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Abstract. In the present work we have studied the proximity-induced superconducting triplet
pairing in CoOx/Py1/Cu/Py2/Cu/Pb spin-valve structure (where Py = Ni0.81Fe0.19). For
CoOx(3 nm)/Py(3 nm)/Cu(4 nm)/Py(0.6 nm)/Cu(2 nm)/Pb(70 nm) we have studied the dependence of
the Tc on the angle α between the direction of the cooling field and the external field both applied in the
plane of the sample. We obtained that the Tc does not change monotonically with the angle but passes
through a minimum. To observe an “isolated” triplet spin-valve effect we exploited the oscillatory feature of
the magnitude of the ordinary spin-valve effect ∆Tc in the dependence of the Py2-layer thickness dPy2. We
determined the value of dPy2 at which ∆Tc caused by the ordinary spin-valve effect is suppressed. This means
that the difference in the Tc between the antiparallel and parallel mutual orientation of magnetizations of the
Py1 and Py2 layers is zero. For such a sample a “pure” triplet spin-valve effect which causes the minimum in
Tc at the orthogonal configuration of magnetizations has been observed.

1 Introduction

The superconducting spin-valve effect consists in the fact
that the degrees of suppression of superconductivity in
thin-film multilayer structures F1/F2/S or F1/S/F2 are dif-
ferent for the parallel (P) and antiparallel (AP) relative
orientations of the magnetizations of the F1 and F2 fer-
romagnetic layers [1]. The operation of the superconduct-
ing spin valve based on the superconductor/ferromagnet
(S/F) proximity effect provides a key to the understanding
of many fundamental aspects of the relationship between
superconductivity and magnetism. Spin valves have good
prospects for use as passive elements of superconducting
spintronic devices and should operate with a change of the
direction of a weak external magnetic field. The mani-
festation of this effect in S/F systems with a good con-
tact between the metallic ferromagnetic and superconduct-
ing layers prepared from ordinary metals and conventional
ferromagnets was confirmed in a large number of exper-
imental studies (see, for example, recent reviews [2–4]
and references therein). Recent theoretical studies (see,
for example,reviews [2–8]) have predicted the generation
of a long-range triplet component of a superconducting
condensate in S/F-structures. As follows from the theory
proposed by Fominov et al. [9], the presence of a mini-
mum of the superconducting transition temperature Tc in
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the vicinity of the orthogonal configuration of the mag-
netizations clearly indicates the generation of the long-
range triplet component. We have experimentally con-
firmed the existence of the long-range triplet component
for the CoOx/Fe1/Cu/Fe2/Pb superconducting spin-valve
structure [10]. The observed angular dependence of the
superconducting transition temperature Tc is caused by a
combination of the singlet and triplet components of the
superconducting condensate. The existence of the triplet
contribution to the superconducting spin-valve effect has
also been shown in [11–15]. An important question for
basic and applied research in the field of spintronics is
whether there is the possibility of observing the “isolated”
triplet contribution to the superconducting spin-valve ef-
fect. At first glance, this seems to be impossible, because
the long-range triplet components arise from the singlet
components and cannot exist without them. However, in
this study, we have experimentally observed the “isolated”
triplet effect caused by the oscillatory behavior of the de-
pendence ∆Tc(dF2), which effectively suppresses the con-
ventional superconducting spin-valve effect with an appro-
priate choice of the thickness of the F2 dF2 layer.

2 Samples

To investigate the proximity-induced triplet pairing we
measured the magnitude of the spin-valve effect in
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the dependence of the Py2-layer thickness for the
CoOx/Py1/Cu/Py2/Cu/Pb multilayer grown on the MgO
(001) substrate. Here Py denotes permalloy Ni0.81Fe0.19.
Optimization of the preparation conditions of the sam-
ples and their characterization are described in [16]. The
optimal thickness of the Pb layer dPb = 70 nm was de-
termined from the Tc(dPb) curve measured at a constant
dPy1 = 5 nm, which is much larger than the penetration
depth ξh of Cooper pairs into ferromagnetic Py. Basing on
our data on Tc(dPy) at fixed dPb we estimate this value as
ξh∼1.1 nm.

