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The recent experimental results on the proximity effect in heterostructures composed of superconduct-
ing and ferromagnetic thin films are reviewed. First, the experimental observation and investigation of the
spin screening effect, i.e., a spin polarization in the V layer developing in the superconducting state under
the influence of a spin polarization of conduction electrons in the ferromagnetic layer are discussed. This
effect was predicted theoretically by Bergeret et al. [F.S. Bergeret, A.F. Volkov, and K.B. Efetov, EPL 66, 111
(2004); Phys. Rev. B 69, 174504 (2004)]. Then, the progress concerning the experimental realization of the
superconducting spin switch device based on the superconductor/ferromagnet proximity effect is presented.

1. Introduction. The
magnetism and superconductivity in superconduc-
tor/ferromagnet (S/F) nanofabricated thin film
heterostructures has been an exciting topic in Solid
State Physics during the last 15 years (see, e.g., the
reviews [1-5]). As emphasized frequently in these
reviews, the antagonism of superconductivity (S) and
ferromagnetism (F) consists of strong suppression of
superconductivity by ferromagnetism because ferro-
magnetism requires parallel (P) and superconductivity
requires antiparallel (AP) orientation of spins. The
exchange splitting of the conduction band in strong fer-
romagnets which tends to align electron spins parallel is
larger by orders of magnitude than the coupling energy
for the AP alignment of the electron spins in the Cooper
pairs in conventional superconductors. Therefore the
singlet pairs with AP spins of electrons will be strongly
destroyed by the exchange field. For this reason the
Cooper pairs can penetrate into an F layer only over a
small distance . In this case the Cooper pair wave
function which penetrates from a superconductor into
a ferromagnet exhibits a damped oscillating behavior
because of the non-zero momentum of the Cooper pairs
in the F layer. The characteristic depth of the decay of
the pairing function in the F layer ép = (4hDp/I)'/? is
determined by the the diffusion coefficient Dp and the
exchange splitting I of the conduction band in the F

mutual influence of
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layer [6]. For pure Fe the value of {p is less than 1 nm
(see, e.g., [7]).

One might ask intuitively, whether the reverse effect,
namely an S layer attaining a spontaneous magnetic mo-
ment at the S/F interface, is also possible. Actually this
really should happen as has been proven theoretically
[8, 9]. Originally in Ref. [8] this phenomenon was called
the inverse proximity effect. Qualitatively the physical
origin of this effect can easily be understood. Let us
consider an S/F bilayer with the F layer being thin com-
pared to £r. Due to the exchange field the conduction
electron spins in the F layer are polarized in one direc-
tion predominantly. These electrons have their Cooper
partners deep in the S layer on the distance &; which is
the superconducting (SC) coherence length. Thus, due
to the SC correlations, a spin polarization is induced in
the S layer. The magnetic moment in the S layer should
be oriented antiparallel to the magnetization of conduc-
tion electrons in the F layer. Theoretically, for a very
thin F layer the induced magnetic moment of conduction
electrons in the S layer should exactly compensate the
moment of conduction electrons in the F layer [9]. This
is the reason why we use the term spin screening effect
instead of inverse proximity effect, because it character-
izes the physical situation more precisely.

There is another interesting theoretical prediction
still waiting for an experimental realization. This is the
spin valve effect based on the S/F proximity effect. The
physical origin of this effect relies on the idea to control
the pair-breaking, and hence the SC transition temper-
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ature T,, by manipulating the mutual orientation of the
magnetizations of the F layers in a heterostructure com-
prising, e.g., two F and one S layer in a certain combina-
tion. This is because the mean exchange field from two
F layers acting on Cooper pairs in the S layer is smaller
for the AP orientation of the magnetizations of these F
layers compared to the P case.

