
Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 7, pp. 962–968 

Reentrance phenomenon in superconductor/ferromagnet 
nanostructures and their application in superconducting 

spin valves for superconducting electronics 

A.S. Sidorenko 

D. Ghitsu Institute of Electronic Engineering and Nanotechnologies ASM, MD-2028 Kishinev, Moldova 

Institut für Physik, Universität Augsburg, D-86159 Augsburg, Germany 
E-mail: anatoli.sidorenko@kit.edu 

Received January 2, 2017, published online May 25, 2017 

In superconductor/ferromagnet layered structures, a Fulde–Ferrell–Larkin–Ovchinnikov-like inhomogeneous 
superconducting pairing give rise. The singlet and zero-projection triplet components of the pairing oscillate in 
space, and the presence of interfaces causes interference phenomena. As the result of the interference, the super-
conducting critical temperature Tc oscillates as a function of the ferromagnetic layer thicknesses or, even more 
spectacular, reentrant superconductivity appears. Two ferromagnetic layers can be combined with a supercon-
ducting layer into a superconducting spin valve. Proper design and choice of the material parameters give possi-
bility to control superconducting Tc manipulating with magnetic configurations in the system. The conditions to 
get large spin-valve effect, i.e., a large shift in the critical temperature, are reviewed in the article. 

PACS: 74.78.–w Superconducting films and low-dimensional structures; 
74.78.Na Mesoscopic and nanoscale systems; 
73.50.–h Electronic transport phenomena in thin films; 
74.25.–q Properties of superconductors; 
85.25.–j Superconducting devices. 

Keywords: superconducting films and multilayers nanostructures, superconducting spin valves, interference 
phenomena. 

1. Introduction

Superconductivity (S) and ferromagnetism (F) are antag-
onistic long-range orders which cannot coexist in a homoge-
neous material [1] (see, however, reviews on coexistence 
and interaction of superconductivity and magnetism in 
Chevrel phases and ternary rhodium borides [2], boro-
carbides [3] and ruthenates [4]). Heterostructures comprising 
nanometer-scale layers of superconducting and ferromagnet-
ic layers offer new physical picture of the interaction of su-
perconductivity and magnetism, in which the superconduct-
ing pairing function penetrates in the ferromagnetic layers in 
an oscillating manner. If the oscillation scale and the pairing 
function decay length are comparable with the ferromagnet-
ic layers thickness, as well as the superconducting layer 
thickness is comparable with the superconducting coherence 
length, various interference effects can be expected. In this 
review we focus on mesoscopic oscillations of the super-

conducting transition temperature cT  which arise as a result 
of modulation of the coupling between the superconducting 
and ferromagnetic layers when varying the ferromagnetic 
layer thickness. One superconducting layer and two ferro-
magnetic layers already offer functionality determined by 
mutual alignment of magnetic moments of the ferromagnetic 
layers. This functionality can be utilized to build a super-
conducting spin valve discussed at the end of the article. 

2. Oscillations of superconducting Tc in S/F bilayers

In this section we consider plane contact of a supercon-
ducting film with a ferromagnetic metal film. At an S/F 
interface the quasi-one-dimensional Fulde–Ferrell–Larkin–
Ovchinnikov (FFLO) like state can be generated in the 
F material [5–10]. Due to exchange splitting of the conduc-
tion band (Fig. 1) the singlet Cooper pairs acquire finite 
pairing momentum ћQF = Eex/vF because wave vectors of 
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the minority-subband and majority-subband electrons are 
not equal. Then, the pairing function of this state does not 
simply decays as it would be in a nonmagnetic metal, but 
oscillates on a wavelength scale λF (i.e. λF = = /QF). 

The oscillation of the pairing wave function in the 
F metal is a reason for the oscillatory S/F proximity ef-
fect, mentioned above, yielding a nonmonotonous, oscil-
lating dependence of the superconducting critical temper-
ature cT  on the ferromagnetic layer thickness dF [11,12]. 
The phenomenon is explained by changing the interfer-
ence conditions periodically between constructive and 
destructive upon changing the thickness of the ferromag-
netic film thickness. Then, the flux of the pairing function 
through the interface of incidence is modulated. As a re-
sult, the coupling between the S and F layers is periodi-
cally modulated with increasing dF, and the supercon-
ducting cT  oscillates as a function of dF. The amplitude 
of the cT  oscillation depends sensitively on the super-
conducting layer thickness. It is obvious enough that for 
thick superconducting layer, dF >> ξS (ξS is the super-
conducting coherence length), the outer surface of the S 
layer, which determines actual cT  of the system, is insen-
sitive to the interface perturbation from the opposite side. 

