moreover, SSV
past 25 years [1-10]. The interest in these structures is due to  structures appear as promising devices for applications in

the possibility to observe and exploit the reciprocal influence of modern superconducting spintronics [18-22]. In 1997, Beasley
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and coworkers proposed a theoretical F1/F2/S model of the
SSV structure [1]. Another F1/S/F2 model was developed a
little later in 1999 by Tagirov [2] and Buzdin and coworkers
[3]. In these structures, F1 and F2 are metallic ferromagnetic
layers, and S is a superconducting layer. Both models analyze
the penetration of Cooper pairs from the S layer into the F
layers under the action of the exchange field generated by the
F1 and F2 layers. Those early theoretical works implied the
operation principle of the SSV structure based on the control of
the average exchange field acting on the S layer by changing
the mutual orientation of the magnetization vectors of the F
layers and, thus, suppressing superconductivity to a different
degree. Typically, the superconducting transition temperature 7
of the SSV is minimal/maximal for the parallel (P)/antiparallel
(AP) geometry of the two vectors, respectively. The magnitude
of the SSV effect is defined as the difference of these two tem-
peratures AT, = TCAP —TCP, The full SSV effect is realized when
AT, is larger than the superconducting transition width 37, in
the P and AP configurations. Several experimental works con-
firmed the predicted influence of the mutual orientation of the
magnetization vectors of the F layers on T, in the F1/S/F2 type
of structures [4-6,23-25]. However, a full switching between
the normal and the superconducting state was not achieved
because in these SSVs AT, was always smaller than 87. For the
first time, a complete switching between the normal and super-
conducting states was observed in the F1/F2/S type SSVs in
[10].

Theories [13,15,16,26-28] predict that under certain conditions,
a long-range triplet component (LRTC) in the superconducting
condensate can arise in the S/F bilayer. The generation of the
LRTC opens an additional channel for the leakage of the
Cooper pairs from the S into the F layers in the F1/F2/S SSV at
noncollinear configuration of F1 and F2 magnetizations. This
suppresses T significantly and, thus, should manifest as a
minimum of 7, at the orthogonal magnetizations’ geometry
[29]. A large number of theoretical and experimental works
have been devoted to the study of this effect [29-39].

By now, many such SSVs using various elemental metals and
alloys have been studied in sufficient detail, and recent results
indicate that significant values of the SSV effect have already
been achieved in F1/F2/S structures [35,36,39]. Since the prin-
ciple of a SSV relies on the S/F proximity effect, which is
confined to the interface between the S and F layers, particular
attention was paid to the quality of this interface in terms of its
morphology, smoothness, and absence of intergrowth, which
defines the mainstream approach in this field. At odds with this
approach, a significant SSV effect of AT, = 0.3 K in an FeNi/In/
Ni heterostructure with intentionally oxidized F/S interfaces
was demonstrated by Deutscher and Meunier in 1969 [40]. The
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idea behind the oxidation of the FeNi and Ni layers was to
slightly weaken the S/F proximity effect such that the supercon-
ductivity in the In layer could not be completely destroyed by
the exchange field of the F layers. The authors noted that
the thin oxidized layers became insulating but presumably
remained magnetic. In a later experiment by Li et al. [41], the F
layers themselves were insulating by design. In this special situ-
ation, even a very thin additional nonmagnetic insulating inter-
layer at the interface immediately suppressed the S/F proximity
effect.

The paradoxical fact that “worsening” of the S/F interface in a
metallic system [40] can yield a significant magnitude of the
SSV effect is remarkable. The work by Deutscher and Meunier
[40] has never been reproduced, and the research in this direc-
tion was not pursued; albeit, according to private communica-
tions in the SSV community, some groups attempted, but did
not succeed, to reproduce this early remarkable result.

In the present work, in order to verify the SSV effect reported
by Deutscher and Meunier for heterostructures in which the
superconducting layer is contacted to the ferromagnets through
thin insulating interlayers and to prove the validity of this
concept for other types of SSV structures, we investigated the
superconducting properties of a SSV made of F and S materials
completely different from those in [40]. Specifically, we pre-
pared Col/Pb/Co2 multilayers with oxidized Col/Pb and Pb/
Co2 interfaces following the recipe of [40,42]. We studied the
dependence of the magnitude of the SSV effect AT, on the Pb
layer thickness and found that AT, reached 0.2 K for the
optimal thickness, surpassing most of the values previously ob-
served for SSVs with perfect metallic contact. We discuss the
obtained results in the context of the existing theoretical models

of the S/F proximity effect.