Historically, the first paper devoted to the realiza-
tion of the spin switch effect by manipulating the mu-
tual orientation of the magnetization of the F layers has
been published by Deutscher and Meunier in 1969 [10].
They studied FeNi/In/Ni trilayer and obtained a sur-
prisingly large difference in T, between the AP and P
orientations of the magnetizations AT, = TAP — TP,
The reason for this big effect has not been clarified up
to now. Clinton and Johnson [11] have developed a SC
valve which uses the magnetic fringe fields at the edges
of the F film of a pm size. Due to the stripe shape of
the F film these fringe fields can be varied in magnitude
by changing the orientation of the magnetization of the
F layer. In this experiment a direct contact between
F and S layers was absent similar to the case studied
in Ref. [10]. The latter means that the experiments of
Deutscher and Meunier have nothing common with S/F
proximity effect. The possibility to develop a real switch
based on the S/F proximity effect has been theoretically
substantiated in 1997 by Oh et al. [12]. They proposed
the F1/F2/S layer scheme where an S film is deposited
on top of two F layers. The thickness of F2 should be
smaller than £r to allow the SC pair wave function to
penetrate into the space between F1 and F2 layers. Two
years later a different construction based on an F/S/F
trilayer was proposed theoretically by Tagirov [13] and
Buzdin et al. [14]. Several experimental works con-
firmed the predicted influence of the mutual orientation
of the magnetizations in the F/S/F structure on T, (see,
e.g., [15-18]). However, the difference in 7, between
the AP and P orientations AT, turns out to be smaller
than the width of the SC transition &7, itself. Hence
a full switching between the normal and the SC state
was not achieved. Implementation of a design similar
to the F1/N/F2/S layer scheme by Oh et al. [12] with
a [Fe/V], antiferromagnetically coupled superlattice in-
stead of a single F1/N/F2 trilayer [19] is not actually
the spin switch device because the system can not be
switched from the AP to P orientations of the magneti-
zations instantaneously. At the same time the analysis
of the temperature dependence of the critical field has
shown that implicitly AT, of this system can reach up
to 120 mK at 67, ~ 100 mK.

The paper is organized as follows. First, the re-
sults of the first observation and investigation of the spin
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screening effect in the S/F layered structures are ana-
lyzed. Then, the recent achievements in the realization
of the spin valve effect are presented.

2. Spin screening effect. 2.1. Necessary condi-
tions for the observation of the spin screening effect. For
a real S/F bilayer the amplitude of the magnetization
induced by the spin screening effect in the S layer is ex-
pected to be very small, and for an experimental proof
of the spin screening effect one needs a method which
can sensitively probe small changes of the spin polar-
ization in the S layer below T.. Principally one can
investigate the penetration profile of the polarization of
conduction electrons induced by the F layer within the
S layer in the S/F bilayers using the technique of low-
energy muon spin rotation. However, estimates show
that detection of the effect is on the verge of sensitivity
of this technique. The induced spin polarization in the
SC state corresponds to a change of the spin susceptibil-
ity of the conduction electrons upon the SC transition.
This spin susceptibility is one of the physical reasons
for the Knight shift of the nuclear magnetic resonance
(NMR) line in metals. Thus, in NMR the spin screening
effect should manifest itself as a decrease of the Knight
shift upon the transition to the SC state.

For our investigation [20, 21] of the spin screening
effect by NMR the choice of an appropriate F/S mater-
ial combination is of primary importance. It is desirable
that the S-layer material has a strong NMR signal with
a small linewidth, a suitable SC transition temperature
T. and a high quality interface with the F material. In
addition, there should be an appreciable change of the
Knight shift at the transition to the SC state. Among
the elemental superconductors Pb, Nb and V appear to
be possible candidates [22, 23]. However, only V fulfills
the condition of a high interface quality with epitax-
ial growth of Fe on V and high interface transparency
for the electrons [24, 25]. The early results of Noer and
Knight [26] indicated that the Knight shift for V does not
change markedly at 7., which would render V unsuit-
able for the present study. However, as we have shown
recently, in pure V the Knight shift definitely changes
below T, [27] as in pure Nb [28], which has a similar
electronic structure.

In order to obtain a measurable spin polarization
caused by the spin screening effect, the S-layer thick-
ness in the S/F bilayer should be comparable with the
SC coherence length in the S layer £, because the pertur-
bation of the spin susceptibility in the S layer is expected
at a distance of the order &, from the S/F interface only.
Usually [25] for our V films & ~10 nm, implying that
the number of V nuclei involved in the resonance will
be extremely small. In order to increase the number of
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V nuclei subjected to the spin screening effect we used
trilayer samples F/S/F (i.e., one S layer between two
F layers) for our present investigation. This increases
the perturbed by the spin screening effect S-layer thick-
ness twice. On the other hand at the thickness of the
S layer smaller than 3¢, superconductivity usually van-
ishes (see, e.g., [7, 25]). Therefore, the S-layer thickness
in the F/S/F trilayer is limited to about 4¢,. Even in
this case conventional NMR spectrometers encounter se-
rious sensitivity problems with this small sample volume
and we had to develop a super sensitive NMR technique
operating in a continuous mode to reach the necessary
sensitivity.

2.2. Experimental details. Samples. We have pre-
pared a number of F/S/F trilayers with V as the SC
layer and either Ni or an alloy Pd;_,Fe, as the ferro-
magnetic layers (see Table 1).