Earlier we revealed that the F1-layer
thickness at a fixed dF2 does not signif-
icantly influence ∆Tc for the sample set
CoOx(2.5 nm)/Fe1(dFe1)/Cu(4 nm)/Fe2(dFe2)/Cu(1.2
nm)/Pb(60 nm) and that a thin Cu(1.2 nm) interlayer
between F2- and S- layers is completely transparent for
the Cooper pairs [17].

3 Experimental results

We investigated the transport properties of samples.
We analyzed the dependence of the superconducting
transition temperature Tc on the angle α between the
magnetizations of the Py1 and Py2 ferromagnetic layers
in the magnetic field H0 = +100 Oe applied in the
plane of the sample. The most interesting results on
the dependence Tc(α) were obtained for the structures
CoOx/Py(3 nm)/Cu(4 nm)/Py(0.6 nm)/Cu(2 nm)/Pb(70 nm)
(sample 1) and CoOx/Py(3 nm)/Cu(4 nm)/Py(3 nm)/Cu(2
nm)/Pb(70 nm) (sample 2) (see Fig 1). As can be seen
from Fig. 1, the angular dependences of the supercon-
ducting transition temperatures Tc of these samples have
a nonmonotonic behavior. The dependence Tc(α) passes
through a minimum in the range between the parallel (α =
0o) and antiparallel (α = 180o) orientations in the vicinity
of the orthogonal configuration of the magnetizations.
For sample 1, the magnitude of the superconducting spin-
valve effect ∆Tc exceeds the width of the superconducting
transition with a change in the relative orientation of
the magnetizations from the antiparallel to orthogonal
orientation. Consequently, in this structure, there is the
possibility of the complete turn-on/turn-off switching of
the superconducting current. In this case, we observed the
complete turn-on/turn-off switching of the superconduct-
ing current due to a combination of the conventional and
triplet spin-valve effects.

In the samples under investigation, the long-range
triplet component of the superconducting condensate
contributes to the superconducting spin-valve effect.
However, the triplet contribution to the spin-valve effect
coexists with the contribution from the conventional com-
ponent of the condensate. As was shown previously, the
amplitude of the conventional superconducting spin-valve
effect can be suppressed to zero for a particular thickness
of the second ferromagnet layer due to the oscillatory
behavior of the dependence Tc(dF2) [18, 19]. These
oscillations are caused by the interference of the pair
wave function at the F2/S interface with the wave function
incident on it and reflected from the F1/F2 interface.

Figure 1. Dependences of the superconducting transition tem-
peratures on the angle between the magnetizations of the ferro-
magnetic layers in samples (a) 1 and (b) 2. The upper panels
show the angular dependences of the temperature Tc measured in
the external magnetic field H0 = +100 Oe (circles). The dashed
lines are the reference curves (see formula (1)). The solid lines
are the theoretical curves calculated according to the theory pro-
posed by Fominov and his colleagues (see [10]). The lower pan-
els show the angular dependences of the quantity ∆Tc

trip , i.e.,
the difference between the actual value of the temperature Tc and
the reference curve for the corresponding samples.