Samples

For our investigation CoO,, (3.5 nm)/Col (3 nm)/I1/Pb(dpy,)/12/
Co2 (3 nm)/SizNy (85 nm) heterostructures with variable Pb
layer thickness dpy, in the range from 60 to 120 nm were fabri-
cated on high-quality single-crystalline MgO(001) substrates.
Here, Col and Co2 are ferromagnetic F1 and F2 layers, I1 and
I2 are thin oxide insulating interlayers, Pb is the supercon-
ducting layer, Si3Ny is a protective layer, and CoO, is the anti-
ferromagnetic (AF) bias layer that fixes the direction of the
magnetization of the Col layer. The layers were deposited using
electron beam evaporation (Co, Pb) and AC sputtering (SizNy).
The deposition setup had a load-lock station with vacuum shut-
ters, allowing one to transfer the sample holder without
breaking the ultrahigh vacuum in the deposition chambers. The
load-lock station provides the possibility to oxidize the pre-

pared layers in a controlled atmosphere. This allows one to
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prepare the AF CoO, layer and to fabricate the thin oxide inter-
layers (I1 and I2) at the Col/I1/Pb and Pb/I12/Co2 interfaces.
CoO, was prepared by exposing the metallic Co layer to oxygen
atmosphere at 100 mbar for two hours. Next, Col was deposited
in the main deposition chamber at a vacuum pressure of the
order of 102 mbar on top of the CoOy layer. The 11 layer was
formed on the surface of Col in a similar way as described
above in an oxygen atmosphere of ~1072 mbar for 60 s. It was
shown in [43] that significant partial oxidation of a few nano-
meters thin metallic Co layer can be achieved by exposing it to
the ambient atmospheric environment, implying that lowering
the atmospheric pressure by five orders of magnitude enables
one to oxidize only the surface without affecting the bulk of the
layer. After that, the Pb layer and subsequent layers of the
SSV structure were deposited at the substrate temperature of
Tqup = 150 K. Such low T, was necessary to obtain a smooth
Pb layer [44] and to form the I2 layer. A similar oxidation pro-
cedure was used again to form the 12 layer by exposing the Pb
surface to an oxygen atmosphere of ~1072 mbar for 30 s. After
that, the Co2 layer was deposited similar to the Col layer.

According to [40,42] the O, molecules adsorbed on the surface
of the superconducting Pb layer oxidize the top ferromagnetic
Co2 layer during its deposition, thereby, forming an insulating
magnetic interlayer at the S/F interface. We consider an oxida-
tion of the Pb layer to be unlikely because it was deposited at a
low substrate temperature and exposed to a very low atmos-
pheric pressure for a very short time, as specified above. Ac-
cording to the literature, the formation of an oxide on the sur-
face of the Pb film requires significantly higher temperatures
and pressures, and much longer exposition times [45-47].

Finally, all samples were covered with a protective Si3Ny layer.
The deposition rates were as follows: 0.5 A/s for Col and Co2,
12 A/s for Pb, and 1.8 A/s for SizNy films. The final design of
the samples is depicted in Figure 1.

Based on our previous studies in [33,34,48] we chose the
thickness of the AF CoO, layer to be dCoOx = 3.5 nm. This is
optimal to maintain the direction of the magnetization of the
Col layer up to an in-plane external magnetic field strength of
HJ"™ ~ 1.5 kOe. Magnetic studies of the samples are presented
in Supporting Information File 1. We took the same thickness
of 3 nm for both Col and Co2 layers.

In addition, a control set of the samples with similar thick-
nesses of the S and F layers but without insulating interlayers at
the Col/Pb/Co2 interfaces was prepared for comparison. The
list of the studied CoO, (3.5 nm)/Col (3 nm)/I1/Pb(dpy,)/12/Co2
(3 nm)/Si3Ny4 (85 nm) samples with variable Pb layer thickness
dpy is presented in Table 1.
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SisNa 85 nm

Figure 1: Design of the prepared samples. The cross-dashed areas
depict the insulating interlayers |1 and 12 (see the text for details).

Table 1: List of the studied samples CoOy (3.5 nm)/Co1 (3 nm)/I1/
Pb(dpp)/12/Co2 (3 nm)/SizgN4 (85 nm) with the variable Pb layer thick-
ness dpp.

Samples with insulating interlayers dpp (Nm)

Pb_120 120

Pb_100 100

Pb_80 80

Pb_60 60

Pb_40 40
Results

Electrical resistivity measurements were carried out with a stan-
dard four-point method in the DC mode. For changing the
mutual direction of the magnetization of the F layers between
the P and AP orientations, an external magnetic field of
~1 kOe < Hy"™ was always applied in the plane of the sample
in all measurements. The strength of the magnetic field was
measured by a Hall probe with an accuracy of 0.3 Oe. The
sample temperature was monitored using an Allen-Bradley ther-
mometer that is highly sensitive in the temperature range of
interest. The temperature measurement error was *(5-6) mK
below 3 K. The superconducting critical temperature 7. was
defined as the midpoint of the transition curve.