Table 1

Experimental parameters of all samples for the present
study: S1 is the single V-layer, S2 is the
Pdo_ggFeO_oz/V/Pdo_ggFEQ_oz trilayer, S3 is the
Pdg.97Feg.03/V /Pdo.97Feq 03 trilayer, S4 and S5 are the
Ni/V /Ni trilayers with thickness of the V-layer of 44
and 70 nm, respectively

dy o Te RRR l &s

(nm) | (nm) | (K) (nm) | (nm)
S1 30 0.3 4.7 11 15 14
S2 36 1.3 3.0 4.6 5 8
S3 42 1.3 3.6 6 7 10
S4 44 1.6 4.1 4.4 5 8
S5 70 0.8 4.4 8.2 11 12

The thickness and the quality of the films were char-
acterized by small-angle x-ray reflectivity. Well resolved
Kiessig fringes from the total layer thickness were clearly
observed. Fits using the modified Parratt formalism
[29, 30] yield the thickness of the V-layers dy and the
interface roughness parameter o given in Table 1.

The SC transition temperature T, for the samples in
Table 1 is between 3 K and 4.7 K (see the fourth column
of Table 1). From the ratio of the electrical resistivity
at 300 K to its value at the temperature above T, or the
residual resistivity ratio RRR = R(300K)/R(5 K) (fifth
column of Table 1) we can determine the specific resid-
ual resistivity pp using the phonon contribution to the
specific resistivity for vanadium, pphon(300 K) = 18.2
uQ- cm. Following Lazar et al. [7] with the Pippard
relations [31], we get pol = 2.5-107% pQ-cm? and can
calculate the mean free path [ of the conduction electrons
(6th column of Table 1). The BCS coherence length for
Vis & = 44 nm. A comparison of [ and £, implies
that the superconducting parameters of our samples are

closer to the “dirty” limit (I < &) than to the “clean”
limit (I > &). In the “dirty” limit & = 1/&ol/3.4 holds,
which is given in the last column of Table 1.

NMR spectrometer. We have built a continuous
wave NMR spectrometer operating at the frequency of
about 5.5 MHz [32] and based on a self-oscillating detec-
tor (see, e.g., [33]). Using the MESFET (metal semicon-
ductor field effect transistor) CF739 capable of operating
at temperatures below 4 K, we were able to immerse the
high-frequency generator into the liquid helium in close
vicinity to the pick-up coil. This strongly reduces the
thermal noise and excludes losses in the line connecting
the pick-up coil with the generator.

2.3 Results and analysis. Normal state. In Fig.la
we show the NMR signals for the single V layer (sample
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Fig.1. NMR spectra for the single V layer (sample S1) in
the normal (a) and superconducting (b) states for parallel
() and perpendicular (L) orientation of dc magnetic field.
The NMR spectra are fitted by the Gaussian line shape
(circles). Here and in the following figures the vertical line
shows the NMR line position for 'V nuclei in an insulator

S1) in the normal state for the parallel and perpendic-
ular orientation of the dc magnetic field relative to the
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film plane. The resonance line shape is well described by
the derivative of a Gaussian absorption curve. Fitting
this theoretical curve to the experimental spectra we can
determine the resonance line position with an absolute
accuracy better than 0.5 Gs. For the resonance linewidth
(the peak-to-peak distance of the absorption line deriv-
ative) we get a value of AB =11.2 Gs. The resonance
field of Bj=4923.1 Gs is shifted by 6 B = 29.1 Gs relative
to its position in an insulator (4952.2 Gs for °'V). Thus,
for the Knight shift in the normal state, which is defined
as the ratio of the NMR line shift relative to its position
in an insulator, we get 0.59 £0.01%, in good agreement
with the value measured previously [26, 27]. The NMR
line shape in the SC state is discussed in the next para-
graph. Fig.2a displays the NMR signals for a Ni/V /Ni
trilayer (sample S4) in the normal state for both ori-
entations of the magnetic field. For the field direction
parallel to the film plane the resonance line position and
the linewidth coincide nicely with that observed for the
single V layer (Fig.la). For the perpendicular orien-
tation of the field the NMR signal is shifted towards
lower magnetic fields by 3 Gs and the line shape appears
slightly distorted (the low field wing has a smaller am-
plitude than the high field wing). These observations
are not surprising, since for the field directed parallel to
the film plane the magnetization of the F layer lies in-
plane and the demagnetizing field acting on the V layer
is negligible. For the perpendicular orientation the de-
magnetizing field from the F layers is non-zero. We nu-
merically estimated this dipolar field and obtained that
this field slightly shifts the resonance line to the low field
side and causes some line broadening with the degree of
broadening comparable to the shift. As a result, the
amplitude of the low field wing of the resonance line be-
comes slightly smaller than the amplitude of the high
field wing, just as observed in the experiment. The cal-
culated resonance line for the perpendicular direction is
shown in Fig. 2a by crosses and it is obvious that there is
satisfactory agreement with the experimental resonance
lines.

Similar results were obtained in the normal state for
Pd;_,Fe, /V/Pd;_,Fe, trilayers with z= 0.02 (sample
S2) and 0.03 (sample S3) for the field perpendicular to
the film plane.

