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Abstract: We have studied the proximity effect in an SF1S1F2s superconducting spin valve consisting
of a massive superconducting electrode (S) and a multilayer structure formed by thin ferromagnetic
(F1,2) and superconducting (S1, s) layers. Within the framework of the Usadel equations, we have
shown that changing the mutual orientation of the magnetization vectors of the F1,2 layers from
parallel to antiparallel serves to trigger superconductivity in the outer thin s-film. We studied the
changes in the pair potential in the outer s-film and found the regions of parameters with a significant
spin-valve effect. The strongest effect occurs in the region of parameters where the pair-potential sign
is changed in the parallel state. This feature reveals new ways to design devices with highly tunable
inductance and critical current.

Keywords: proximity effect; multilayered structures; superconducting spin valve

1. Introduction

The development of low-dissipation and non-volatile memory and control elements
is one of the main tasks in superconducting electronics [1–11]. These elements can signif-
icantly help in the design of supercomputers, data centers, neuromorphic circuits, and
quantum computing. The use of hybrid structures consisting of superconductors (S) and
ferromagnets (F) is one of the modern and promising areas in the development of these
devices [12–22].

The interaction between superconducting and ferromagnetic orders in SF structures
can lead to the appearance of a number of peculiar effects, opening up the prospect of
creating effective superconducting spin valves (SSVs) [23–27]. Depending on the physical
parameter being controlled, SSVs can be divided into three types. These are devices in which
a change in the mutual orientation of the magnetic moments of the F-films is accompanied
by a variation in their critical current [5,24,27–39], critical temperature [26,40–45], or kinetic
inductance [4,8,19].

At present, the last type of the above-mentioned spin valves is the least studied
among the variety of possible technical solutions. In contrast to the other types of tunable
inductors [17,46,47], it does not require the current suppression of superconductivity and
can be considered a tunable linear element. The typical configuration of such a device is
shown in Figure 1. It consists of a massive S-electrode and an F1S1F2s multilayer structure
formed by thin ferromagnetic (F1,2) and superconducting (S1, s) layers. Superconductivity
in the outer s-film of the SF1S1F2s structure is maintained by both intrinsic superconducting
correlations and the proximity effect of the massive S-electrode. The intensity of these
sources of superconductivity and, consequently, the order parameter in the outer s-film ∆s,
as well as the kinetic inductance of the structure, are determined by the mutual orientation
of the magnetization vectors of its F-layers. It is supposed that the presence of the bulk
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S-electrode leads to an increase (compared to F1S1F2s spin valves) in the difference in the
magnitude of ∆s for the parallel (P) and antiparallel (AP) orientations of the magnetization
vectors. However, quantitative estimates of the maximum magnitude of the possible spin-
valve effect is still to be obtained. The ranges of the SF1S1F2s structural material parameters
where this maximum is reached are also unknown.

The aim of this work is to verify this conjecture by formulating the criteria for the
structure to exhibit a potent spin-valve effect and to find the set of material constants that
would allow the selection of suitable materials for the design of SF1S1F2s SSVs.

Figure 1. Sketch of the SF1S1F2s structure in P (a) and AP (b) orientations of magnetization. Note
that the upper layer can be transferred from the superconducting state to the normal state and vice
versa by changing the mutual orientation of the magnetization vectors of the ferromagnetic layers of
the structure.

2. Model

We assume that the conditions of the dirty limit are satisfied for all the films in
the SF1S1F2s multilayer. We also restrict ourselves to considering only the parallel and
antiparallel orientations of F-film magnetization vectors M1,2.

Under these conditions, we can study the proximity problem in the SF1S1F2s SSV in
the framework of the one-dimensional Usadel equations [48] with Kupriyanov–Lukichev
boundary conditions [49] at the SF and Fs interfaces.
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In Equations (1)–(3), p and q are the subscripts of the corresponding layers,
Gp = ω̃p/

√
ω̃2

p + Φp,ωΦ∗
p,−ω and ω̃p = ω + iHp, ω = πT(2n + 1) are Matsubara fre-

quencies, ∆p is the pair potential, Hp is the exchange energy of the ferromagnetic layer
(Hp = 0 in nonferromagnetic materials), TC is the critical temperature of the bulk supercon-
ductor, ξp = (Dp/2πTC)

1/2 is the coherence length, Dp is the diffusion coefficient, Gp and
Φp are normal and anomalous Green’s functions, respectively, γBpq = RBpqABpq/ρpξp is
a suppression parameter, RBpq and ABpq are the resistance and area of the corresponding
interface, and ρp is the resistivity of the p-th film. The plus sign in (3) means that the
p-th material is located on the side xm − 0 from the interface position xm, and the minus
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sign corresponds to the case where the p-th material is at xm + 0. Hereafter, we use the
following normalization: h̄ = 1 and kB = 1. The boundary conditions at free interfaces,
∂Φ/∂n = 0, follow from the the requirement that there be no current across them. Here, n
is the direction of the normal to the corresponding boundary.

Below, we characterize the degree of superconducting correlations in the outer s-
film by the magnitude of the order parameter ∆s at its free surface and by the difference,
δ =

∣∣∆↑↓
∣∣− ∣∣∆↑↑

∣∣, in the ∆s values calculated in the antiparallel (
∣∣∆↑↓

∣∣) and parallel (
∣∣∆↑↑

∣∣)
directions of the F-layer magnetization vectors.