To study the SSV effect, the samples were cooled down from

room temperature to low temperatures in a magnetic field of the
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order of 5 kOe (field cooling procedure) applied in the sample
plane. This field aligns the magnetization of both F layers. Also,
the magnetization vector of the Col layer is getting fixed in the
direction of the applied field and remains biased by the AF
CoO, layer after the reduction of the field strength to its opera-
tional value of Hy = 1 kOe, independent of the subsequent
direction of the field vector [33,34,48]. At this field value, the
temperature dependence of the resistivity R(7T) was recorded for
the P and AP configurations of the magnetizations of the Col
and Co2 layers by appropriate rotation of the magnetization of
the Co2 layer through an external magnetic field.

Figure 2 depicts the superconducting transition curves for the
samples Pb_100 and Pb_60 at P (Hy = +1 kOe) and AP
(Hp = —1 kOe) orientations of the Col and Co2 layers’ magneti-
zation, respectively. The magnitude of the SSV effect for the
sample Pb_100 amounts to AT, = 0.07 K, whereas for the sam-
ple Pb_60 , it rises up to AT, = 0.2 K. Obviously, the sample
Pb_60 demonstrates the full SSV effect since in this case
AT. > 8T, as is evident from Figure 2b.

Figure 3 shows the dependence of AT, and of T on the thick-
ness of the Pb layer dpy, for the whole set of samples with insu-
lating interlayers. AT, increases and T, decreases approxi-
mately linearly with decreasing dpp,. The maximum magnitude
of the SSV effect, AT, = 0.2 K, is reached at the minimum
thickness of the superconducting layer dp, = 60 nm.

Notably, in the control set of structures with similar parameters,
but without the insulating interlayers, superconductivity was not
observed down to the lowest temperature of the experimental
setup of 1.4 K for all Pb thicknesses.

Discussion

Phenomenology

Our results demonstrate a significant SSV effect in heterostruc-
tures with insulating interlayers at the F1/S/F2 interfaces and
finally verify the earlier observation by Deutscher and Meunier
[40]. The S layer thickness appears to be an essential parameter
for observing the full SSV effect. As dpy, decreases, the value of
AT, increases and reaches its maximum of 0.2 K at dp, = 60 nm
(Figure 3). The decrease of T, as a function of dpy, is approxi-
mately linear down to dpy, = 40 nm. A sharp drop of T is ex-
pected at smaller thicknesses of the S layer due to the size
effects [49]. Apparently, the inverse S/F proximity effect
becomes more pronounced as dpy, decreases, despite the exis-
tence of insulating interlayers. The here obtained value of AT,
at the optimal thickness of the Pb layer is twice as high com-
pared to those found before in [30,33,34,48] for structures with
elemental metallic ferromagnetic layers but without insulating

interlayers.
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Figure 2: Superconducting transition curves for the samples Pb_100
(a) and Pb_60 (b) at P (Hp = +1 kOe) (circles) and AP (Hp = -1 kOe)
(squares) orientations of the Co1 and Co2 layers's magnetizations, re-
spectively.
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Figure 3: The dependence of the magnitude of the SSV effect AT, (left
vertical scale) and of the superconducting critical temperature TCP for
the parallel orientation of the magnetizations of the Co1 and Co2
layers (right vertical scale) on the Pb layer thickness dpy,.

460



This observation is not trivial as it apparently contradicts the
paramount prerequisite of the S/F proximity effect of having a
perfect metallic contact between the S and F layers. It is plau-
sible that oxide insulating interlayers remain magnetic as sug-
gested in [40,42]. They may play a dual role of attenuating the
influence of the metallic ferromagnetic layer on the S layer,
which completely suppresses superconductivity in our control
fully metallic Col/Pb/Co2 stacks, and at the same time main-
taining some kind of the proximity effect that enables switching

between the normal and superconducting states.

At the same time, the nontrivial S/F proximity effect in our
system originates from metallic F layers. This is evidenced by
the fact that similar control structures with reduced thickness of
the Co layers (2 nm instead of 3 nm) did not show any spin

valve effect.

Note that the on/off switching of superconductivity in the
trilayer EuS/Al/EuS, where EuS is a ferromagnetic insulator,
has been demonstrated by Li and coworkers [41]. This type of
system is different from metallic-type structures of [40] and the
present work, in which only very thin oxidized interfaces are

insulating.

