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To increase the efficiency of the superconducting spin valve (SSV), special attention should be paid to
the choice of ferromagnetic materials for the F1/F2/S SSV multilayer. Here, we report the preparation and
superconducting properties of the SSV heterostructures where Pb is used as the superconducting S layer. In
the magnetic part of the structure, we use the same starting material, the Heusler alloy Co2Cr1−xFexAly, for
both F1 and F2 layers. We utilize the tunability of the magnetic properties of this alloy, which, depending
on the deposition conditions, forms either an almost fully spin-polarized half-metallic F1 layer or a weakly
ferromagnetic F2 layer. We demonstrate that the combination of the distinct properties of these two layers boosts
the generation of the long-range triplet component of the superconducting condensate in the fabricated SSV
structures and yields superior values of the triplet spin-valve effect of more than 1 K and of the operational
temperature window of the SSV up to 0.6 K.
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I. INTRODUCTION

The constantly growing interest in superconducting spin-
tronics (SS) [1] is due to the fact that its logic elements are
based on the control of the spin of an electron rather than
of its charge. In this regard, SS devices can operate at a
higher speed and with a greater energy efficiency as com-
pared to semiconductor electronics devices, where only the
electron charge is controlled (see, e.g., Refs. [2–4]). Over the
past three decades, various logic elements for SS have been
proposed and investigated (see, e.g., Refs. [1,5–15]). As a
rule, the operation of modern SS devices makes use of the
superconductor/ferromagnet (S/F) proximity effect resulting
from the mutual influence of ferromagnetism on supercon-
ductivity and vice versa in an S/F thin layer heterostructure
[1,7–10,16–21].

Two theoretical models of a superconducting spin valve
(SSV) based on the S/F proximity effect were proposed at the
end of the 1990s by Oh et al. [22] (the F1/F2/S model) and by
Tagirov [23] and Buzdin et al. [24] (the F1/S/F2 model). Both
theories treat a trilayer SSV composed of one superconduct-
ing and two ferromagnetic layers where the superconducting
critical temperature Tc is controlled by the mutual orientation
of the magnetizations of the F1 and F2 layers. Tc of such SSV
structure is expected to be larger for the antiparallel (AP) mu-
tual orientation than for the parallel (P) one. This is because
the average exchange field of the two F layers acting on the
Cooper pairs from the S layer is smaller for the AP configu-
ration as compared to the P case. Actually, this conventional,
so-called standard, SSV effect is only one of the possibilities.
Under certain conditions, T AP

c in an SSV can be smaller than
T P

c , which corresponds to the inverse SSV effect [25,26]. If
the magnitude of the SSV effect �Tc = |T AP

c − T P
c | exceeds

the superconducting transition width δTc, it becomes possible

to completely switch on/off the superconducting current in
the SSV structure. The SSV can then be used as a passive
logic element in SS, for example, as a superconducting key or
switcher. The main qualitative criterion for evaluating the effi-
ciency of the SSV is the width of the operational temperature
window �T full

c within which it is possible to switch between
the normal and superconducting states. Larger value of �T full

c
increases the efficiency of the SSV.

Historically, the F1/S/F2-type SSV structures were the
first ones that were fabricated and studied experimentally
[27–29]. However, the full SSV effect was not achieved
there. The first experimental realization of the full switch-
ing on/off of a superconducting current was attained on the
F1/F2/S-type SSV structure where the full SSV effect was
demonstrated in the Fe1/Cu/Fe2/In multilayer [30]. For this
structure, �Tc = 19 mK > δTc ≈ 7 mK was found yielding
the operational temperature window of this SSV �T full

c of
the order 10 mK. Following this first success different SSV
structures with a variety of ferromagnetic and superconduct-
ing materials were investigated in the past years [9,10,31–45].

The clue to increase the operational temperature window
was found in the generation of the long-range triplet compo-
nent (LRTC) of the superconducting condensate of the S layer
in the F part that enabled an increase of �T full

c up to 0.3 K
in Ref. [45] and even up to ≈0.45 K in Ref. [37]. In this case,
the SSV effect is maximized by switching between the parallel
and orthogonal configuration of the magnetizations.