The formulated boundary-value problem (1)–(3) has been solved numerically [50].
We set the temperature T = 0.5TC and the thickness of the thick S-layer dS = 5ξS. We
also used the exchange energy Hp = 100TC and a suppression parameter γB = 0.3 for
both F-films and for all FS boundaries. These parameters are typical of Nb interfaces with
ferromagnetic alloys (see the review in [51] and references therein), with a liquid helium
working temperature and a TC of about 9 K for Nb. The boundary-value problem (1)–(3) was
solved using numerical methods developed for solutions to nonlinear differential equations
through LU factorization for band matrices with three diagonals, in combination with the
relaxation method [50]. The numerical algorithm has been adapted to solve the Usadel
equations, where the superconducting order parameter is treated as a given coordinate
function. The exit from the iterative loop on nonlinearities occurred when the difference
between two successive iterations reached an accuracy of 10−9. The anomalous Green’s
functions thus computed were then used to compute a new coordinate dependence of the
order parameter. The resulting dependence ∆(x) was again substituted into the Usadel
equations. The exit from the iteration cycle by ∆(x) was realized when the maximum
difference between two successive iterations was less than 10−6TC.

3. Proximity Effect in SF1S1F2s Trigger

We begin our analysis by studying the proximity effect in an SF1S1F2s SSV when the
resistivities of all materials in the structure (ρF = ρS) are the same, the coherence lengths
ξF1 = ξF2, and the thicknesses of the S- and F-layers are equal to dF1 = 0.15ξS, dS1 = 0.2ξS,
and dF2 = 0.25ξS.

Figure 2a–c show the dependencies of the order parameter on the free surface of the
s-layer ∆s and the parameter δ (panel d) on its thickness ds in the case of P (dotted lines)
and AP orientations (solid lines) of the magnetization vectors M1,2 for the SF1S1F2s and
F1S1F2s structures without a bottom superconductor electrode. The curves are calculated
for different ξF/ξS ratios, equal to 1, 2.5, and 2.7. As expected, the transition from the
parallel to antiparallel mutual orientation of the vectors M1,2 is accompanied by an increase
in the magnitude of the modulus of the order parameter ∆s on the free surface of the s-film.
Note that for ξF/ξS = 1 and ξF/ξS = 2.5, the switching is accompanied by a change in the
sign of the order parameter.

First of all, it should be emphasized that an increase in the ratio ξF/ξS actually means
a decrease in the thickness of the F-films in units of ξF. This is the reason for the observed
growth of ∆s(ds) with an increase in ξF/ξS at a fixed value of ds/ξS.

The calculations show that, for the largest effective thickness of the F-layers (ξF/ξS = 1)
in the F1S1F2s multilayer, the superconducting correlations are completely suppressed at
ds = dcr ≈ 3.4ξS (for the case ξF/ξS = 1), and dcr practically does not depend on the mutual
orientation of the vectors M1,2. This independence is preserved even at smaller thicknesses
of the F-layers, which is confirmed by calculations at ξF/ξS = 2.5 and ξF/ξS = 2.7 with
dcr ≈ 2.5ξS and dcr ≈ 2.4ξS, respectively. This means that there is no standard spin-
valve effect in the structure associated with a change in the effective exchange energy
in the ferromagnetic part of the device acting on the s-superconductor. In other words,
the superconductivity in the s-layer depends only on the proximity effect of the F2-film.
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Figure 2. Dependence of the order parameter on the s-layer free surface ∆s (panels (a)–(c)) as
a function of ds in the case of P and AP orientations of the vectors M1,2 (solid and dotted lines,
respectively) for SF1S1F2s and F1S1F2s structures (black and red colors, respectively). The curves are
calculated for three values of the parameter ξF/ξS, equal to 1, 2.5, and 2.7 ((a), (c), and (d) panels,
respectively). Dependence of the parameter δ (panel (d)) on ds for values of the parameter ξF/ξS

equal to 1, 2.5, and 2.7 (black, red, and blue colors, respectively). In panel d, the values of δ, calculated
with ξF/ξS = 1, are increased by a factor of 10 for the sake of clarity. The other parameters of the
SF1S1F2s-(F1S1F2s-) structure are dS = 5ξS, dF1 = 0.15ξS, dS1 = 0.2ξS, dF2 = 0.25ξS, H = 100TC,
T = 0.5TC, γB = 0.3, ρF = ρS, ξF1 = ξF2.

The situation in SF1S1F2s devices is completely different. The presence of a massive
superconducting S-electrode, whose weakest point is moved closer to the center of the
structure, gives additional support to the superconductivity in the s-film. This can be seen
from the shape of the black curves in Figure 2a: the magnitude of |∆(ds)| at ξF/ξS = 1 and
ds = dcr shifts from 0 up to ≈0.5Tc, and the dependence drops more smoothly to 0 after
ds < dcr.

It is important to note that for a given ds, the reversal of the direction of the magneti-
zation vector of one of the F-layers to the opposite direction is accompanied by a change
in the sign of ∆s, keeping the difference δ at a negligibly small level. This means that the
thickness of the F2-film appears to be so large that the additional superconducting support
provided by the S-layer practically does not reach the s-film and only provides a phase shift
between the superconducting correlations in the S- and s-parts of the SF1S1F2s structure.
Note that in the F2s proximity system, the magnitude of ∆s does not depend on the phase
of the correlation leading to δ = 0. The small deviation of δ from zero found as a result
of the calculations is due to the effect of proximity between the SF1S1 and F2s parts of the
SF1S1F2s structure.

A decrease in the effective thickness of the ferromagnetic layers is accompanied by an
increase in the mutual influence of the SF1S1F2 and F2s blocks. Figure 2b,c show that at
ξF/ξS = 2.5 and ξF/ξS = 2.7, there is a significant increase in the absolute values of δ. It
is seen in Figure 2d that the dependence of ∆s is a nonmonotonic function of the s-layer
thickness. It achieves a maximum at ds = dmax

s ≈ dcr.



Nanomaterials 2024, 14, 245 5 of 12

With ds ≤ dcr and the parallel orientation of the vectors M1,2, the superconductivity in
the s-layer turns out to be almost completely suppressed and weakly dependent on ds. In
this thickness region, the observed growth of δ with increasing ds is due to an increase in
the superconductivity induced in the s-layer, which occurs in the AP configuration of the
vectors M1,2.