3

S N A OV

40 60 80 100 120
d, (nm)

40 60 80 100 120

d, (nm)

Figure 4: Modeling results for the AT(dpp) and TCP (dpp) dependences
in main figure and inset, respectively. The parameters of the model are
as follows: & = 41 nm, & =12 nm, h = 0.035 eV, y = 0.093, and

Yp = 0.48 (see the text and [50] for the exact definitions).

Theoretical analysis

The modeling of the observed significant SSV effect in hetero-
structures with intentionally deteriorated S/F interfaces is rather
challenging because of an increased complexity of these inter-
faces as compared with the ideal metallic contacts between the
layers. Though experimentally the formation of an insulating
interlayer by oxidation appears to be a doable task, their charac-

teristics, such as thickness, exact composition, and physical
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properties, cannot be sufficiently well controlled at present.
Therefore, in the following we will discuss whether the main
tendencies of the SSV effect with regard to the thickness of the
superconducting Pb layer (Figure 3) could be at least qualita-
tively captured by theory.

The proximity effect theory suitable for the description of 7, in
symmetric F1/S/F2 structures was formulated in [50]. Applying
this theory to our experimental data, under the abovementioned
somewhat ambiguous conditions we can still achieve qualita-
tive agreement with the experiment. In the case of the AT.(dpp)
dependence, see Figure 4, the theory demonstrates the nonmo-
notonicity of the dependence and the approximate position of
the maximum. This maximum is expected since the spin valve
effect should be suppressed both in the limit of very thin and
very thick S layers, with a maximal value at a thickness dg of
the order of the coherence length &g. At the same time, the
quantitative agreement between theory and experiment is not
good, as expected. The same is true in the case of the TCP (dpp)
dependence plotted in the inset to Figure 4. The theoretical
model predicts a sharp decline in T, at a dpy, value close to
40 nm, but the measurements suggest a smoother dependence of
the critical temperature, possibly extending to lower tempera-
tures. The model also suggests an asymmetric peak in AT(dpyp),
whereas a more symmetric peak is observed in Figure 3 (at the
same time, the left side of the peak is steeper than the right one
both in theory and in experiment). Finally, the model indicates a
rapid convex-type decay of AT.(dpp) to the right of the peak,
whereas the experimental data suggests a linear dependence. At
the same time, because of the limited number of experimental
points, we cannot exclude a nonlinear behavior around the peak
in AT(dpp) (in order to check this, points in the thickness range

between 40 and 60 nm would be required).

The fitting parameters given in the caption to Figure 4 were ob-
tained as follows. The coherence lengths in the S and F materi-
als, & and &, respectively, were estimated from the residual
resistivities of the materials. The values of the exchange energy
h, the materials-matching interface parameter, y, and the inter-
face resistance parameter, y, were chosen in order to provide
the correct position of the AT, maximum and acceptable overall
values of this quantity (cf. Figure 3). The same values were then
employed to plot the theoretical curve for TCP (dpp)- The value of

y is consistent with the values of & and Eg.

What is unexpected in the above fitting parameters is a rather
small value of the interface resistance parameter, y, = 0.48. In
the tunneling limit, one can estimate y, =1, I r/EF in terms of
the effective interface transparency #, < 1 (while /g is the mean
free path in the F material). The transparency values are not

directly measurable. At the same time, it is known that in the
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case of conventional tunnel junctions with insulating interfaces
of thickness from 10 to 30 atomic layers, the order of magni-
tude of 1, varies between 1073 and 1073 [51]. In that case, we
would expect larger values of y, than the one resulting from our
fit. However, we have checked that larger values of y}, notably
suppress the sensitivity of T, to the presence of the F layers
(i.e., the inverse proximity effect becomes strongly suppressed).
The obtained small value of y,, points at small thicknesses of the
tunneling barriers in our junctions. Note that this correlates with
observations by Deutscher and Meunier [40], who concluded
that according to the resistance measurements, the barriers in
their experiment were “much thinner than in a conventional
tunneling junction”.

While the theory [50] assumes a symmetric F1/S/F2 structure,
our samples may actually be asymmetric from the point of view
of the interface transparencies. The oxidation times of the two
interfaces were different in our samples, and our fabrication
procedure was such that the oxidation affected different materi-
als (first, Col was oxidized, then Pb) at different temperatures.
However, a generalization of our theory to the case of two dif-
ferent yp, parameters is still expected to suppress the proximity
effect almost completely in the case of two tunneling interfaces
(while already one tunneling interface with 7, « 1 should effec-
tively “detach” the corresponding F layer and, thus, suppress

the effect of rotating magnetization on 7).