The occurrence of the LRTC was predicted by Bergeret
et al. [46] by analyzing the processes taking place during the
penetration of the Cooper pairs from an S layer into an F
part of the proximity structure (see Refs. [1,8,10] for review).
According to the theory by Fominov et al. [25], the presence
of a Tc minimum near orthogonal orientation of the F layers’
magnetizations evidences the generation of the LRTC in the
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F1/F2/S-type SSV structures. Due to the generation of the
LRTC, an additional channel arises for the leakage of Cooper
pairs from the S to F part in the F1/F2/S structure. This can
lead to a significant suppression of Tc and, consequently, to
an increase of the efficiency of the SSV structure. A number
of recent studies are thus dealing with manifestations of the
LRTC in SSV structures [27,35,37,38,44,45,47–52].

According to the results in Refs. [37,43,44], the magni-
tude of the operational temperature window �T full

c strongly
depends on the specific properties of ferromagnetic materials
used in an F1/F2/S structure. Therefore, optimizing their
choice can significantly increase �T full

c . In this respect, the
use of a weak ferromagnetic material as the F2 layer appears
to be promising. It may make it possible to observe large
values of �Tc, since the F2 layer performs as a kind of a
selective “filter” which exposes the S layer to the influence of
the strong magnetization of the F1 layer only in the presence
of the LRTC, by this making the S/F proximity effect highly
tunable and pronounced. Earlier we found that the Heusler
alloy Co2Cr1−xFexAly (HA) film deposited on a substrate kept
at a temperature Tsub ≈ 300 K appears to be a weak ferromag-
net (HART) [53], and if used as an F2 layer it increases the �Tc

value of the F1/F2/S SSV structure compared to our previous
results with a more conventional ferromagnetic material in the
role of the F2 layer [43].

In contrast, this HA film becomes practically half metallic
(HAhot) with the degree of the spin polarization (DSP) of its
conduction band of 70–80% if prepared at Tsub � 600 K [53].
The use of such a high DSP ferromagnetic material as the F1
layer may increase the magnitude of �T full

c since it allows
a significant suppression of Tc at the orthogonal orientation
of the F1 and F2 magnetizations compared to the collinear
one due to generation of the LRTC of the superconducting
condensate.

In 2015, Singh et al. [37] discovered a giant magnitude
of the triplet spin-valve effect �T trip

c = Tc(α = 0◦) − Tc(α =
90◦) � 0.7 K, where α is the angle between the cooling
field and the direction of the applied magnetic field [α = 0◦
corresponds to the parallel and α = 90◦ corresponds to the
perpendicular (PP) orientation of the F layers’ magnetiza-
tions]. In that work the half-metal CrO2 with 100% DSP was
used in the place of the F1 layer. We also obtained similar
results for the F1/F2/S structures where HAhot with a high
DSP was used as the F1 layer [44,45].

In the present paper, we propose and realize a concept
to exploit the ferromagnetic dualism of the HA material to
maximize the magnitude of �T full

c . For that we use within the
same F1/F2/S structure this HA in a twofold role, its HAhot

version as a half metal in the place of the F1 layer, and its
HART variant as a weak ferromagnet in the place of the F2
layer. With this type of SSV heterostructure we achieve the
magnitude of the triplet spin-valve effect �T trip

c of more than
1 K and expand the operating temperature window �T full

c up
to ≈0.6 K. Our results pave the way towards optimization of
ferromagnetic materials in an F1/F2/S SSV structure together
with the simultaneous simplification of its fabrication, which
should stimulate further experimental and theoretical studies
of the interplay between ferromagnetism and superconductiv-
ity in F/S heterostructures.

II. SAMPLES

The samples were grown within a closed vacuum cycle
using the deposition system from BESTEC GmbH composed
of a load lock station with vacuum shutters, a molecular
beam epitaxy (MBE) chamber with a stationary vacuum of
about 1 × 10−10 mbar, and a magnetron sputtering chamber
with a stationary vacuum of about 1 × 10−9 mbar. The
prepared heterostructures have the following composition:
HAhot(20 nm)/Al(4 nm)/HART(dHART )/Al(1.2 nm)/Pb(60 nm)
/Si3N4 with the variable HART layer thickness dHART in the
range from 1 to 5 nm. In this construction HAhot and
HART play the roles of the ferromagnetic F1 and F2 layers,
respectively; Pb(60 nm) is an S layer; Si3N4 is a protective
layer against oxidation.