For the CoOx/Fe1/Cu/Fe2/Cu/Pb structure, the supercon-
ducting spin-valve effect ∆Tc vanishes in the range of
thicknesses dFe2≈0.8–1.0 nm [17, 20]. From the analysis
of the data on the dependence Tc(dPy), it was concluded
that the depth of penetration of the Cooper pairs into
the permalloy layer is two times greater than the value
obtained for iron. This means that the equality ∆Tc = 0 for
the samples with permalloy should be achieved for layer
thicknesses in the range dPy2≈1.5–1.7 nm. Indeed, for the
CoOx/Py(3 nm)/Cu(4 nm)/Py(1.7 nm)/Cu(2 nm)/Pb(70 nm)
structure (sample 3), we observed an isolated triplet con-
tribution to the superconducting spin-valve effect (see
Fig. 2). The angular dependence Tc(α) for this sample
has the form of a curve in which the critical temperatures
Tc at α = 0o and α = 180o coincide with each other
(the conventional superconducting spin-valve effect
∆Tc=∆Tc

AP - ∆Tc
AP=0). At the same time, when the

configuration of the magnetizations of the Py1 and
Py2 layers is noncollinear, the dependence Tc(α) has a
minimum. A comparison of these data with the theory
for the same parameters as for the description of the
data obtained for the samples in Fig. 1 demonstrated a
satisfactory agreement (see the solid line in Fig. 2). The
only difference was in the values of dPy2, which was taken
to be equal to 1.7 nm. Thus, it was demonstrated that
there is the possibility of the isolation (separate obser-
vation) of the triplet contribution to the superconducting
spin-valve effect. The creation of an S/F heterostructure,
where the contribution from the singlet component to the
superconducting spin-valve effect is ineffective in terms
of the influence on the critical temperature Tc due to
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data obtained for the samples in Fig. 1 demonstrated a
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only difference was in the values of dPy2, which was taken
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superconducting spin-valve effect is ineffective in terms
of the influence on the critical temperature Tc due to

the interference of pair wave functions, is an interesting
problem.

Figure 2. Sample of the
CoOx/Py(3 nm)/Cu(4 nm)/Py(3 nm)/Cu(2 nm)/Pb(70 nm)
structure (sample 3) with zero conventional spin-valve effect
(∆Tc

P=∆Tc
AP). The circles show the angular dependence of the

superconducting transition temperature Tc(α), which is caused
by the long-range triplet component of the superconducting
condensate. The solid line is the theoretical curve.

4 Discussion of experimental results

As can be seen from Fig. 1, the magnitude of the conven-
tional superconducting spin-valve effect is equal to ∆Tc

= 110 mK for sample 1 and ∆Tc = 30 mK for sample 2.
This difference in magnitude of the spin-valve effect ∆Tc

is associated with the fact that, for the thickness of the
permalloy layer dPy2 = 3 nm in sample 2, the wave func-
tion of superconductor Cooper pairs almost completely de-
cays in the Py2 ferromagnetic layer. Therefore, the layer
Py1 has little influence on the superconductivity and, con-
sequently, on the magnitude of the superconducting spin-
valve effect ∆Tc. This is consistent with the fact that, in
accordance with the theory, a decrease in the thickness of
the permalloy layer dPy2 leads to an increase in the super-
conducting spin-valve effect ∆Tc. It can also be seen from
Fig. 1 that, when the relative orientation of the magnetiza-
tions changes from the parallel (P) (α = 0o) to antiparallel
(AP) (α = 180o) orientation, the superconducting transi-
tion temperature Tc varies monotonically, passing through
the minimum for the noncollinear orientation. According
to the theory (see [10]), the characteristic minimum in the
dependence Tc(α), which is most pronounced in the vicin-
ity of the angle α = 90o, clearly indicates the generation of
the long-range triplet component in the superconducting
condensate. By assuming that there is no triplet compo-
nent (even though, according to the theory, the appearance
of such a component is inevitable), it can be expected that
the dependence Tc(α) will be monotonic. From the general
considerations, the superconducting transition temperature
Tc should be a function of the quantitiesα2 and (π - α)2 for
the angle α varying from 0 to π. Thus, the dependence
Tc(α) can be expressed in terms of the temperatures and as
follows:

T re f
c (α) = T P

c cos2(α/2) + T AP
c sin2(α/2). (1)