Superconducting state. In Fig.1b the NMR spec-
trum for the single V layer (sample S1) below T, for
both field orientations is depicted. Compared to the
normal state (Fig.la) the resonance line is shifted to-
wards higher magnetic fields and definitely broadened
in case of the perpendicular orientation (AB=15.5 Gs).

Vanadium is a type II superconductor and for the
perpendicular orientation the V film is in the vortex
Mucema B AROT® Tom 93
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Fig.2. NMR spectra for Ni/V/Ni trilayer (sample S4)
in the normal (a) and superconducting (b) states for the
parallel(]|) and perpendicular (L) orientations of the filed.
The NMR spectrum for the normal state in the parallel
orientation is fitted by the Gaussian line shape (open cir-
cles), and in the perpendicular orientation by the Gaussian
line shape taking the demagnetizing field from the F lay-
ers into account (crosses). The fit for the superconducting
state in parallel orientation takes the spin screening effect
with B,=15 Gs (see Egs. 1 and 2) into account (closed
circles)
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state. The broadening and shift of the NMR line upon
the transition to the SC state is caused by the inhomo-
geneous magnetic field distribution in the vortex state.
The NMR line shape in the mixed state of type II super-
conductors is determined by the convolution of the nor-
mal state line shape and the singular distribution of the
magnetic field in the vortex state (see, e.g., [28, 34, 35]).
For our samples with kK ~ 3 + 4 the pinning forces
lead to a transformation of the singular field distribu-
tion to a Gaussian shape [36] with a width estimated
as 0B, ~ (B — By)/2k%. With B, ~5000 Gs and
By=4920 Gs this gives B, ~ 3.5 Gs. If the NMR line
shape in the normal state is Gaussian, then in the SC
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state it should keep its Gaussian shape with some addi-
tional broadening d B, as estimated above. This is just
what we have observed in our experimental spectrum
for the single vanadium film (sample S1). (See evolu-
tion of the NMR linewidth from Fig.la (normal state,
AB=11.2 Gs) to Fig. 1b (SC state with AB=15.5 Gs)).
Upon the transition to the SC state the line shape does
not change markedly, the resonance field increases up
to B§=4943 Gs, and an additional Gaussian broadening
0B*P ~4.3 Gs is observed. The vortexes motion and
their depinning leads to the appearance of the regular
noise in Fig. 1b.

For the single V film (Fig.1b) in the parallel orien-
tation, we first note that, similar to the perpendicular
orientation, the NMR line shifts to higher fields com-
pared to the normal state. However, in contrast to the
perpendicular orientation, the NMR linewidth does not
markedly differ from the normal state. This supports our
assumption above that the broadening in the perpendic-
ular orientation is caused by the presence of vortices. In
its turn we assume that for the parallel orientation of
vortices are absent. Following to the analysis by Burger
et al. [37] we conclude that at the field parallel to the
plane of films our samples are in vortex-free state. Thus,
the magnetic field inside the V layer decays exponentially
from both surfaces with the decay length given by the
magnetic penetration depth A. Numerical calculations
show that in our case for dy ~30 nm and A ~50 nm
the inhomogeneity of the magnetic field distribution vir-
tually does not influence the NMR line width, because
the magnetic field is strongly inhomogeneous only in the
close vicinity of the film surface. Convolution of the field
distribution with a Gaussian line shape in this case leads
to the shift of the resonance line by less than 1 Gs and
to a small distortion of the resonance line wings only.

Figure 2b shows the NMR spectra for Ni/V/Ni tri-
layer (sample S4) in the SC state for both orientations of
magnetic field. Similar to the case of the single V layer
we observe a shift of the resonance line to higher mag-
netic fields. At the same time, however, the line shape
for both field directions is markedly changed with the
high-field wing of the NMR line strongly distorted.

The same anomalous change of the NMR line
shape we also observe for the NMR spectra in
Pd;_.Fe,/V/Pd,_,Fe, trilayers with z= 0.02 (sample
S2) and 0.03 (sample S3) in the SC state.

We also studied the evolution of the NMR line shape
with increasing S-layer thickness for Ni/V/Ni trilayer
samples (Fig.3). One sees that the distortion of the
high-field wing of the resonance line has an obvious trend
to disappear with increasing V-layer thickness.