At ds > dcr, there is intrinsic superconductivity in the s-film. This is manifested by the
growth of the ∆s module with increasing ds and a monotonous decrease in the dependence
of ∆s. The larger ds is, the stronger the intrinsic superconductivity is in the s-film and the
closer ∆s is to zero.

Figure 3 provides a deeper insight into the characteristics of the proximity effect in
the SF1S1F2s structure. The graphs demonstrate the spatial distribution of the module of the
pair amplitude F(x) = Φp,ω/

√
ω̃2

p + Φp,ωΦ∗
p,−ω (panel a) and its phase

Θ = arctan(Im(F)/Re(F)) (panel b) calculated for the first Matsubara frequency and
ξF/ξS = 2.5, ds = dmax

s = 2.5ξS. The results obtained with the parallel and antiparallel
orientations of the F-film magnetization vectors are shown as solid black and dashed red
curves, respectively. The blue rectangles indicate the areas occupied by the ferromag-
netic layers.

Figure 3. Spatial distributions of module of the pair amplitudes F and their phases Θ at the first
Matsubara frequency (panels (a) and (b), respectively), calculated for ξF/ξS = 2.5, ds = 2.5ξS, and
P and AP orientations (black solid and red dotted lines, respectively). The blue rectangles indicate
the areas occupied by the ferromagnetic layers. The inset in panel (b) shows the phase value on the
free s-surface Θs for different Matsubara frequencies. The other parameters of the SF1S1F2s structure
are dS = 5ξS, dF1 = 0.15ξS, dS1 = 0.2ξS, dF2 = 0.25ξS, H = 100TC, T = 0.5TC, γB = 0.3, ρF = ρS,
ξF1 = ξF2.

It can be seen that the presented curves are qualitatively different from similar de-
pendencies characterizing the proximity effect in SN and SF multilayer structures with
a ferromagnetic film on the free surface. In the SN multilayer case, there should also be
jumps in the F-module at the interfaces. However, these jumps do not lead to a change
in the phase of the F(x) functions. It does not depend on the spatial coordinate and must
coincide with the phase of the massive S-electrode.

In multilayer SF structures, the decay of superconducting correlations in F-layers
has a damping oscillatory character. This feature causes both module and phase jumps
of anomalous functions to occur at the interfaces. Figure 3 shows that the amplitudes
of these jumps can differ between adjacent boundaries. The condition that the normal
derivative of the anomalous functions F is equal to zero selects, from all their possible spatial
configurations, only those that provide an extremum of F on the outer surface of the F-layer.
Such phase synchronization leads to the fact that, among all possible spatial configurations
F(x), only those in which the phase difference between the massive S-electrode and the
outer F-layer is equal to either 0 or π are realized.
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The SF1S1F2s structure we are studying ends with an s-film in which the spatial
variations are not oscillatory. In this case, the jumps of the module and the phase of the
functions F on the internal interfaces impose a spatial dependence Θ(x), which ensures the
absence of a current in the multilayer. For this reason, the values of Θ(ds) in Figure 3b are
slightly different from 0 in the AP state and are not equal to π with the parallel orientation
of the magnetization vectors for the 1-st Matsubara frequency and rather quickly converges
to π as their number increases.

We can draw three important conclusions from our analysis of the proximity effect.
First, in the SF1S1F2s structure, there is a phase mismatch of anomalous Green func-

tions on the free surface of the s-film. They do not coincide with each other and do not
match the phase of the order parameter. This problem should be taken into account when
designing any device containing such a structure as an electrode in a multilayer tunnel
junction [52] or as a kinetic inductor in detectors or neuromorphic circuits [19].

Second, we have shown that with ξF/ξS = 2.5 and the fixed values of the other
parameters of the studied structure, a significant spin-switching effect is realized at the
thickness of the s-layer ds ≈ dcr. Namely, the switching of the mutual orientation of the
magnetization vectors of the F-layers is accompanied by a change in the magnitude of the
parameter modulus from values close to zero to values comparable to the values of ∆ in a
massive S-electrode.

Third, a significant difference between dP
cr and dAP

cr proves the possibility of using
the standard SF1S1F2 spin valve not only for standard S-layer superconductivity control
operations but also as a tool to switch superconductivity on or off in the F2s part of a
structure weakly coupled to the SF1S1F2 spin valve. Thus, the SF1S1F2 spin valve actually
performs the function of a trigger that turns superconductivity on or off in the F2s part of
the SF1S1F2s device.

In the following, we will analyze how stable the obtained trigger effect (TE) is by ex-
amining the dependence of the maximum achievable value δ(ds) = δmax and the thickness
of the s-layer ds = dmax

s at which this maximum is reached on the material and geometrical
parameters of the SF1S1F2s structure.

4. Influence of Material Properties and Structural Dimensions on the Trigger Effect

The conclusions formulated in the previous section were based on calculations per-
formed for ρF = ρS and three fixed ratios of ξF/ξS. To understand how stable they are
with respect to the variation in these ratios, we generated the maps shown in Figure 4a,b.
The values of all the other parameters remained the same as in the calculation of the curves
shown in Figure 2.

Figure 4. Maps of material parameters of ferromagnets ρF, ξF for the maximum difference during
magnetization reversal δmax (a) and achieved at thicknesses dmax

s (b). Below the dotted line in the
P orientation, the ∆ in the s-layer is negative; above the line, it is positive. The other parameters of
the SF1S1F2s structure are dS = 5ξS, dF1 = 0.15ξS, dS1 = 0.2ξS, dF2 = 0.25ξS, H = 100TC, T = 0.5TC,
γB = 0.3.
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In Figure 4a, the color palette shows the values of the parameter δmax as a function
of the ρF/ρS and ξF/ξS ratios. The red color corresponds to the maximum values of δmax.
The blue color corresponds to the minimum values. The dashed curve divides the plane
of the parameters ρF/ρS and ξF/ξS into two regions. In the upper-right corner above this
curve, the values ∆s are positive. Below this curve they are negative.