A possible reason for not too small transparencies following
from the fit is that the insulating layers in our samples are actu-
ally very thin (a few atomic layers). Another possibility is that
the resulting oxides are not good insulators but possess finite
conductivity or that metallic shortcuts are present inside the
insulating layers. Finally, in contrast to our theory [50]
assuming nonmagnetic insulating barriers, the interfaces could
be magnetically active [52], which would introduce additional
degrees of freedom into the system (in particular, the interfaces
could then behave nontrivially under the action of a rotating
magnetic field). Further experiments with better control of the
insulating interfaces are clearly needed in order to clarify the

role of the oxidized interfaces.

Conclusion

In summary, we have investigated superconducting properties
of Col/Pb/Co2 SSV heterostructures with thin insulating oxide
interlayers formed at the Col/Pb and Pb/Co2 interfaces. We
found the optimal thickness of the superconducting Pb layer for
the realization of the full superconducting spin valve effect with
a magnitude of AT, = 0.2 K. Our finding finally substantiates
the results of the earlier work by Deutscher and Meunier [40],
where a surprisingly large SSV effect was found for F1/S/F2

structures with insulating interlayers. It is remarkable that the
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here obtained value of AT significantly exceeds those of many
of the multilayers prepared of elemental metallic ferromagnets
and superconductors, where special care was taken to achieve a
perfect metallic contact at the S/F interface in order to enhance
the S/F proximity effect.

Also, for the spin valve effect, the key parameter is not the
strength of the proximity effect, but rather the sensitivity of the
system to the variation of the relative magnetizations. Our
strategy was to achieve a “fragile” superconductivity, which is
sensitive to this kind of control. To this end, we have realized
systems with such parameters that superconductivity is com-
pletely suppressed in the limit of perfect metallic interfaces. The
role of the insulating interface layers is then to restore supercon-
ductivity in the system. This fragile “restored” superconduc-
tivity turns out to be indeed very sensitive to the configuration
of the F part of the structure.

Our findings thus call for further exploration of this promising
route to improve the operational parameters of the supercon-
ducting spin valves by advancing the preparation technologies

and developing the underlying theories.

Supporting Information

Supporting Information File 1

Characteristic magnetic hysteresis loops M(H) for the
samples with and without insulating interlayers.
[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-41-S1.pdf]

Funding

The work of A.A.K. and N.N.G. concerning preparation of the
samples was funded by the Russian Science Foundation accord-
ing to research project No. 21-72-20153. The work of A.A.K.,
N.N.G., A.A.V. and I.A.G. concerning the investigation of the
properties of superconducting spin valve structures without
insulating interlayers was financially supported by the govern-
ment assignment for FRC Kazan Scientific Center of RAS.
Ya.V.F. was supported by the Basic research program of HSE
and by the Foundation for the Advancement of Theoretical
Physics and Mathematics “BASIS”.

ORCID® iDs

Andrey A. Kamashev - https://orcid.org/0000-0002-9198-293X
Aidar A. Validov - https://orcid.org/0000-0003-1011-7002
Vladislav Kataev - https://orcid.org/0000-0003-2147-2616
Alexander S. Osin - https://orcid.org/0000-0003-0154-6753
Yakov V. Fominov - https://orcid.org/0000-0003-2792-3780

462


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-41-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-41-S1.pdf
https://orcid.org/0000-0002-9198-293X
https://orcid.org/0000-0003-1011-7002
https://orcid.org/0000-0003-2147-2616
https://orcid.org/0000-0003-0154-6753
https://orcid.org/0000-0003-2792-3780

Data Availability Statement

All data that supports the findings of this study is available in the
published article and/or the supporting information to this article.

References

1. Oh, S.; Youm, D.; Beasley, M. R. Appl. Phys. Lett. 1997, 71,
2376-2378. doi:10.1063/1.120032

2. Tagirov, L. R. Phys. Rev. Lett. 1999, 83, 2058—-2061.
doi:10.1103/physrevlett.83.2058

3. Buzdin, A. |.; Vedyayev, A. V.; Ryzhanova, N. V. Europhys. Lett. 1999,
48, 686—691. doi:10.1209/epl/i1999-00539-0

4. Gu, J.Y,; You, C.-Y,; Jiang, J. S.; Pearson, J.; Bazaliy, Ya. B.;
Bader, S. D. Phys. Rev. Lett. 2002, 89, 267001.
doi:10.1103/physrevlett.89.267001

5. Moraru, I. C.; Pratt, W. P.; Birge, N. O. Phys. Rev. Lett. 2006, 96,
037004. doi:10.1103/physrevlett.96.037004

6. Potenza, A.; Marrows, C. H. Phys. Rev. B 2005, 71, 180503.
doi:10.1103/physrevb.71.180503

7. Westerholt, K.; Sprungmann, D.; Zabel, H.; Brucas, R.; Hjérvarsson, B.;
Tikhonov, D. A.; Garifullin, I. A. Phys. Rev. Lett. 2005, 95, 097003.
doi:10.1103/physrevlett.95.097003