51
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Fig.3. NMR spectra for Ni/V/Ni trilayers (samples S4
with dy=44 nm and S5 with dy =70 nm) in the supercon-
ducting state (parallel magnetic field). The theoretical fits
take the spin screening effect with B,,=15 Gs (see Egs. 1
and 2) into account (closed circles)

2.4. Discussion. The central result of this study is
that the NMR line shape of the F/S/F trilayers defi-
nitely changes on the transition to the SC state. The
line shape for the sample S4 in the SC state is reminis-
cent of the classical calculation by Bloembergen [38] for
the NMR line shape in the metallic samples with a thick-
ness d comparable to the electrodynamic skin-depth 6.
The line shape asymmetry parameter A /B (the ratio of
low-field peak height A to the high-field peak height B)
varies from 1.0 for fully transparent films (d < ) to 2.55
for a half-space (d > ¢ ). This distortion results from
electrodynamic admixture of the dispersion component
of the dynamic magnetic susceptibility to the absorp-
tion component. For a metallic half-space, the detected
NMR signal is a one-to-one mixture of the absorption
and dispersion, and the asymmetry parameter reaches
its maximum magnitude A/B=2.55. At our NMR fre-
quency 5.5 MHz, the skin depth is about 50 pm. Thus
in the normal state samples with a total thickness of
the order of 40+70 nm are completely transparent for
the radio frequency radiation, hence, no electrodynamic
distortion of the NMR line shape is expected.

Analysis shows that other possible origins of a dis-
torted NMR line like an inhomogeneous distribution of
the quadrupole splitting at the MgO/V or the Ni/V in-
terfaces due to the lattice mismatch and the local field
distribution in the vortex state can also be ruled out.

One important experimental feature of the distor-
tion is that it disappears with increasing V thickness,
clearly indicating that there is a mechanism determin-
ing the line shape below T, only acting in the vicinity of
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the interfaces at a distance of the order of ten to twenty
nanometers. When the SC Vanadium layer is thick, the
NMR signal from the unperturbed core of the film dom-
inates in the NMR response, and the symmetry of the
line shape is being restored: the asymmetry parameter
A /B approaches 1. Recollecting all findings concerning
the NMR line distortion we are led to the conclusion that
the spin screening effect as discussed in the Introduction
is the most plausible mechanism giving rise to the NMR
line distortion observed experimentally.

According to the model of the spin screening effect
[8], spin-polarized electrons from the interfacial region
penetrate into the SC layer. By means of the hyperfine
interaction this spin-polarization induces a local field
By on the V nuclei with a direction opposite to the
external magnetic field (we suppose that the conduction
electron spin polarization in the F layer is in the direc-
tion of the applied field) and the NMR resonance field
shifts to higher fields accordingly.

In order to calculate the NMR line shape quantita-
tively, one must take the spatial distribution of the spin
polarization in the SC layer into account. The induced
spin-polarization in the superconductor which is propor-
tional to the local magnetic field Bj,. decays exponen-
tially with the distance z from both F/S interfaces,

P(z) ~ Bioe = By, cosh(ksz), (1)

where the z-axis is perpendicular to the S/F interface
and =0 corresponds to the center of the SC layer,
ks = 1/¢s and B,, is the value of the local field at the
S/F interfaces. The local field distribution,

d
F(B) = %/0 dzd[B — Bioc ()] (2)

has to be convoluted with the unperturbed NMR
Gaussian line shape derived from the normal-state NMR
line above T%.

Fitting the NMR line shape with the local field modi-
fied by the spin screening effect is straightforward for the
case of the parallel field direction, since in this case the
film is in the vortex-free state and there are no compli-
cations due to the inhomogeneous local field distribution
in the vortex state. As seen in Fig. 1b, the NMR line for
the single V layer in the parallel orientation of the sam-
ple simply shifts to higher fields without any broadening
below T..

The fits taking the spin screening effect into ac-
count (Figs.2b and 3) show a reasonable agreement with
the experimental line shape. We obtain a parameter
B,, ~15 Gs which represents the maximum shift of the
resonance line for nuclei in close vicinity of the S/F in-
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terface. The resonance field value was taken as a free
parameter in the fit.

We next want to try a quantitative comparison of
B,,, resulting from the fit and the corresponding theo-
retical model of the spin screening effect by Bergeret et
al. [8]. Within this model the local magnetic field pro-
ducing the polarization of conduction electrons at the
interface is given by

B(+d,/2) = adrMp(dy/&s). (3)

Here o denotes the part of the magnetization of the fer-
romagnet caused by the conduction electrons. Using the
saturation magnetization of Ni Mr=515 Gs and sup-
posing that metallic Ni is an ideal itinerant ferromagnet
(o ~1) we get B(d,;/2) ~3 kG. This field produces the
polarization of the conduction electrons in the SC layer
and via the contact interaction shifts the NMR line.