It can be seen that in the vicinity of ξF/ξS ≈ 1 (blue area in the lower part of Figure 4a),
the values of δmax are close to zero, regardless of the ratio of ρF/ρS. At ξF/ξS ≳ 1.8, there
is a noticeable trigger effect (δmax/TC ≳ 0.5) at almost any ratio of ρF/ρS. The strongest
triggering effect δmax/TC ≈ 1 occurs in the region shown by the dashed line, where the
value of ∆P changes its sign.

The second important parameter in Figure 2 is the thickness of the s-film dmax
s at

which the trigger effect is maximal. In Figure 4b, the color palette shows the values of the
parameter dmax

s as a function of the the ρF/ρS and ξF/ξS ratios. The red color corresponds
to the maximum values of dmax

s . The blue color corresponds to the minimum values.
The data presented in Figure 4b allow us to determine, for fixed values of ρF/ρS, ξF/ξS,
and δmax, which thickness of the s-layer should be chosen to produce the state with the
maximum TE. It should be noted that although the maximum δmax amplitude occurs
in a wide range of parameters, the corresponding dmax

s is different at different points.
For example, the maximum TE occurs for ρF = 0.3ρS, ξF = 4ξS at dmax

s ≈ 3ξS, while the
same TE for ρF = 4ρS, ξF = 1.8ξS is realized at dmax

s ≈ 1ξS. In the design of small-scale
superconducting devices using a trigger effect in control elements, this feature can be
important and useful.

To evaluate the influence of geometric factors on the TE effect, we set dF2 = dF1 + 0.1ξS
and examined the dependence of δmax on dF1/ξS for S1-layer thicknesses equal to 0.2ξS,
ξS, and 2ξS. We have chosen such a relation between the thicknesses of the ferromagnetic
layers to allow for independent remagnetization between the ferromagnetic layers F1 and
F2 in the pseudo-spin-valve structure, which is consistent with experimental data for SF
multilayer structures [8,16]. Such a choice preserves the difference in thickness between the
F1 and F2 layers. In this case, the phase addition in the F1S1F2 part of the structure varies
in the case of the parallel arrangement of magnetization vectors and remains constant in
the AP case. The calculations for ρF = 2ρS, ξF = 2ξS, and ρF = ρS, ξF = ξS are shown in
Figure 5. All other parameters have the same values as those used in Section 3.

It can be seen that increasing the thickness of the S1 layer leads to a suppression of the
maximum value of δmax and a shift in the position of the maximum to the larger dF1/ξS
ratio. This behavior of the δmax(dS1) dependence is quite natural.

At small and fixed thicknesses of the F-films, an increase in dS1 should be accompanied
by a decrease in the influence of the F2 layer on the amplitude of the anomalous functions
at the SF1 interface and a leveling of the difference between their values in the P and AP
configurations. This leads to a shift in dAP

cr to larger values, to a convergence of dAP
cr and

dP
cr, and to a suppression of δmax with increasing dS1. This suppression is clearly seen in

Figure 5a,b. It actually means that the growth of dS1 leads to the splitting of the SF1S1F2s
structure into two weakly interacting SF1S1 and S1F2s blocks. With the thicknesses of their
superconductors several times larger than ξS, their own superconductivity is sufficient to
synchronize the phases of the order parameter and the anomalous functions as the spatial
coordinate moves away from the SF boundaries. In this limit, the parameter δmax → 0,
and the values of ∆s in P and AP configurations can only differ in sign.

For large and fixed values of dF1, superconductivity in the vicinity of SF interfaces
is strongly suppressed in the first approximation. It is obvious that the thicker the S1
interlayer, the faster the recovery of superconductivity in the AP case compared to the P
case. This is why the parameter δmax appears larger as dS1 becomes thicker.

In an intermediate segment of dF1, the functions δmax(dF1) reach the maximum. The po-
sition of the maximum on the dF1 scale is shifted to the larger dF1 with increasing dS1. This
tendency is quite obvious. The ferromagnetic layers F1 and F2 are the cause of the rotation
of the pairing phase Θ(F). The changes in Θ(F) are simply additive in the case of the zero
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thickness of the S1-layer. At the same time, the superconducting order in the S1-layer tends
to return the phase to 0 and has a negative effect on the overall phase rotation. The larger
the regions occupied by superconductors, the thicker the F-layer should be, which controls
the final state of the SF1S1F2s structure.

Figure 5. Dependence of the maximum difference δmax upon magnetization reversal on the thickness
of ferromagnets dF1 for the material parameters ρF/ρS = 2, ξF/ξS = 2 (a) and ρF/ρS = 1, ξF/ξS = 1
(b) and for the case when the middle layer is a normal metal (c). Panel (d) is the δmax map depending
on the thicknesses of the ferromagnets dF1 and the thickness of the superconducting middle layer
dS1. In the calculations, it was always assumed that dF2 = dF1 + 0.1ξS. The other parameters of the
SF1S1F2s(SF1NF2s) structure were dS = 5ξS, dS1 = 0.2ξS, H = 100TC, T = 0.5TC, γB = 0.3.

Figure 5c shows that there is no shift in the position of δmax(dF1) as dS1 increases in the
case of the substitution of the S1-film by a normal metal. Due to the substitution, the regions
occupied by superconductors do not change as dS1 increases. As a result, there is no shift in
the maximum in the δmax(dF1) dependencies.

The color palette in Figure 5d gives the value of δmax as a function of the dS1/ξS and
dF1/ξS ratios. The red color corresponds to the maximum values of δmax. The blue color
corresponds to the minimum values. The data presented in Figure 5d allow us to determine,
for fixed values of dS1/ξS, which thickness of the F-layer should be chosen in order to
realize states having the maximum value of δmax and a positive or negative value of ∆s(ds).
For convenience, all values of dmax

s at which δmax is reached are not shown in Figure 5,
as they have no additional meaning.