Recently, these mesoscopic cT  oscillations in S/F bi-
layers were realized in a series of Nb/Cu1–xNix bilayers 

with variable Cu1–xNix ferromagnetic alloy thickness pre-
pared with a technique described below (see detailed de-
scriptions in Refs. 13, 14). Not only oscillatory, but pro-
nounced reentrant, i.e., first suppressed and then recovered 
superconductivity as a function of dF were observed in 
these experiments. These findings turned out to be availa-
ble owing to the advanced deposition technology [15] 
yielding significant improvement of the superconducting 
properties of thin Nb films and Nb/Cu1–xNix nanostruc-
tures in general, compared with conventional deposition 
techniques. 

For fabrication of the S/F bilayers, niobium was chosen 
as a superconducting material because of rather high cT , 
and Cu1–xNix (x = 0.59) alloy as a ferromagnetic material. 
The choice of the alloy instead of a conventional elemental 
ferromagnet has the following advantages for the experi-
mentalist. The oscillation length λF0 = 2πћvF/Eex in strong 
clean ferromagnets, like iron, nickel or cobalt, is extremely 
short, because the exchange splitting energy Eex is usually 
in the range 0.1–1.0 eV [16–19]. Thus, to detect the oscil-
latory behavior of cT  experimentally, the ferromagnetic 
layer thickness dF must be very small, e.g., between 0.6 to 
2.5 nm for pure Ni [19]. Weak ferromagnets with an order 
of magnitude smaller exchange splitting of the conduction 
band allow to observe the effect at much larger thicknesses 
dF of about 5–25 nm which can be much easier controlled 
and characterized. Moreover, for the long-wavelength os-
cillations, the atomic-scale interface roughness has not any 
longer a dominating effect on the extinction of the interfer-
ence patterns. 

In the first kind of samples the superconducting layer 
was of variable thickness, dNb ≈ 4–47 nm, prepared by a 
routine utilizing a wedge deposition technique described in 
detail in [13,14]. The Cu1–xNix layer was flat with a thick-
ness fixed at a infinite value of dCuNi = 56 nm [14] com-
pared with the coherence length (see figures below). To 
prevent samples from deterioration in an ambient atmos-
phere all samples were always capped by an amorphous 
silicon layer of about 10 nm of thickness which is insulat-
ing at low temperatures. This series of samples has an 
auxiliary purpose to find a range of the Nb layer thick-
ness most sensitive to variations of the ferromagnetic 
layer thickness. 

In the second kind of samples the superconducting Nb 
layer was flat with a thickness fixed at a selected value in 
the range 6–15 nm. A special deposition technique with 
moving magnetron provided high quality, flat in the lat-
eral extent of about 8 cm, niobium layers with supercon-
ducting 0cT  of the stand-alone film as high as 5.5 K at 
dNb ≈ 5.7 nm. To prepare samples with variable thickness 
of the ferromagnetic alloy layer a wedge-shaped film was 
deposited utilizing the off-symmetry mounting of the 
long substrate and intrinsic spatial gradient of the deposi-
tion rate. This technique, combined with the extensive 
Rutherford backscattering characterization of the thick-

Fig. 1. (Color online) Origin of the FFLO state. The conduction 
band of a ferromagnetic metal is spin-split (Eex) by the exchange 
field. Paired electrons (red and green balls) from the minority (red) 
and majority (green) spin subbands (wave vectors are indicated in 
the respective colours) establish the FFLO-like paired state with 
finite momentum along the x axis ћQF = ћ∆kF = Eex/vF. 
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ness profile of the wedge was successfully applied to ob-
tain a series of samples by cutting the wedge into strips 
across the thickness gradient [13,14]. Thus, 36–40 sam-
ples were obtained with variable Cu1–xNix layer thickness 
in the range dCuNi ≈ 1–40 nm, prepared at identical con-
ditions in a single deposition run. 