Fig.1 shows that in the parallel orientation of the
single V film the NMR resonance field in the normal
state is By =4923.1 Gs. The shift of the resonance line
relative to the position in an insulator (4952.2 Gs) is
0B=29.1 Gs. In the SC state the resonance field is
B§ = 4943 Gs (Fig.1). As mentioned above, our es-
timation shows that the diamagnetism of the film due
to the Meissner effect contributes less than 1 Gs to the
shift of the resonance field. Therefore the shift of the
NMR line by B§ — By ~20 Gs at the transition into
the SC state is solely due to the change of the Knight
shift i.e. the change of the electron polarization at the
V core produced by an external magnetic field of about
5 kG. This provides a suitable reference for the calcu-
lation of the parameter B,,=15 Gs, the spin screening
parameter which we have fitted above in Figs. 2b and 3.
In the theory of the spin screening effect B,, is caused
by the induction of Ni at the interfaces B(+d;/2) ~3
kG. With the relation between the induction and change
of the Knight shift in the SC state (5 kG gives a shift
0B ~20 Gs) the theory predicts B,, ~12 Gs, in good
agreement with B,,=15 Gs derived experimentally.

For the perpendicular orientation of the magnetic
field, one must take into account the local field distrib-
ution due to the spin screening effect as well as the in-
homogeneous field distribution due to the vortex state.
We didn’t try to fit these spectra quantitatively and just
present qualitatively the tendency of the broadening of
the high-field wing of the NMR line for the S2, S3 and
S4 trilayer samples.

3. Spin valve effect. 3.1 Superconducting spin
valves based on epitaxial Fe/V superlattices.

As it follows from the Introduction recently [19] a SC
V film grown on an epitaxial [Fe/V] superlattice with
antiferromagnetic interlayer exchange coupling demon-
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strated that its SC transition temperature 7T, depends
on the relative orientation of the magnetization direc-
tion of subsequent Fe layers in the [Fe/V]-superlattice.
We observed a shift AT.=120 mK for a 18 nm thick
V-film on a [Fe(2 ML)/V(12 ML)]s5-superlattice (here
ML is monolayer and 25 is the number of repetitions)
[19]. This is nearly one order of magnitude larger than
observed for the F1/S/F2-type spin valves up to now.
In continuation of our previous work [19] we first studied
F1/N/F2/S-type structures and investigated the spin
valve effect for F1 and F2 layers with different composi-
tion, thickness and quality [39]. In Fig. 4 we have plotted

8 6 4 2 0 2 4 6 8
H (kOe)

Fig.4. Magnetic moment versus magnetic field (direc-
tion in the film plane) measured at 10 K for the sample
V(24nm)/[Fe(3ML)/V(12ML)]25

a magnetization curve measured at 10 K for the sam-
ple V(24nm)/[Fe(3ML)/V(12ML)]25. The magnetiza-
tion curve reveals antiferromagnetic interlayer exchange
coupling of the Fe layers in the superlattice. The fer-
romagnetic saturation field of the Fe sublattice is about
2.2 kOe. In this sample the magnetization direction of
subsequent Fe layers in the superlattice can be gradually
rotated from an antiparallel alignment in zero field to a
parallel alignment for fields above 2 kOe. The square of
the upper critical magnetic field for the direction parallel
to the film plane (HZL (T))2 is plotted in Fig.5. For a
two dimensional (2D) thin film with the magnetic field
parallel to the film plane the classical result for the upper
critical field is [40]:

= 5260 \2—2\/ (t-z)

with the flux quantum @, the thickness of the film d;
and the Ginzburg-Landau correlation length £, which is
related to Pippard’s correlation length by £(0) = 1.6&;.
We have performed measurements of the upper critical
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Fig.5. Squared parallel upper critical magnetic field ver-
sus temperature for the same sample as in Fig.4. The
solid straight line (left line) describes the temperature de-
pendence for (HCPZ)2 above 5 kOe?. This line indicates the
upper critical fields expected for perfect parallel alignment
of the Fe layers in the superlattice. Another straight line
shows the (H,f;)2 vs temperature for unchanged mutual
orientation of magnetizations of the subsequent Fe layers
in multilayer

field for Fe/V /Fe trilayers and obtained that for parallel
orientation of the magnetic field relative to the film plane
H_ »(T) is perfectly described by formula (4).

In Fig.5 we have plotted the straight line which
describes the temperature dependence for fields above
2 kOe perfectly. Below the ferromagnetic saturation
field of the superlattice at about 2 kOe there is an in-
creasing deviation from the straight line. From the ex-
trapolation of the straight line one gets a SC transi-
tion temperature 7, which is more than 200 mK be-
low the true transition temperature measured at zero
field. A comparison with the magnetization curve
of the V(24nm/[Fe(3ML)/V(12ML)]25-superlattice in
Fig.4 shows that the ferromagnetic saturation field of
2 kOe is correlated with the first deviation of H% from
the straight line in Fig.5. From this we infer that the
deviation of the upper critical field from the 2D-behavior
is caused by the gradual change of the sublattice magne-
tization direction of the [Fe(3ML)/ V(12ML)]25 super-
lattice from parallel above 2 kOe to antiparallel in zero
field. The obtained difference in T, of 200 mK for the su-
perlattice being in the antiparallel and the parallel orien-
tation. This corresponds to the SC spin valve effect ob-
served in [Fe(2ML)/V(11ML)]25/V-systems before [19].
However, the maximum shift AT, we have observed in
[19] was only about 120 mK, definitely smaller than for
the present sample. We think that this reflects the im-
proved quality of our new samples with &;/d,=0.67 for
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the sample in Fig.5 compared to a maximum value of
&s/ds=0.4 for the samples in [19].