Finally, we have studied the influence of the exchange energy of ferromagnets on the
triggering parameters. Figure 6 shows maps of δmax versus the material parameters ρF/ρS
and ξF/ξS for the values of H = 20TC (a) and H = 50TC (b), which are weaker compared to
the H = 100TC that we used previously to obtain Figure 4a. It can be seen that the general
form of the dependencies has been preserved. As in Figure 4a, there are two regions of
parameters that divide the ρF/ρS and ξF/ξS planes into two regions that differ in the sign
of ∆s. The absolute values of δmax are rather weakly dependent on h. At the same time,
the position of the high-TE region is significantly shifted with the change in H. While for
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strong ferromagnets H = 100TC, the significant TE effect appears only at ξF ≥ 2ξS and
makes significant demands on the choice of materials, at H = 20TC, the strongest TE effect
is available in the interval 0.5ξS ≤ ξF ≤ 1.5ξS, which is quite reasonable for experimental
realization. For convenience, all values of dmax

s where δmax is reached are not shown in
Figure 6, as they are similar to those in Figure 4b.

Figure 6. Maps for material parameters of ferromagnets ρF, ξF for the maximum difference in
magnetization reversal δmax at thick exchange energies H = 20TC (a) and H = 50TC (b). Other
parameters of the SF1S1F2s structure are dS = 5ξS, dF = 0.15ξS, dS1 = 0.2ξS, dF1 = 0.25ξS, T = 0.5TC,
γB = 0.3.

5. Discussion and Conclusions

Our studies of the trigger effect in the SF1S1F2s structure have shown that it is very
stable with respect to variations in its material and geometrical factors. The effect itself
is that the SF1S1F2 spin valve does not control the superconducting state of the whole
structure, but only that of its F2s part. In this case, the fact that the F2s block is in the
pre-critical state is significantly exploited. The critical thickness of the s-film is determined
from the equality of the order parameter and the anomalous Green functions at the F2s
boundary to zero and the equality of the normal derivative to zero at the free boundary
of the superconductor. It lies in the neighborhood of about 3.5ξS. For such large values
of the critical thickness, the order parameter and the anomalous Green functions have
the opportunity to increase from zero to values comparable to TC at the free surface of a
superconductor with the increasing spatial coordinate. We have shown that in SF1S1F2s
devices, there is a large difference in the critical thickness of their F2s part between parallel
and antiparallel F-film magnetization vector orientations. This difference is the basis of the
trigger effect we discovered. It allows the superconductivity in the s-film of the structure to
be switched on or off by changing the mutual orientation of the vectors M1,2. Moreover,
with such a switch, the absolute values of the order parameter at the free surface of the
s-layer can differ only slightly from its equilibrium values. Importantly, the sign of the
order parameter can be either positive or negative. This opens up new possibilities for the
design of devices to control the inductance and critical current of Josephson junctions.

For example, the critical current of tunneling SF1S1F2sIS structures, where “I” denotes
a layer with tunnel-type conductivity, is determined by the superconducting material
parameters of those regions of the s- and S-films that are adjacent to the I-layer. By exploiting
the trigger effect in the SF1S1F2s electrode of the SF1S1F2sIS structure, one can provide its
switching between 0 and π states, while its critical current and characteristic voltage would
be close to thsoe of standard junctions in digital circuits.

At the same time, the lack of phase synchronization of the order parameter and
anomalous Green’s functions on the free surface of the s-layer is an important feature
that should be taken into account in the design of Josephson tunnel structures that use
the trigger effect in their operation. As a consequence of this desynchronization, it is
impossible to determine the phase difference in the order parameters between the s- and
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S-electrodes, which determines the current–phase relationship of the SF1S1F2sIS structure.
A similar situation takes place in SNS sandwiches [53] and variable-thickness bridges [54]
and is solved by maintaining a global phase difference, the role of which in SF1S1F2sIS
contacts should be taken over by the phase difference of order parameters of their massive
S-electrodes, determined at their free boundaries. Physically, this means that the role of the
weak region in SF1S1F2sIS Josephson junctions is played not by the insulating layer but by
the whole SF1S1F2sI region, including the part of the massive S-electrode, which borders
the F1-film. The determination of the current–phase relation and the operating modes of
SF1S1F2sIS spin valves will be published elsewhere.

Author Contributions: Formulation of the model, A.N., S.B. and M.K.; calculations, A.N. and S.B.;
data curation, N.K.; formal analysis, I.S.; funding acquisition, S.B. and I.S.; writing—original draft
preparation, A.N. and S.B.; writing—review and editing, N.K., I.S. and M.K. All authors have read
and agreed to the published version of the manuscript.

Funding: Theoretical description and modeling of the spin-trigger electronic structure were carried
out with the financial support of the Russian Science Foundation (project No. 22-79-10018). The
analysis of possible implementations was supported by the Strategic Academic Leadership Program
“Priority-2030” (NUST MISIS grant No. K2-2022-029). A.N. also thanks the Foundation for the
Development of Theoretical Physics and Mathematics “BASIS” for its support.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Annunziata, A.J. Single-Photon Detection, Kinetic Inductance, and Non-Equilibrium Dynamics in Niobium and Niobium Nitride