The Al layer sandwiched between the HAhot (F1) and
HART (F2) layers is needed to decouple magnetizations of
these two F layers. Its optimal thickness of 4 nm is chosen
based on our previous experimental works in Refs. [30,38–
41]. The second Al layer deposited on top of the S layer
is used to stabilize the superconducting properties of the
SSV structures and, in particular, to prevent intermixing of
the S layer with the adjacent F2 layer while not suppress-
ing too much the superconducting Tc. The thickness of this
layer of 1.2 nm was chosen based on the detailed study of
the influence of the thickness of this buffer layer on the
properties of the SSV structures in Ref. [40]. The thick-
nesses of the Al layers are expected to be small compared
to the corresponding coherence length, so that the Al layers
only have a technological effect improving properties of the
interfaces.

All materials used for evaporation had a purity of better
than 4N (99.99 at. %). The heterostructures were deposited on
high quality single crystalline substrates MgO(001). The Al
and Pb layers were deposited in the MBE chamber using the
e-beam technique. Other parts of the structure were prepared
in the magnetron sputtering chamber using the DC sputtering
technique for the deposition of the HAhot and HART layers and
the AC sputtering technique for the deposition of the Si3N4

layer. The deposition rates were as follows: 0.4 Å/s for HAhot

and HART, 0.5 Å/s for Al, 12 Å/s for Pb, and 1.8 Å/s for
Si3N4 films.

First, the substrates were fixed on a sample holder and
transferred into the magnetron sputtering chamber through
the load lock station for preparing HAhot layers. We used a
specially designed rotating wheel sample holder for preparing
a set of samples with different layer thicknesses in a single
vacuum cycle. When evaporating HAhot, the substrate temper-
ature was kept at Tsub ≈ 700 K to achieve the maximum DSP
of the HA’s conduction band since Husain et al. [54] showed
that the DSP increases with increasing the Tsub. After the
preparation of the HAhot layer, the substrate was cooled down
to room temperature and other layers of the heterostructure
were deposited. According to our previous study in Ref. [55],
to improve the smoothness of the Pb layer the substrate tem-
perature should be reduced down to Tsub ≈ 150 K. Therefore,
the top Al/Pb fragment was deposited at this temperature.
Finally, all samples were covered with a protective Si3N4

layer to prevent their oxidation. The design of the prepared
heterostructures is presented in Fig. 1.
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FIG. 1. Design of the prepared SSV heterostructures (see the text
for details).

At variance with our previously established design in
Refs. [30,38,41–43], we did not use here CoOx as an an-
tiferromagnetic bias layer that pins the direction of the
magnetization of the F1 layer necessary for the operation of
the SSV. At a high substrate temperature of ≈700 K required
for the deposition of the F1 HAhot layer, CoOx decomposes
to ferromagnetic cobalt and loses its biasing property. Instead,
we apply the field cooling procedure to bias the F2 magneti-
zation as explained in the next section.

III. EXPERIMENTAL RESULTS

The superconducting properties of the samples were mea-
sured using the standard four-point method with DC current.
The current and voltage leads were attached to the sample
by clamping contacts. A highly homogeneous vector electro-
magnet from Bruker Instruments was used for measurements
in an external magnetic field. The sample was mounted in
the 4He cryostat that was inserted between the poles of
the electromagnet. This configuration allowed the rotation
of the magnetic field in the plane of the sample with an
accurate control of the actual magnetic field acting on the
sample. The magnetic field was measured with an accuracy
of ±0.3 Oe using a Hall probe. To avoid the occurrence of
the out-of-plane component of the external field the sample
plane position was always adjusted relative to the direction of
the external field with an accuracy better than 1.5◦. The tem-
perature of the sample was monitored by the Allen-Bradley
resistor thermometer, which is particularly sensitive in the
temperature range of our interest. The critical temperature Tc

of the samples was defined as the midpoint of the resistivity
transition curve.

The quality of the Pb layer can be estimated from the
residual resistivity ratio RRR = R(300 K)/R(10 K). For all

FIG. 2. Magnetic hysteresis loops for the HAhot (dHAhot =
20 nm) and HART (dHART = 3 nm) single layer samples measured at
T = 30 K. The magnetization curve of the HART sample is scaled to
unity whereas the respective curve of the HAhot sample is scaled to
the ratio of the absolute saturation magnetizations of the two layers
Mhot

s /MRT
s .

samples RRR was in the range 15–20, which indicates a high
quality of the prepared Pb layer.