8. Steiner, R.; Ziemann, P. Phys. Rev. B 2006, 74, 094504.
doi:10.1103/physrevb.74.094504

9. Pugach, N. G.; Kupriyanov, M. Yu.; Vedyayev, A. V.; Lacroix, C.;
Goldobin, E.; Koelle, D.; Kleiner, R.; Sidorenko, A. S. Phys. Rev. B
2009, 80, 134516. doi:10.1103/physrevb.80.134516

10. Leksin, P. V.; Garif'yanov, N. N.; Garifullin, I. A.; Schumann, J.;
Vinzelberg, H.; Kataev, V.; Klingeler, R.; Schmidt, O. G.; Biichner, B.
Appl. Phys. Lett. 2010, 97, 102505. doi:10.1063/1.3486687

11.loffe, L. B.; Geshkenbein, V. B.; Feigel'man, M. V.; Fauchére, A. L.;
Blatter, G. Nature 1999, 398, 679-681. doi:10.1038/19464

12.Feigel'man, M. V. Phys.-Usp. 1999, 42, 823-825.
doi:10.1070/pu1999v042n08abeh000599

13.Buzdin, A. |. Rev. Mod. Phys. 2005, 77, 935-976.
doi:10.1103/revmodphys.77.935

14.Bergeret, F. S.; Volkov, A. F.; Efetov, K. B. Rev. Mod. Phys. 2005, 77,
1321-1373. doi:10.1103/revmodphys.77.1321

15. Blamire, M. G.; Robinson, J. W. A. J. Phys.: Condens. Matter 2014, 26,
453201. doi:10.1088/0953-8984/26/45/453201

16. Linder, J.; Robinson, J. W. A. Nat. Phys. 2015, 11, 307-315.
doi:10.1038/nphys3242

17.Eschrig, M. Rep. Prog. Phys. 2015, 78, 104501.
doi:10.1088/0034-4885/78/10/104501

18.Demler, E. A.; Arnold, G. B.; Beasley, M. R. Phys. Rev. B 1997, 55,
15174-15182. doi:10.1103/physrevb.55.15174

19. Garifullin, I. A. J. Magn. Magn. Mater. 2002, 240, 571-576.
doi:10.1016/s0304-8853(01)00849-6

20.Zutié, I.; Fabian, J.; Das Sarma, S. Rev. Mod. Phys. 2004, 76,
323-410. doi:10.1103/revmodphys.76.323

21.Linder, J.; Yokoyama, T.; Sudbg, A. Phys. Rev. B 2009, 79, 224504.
doi:10.1103/physrevb.79.224504

22. Efetov, K. B.; Garifullin, I. A.; Volkov, A. F.; Westerholt, K.
Spin-Polarized Electrons in Superconductor/Ferromagnet Hybrid
Structures. In Magnetic Nanostructures: Spin Dynamics and Spin
Transport; Zabel, H.; Farle, M., Eds.; Springer Tracts in Modern
Physics, Vol. 246; Springer: Berlin, Heidelberg, 2013; pp 85-118.
doi:10.1007/978-3-642-32042-2_3

Beilstein J. Nanotechnol. 2024, 15, 457-464.

23.You, C.-Y.; Bazaliy, Ya. B.; Gu, J. Y.; Oh, S.-J.; Litvak, L. M.;
Bader, S. D. Phys. Rev. B 2004, 70, 014505.
doi:10.1103/physrevb.70.014505

24.Pena, V.; Sefrioui, Z.; Arias, D.; Leon, C.; Santamaria, J.;
Martinez, J. L.; te Velthuis, S. G. E.; Hoffmann, A. Phys. Rev. Lett.
2005, 94, 057002. doi:10.1103/physrevlett.94.057002

25.Miao, G.-X.; Ramos, A. V.; Moodera, J. S. Phys. Rev. Lett. 2008, 101,
137001. doi:10.1103/physrevlett.101.137001

26.Bergeret, F. S.; Volkov, A. F.; Efetov, K. B. Phys. Rev. Lett. 2001, 86,
4096-4099. doi:10.1103/physrevlett.86.4096

27.Eschrig, M. Phys. Today 2011, 64 (1), 43—-49. doi:10.1063/1.3541944

28. Efetov, K. B.; Garifullin, I. A.; Volkov, A. F.; Westerholt, K. Proximity
Effects in Ferromagnet/Superconductor Heterostructures. In Magnetic
Heterostructures: Advances and Perspectives in Spinstructures and
Spintransport; Zabel, H.; Bader, S. D., Eds.; Springer Tracts in Modern
Physics, Vol. 227; Springer: Berlin, Heidelberg, 2008; pp 251-290.
doi:10.1007/978-3-540-73462-8_5