Superconducting Nanowires; Yale University: New Haven, CT, USA, 2010.
2. Klenov, N.; Pugach, N.; Sharafiev, A.; Bakurskiy, S.; Kornev, V. Josephson junctions with nonsinusoidal current-phase relations

based on heterostructures with a ferromagnetic spacer and their applications. Phys. Solid State 2010, 52, 2246–2251. [CrossRef]
3. Apalkov, D.; Khvalkovskiy, A.; Watts, S.; Nikitin, V.; Tang, X.; Lottis, D.; Moon, K.; Luo, X.; Chen, E.; Ong, A.; et al. Spin-transfer

torque magnetic random access memory (STT-MRAM). ACM J. Emerg. Technol. Comput. Syst. (JETC) 2013, 9, 1–35. [CrossRef]
4. Suleiman, M.; Sarott, M.F.; Trassin, M.; Badarne, M.; Ivry, Y. Nonvolatile voltage-tunable ferroelectric-superconducting quantum

interference memory devices. Appl. Phys. Lett. 2021, 119, 11. [CrossRef]
5. Baek, B.; Rippard, W.H.; Benz, S.P.; Russek, S.E.; Dresselhaus, P.D. Hybrid superconducting-magnetic memory device using

competing order parameters. Nat. Commun. 2014, 5, 3888. [CrossRef]
6. Semenov, V.K.; Polyakov, Y.A.; Tolpygo, S.K. Very large scale integration of Josephson-junction-based superconductor random

access memories. IEEE Trans. Appl. Supercond. 2019, 29, 1302809. [CrossRef]
7. Karabassov, T.; Guravova, A.V.; Kuzin, A.Y.; Kazakova, E.A.; Kawabata, S.; Lvov, B.G.; Vasenko, A.S. Anomalous current–voltage

characteristics of SFIFS Josephson junctions with weak ferromagnetic interlayers. Beilstein J. Nanotech. 2020, 11, 252–262.
[CrossRef]

8. Bakurskiy, S.; Kupriyanov, M.; Klenov, N.V.; Soloviev, I.; Schegolev, A.; Morari, R.; Khaydukov, Y.; Sidorenko, A.S. Controlling
the proximity effect in a Co/Nb multilayer: The properties of electronic transport. Beilstein J. Nanotechnol. 2020, 11, 1336–1345.
[CrossRef]

9. Cuthbert, M.; DeBenedictis, E.; Fagaly, R.L.; Fagas, G.; Febvre, P.; Fourie, C.; Frank, M.; Gupta, D.; Herr, A.; Holmes, D.S.;
et al. International Roadmap for Devices and Systems. Cryogenic Electronics and Quantum Information Processing, 2022 Edition; IEEE:
Piscataway, NJ, USA, 2022.

10. Karabassov, T.; Bobkova, I.V.; Silkin, V.M.; Lvov, B.G.; Golubov, A.A.; Vasenko, A.S. Phase diagrams of the diode effect in
superconducting heterostructures. Phys. Scr. 2023, 99, 015010. [CrossRef]

11. Alam, S.; Hossain, M.S.; Srinivasa, S.R.; Aziz, A. Cryogenic memory technologies. Nat. Electron. 2023, 6, 185–198. [CrossRef]
12. Stamopoulos, D.; Aristomenopoulou, E.; Lagogiannis, A. Co/Nb/Co trilayers as efficient cryogenic spin valves and supercurrent

switches: The relevance to the standard giant and tunnel magnetoresistance effects. Supercond. Sci. Technol. 2014, 27, 095008.
[CrossRef]

13. Lenk, D.; Morari, R.; Zdravkov, V.I.; Ullrich, A.; Khaydukov, Y.; Obermeier, G.; Müller, C.; Sidorenko, A.S.; von Nidda, H.A.K.;
Horn, S.; et al. Full-switching FSF-type superconducting spin-triplet magnetic random access memory element. Phys. Rev. B
2017, 96, 184521. [CrossRef]

http://doi.org/10.1134/S1063783410110053
http://dx.doi.org/10.1145/2463585.2463589
http://dx.doi.org/10.1063/5.0061160
http://dx.doi.org/10.1038/ncomms4888
http://dx.doi.org/10.1109/TASC.2019.2904971
http://dx.doi.org/10.3762/bjnano.11.19
http://dx.doi.org/10.3762/bjnano.11.118
http://dx.doi.org/10.1088/1402-4896/ad1376
http://dx.doi.org/10.1038/s41928-023-00930-2
http://dx.doi.org/10.1088/0953-2048/27/9/095008
http://dx.doi.org/10.1103/PhysRevB.96.184521


Nanomaterials 2024, 14, 245 11 of 12

14. Schneider, M.L.; Donnelly, C.A.; Russek, S.E.; Baek, B.; Pufall, M.R.; Hopkins, P.F.; Dresselhaus, P.D.; Benz, S.P.; Rippard, W.H.
Ultralow power artificial synapses using nanotextured magnetic Josephson junctions. Sci. Adv. 2018, 4, e1701329. [CrossRef]
[PubMed]

15. Bakurskiy, S.V.; Klenov, N.V.; Soloviev, I.I.; Pugach, N.G.; Kupriyanov, M.Y.; Golubov, A.A. Protected 0-π states in SIsFS junctions
for Josephson memory and logic. Appl. Phys. Lett. 2018, 113, 082602. [CrossRef]

16. Caruso, R.; Massarotti, D.; Bolginov, V.V.; Ben, H.A.; Karelina, L.N.; Miano, A.; Vernik, I.V.; Tafuri, F.; Ryazanov, V.V.; Mukhanov,
O.A.; et al. RF assisted switching in magnetic Josephson junctions. J. Appl. Phys. 2018, 123, 133901. [CrossRef]

17. Marychev, P.; Vodolazov, D.Y. Extraordinary kinetic inductance of superconductor/ferromagnet/normal metal thin strip in an
Fulde–Ferrell state. J. Phys. Condens. Matter 2021, 33, 385301. [CrossRef] [PubMed]

18. Pugach, N.; Safonchik, M.; Belotelov, V.; Ziman, T.; Champel, T. Superconducting spin valves based on a single spiral magnetic
layer. Phys. Rev. Appl. 2022, 18, 054002. [CrossRef]

19. Schegolev, A.E.; Klenov, N.V.; Bakurskiy, S.V.; Soloviev, I.I.; Kupriyanov, M.Y.; Tereshonok, M.V.; Sidorenko, A.S. Tunable
superconducting neurons for networks based on radial basis functions. Beilstein J. Nanotechnol. 2022, 13, 444–454. [CrossRef]