The superconducting critical temperature cT  was de-
termined from the midpoints of the resistive transitions 
curves R(T). The width of transitions (0.1RN–0.9 RN crite-
ria, where RN is the normal state resistance just above )cT  
for most of the investigated samples was below 0.2 K, thus 
allowing to determine the Tc with a sufficient accuracy. 

Figure 2 demonstrates the dependence of the supercon-
ducting transition temperature on the Cu41Ni59 layer thick-
ness. The thickness of the flat Nb layer is fixed, 
dNb ≈ 14.1 nm (S23 series), dNb ≈ 7.8 nm (S22 series), 
dNb ≈ 7.3 nm (S15 series) and dNb ≈ 6.2 nm (S21 series). 
The transition temperature cT  for the specimens with 
dNb ≈ 14.1 nm reveals a nonmonotonous behavior with a 
shallow minimum at about dCuNi ≈ 7.0 nm. For the thinner 
niobium layer (dNb ≈ 7.8 nm), the transition temperature 
shows a pronounced minimum with subsequent increase of 

cT  to above 2.5 K. Further decrease of the niobium layer 
thickness (dNb ≈ 7.3 nm) leads already to the reentrant be-
havior, when the transition temperature drops when increas-
ing the ferromagnetic layer thickness till the superconductiv-
ity is completely suppressed. Upon successive increase of 
dCuNi  the superconductivity restores, and cT  gets values as 
high as 2 K. For the thinnest Nb layer (dCuNi ≈ 6.2 nm), the 
superconducting cT  sharply drops upon increasing the fer-
romagnetic Cu41Ni59 layer thickness till at certain thickness 
dCuNi ≈ 2.5 nm the superconductivity is fully suppressed. 

Then, in the range dCuNi ≈ 2.5–24 nm, the superconducting 
transition temperature vanishes ( cT  is at least lower than the 
lowest temperature reached in our cryogenic setup, 40 mK). 
With a subsequent increase of the Cu1–xNix layer thick-
ness, superconductivity restores again at dCuNi ≈ 25.5 nm, 
reaching a level of about 0.8 K at dCuNi  ≈ 30 nm, and 
then drops down again below 40 mK at dCuNi ≈ 37.5 nm. 
This phenomenon of a double suppression of supercon-
ductivity is the first experimental evidence for a multiple 
reentrant behavior of the superconducting state in S/F 
layered systems [14]. 

The data simulation procedure includes coordinated fit-
ting of the Tc(dNb) dependence, and Tc (dCuNi) dependenc-
es from Fig. 2. The general fitting strategy is described in 
detail in the previous papers [13,14,19]. The solid curves 
in the figure show results of the calculations for the follo-
wing set of parameters: curves S15, S21, S22, and S23; the 
stand-alone Nb film superconducting transition tempera-
ture Tc0,Nb(dCuNi = 0 nm) = 6.67, 6.2, 6.85, and 8.0 K, re-
spectively; the superconducting coherence length of Nb, 
ξS = 6.3, 6.5, and 6.6 nm; the ratio of the Sharvin 
conductances of the contacting metals, NFvF/NSvS = 0.22 
for all; the Nb/CuNi interface transparency parameter 
TF = 0.67, 0.65, 0.61, and 0.44; the ratio of the conduction 
electron mean-free path to the coherence length in the 
CuNi alloy layer, lF/ξF0 = 1.3, 1.1, 1.1, and 1.1; ξF0  = 9.5, 
11.2, 10.7, and 10.8 nm. Although a common set of pa-
rameters has been used as a first step to fit the data, then, 
the superconducting coherence length, ξS, and the magnetic 
coherence length, ξF0, were varied within a 5% range, and 
the S/F interface transparency parameter TF ∈ [0,∞) was 
varied within the range [0.43,0.65] to obtain better fits for 
the individual curves. These degrees of freedom that were 
allowed for the physical parameters are well within the 
scatter which can be expected from variations of the depo-
sition conditions from run to run. 