The thickness of the S layer dPb is a very important pa-
rameter for the efficient operation of the SSV structure. It
should be sufficiently small to make the whole S layer sen-
sitive to the magnetic part of the system. Only in this case
the mutual orientation of the magnetizations of the F1 and F2
layers would affect the Tc. To determine the optimal dPb, we
used our previous results from Ref. [53] where the Tc(dPb)
dependence was calibrated for the HART/Cu/Pb structures at a
fixed thickness of the HART layer. The Tc decreases rapidly
upon reducing dPb down to 50 nm and drops sharply below
1.4 K at dPb � 25 nm. Therefore, the optimal thickness range
of the Pb layer lies in between 50 and 70 nm. For this reason
the working thickness of the Pb layer for the samples studied
in the present paper was chosen as dPb = 60 nm.

The study of the magnetic properties of the samples was
carried out using a vibrating sample magnetometer super-
conducting quantum interference device magnetometer. For
that the magnetic hysteresis loops of the specially prepared
single-layer samples of HAhot (dHAhot = 20 nm) and HART

(dHART = 3 nm) with the same thicknesses as used in the
SSV heterostructures were measured. Otherwise, if HAhot and
HART are combined in the F1/F2/S multilayer, it is hard to
resolve their magnetic hysteresis loops since the signal comes
from the layers the thicknesses of which differ by almost an
order of magnitude.

Obviously, there is also a significant difference in coerciv-
ities of the F1 layer (HAhot) and F2 layer (HART); see Fig. 2.
Magnetization of the F1 layer saturates at approximately
30 Oe, which is comparable to its coercive field, whereas
for the F2 layer the saturation of magnetization is reached at
1 kOe and the coercive field is close to 0.5 kOe. It is worth
noting that in still higher magnetic fields, the magnetization
of the F1 layer continues to increase slightly possibly due to
some magnetic inhomogeneity of the HAhot layer. The differ-
ence in coercive forces can be first due to different preparation
conditions of the F1 and F2 layers. It can be assumed that the

144517-3



A. A. KAMASHEV et al. PHYSICAL REVIEW B 109, 144517 (2024)

coercive field increases with decreasing Tsub because the den-
sity of any defects increases at lower deposition temperatures.
The second reason for the difference in the coercive forces can
be different thicknesses of the F1 and F2 layers. From general
considerations, it can be assumed that with decreasing the
ferromagnetic film thickness the anisotropy field of the film
increases, which in turn leads to an increase of its coercive
force (see, e.g., Ref. [56]).

The procedure for measuring Tc of the SSV samples in an
external magnetic field was as follows. Pinning of the mag-
netization of the F2 layer (HART) in a certain direction was
achieved by cooling the sample in a magnetic field of about
8 kOe from room temperature down to the low operational
temperatures. The magnetization of the F1 layer (HAhot) can
still be easily rotated by an angle α with respect to the pinned
magnetization of the HART layer by rotating the sample in an
external in-plane field of a desired strength.

The optimal performance of the prepared heterostructures
as SSVs with regard to the magnitudes of �T trip

c and �T full
c

was achieved for the sample HAhot(20 nm)/Al(4 nm)/HART(5
nm)/Al(1.2 nm)/Pb(60 nm). Other samples from the studied
set also demonstrated the SSV effect but with lower values of
these parameters. Figure 3 shows the dependence of Tc on the
angle α between the magnetizations of the F1 and F2 layers
measured in different external magnetic fields for two selected
samples. All dependences exhibit the characteristic minimum
of Tc near the orthogonal PP orientation (α = 90◦) which,
according to the theory in Ref. [25], indicates the generation
of the LRTC of the superconducting condensate.

Figure 4 depicts the characteristic superconducting transi-
tion curves for the sample showing the largest spin-triplet SSV
effect that correspond to the data points P(α = 0◦, 360◦), AP
(α = 180◦), and PP (α = 90◦) in Fig. 3(c). Here, P, AP, and
PP are the mutual configurations of the cooling field used
to fix the direction of the magnetization of the HART layer
and the applied magnetic field H0 = 4 kOe that rotates the
magnetization of the HAhot layer. The curves in Fig. 4 demon-
strate the magnitude of �T trip

c = Tc(α = 0◦) − Tc(α = 90◦)
of more than 1 K, the operational temperature window �T full

c
of about 0.6 K which is denoted by a shaded area in this figure,
and also the full ordinary SSV effect �Tc = Tc(α = 180◦) −
Tc(α = 0◦) ≈ 85 mK. The superconducting transitions curves
for α = 0◦ and 360◦ practically coincide, which confirms the
full control over the direction of the magnetization of the F2
layer in the α = 0◦ → α = 360◦ rotational cycle.