20. Schneider, M.; Toomey, E.; Rowlands, G.E.; Shainline, J.; Tschirhart, P.; Segall, K. Supermind: A survey of the potential of
superconducting electronics for neuromorphic computing. Supercond. Sci. Technol. 2022, 35, 053001. [CrossRef]

21. Mel’nikov, A.S.; Mironov, S.V.; Samokhvalov, A.V.; Buzdin, A.I. Superconducting spintronics: State of the art and prospects.
Uspekhi Fiz. Nauk 2022, 192, 1339–1384. [CrossRef]

22. Nevirkovets, I.; Mukhanov, O. Electrically controlled hybrid superconductor–ferromagnet cell for high density cryogenic memory.
Appl. Phys. Lett. 2023, 123, 072601. [CrossRef]

23. Blamire, M.; Robinson, J. The interface between superconductivity and magnetism: Understanding and device prospects. J. Phys.
Condens. Matter 2014, 26, 453201. [CrossRef]

24. Eschrig, M. Spin-polarized supercurrents for spintronics: A review of current progress. Rep. Prog. Phys. 2015, 78, 104501.
[CrossRef] [PubMed]

25. Linder, J.; Robinson, J.W. Superconducting spintronics. Nat. Phys. 2015, 11, 307–315. [CrossRef]
26. Leksin, P.V.; Garif’Yanov, N.N.; Garifullin, I.A.; Fominov, Y.V.; Schumann, J.; Krupskaya, Y.; Kataev, V.; Schmidt, O.G.; Büchner, B.

Evidence for triplet superconductivity in a superconductor-ferromagnet spin valve. Phys. Rev. Lett. 2012, 109, 057005. [CrossRef]
[PubMed]

27. Tagirov, L.R.; Kupriyanov, M.Y.; Sidorenko, A.S.; Kushnir, V.N. Superconducting triplet proximity and Josephson spin valves.
In Functional Nanostructures and Metamaterials for Superconducting Spintronics; NanoScience and Technology; Sidorenko, A., Ed.;
Springer: Cham, Switzerland, 2018; pp. 31–47. [CrossRef]

28. Bergeret, F.; Volkov, A.; Efetov, K. Enhancement of the Josephson current by an exchange field in superconductor-ferromagnet
structures. Phys. Rev. Lett. 2001, 86, 3140. [CrossRef] [PubMed]

29. Krivoruchko, V.; Koshina, E. From inversion to enhancement of the dc Josephson current in S/F- I- F/S tunnel structures. Phys.
Rev. B 2001, 64, 172511. [CrossRef]

30. Koshina, E.; Krivoruchko, V. Spin polarization and π-phase state of the Josephson contact: Critical current of mesoscopic SFIFS
and SFIS junctions. Phys. Rev. B 2001, 63, 224515. [CrossRef]

31. Shukrinov, Y.M. Anomalous Josephson effect. Physics-Uspekhi 2022, 65, 317. [CrossRef]
32. Golubov, A.A.; Kupriyanov, M.Y.; Il’Ichev, E. The current-phase relation in Josephson junctions. Rev. Mod. Phys. 2004, 76, 411.

[CrossRef]
33. Buzdin, A.I. Proximity effects in superconductor-ferromagnet heterostructures. Rev. Mod. Phys. 2005, 77, 935. [CrossRef]
34. Bergeret, F.; Volkov, A.F.; Efetov, K.B. Odd triplet superconductivity and related phenomena in superconductor-ferromagnet

structures. Rev. Mod. Phys. 2005, 77, 1321. [CrossRef]
35. Ruppelt, N.; Sickinger, H.; Menditto, R.; Goldobin, E.; Koelle, D.; Kleiner, R.; Vavra, O.; Kohlstedt, H. Observation of 0–π

transition in SIsFS Josephson junctions. Appl. Phys. Lett. 2015, 106, 022602. [CrossRef]
36. Baek, B.; Rippard, W.H.; Pufall, M.R.; Benz, S.P.; Russek, S.E.; Rogalla, H.; Dresselhaus, P.D. Spin-Transfer Torque Switching in

Nanopillar Superconducting-Magnetic Hybrid Josephson Junctions. Phys. Rev. Appl. 2015, 3, 011001. [CrossRef]
37. Nevirkovets, I.; Mukhanov, O. Peculiar interference pattern of Josephson junctions involving periodic ferromagnet-normal metal

structure. Supercond. Sci. Technol. 2018, 31, 03LT01. [CrossRef]
38. Nevirkovets, I.P. Observation of fractional vortices and π phases in Josephson junctions involving periodic magnetic layers. Phys.

Rev. B 2023, 108, 024503. [CrossRef]
39. Karelina, L.; Shuravin, N.; Ionin, A.; Bakurskiy, S.; Egorov, S.; Golovchanskiy, I.; Chichkov, V.; Bol’ginov, V.; Ryazanov, V. Magnetic

Memory Effect in Planar Ferromagnet/Superconductor/Ferromagnet Microbridges Based on Highly Diluted PdFe Alloy. JETP
Lett. 2022, 116, 110–116. [CrossRef]

40. Buzdin, A.I.; Kupriyanov, M.Y.; Vuiichich, B. The oscillation of the critical temperature of the S-F multylayers. Phys. C Supercond.
Its Appl. 1991, 185, 2025–2026. [CrossRef]

41. Izyumov, Y.A.; Proshin, Y.N.; Khusainov, M.G. Competition between superconductivity and magnetism in ferromag-
net/superconductor heterostructures. Physics-Uspekhi 2002, 45, 109. [CrossRef]