This imaginary curve is represented by the dashed line
in Fig. 1 for the dependences Tc(α). This curve will be
referred to as the reference curve. The deviation of the ac-
tual temperature Tc from the reference curve is shown in
Fig. 1 for the dependences ∆Tc

trip(α). The value of this de-
viation demonstrates the contribution from the long-range
triplet component to the magnitude of the superconduct-
ing spin-valve effect. Let us designate this magnitude as
∆Tc

trip and find that the difference in the temperatures Tc

between the antiparallel and perpendicular orientations of
the magnetizations already is equal to 130 mK for sample
1 and 60 mK for sample 2. This means that the long-range
triplet component makes a significant contribution to the
superconducting spin-valve effect.

In all previous studies of our group (see [10, 17–20]),
the experimental data on the critical temperature Tc were
compared with the parameter of the theory W, which de-
termines the degree of suppression of superconductivity by
the ferromagnetic layer (see [7]). The effective boundary
condition for the real component of the anomalous Green’s
function can be written as

ξS
d f0
dx
= W f0. (2)

This analysis demonstrated that there is a qualitative
agreement between the theory (parameter W) and the ex-
periment (Tc) without calculating the critical temperature
itself. Here, for the first time, we carried out a direct com-
parative analysis of the theoretically calculated and exper-
imentally measured values of the superconducting transi-
tion temperature Tc. For the theoretical calculation of the
dependence Tc(α), we used the theory proposed by Fomi-
nov and his colleagues (see [9]) for the case of an arbitrary
transparency of the F2/S interface (see [17, 20]). The re-
sult of this calculation is represented by the solid line in
Fig. 1. The theoretical calculation was performed with the
following parameters: the coherence lengths for the S- and
F-layers were taken as ξS = 41 nm and ξF = 13 nm, re-
spectively; the thickness of the superconducting layer was
dPb = 73.5 nm; the temperature of the transition to the su-
perconducting state of bulk lead was ∆Tc

Pb = 7.2 K; the
transparency parameters at the Py2/Pb interface were γ =
0.734 and γb = 1.8; and the exchange field in the ferro-
magnet was h = 0.3 eV. In the theoretical calculations, it
was found that, according to the theory, the thickness of
the Py2 layer dPy2 should be two times less than the ac-
tual value of the layer thickness. This is likely associated
with the fact that the Py2 layer is surrounded on both sides
by copper layers, and the effective thickness of the Py2
layer decreases due to the mutual diffusion of the copper
atoms and permalloy. As can be seen from Figs. 1 and
2, the theory reproduces the main features of the experi-
mental dependences. The significant discrepancy between
theory and experiment can be caused by two factors. In the
theory proposed by Fominov et al. [9], the F-layers were
represented by weak ferromagnets, whereas permalloy is
not ferromagnetic. In addition, we ignored the limitation
of the transparency of the Py1/Cu/Py2 interface, as was
done in the theoretical studies of Deminov et al. [21, 22],
because, in our case, this parameter would be free. In
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contrast to the parameters characterizing the transparency
of the Py2/Pb interface, we cannot estimate this quantity
from the experiment.

5 Conclusions

Thus, the main results obtained in the investiga-
tions presented in this paper can be summarized
as follows. First, the long-range triplet component
in CoOx/Py1/Cu/Py2/Cu/Pb superconducting spin valve
samples has been studied experimentally. It has been re-
vealed that there is a complete switching between the nor-
mal and superconducting states. The switching is caused
by a combination of the conventional and triplet spin-valve
effects when the relative orientation of the magnetizations
of the Py1 and Py2 layers changes from the antiparallel
to perpendicular orientation. Second, a direct comparison
of the theoretically calculated and experimentally obtained
values of the superconducting transition temperature Tc

has been performed for the first time.
This work was partially supported by Russian Founda-

tion for Basic Research (No. 17-02-00229) and the Pro-
gram of the Russian Academy of Sciences.
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