29.Fominov, Ya. V.; Golubov, A. A.; Karminskaya, T. Yu.;
Kupriyanov, M. Yu.; Deminov, R. G.; Tagirov, L. R. JETP Lett. 2010,
91, 308-313. doi:10.1134/s002136401006010x

30. Leksin, P. V.; Garif'yanov, N. N.; Garifullin, I. A.; Fominov, Ya. V;
Schumann, J.; Krupskaya, Y.; Kataev, V.; Schmidt, O. G.; Bichner, B.
Phys. Rev. Lett. 2012, 109, 057005.
doi:10.1103/physrevlett.109.057005

31.Wu, C.-T.; Valls, O. T.; Halterman, K. Phys. Rev. B 2012, 86, 014523.
doi:10.1103/physrevb.86.014523

32.Banerjee, N.; Smiet, C. B.; Smits, R. G. J.; Ozaeta, A.; Bergeret, F. S;
Blamire, M. G.; Robinson, J. W. A. Nat. Commun. 2014, 5, 3048.
doi:10.1038/ncomms4048

33. Leksin, P. V.; Garifyanov, N. N.; Kamashev, A. A.; Fominov, Ya. V.;
Schumann, J.; Hess, C.; Kataev, V.; Blichner, B.; Garifullin, I. A.
Phys. Rev. B 2015, 91, 214508. doi:10.1103/physrevb.91.214508

34. Garifullin, I. A.; Leksin, P. V.; Garifyanov, N. N.; Kamashev, A. A.;
Fominov, Ya. V.; Schumann, J.; Krupskaya, Y.; Kataev, V.;
Schmidt, O. G.; Blchner, B. J. Magn. Magn. Mater. 2015, 373, 18-22.
doi:10.1016/j.jmmm.2014.04.002

35.Gu, Y.; Halasz, G. B.; Robinson, J. W. A.; Blamire, M. G.
Phys. Rev. Lett. 2015, 115, 067201.
doi:10.1103/physrevlett.115.067201

36.Singh, A.; Voltan, S.; Lahabi, K.; Aarts, J. Phys. Rev. X 2015, 5,
021019. doi:10.1103/physrevx.5.021019

37.Leksin, P. V.; Garif'yanov, N. N.; Kamashev, A. A.; Validov, A. A.;
Fominov, Ya. V.; Schumann, J.; Kataev, V.; Thomas, J.; Biichner, B.;
Garifullin, 1. A. Phys. Rev. B 2016, 93, 100502.
doi:10.1103/physrevb.93.100502

38.Kamashev, A. A.; Garif'yanov, N. N.; Validov, A. A.; Schumann, J.;
Kataev, V.; Blichner, B.; Fominov, Ya. V.; Garifullin, I. A.
Beilstein J. Nanotechnol. 2019, 10, 1458-1463.
doi:10.3762/bjnano.10.144

39.Kamasheyv, A. A.; Garifyanov, N. N.; Validov, A. A.; Schumann, J.;
Kataev, V.; Blchner, B.; Fominov, Ya. V.; Garifullin, I. A. Phys. Rev. B
2019, 700, 134511. doi:10.1103/physrevb.100.134511

40. Deutscher, G.; Meunier, F. Phys. Rev. Lett. 1969, 22, 395-396.
doi:10.1103/physrevlett.22.395

41.Li, B.; Roschewsky, N.; Assaf, B. A.; Eich, M.; Epstein-Martin, M.;
Heiman, D.; Miinzenberg, M.; Moodera, J. S. Phys. Rev. Lett. 2013,
110, 097001. doi:10.1103/physrevlett.110.097001

42.Lommel, J. M.; Graham, C. D., Jr. J. Appl. Phys. 1962, 33, 1160—1161.
doi:10.1063/1.1728641