The electron mean-free-path lF ≈ 11.8–12.4 nm, used in 
the above calculations, appeared to be longer than the co-
herence length ξF0 = 9.5–11.2 nm. According to Ref. 20, 
lF ≈ 4.4 nm for a Cu47Ni53 alloy with resistivity 
ρF = 57 μΩ·cm (bulk material, T = 10 K). Assuming that 
the product 〈ρFlF 〉 ≈ 2.5·10–5 μΩ·cm2 remains unchanged 
upon adding impurities [21] one gets lF ~ 10 nm for our 
Cu41Ni59 alloy using the data for the low-temperature re-
sistivity from Ref. 13, ρF ≈ 25 μΩ·cm. Thus, both the prox-
imity and the resistivity analysis indicate that the Cu41Ni59 
alloy is in between the “dirty” (lF << ξF0) and the “clean” 
(lF >> ξF0) cases. 

Using material parameters obtained from the 
nonmonotonous and reentrant superconductivity behavior 
described above, it is possible to plot Tc(dF) curves of a 
F/S/F spin-switch core structure [22–25] and estimate 

,AP P
c c cT T T∆ = −  where the AP superscript stands for the 

antiparallel alignment, and P for the parallel alignment of 
magnetizations in the F/S/F trilayer. 

Fig. 2. Nonmonotonous Tc(dF) dependences for the Nb/Cu1–xNix 
bilayers (x = 0.59). Solid curves are calculated with values of 
parameters given in the text. The calculations give no further 
reentrance of superconductivity for the S21 sample series above 
dCuNi > 40 nm. 
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3. The F/S/F core structure of superconducting  
spin valve 

In this section we give derivation of the main expres-
sions for calculating the superconducting Tc of a F/S/F 
spin-valve core structure with physical parameters ob-
tained from experiments on S/F bilayers (this section is 
based on the original version from Ref. 14). The formulas 
for Tc of S/F bilayers used for calculations of the curves in 
Fig. 2 follow as a particular case of the F/S/F structure 
with parallel alignment of the F-layer magnetizations and 
twice thicker the S layer compared with those in bilayers. 

First of all, let us note that our estimations made from 
the proximity effect as well as the resistivity data indicate 
that the coherence length ξF0  and the conduction electron 
mean-free path lF are of the same order, ξF0 ~ lF ~ 10 nm. 
Thus, the samples refer to the intermediate case in between 
of the dirty and the clean cases. Strictly speaking, the dirty-
case theory based on the Usadel equations [26] is valid at 
the condition lF << ξF0 which is clearly not fulfilled in our 
samples. Then, the Eilenberger theory [27], reformulated 
for S/F hybrids [28–30], comes into play. The advantage of 
the Eilenberger formulation is that it can be applied for 
arbitrary electron mean-free path, however, the equations 
are anisotropic and hard to solve analytically in the general 
case. A solution for the strong and clean ferromagnet 
(ξF0 << lF) was presented in [28], while analysis for the 
weak proximity-effect regime (low-transparent S/F inter-
face) and arbitrary ξF0 and lF was given in [30]. 

The solution to the problem was proposed in Ref. 11, 
where the anisotropic Eilenberger kernel was numerically 
averaged over trajectories, and the resulting oscillating 
decay of the average kernel was fitted with a single mode 
of the complex wave vector, varying the ratio lF/ξF0 in 
the range 0.5–5 (see pages 155–156 in Ref. 11). It ap-
peared that the wave vector of this mode fits the Usadel’s 
solution wave vector with the replacement of DF = lFvF/3 
by DF = vFlF/(1 + ilF/ξF0). The similar result was ob-
tained by Linder et al. [30] (though for the one-dimen-
sional transmissions) when they considered the dirty limit 
of their general solutions (see Eqs. (22) and (23) of 
Ref. 30). Important to mention that the single decay 
length that appears in the extended Usadel approach in-
cludes approximately all types of electron scatterings, the 
spin-reversal scatterings too. 