42. Oh, S.; Youm, D.; Beasley, M. A superconductive magnetoresistive memory element using controlled exchange interaction. Appl.
Phys. Lett. 1997, 71, 2376–2378. [CrossRef]

http://dx.doi.org/10.1126/sciadv.1701329
http://www.ncbi.nlm.nih.gov/pubmed/29387787
http://dx.doi.org/10.1063/1.5045490
http://dx.doi.org/10.1063/1.5018854
http://dx.doi.org/10.1088/1361-648X/ac1153
http://www.ncbi.nlm.nih.gov/pubmed/34225266
http://dx.doi.org/10.1103/PhysRevApplied.18.054002
http://dx.doi.org/10.3762/bjnano.13.37
http://dx.doi.org/10.1088/1361-6668/ac4cd2
http://dx.doi.org/10.3367/UFNr.2021.07.039020
http://dx.doi.org/10.1063/5.0165128
http://dx.doi.org/10.1088/0953-8984/26/45/453201
http://dx.doi.org/10.1088/0034-4885/78/10/104501
http://www.ncbi.nlm.nih.gov/pubmed/26397456
http://dx.doi.org/10.1038/nphys3242
http://dx.doi.org/10.1103/PhysRevLett.109.057005
http://www.ncbi.nlm.nih.gov/pubmed/23006203
http://dx.doi.org/10.1007/978-3-319-90481-8_2
http://dx.doi.org/10.1103/PhysRevLett.86.3140
http://www.ncbi.nlm.nih.gov/pubmed/11290127
http://dx.doi.org/10.1103/PhysRevB.64.172511
http://dx.doi.org/10.1103/PhysRevB.63.224515
http://dx.doi.org/10.3367/UFNe.2020.11.038894
http://dx.doi.org/10.1103/RevModPhys.76.411
http://dx.doi.org/10.1103/RevModPhys.77.935
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1063/1.4905672
http://dx.doi.org/10.1103/PhysRevApplied.3.011001
http://dx.doi.org/10.1088/1361-6668/aaa6b6
http://dx.doi.org/10.1103/PhysRevB.108.024503
http://dx.doi.org/10.1134/S0021364022601105
http://dx.doi.org/10.1016/0921-4534(91)91137-S
http://dx.doi.org/10.1070/PU2002v045n02ABEH001025
http://dx.doi.org/10.1063/1.120032


Nanomaterials 2024, 14, 245 12 of 12

43. Tagirov, L. Low-field superconducting spin switch based on a superconductor/ferromagnet multilayer. Phys. Rev. Lett. 1999,
83, 2058. [CrossRef]

44. Tanaka, Y.; Golubov, A.A. Theory of the proximity effect in junctions with unconventional superconductors. Phys. Rev. Lett. 2007,
98, 037003. [CrossRef] [PubMed]

45. Leksin, P.V.; Garif’yanov, N.N.; Kamashev, A.A.; Fominov, Y.V.; Schumann, J.; Hess, C.; Kataev, V.; Büchner, B.; Garifullin, I.A.
Superconducting spin-valve effect and triplet superconductivity in Co O x/Fe1/Cu/Fe2/Cu/Pb multilayer. Phys. Rev. B 2015,
91, 214508. [CrossRef]

46. Annunziata, A.J.; Santavicca, D.F.; Frunzio, L.; Catelani, G.; Rooks, M.J.; Frydman, A.; Prober, D.E. Tunable superconducting
nanoinductors. Nanotechnology 2010, 21, 445202. [CrossRef] [PubMed]

47. Splitthoff, L.J.; Bargerbos, A.; Grünhaupt, L.; Pita-Vidal, M.; Wesdorp, J.J.; Liu, Y.; Kou, A.; Andersen, C.K.; van Heck, B.
Gate-tunable kinetic inductance in proximitized nanowires. arXiv 2022, arXiv:2202.08729.

48. Usadel, K.D. Generalized Diffusion Equation for Superconducting Alloys. Phys. Rev. Lett. 1970, 25, 507–509. [CrossRef]
49. Kuprianov, M.Y.; Lukichev, V. Influence of boundary transparency on the critical current of dirty SS’S structures. Zhurnal

Eksperimentalnoi I Teor. Fiz. 1988, 94, 139–149; Reprinted in Sov. Phys. JETP 1988, 67, 1163–1168.
50. Samarskii, A.A. Vvedenie v Teoriyu Raznostnykh Skhem (Introduction to the Theory of Difference Schemes); Nauka: Moscow, Russia,

1971; p. 552.
51. Birge, N.O.; Satchell, N. Ferromagnetic Materials for Josephson π Junctions. arXiv 2024, arXiv:2401.04219.
52. Neilo, A.; Bakurskiy, S.; Klenov, N.; Soloviev, I.; Kupriyanov, M. Tunnel Josephson Junction with Spin–Orbit/Ferromagnetic

Valve. Nanomaterials 2023, 13, 1970. [CrossRef]
53. Ivanov, Z.G.; Kupriyanov, M.Y.; Likharev, K.K.; Meriakri, S.V.; Snigirev, O.V. Boundary-conditions for the Usadel and Eilenberger

equations, and properties of dirty SNS sandwich-type junctions. Fiz. Nizk. Temp. 1981, 7, 560–574; Reprinted in Sov. J. Low. Temp.
Phys. 1981, 7, 274–281.

54. Ruzhickiy, V.; Bakurskiy, S.; Kupriyanov, M.; Klenov, N.; Soloviev, I.; Stolyarov, V.; Golubov, A. Contribution of Processes in SN
Electrodes to the Transport Properties of SN-N-NS Josephson Junctions. Nanomaterials 2023, 13, 1873. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevLett.83.2058
http://dx.doi.org/10.1103/PhysRevLett.98.037003
http://www.ncbi.nlm.nih.gov/pubmed/17358718
http://dx.doi.org/10.1103/PhysRevB.91.214508
http://dx.doi.org/10.1088/0957-4484/21/44/445202
http://www.ncbi.nlm.nih.gov/pubmed/20921595
http://dx.doi.org/10.1103/PhysRevLett.25.507
http://dx.doi.org/10.3390/nano13131970
http://dx.doi.org/10.3390/nano13121873

	Introduction
	Model
	Proximity Effect in SF1S1F2s Trigger
	Influence of Material Properties and Structural Dimensions on the Trigger Effect
	Discussion and Conclusions
	References