3.2. Full spin switch effect for the superconducting
current in an S/F thin film heterostructure. Comparison
of the results obtained for both proposed constructions
of the spin switches F1/F2/S and F1/S/F2 (see the In-
troduction) gives grounds to suppose that the scheme by
Oh et al. [12] may be more promising for the realiza-
tion of the full spin switch effect. We have fabricated a
set of samples MgO(001)/Co0,/Fel/Cu/Fe2/In which
show a full switching between the SC and normal states
when changing the mutual orientation of the magneti-
zations of F1 and F2 layers [41]. In this construction
MgO(001) is a high quality single crystalline substrate,
cobalt oxide antiferromagnetic (AFM) layer plays a role
of the bias layer which pins the magnetization of the F1
layer; Fe stands for the ferromagnetic F1 and F2 layers;
Cu as a normal metallic N layer which decouples the
magnetizations of F1 and F2 layers; finally In is an S
layer.

The residual resistivity ratio RRR=R(300K)/R(4K)
is similarly high for all studied samples (see Table 2) ev-
idencing a high purity of the deposited In layers.

Using the ferromagnetic resonance measurements we
adjusted the long axis of our films to be along the easy
axis of the magnetization which is induced by residual
magnetic fields in our vacuum system. The parameters
of the studied samples are shown in Table 2. Along with
the spin switch samples ## 3 — 5 we prepared for con-
trol purposes an indium thin film sample (#1) and a
reference sample comprising an indium layer and only
one F layer (#2R). In a first step the in-plane magnetic

Table 2

Experimental parameters of the studied samples

Thickness (nm) 0T. AT,

Fe2 In RRR | (mK) | (mK)

1 220 43 7 0+2
2R | 0.5 230 35 15 0+£3
0.5 230 47 7 19+2

0.6 230 41 13 12+2

2.6 230 44 50 -2+8

hysteresis loops of sample #3 in the direction of the mag-
netic field along the easy axis was measured by a SQUID
magnetometer and is shown in Fig. 6. This step is neces-
sary to obtain the Fe-layers’ magnetization behavior and
to determine the magnetic field range where AP and P
states can be achieved. The sample was cooled down in
a magnetic field of +4 kOe applied parallel to the sam-
ple plane and measured at 7' = 4 K. The magnetic field
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Fig.6. (a): Magnetic hysteresis loop for sample #3. Panel
(b) shows part of the minor hysteresis loop for sample #3,
obtained when decreasing the magnetic field from +4 kOe
down to —1 kOe and increasing it up to +1 kOe. The
amplitude of the minor hysteresis loops is proportional to
the thickness of the free F2 layer. Coercive and satura-
tion fields are the largest for the sample #3 and sharply
decrease with increasing dpe2

was varied from +4 kOe to — 6 kOe and back again to
the value of +4 kOe. Both limits correspond to the ori-
entation of the magnetizations of the F1 and F2 layers
parallel to the applied field. For the studied sample by
decreasing the field from +4 kOe to the field value of the
order of +50 Oe the magnetization of the free F2 layer
starts to decrease. At the same time the magnetization of
the F'1 layer is kept by the bias CoQO, layer until the mag-
netic field of —4 kOe is reached. Thus, in the field range
between —0.3 and —3.5 kOe the mutual orientation of
two F layers is antiparallel. Below H = —3.5 kOe the
magnetization of the F1 layer starts to change it’s value
and at the field of the order of —4.5 kOe magnetizations
of both Fe layers become parallel. This corresponds to
a further step-like decrease of the total magnetization.
Qualitatively similar hysteresis loops were obtained for
samples #4 and 5. The minor hysteresis loops on the
low field scale were obtained with decreasing the field
from +4 kOe down to —1 kOe and increasing it again
up to +1 kOe. An exemplary loop for sample #3 is
shown in Fig.6b.
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In order to study the influence of the mutual ori-
entation of the magnetizations on 7. we have cooled
the samples down from room to a low temperature at
the magnetic field of 4 kOe applied along the easy axis
of the sample just as we did it when performing the
SQUID magnetization measurements. For this field both
F-layers’ magnetizations are aligned (see the magnetic
hysteresis loops shown in Fig.6). Then at the in-plane
magnetic field value of Hy = £ 110 Oe the temperature
dependence of the resistivity R was recorded. In the fol-
lowing we focus on the spin valve sample # 3 (see Fig. 7).
For this sample AT, = TAP — TF =19 mK (see Fig. 7b
with an enlarged temperature scale). We also performed
similar resistivity measurements of the reference sample
#2R with only one Fe layer (see Table 2). For this sam-
ple we found T,.=1.60 K, which does not depend on the
magnetic field direction (see Fig.7c). This T, value is
lower than that for the In single layer film (sample #1)
and higher than for sample #3 (Fig.7a). This means
that T, is suppressed by the F2 layer and in turn is sen-
sitive to the influence of the F'1 layer separated from the
SC In layer by a 0.5 nm thick F2 Fe layer and 4 nm thick
Cu layer. As can be expected from the the S/F proxim-
ity theory, with increasing the thickness of the free F2
layer AT, decreases and becomes practically zero at 2.6
nm thick F2 layer (see Table 2).