We note that the measurements of the SSV effect presented
in Figs. 3 and 4 were performed at operational magnetic
fields exceeding the coercive field of the individual, single
layer of the room temperature Heusler alloy (HART, i.e., F2
layer), the magnetization curve of which is shown in Fig. 2.
However, it is plausible that the F2 layer sandwiched in the
SSV heterostructure between two Al layers gains additional
interface anisotropy as compared to the F2 single layer. That
under these conditions the F2 layer remains pinned is evident
from the observed full periodicity of the Tc(α) dependence
by rotating the external in-plane field by 360◦ (Fig. 4). Also,
the type of the Tc(α) is independent of the operational field
strength, as expected for the robustly pinned magnetization of
the F2 layer. At all measured fields Tc(α) shows a pronounced

FIG. 3. Dependence of Tc on the angle α between the direction
of the cooling field used to fix the direction of the magnetization
of the HART layer and the applied magnetic field that rotates the
magnetization of the HAhot layer: (a) for the HAhot(20 nm)/Al(4
nm)/HART(2 nm)/Al(1.2 nm)/Pb(60 nm) sample at the applied
magnetic field H0 = 1 kOe; (b, c) for the HAhot(20 nm)/Al(4
nm)/HART(5 nm)/Al(1.2 nm)/Pb(60 nm) sample at the applied mag-
netic fields H0 = 2 and 4 kOe, respectively. Solid line, theoretical
curve with the parameters presented in Sec. IV; dashed lines, refer-
ence curves (see Sec. IV for details).

minimum centered at the orthogonal α = 90◦ orientation that
corresponds to the spin-triplet SSV effect (Fig. 3). In fact,
all studied heterostructures demonstrate also the ordinary
SSV effect with Tc(α = 180◦) > Tc(α = 0◦, 360◦) and a typ-
ical for the ordinary SSV effect magnitude �Tc of several
tenths mK, which suggests that the magnetization of the F2
layer remains pinned under the used operational conditions
(Fig. 4). It should also be noted that coercivity for a spe-
cific direction of the external field does not contain direct
information about anisotropy which comes into play when the
field is gradually rotated. Strong anisotropy could possibly pin
the direction of magnetization in the F2 layer even at large
rotating fields. Note that gradual rotation of the external field
with constant absolute value by 180◦ can have different effect
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0° (P)
90° (PP)
180° (AP)
360° (P)

FIG. 4. Superconducting transition curves for the P (α =
0◦, 360◦), AP (α = 180◦), and PP (α = 90◦) configuration of the
cooling field used to fix the direction of the magnetization of the
HART layer and the applied magnetic field H0 = 4 kOe that ro-
tates the magnetization of the HAhot layer for the sample HAhot(20
nm)/Al(4 nm)/HART(5 nm)/Al(1.2 nm)/Pb(60 nm). The shaded
area marks the operational temperature window of the SSV. The
three transition curves produce the three points Tc(0◦), Tc(90◦), and
Tc(180◦) in Fig. 3(c).

on our samples than a simple inversion of the field which
implies its constant direction and varying the absolute value.
In the latter case, the magnetization of the F2 layer is expected
to reverse after passing through a demagnetized domain state
at the coercive field. In contrast, the rotating field tries to rotate
the saturated magnetization without reducing its absolute
value. In this case, anisotropy can hinder such rotation and pin
the magnetization. This observation is in agreement with pre-
vious experiments [37,44,45] in which the Tc(α) dependence
was not just observed but even enhanced when the rotating
field was increased above the coercive fields of both F layers.