For simplification, we took a FL/S/FR trilayer design 
with the S-layer thickness 2S Sd d=  , because the spin-
valve core structure can be considered as a stack of two 
bilayers F/S  and S/F , building a F/2S/F  trilayer with the 
left F-layer thickness dFL, and the right F-layer thickness 
dFR. The magnetization directions of the ferromagnetic FL 
and FR layers could be either parallel (P alignment) or an-
tiparallel (AP alignment). The other parameters: the layers 
thickness and transparencies of the FL/S and S/FR interfac-

es can be varied. This is possible while the growth condi-
tions for the first ferromagnetic layer (i.e., FL on the sub-
strate) and the second one (FR deposited on the S layer) are 
essentially different. Using our advanced wedge deposition 
technique, patented and described in [13,14,19] we can 
exclude the influence of possible variation of the deposi-
tion conditions, preparing the ferromagnetic layers as 
wedges, and searching for the optimal specimen after cut-
ting the long wedge-shape sample across the thickness 
gradient. 

A similar nonsymmetrical design was fabricated and ex-
amined by Fauré et al. [31] (and also by Cadden–Zimansky 
et al. [32] with different F-layer thickness), however, in that 
case they considered a thin superconducting layer, 
2 S Sd ≤ ξ  (in the notations of paper [31] the superconduct-
ing layer thickness is determined as dS ≤ ξS). In our case the 
analysis is valid also at the condition 2 ,S Sd ≤ ξ  as shown 
from the experimental data on bilayers. 

To solve the problem of finding the critical temperature 
Tc (either P

cT  for the P alignment, or AP
cT  for the AP 

alignment) the linearized Usadel equations had been solved 
[9,26] for the pairing function Φ(x,ω > 0): 

 
2

ex
2

1 ( , ) 022 F F
E di D x

dx

  ω + − Φ ω = 
  

 (1) 

for each of the F layers, and 

 
2

2
1 ( , ) ( )2 S S

dD x x
dx

  ω − Φ ω = ∆ 
  

 (2) 

for the S layer, where ( )x∆  is the superconducting order 
parameter, DS (DF) is the diffusion coefficient of electrons 
in the S (F) layer, Eex is the exchange splitting of the con-
duction band, and ω = πT(2n + 1) is the Matsubara fre-
quency. Here, we set   and Bk  equal to one. The solu-
tions have to satisfy the boundary conditions [11,33–35], 

 ( , ) 0F S FR
FL

d d d
dx

Φ ± ± ω =  (3) 

at the outer surfaces, and 

 S S S F F F
d dN D N D
dx dx

Φ = Φ , (4) 

 ( ) ( )
2

F F
F F x F S F

T
D ∇ Φ = Φ − Φn

v
 (5) 

at the interfaces of the superconductor with the 
ferromagnets. In Eqs. (3)–(5), NS (NF) are the electronic 
density of states of the S (F) layer, nF is a vector of the 
outward unit normal to the right (–) or left (+) S/F inter-
face, TF is the dimensionless interface transparency pa-
rameter, TF ∈ [0,∞) [11,34], vF is the Fermi velocity of the 
ferromagnetic alloy, and x is the space coordinate. 
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The reduced critical temperature of the S/F sample, 
tc = Tc/Tc0 in the single-mode approximation was found by 
solving the equation 

 
2

2
1 1ln Re
2 2 2 ( / )

c
c S S

t
t d

 φ = Ψ − Ψ +    ξ 

, (6) 

where ,S Sk dφ =   and kS is the propagation momentum of 
the pairing function in the S layer, Pφ = φ  for the P align-
ment of magnetizations, and APφ = φ  for the AP align-
ment of magnetizations, ξS = (DS/2πTc0)1/2 is the super-
conducting coherence length in the S layer, Tc0 is the 
critical temperature of the stand-alone superconducting 
layer. 

Now we consider in detail the symmetric spin-valve 
core structure with equivalent physical parameters of the 
ferromagnetic layers and interfaces. Then, for the P align-
ment of magnetizations we find the equation for :Pφ = φ  

 tan 0P P Rφ φ − = , (7) 

and for the AP alignment we get 

 ( )( ) ( )2tan tan tan 0,AP AP AP AP APR R Rφ φ − φ + φ + φ =′ ′ ′′  

  (8) 

where 

2
tanh( )

1 tanh( )
F S F FF F
D kF FS S F FT vF F

k d k dN D
R

N D k d
=

+
, ex ,F F F

F

iE
k d d

D
=  

  (9) 

and R′  and R′′  are the real and imaginary parts of the R 
given above, ( )S FN  is the electron density of states at the 
Fermi energy of superconductor (ferromagnet). For more 
details see Ref. 14. When inserted into Eq. (6) the solution 
of Eq. (7) for Pφ  gives the critical temperature P

cT  of the 
symmetric F/S/F structure for the P alignment of magnetiza-
tions. The same is true if we substitute the solution of Eq. (8) 
for APφ  into Eq. (6) to get the critical temperature AP

cT  in 
the symmetric F/S/F structure for the antiparallel alignment 
of magnetizations of the F layers. 