463


https://doi.org/10.1063%2F1.120032
https://doi.org/10.1103%2Fphysrevlett.83.2058
https://doi.org/10.1209%2Fepl%2Fi1999-00539-0
https://doi.org/10.1103%2Fphysrevlett.89.267001
https://doi.org/10.1103%2Fphysrevlett.96.037004
https://doi.org/10.1103%2Fphysrevb.71.180503
https://doi.org/10.1103%2Fphysrevlett.95.097003
https://doi.org/10.1103%2Fphysrevb.74.094504
https://doi.org/10.1103%2Fphysrevb.80.134516
https://doi.org/10.1063%2F1.3486687
https://doi.org/10.1038%2F19464
https://doi.org/10.1070%2Fpu1999v042n08abeh000599
https://doi.org/10.1103%2Frevmodphys.77.935
https://doi.org/10.1103%2Frevmodphys.77.1321
https://doi.org/10.1088%2F0953-8984%2F26%2F45%2F453201
https://doi.org/10.1038%2Fnphys3242
https://doi.org/10.1088%2F0034-4885%2F78%2F10%2F104501
https://doi.org/10.1103%2Fphysrevb.55.15174
https://doi.org/10.1016%2Fs0304-8853%2801%2900849-6
https://doi.org/10.1103%2Frevmodphys.76.323
https://doi.org/10.1103%2Fphysrevb.79.224504
https://doi.org/10.1007%2F978-3-642-32042-2_3
https://doi.org/10.1103%2Fphysrevb.70.014505
https://doi.org/10.1103%2Fphysrevlett.94.057002
https://doi.org/10.1103%2Fphysrevlett.101.137001
https://doi.org/10.1103%2Fphysrevlett.86.4096
https://doi.org/10.1063%2F1.3541944
https://doi.org/10.1007%2F978-3-540-73462-8_5
https://doi.org/10.1134%2Fs002136401006010x
https://doi.org/10.1103%2Fphysrevlett.109.057005
https://doi.org/10.1103%2Fphysrevb.86.014523
https://doi.org/10.1038%2Fncomms4048
https://doi.org/10.1103%2Fphysrevb.91.214508
https://doi.org/10.1016%2Fj.jmmm.2014.04.002
https://doi.org/10.1103%2Fphysrevlett.115.067201
https://doi.org/10.1103%2Fphysrevx.5.021019
https://doi.org/10.1103%2Fphysrevb.93.100502
https://doi.org/10.3762%2Fbjnano.10.144
https://doi.org/10.1103%2Fphysrevb.100.134511
https://doi.org/10.1103%2Fphysrevlett.22.395
https://doi.org/10.1103%2Fphysrevlett.110.097001
https://doi.org/10.1063%2F1.1728641

43.Smardz, L.; Kébler, U.; Zinn, W. J. Appl. Phys. 1992, 71, 5199-5204.
doi:10.1063/1.351378

44.Leksin, P. V.; Kamashev, A. A.; Schumann, J.; Kataev, V. E.;
Thomas, J.; Blichner, B.; Garifullin, I. A. Nano Res. 2016, 9,
1005-1011. doi:10.1007/s12274-016-0988-y

45. Schroen, W. J. Appl. Phys. 1968, 39, 2671-2678.
doi:10.1063/1.1656651

46.Hapase, M. G.; Gharpurey, M. K.; Biswas, A. B. Surf. Sci. 1968, 12,
85-91. doi:10.1016/0039-6028(68)90010-1

47.Anderson, J. R.; Tare, V. B. J. Phys. Chem. 1964, 68, 1482—1489.
doi:10.1021/j100788a036

48.Kamashev, A. A,; Leksin, P. V.; Garif'yanov, N. N.; Validov, A. A.;
Schumann, J.; Kataev, V.; Bichner, B.; Garifullin, I. A.
J. Magn. Magn. Mater. 2018, 459, 7-11.
doi:10.1016/j.jmmm.2018.01.085

49.Kamashev, A. A,; Leksin, P. V.; Schumann, J.; Kataev, V.; Thomas, J.;
Gemming, T.; Bichner, B.; Garifullin, I. A. Phys. Rev. B 2017, 96,
024512. doi:10.1103/physrevb.96.024512

50. Fominov, Ya. V.; Golubov, A. A.; Kupriyanov, M. Yu.
J. Exp. Theor. Phys. Lett. 2003, 77, 510-515. doi:10.1134/1.1591981

51. Likharev, K. K. Dynamics of Josephson Junctions and Circuits; Gordon
and Breach: New York, 1986.

52. Cottet, A.; Huertas-Hernando, D.; Belzig, W.; Nazarov, Y. V.
Phys. Rev. B 2009, 80, 184511. doi:10.1103/physrevb.80.184511

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement

(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.41

Beilstein J. Nanotechnol. 2024, 15, 457-464.

464


https://doi.org/10.1063%2F1.351378
https://doi.org/10.1007%2Fs12274-016-0988-y
https://doi.org/10.1063%2F1.1656651
https://doi.org/10.1016%2F0039-6028%2868%2990010-1
https://doi.org/10.1021%2Fj100788a036
https://doi.org/10.1016%2Fj.jmmm.2018.01.085
https://doi.org/10.1103%2Fphysrevb.96.024512
https://doi.org/10.1134%2F1.1591981
https://doi.org/10.1103%2Fphysrevb.80.184511
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.41

	Abstract
	Introduction
	Samples
	Results
	Discussion
	Phenomenology
	Theoretical analysis

	Conclusion
	Supporting Information
	Funding
	ORCID iDs
	Data Availability Statement
	References