IV. DISCUSSION

If the LRTC were absent, one would expect a smooth
variation of Tc of the SSV structures upon the in-plane rotation
of the applied magnetic field and thus of the magnetization of
the F1 (HAhot) layer from the P (α = 0◦) to the AP (α = 180◦)
orientation. Such an imaginary angular dependence, hereafter
called the reference dependence T (ref)

c (α), can be represented
by a simple interpolation formula T (ref)

c (α) = T P
c cos2(α/2) +

T AP
c sin2(α/2) (dashed lines in Fig. 3) [42]. Thus, a deep

minimum of the experimental Tc(α) dependence at the PP
(α = 90◦) configuration (Fig. 3) implies the significance of
spin-triplet superconducting correlations in our samples. Such
behavior is observed at various external magnetic fields such
as H0 = 2 or 4 kOe. At the same time, the rather high over-
all values of Tc in Fig. 3 are probably due to the use of
a weak ferromagnet HART as the F2 layer (which by itself
is not too detrimental for superconductivity at such small
thickness).

We now discuss our fitting procedure; the definitions of
all the fitting parameters are given in Ref. [45]. Similarly to
our previous works [40,45], we estimate the values of the

coherence lengths ξ from transport measurements in the
normal state and the value of TcS = 7.2 K. The residual
resistivity of the Pb layer is ρS = 1.2 µ� cm, hence ξS ≈
46 nm. The residual resistivities of the Heusler layers are
ρF = 135 µ� cm (they are almost temperature independent
up to room temperature). We do not have information about
the Fermi parameters of the Heusler layers; however, since its
resistivity is two orders of magnitude larger than in the case of
Pb, we can expect the corresponding mean free paths lF to be
two orders of magnitude smaller, and the coherence lengths ξF

to be an order of magnitude smaller. Due to almost identical
transport properties of the two F layers, we take ξF1 = ξF2,
hence the materials-matching interface parameter γFF = 1.
At the same time, the difference of the transport properties
of the F2 and S layers leads to the estimate γFS � ξF2/ξS

(under the simplest assumption of equal normal-metallic den-
sities of states and the Fermi velocities in the F2 and S layers).
Taking into account the difference in the DSP of the two F
layers, we expect the ratio of the exchange fields h1/h2 � 2–3.
Transparencies of the interfaces are expected to be good, so
we take the interface transparency parameter γbFF = 0 (which
corresponds to an ideal interface).

The full set of parameters employed in the fitting of
Fig. 3(a) is as follows: TcS = 7.2 K, ξS = 46 nm, ξF1 = ξF2 =
8 nm, γFF = 1, γFS = 0.1, h1 = 0.3 eV, h2 = 0.1 eV, γbFF =
0, and γbFS = 1.13.

The values of ξF1, ξF2, γFS, and the h1/h2 ratio are con-
sistent with the estimates discussed above. Their specific
values were chosen in order to provide the required non-
monotonic dependence of Tc(α). This behavior is sensitive
to the interference effects due to the oscillating nature of the
proximity-induced condensate in the ferromagnetic part of
the structure, and this guides our choice of the parameters.
Finally, the above value of the interface transparency param-
eter γbFS was taken in order to provide the required overall
level of Tc values. Since one can estimate γb ≈ (lF/ξF)(1 −
tb)/tb in terms of the effective interface transparency tb, this
implies that tb is notably reduced in comparison to unity
(that would correspond to the ideally transparent interface).
At the same time, even lower values such as tb � 0.1 are
not unexpected at a nominally transparent interface between
materials with essentially different band structures of the ad-
jacent layers. This difference leads to effective reflectivity
of the interface even in the absence of an interface potential
barrier.

As evidenced by Fig. 3(a), our theory is in reasonable
agreement with experiment, and indeed captures the main
qualitative feature, the minimum of Tc at the PP configuration
(α = 90◦). At the same time, we cannot expect our theoretical
fit to be fully quantitative. The main reason is that the theory is
not suited to the case of strong ferromagnets with significant
DSP. However, although the Usadel equations that we employ
are formally not valid in this case, it turns out that often they
can describe experimental results surprisingly well (see, e.g.,
Ref. [57]).

We perform theoretical fitting only in Fig. 3(a) because the
results in Figs. 3(b) and 3(c) demonstrate additional physical
effects not taken into account in our theory. In those cases, the
effect of the external magnetic field cannot be simply reduced
to the rotation of the magnetization.
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Our experimental results indicate that the value of �T trip
c

increases with increasing the strength of the external magnetic
field, e.g., from �T trip

c ≈ 0.45 K at H0 = 2 KOe in Fig. 3(b)
to �T trip

c ≈ 1.1 K at H0 = 4 KOe in Fig. 3(c). Notably, at the
same time the overall values of Tc are getting suppressed, as
can be clearly seen by comparing Figs. 3(a)–3(c) in the case of
the P configuration (α = 0◦). This can be interpreted as being
due to the suppression of the critical temperature of the thin
S film in the parallel in-plane magnetic field. It is therefore
somewhat surprising that despite the overall suppression of
Tc, the amplitude of the variation of Tc as a function of the
angle between the F1 and F2 magnetizations increases.