The observed shift AT.=19mK is not the largest
one among the data published before (cf., e.g., Ref. [17],
where AT, ~ 41 mK at 67, ~100 mK). However, very
importantly it is substantially larger than 67, which is
of the order of 7 mK for sample #3 at Hop=110 Oe. This
opens a possibility to switch off and on the SC current
flowing through our samples completely within the tem-
perature range corresponding to the 7,-shift by chang-
ing the mutual orientation of magnetization of F1 and F2
layers. To demonstrate this we have performed the mea-
surements of the resistivity of sample #3 by sweeping
slowly the temperature within the AT, and switching the
magnetic field between +110 and —110 Oe. This central
result of our study is shown in Fig. 7b. It gives straight-
forward evidence for a complete on/off switching of the
SC current flowing through the sample. For sample #3
the main necessary prerequisite to realize the theoretical
idea of Oh et al. [12] is fulfilled. In this sample dp.s
is smaller than £p. Finally, the high quality of the iron
layers yields magnetization hysteresis curves with sharp
well defined steps enabling a well controlled switching
of the mutual orientation of the magnetization of the F
layers by application of relatively small magnetic fields.

4. Summary and conclusions. We find first quali-
tative and quantitative manifestations of the spin screen-
ing effect in the SC state, as evidenced by a characteristic

CoO, Fe Cu Fe In
(4nm) | (24nm) | (4nm) | (0.5nm) | (230 nm)
Fe In
(0.5 nm) | (230 nm)
In
(230 nm)

238

1.0 & -
_ ity Jio (©)
N
N -
g/ 0.5r %
) T
OO ‘ J l T _ | L | L | L
1.45 146 147 148 1.59 1.60 1.61 1.62
T (K)
Fig. 7. (a): Overview of the resistivity transition curves.

The spin valve sample #3 is shown by open (Ho = +110
Oe) and closed (Ho = —110 Oe) circles (for details see
(b)). For the reference sample #2R the data are depicted
by open (Hp = +110 Oe) and closed (Ho = —110 Oe)
triangles (for details see (c)). For the pure In sample the
data are presented by open (Ho = +110 Oe) and closed
(Hop = —110 Oe) squares. (b): Switching between nor-
mal and SC states in the spin valve sample #3 during
a slow temperature sweep by applying the magnetic field
Hy = —110 Oe (closed circles) and Hy = +110 Oe (opened
circles) in the sample plane

asymmetry of the NMR line shape below T, in the S/F
layered thin film system. Simultaneously another pos-
sibility to detect the spin screening effect was demon-
strated by Xia et al. [42] who used the optical polar
Kerr effect on Al/Co-Pd bilayers and observed a small
change of the Kerr rotation below T, of Al
An anomalous shift AT, ~200 mK was observed for
V layer deposited on [Fe/V] superlattice when rotating
the mutual orientation between magnetizations of two
successive Fe layers of superlattice. However, in this
Iucema B ARINTD BbIN. 9—10
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system the relative orientation of magnetizations can be
changed only gradually from antiparallel to parallel with
increasing the magnetic field value from 0 to 6 kOe.

And, finally, using the spin switch design F1/F2/S
theoretically proposed by Oh et al. [12], that comprises
a ferromagnetic bilayer as an F component, and an ordi-
nary superconductor as the second interface component,
we have realized a full spin switch effect for the SC cur-
rent. An experimental realization of this spin switch
construction was achieved for the CoO,, /Fel/Cu/Fe2/In
multilayer.

This review is based on the results obtained within
the project No. 08-02-00098 of the Russian Foundation
for Basic Research (RFBR). Now the continuation of
this work is supported by the RFBR (Grant No. 11-02-
01063).
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