Taking the values of the physical parameters from the 
fitting of Tc(dF) and Tc(dS) for the S/F bilayers we can cal-
culate the magnitude of the spin-valve effect expected for 
the symmetric F/S/F core structure. In Fig. 3 are shown the 
results of the Tc(dF) calculations for the symmetric F/S/F 
structure at P and AP alignment of magnetizations of the 
ferromagnetic layers. That calculations were done for the 
following set of parameters: dS = dNb = 11.8 nm (a), 
dS = dNb = 13.9 nm (b); Tc0,Nb(dCuNi = 0 nm) = 7.7 (a), 
7.9 K (b); taken in accordance with Fig. 2, and in both cas-
es ξS = 6.6 nm; NFvF/NSvS = 0.22; TF = 0.6; lF/ξF0 = 1.1; 
ξF0 = 10.5 nm. 

The estimations show that for the Nb-layer thickness in 
the range, dNb = 12.0–15.0 nm, ΔTc can be rather high, as 

large as 2 K. In Fig. 4 we plot the maximal change of the 
critical temperature, max max( )AP P

c c cT T T∆ = −  due to the 
change of the magnetization alignment of the CuNi layers 
from parallel to antiparallel, together with the related 

Fig. 3. The Tc(dF) curves of the superconducting F/S/F spin-valve 
core structure with dS = dNb = 11.8 nm (a); dS = dNb = 13.9 nm 
(b); calculated using the set of parameters given in the text. 

Fig. 4. The maximal difference of the critical temperatures for AP 
and P alignments of magnetizations in the symmetric F/S/F spin-
switch core structure, max max( )AP P

c ccT T T∆ = − , versus Nb-layer 
thickness is shown by the dashed curve. The values of parameters 
for the calculations are the same as for Fig. 3. The thickness of the 
CuNi layers, at which an actual maximum is reached (see Fig. 3), is 
given by the solid curve. The Fig. 4 allows to select a range of the 
Nb-layer thickness dNb = 12.5–13.8 nm (see thin vertical arrows), 
and the CuNi-layer thickness dCuNi = 3.5–5.0 nm (continue thin 
horizontal arrows) for which max

cT∆  is in the range 1–2 K (see 
thick double-head arrow). 
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thickness dCuNi as a function of the Nb-layer thickness. 
The value of max

cT∆  increases for decreasing Nb-layer 
thickness. The related (i.e., “optimized”) CuNi layer thick-
ness passes through a maximum and then decreases. The 
shaded region is available for our deposition technique. 

4. Other possible design of superconducting  
spin valve — “triplet switching” 

Recently, an alternative F1/N/F2/S design of the super-
conducting spin valve [36] attracted much attention [37–39] 
because of possible high sensitivity of the superconducting 
Tc to generation of the long-range triplet component of su-
perconducting pairing [40,41]. Indeed, recent calculations 
have shown [42] that not only the “direct switching” 
( )AP P

c cT T>  is possible, but also the “inverse switching” 
( )P AP

c cT T>  can be realized [43]. Moreover, a novel “triplet 
switching” Triplet( { })AP P

c c cT T T< >  was predicted [42], 
which can be most spectacularly detected as a reentrant be-
havior of superconductivity as a function of the angle be-
tween magnetic moments of the F1 and F2 ferromagnetic 
layers. It has been shown that superconducting Tc for the 
F1/N/F2/S structure, calculated with physical parameters 
derived from the experiments described above, keeps all 
features predicted in [42] for the simplified model, and the 
triplet component was detected in F1/N/F2/S multilayer 
structure [44–48] opening the perspectives for the triplet 
spin-valve design for superconducting electronics [49,50]. 
One can see that the functionality of the superconduc-
tor/ferromagnet layered nanostructures can be successfully 
utilized to build a novel base elements for superconducting 
electronics development. 
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