The reason for this striking effect is yet to be elucidated.
Presumably this could be due to the not fully saturated mag-
netizations in the F part of the structure either because of the
persistence of domains or surface magnetic inhomogeneities.
An additional magnetizing of an F layer by the increasing
external magnetic field could then make the SSV effect more
pronounced. Another side of the same mechanism could be
effective spin-flip scattering due to magnetic inhomogeneities
[58] that leads to damping of superconducting correlations
and is thus detrimental to interference effects caused by the os-
cillating nature of the proximity effect in ferromagnets. Better
ordering of magnetic moments would suppress the spin-flip
scattering and thus enhance the SSV effect.

We note that similar increase of the SSV effect by
an external magnetic field has been earlier observed in
Refs. [37,44,45]. We also note that the external field applied
in order to rotate magnetization of the F1 layer in the cases of
Figs. 3(b) and 3(c) is clearly larger than the coercive field of
the F2 layer as well. That under these conditions the F2 layer
remains pinned is evident from the observed full periodicity
of the Tc(α) dependence by rotating the external in-plane field
by 360◦. It is plausible that the F2 layer sandwiched in the
SSV heterostructure between two Al layers gains additional
interface anisotropy as compared to the F2 single layer, the
magnetization loop of which is shown in Fig. 2. Also, coer-
civity for a specific direction of external field does not contain
direct information about anisotropy which comes into play
when the field is gradually rotated. Strong anisotropy could
possibly pin the direction of magnetization in the F2 layer
even at large rotating fields. This observation is in agreement
with previous experiments [37,44,45] in which the Tc(α) de-
pendence was not just observed but even enhanced when the
rotating field was increased above the coercive fields of both
F layers.

V. CONCLUSIONS

In summary, we have exploited the tunability of the mag-
netic properties of the Heusler alloy Co2Cr1−xFexAly for

its use in a dual role in the superconducting spin valve
heterostructure F1/F2/S (S = Pb). While fabricating this
structure, we first deposited the HA film at a high temperature
of ≈700◦ to play the role of the practically half-metallic F1
layer and, in the next step, repeated the deposition of HA
at room temperature to prepare the weakly ferromagnetic F2
layer. The so prepared heterostructures HAhot/Al/HART/Al/Pb

with Al interlayers feature a pronounced long-range triplet
component of the superconducting condensate at the orthogo-
nal orientation of the magnetizations of the HAhot and HART

layers manifesting in a very strong suppression of the super-
conducting transition temperature �T trip

c of more than 1 K for
this orientation. Furthermore, increasing the strength of the
in-plane magnetic field that rotates the magnetization of the
F1 layer up to 4 kOe enabled us to expand the operational
temperature window of the SSV to �T full

c ≈ 0.6 K. These
results correlate to some extent with the results obtained ear-
lier in Refs. [37,44,45,59]. However, in those previous works
the ferromagnetic part of the SSV comprised a half-metallic
ferromagnetic and a more conventional ferromagnetic layer.
In the present paper we realized a conceptually new design of
an SSV where we fully exploited the flexibility of the Heusler
alloy Co2Cr1−xFexAly by uniting for the first time its hot
version HAhot as an F1 layer and its room temperature version
HART as an F2 layer in the very same F1/F2/S heterostructure
which enabled us to achieve a much larger magnitude of the
effects, especially of the operational temperature window.

The achieved values of �T trip
c and �T full

c set benchmarks
for the design of the superconducting spin valves as the proto-
type elements for applications in superconducting spintronics.
They demonstrate the by far not yet exhausted potential for
the optimization of ferromagnetic materials in an F1/F2/S
SSV structure together with the simultaneous simplification
of its fabrication. The observed boosting of the SSV effect
by increasing the strength of the rotating external magnetic
field on the background of the overall suppression of Tc calls
for further experimental and theoretical studies for a better
understanding of the underlying physics of this phenomenon.
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