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In superconducting spin valves of the type S/F1/N/F2 or F1/S/F2 with a superconducting layer S, two
ferromagnetic layers F1 and F2, and a normal metallic layer N, the superconducting transition temperature 7
depends on the relative magnetization direction of the ferromagnetic layers F1 and F2. The difference of the
transition temperature ATS=T§\P— Tf with the magnetization direction of F1 and F2 either antiparallel or
parallel is called the superconducting spin valve effect. We have prepared both types of spin valves by growing
Fe/V thin-film heterostructures with epitaxial quality on MgO(001) substrates. In the S/F1/N/F2-type spin
valves the ferromagnetic layers were the first two Fe layers of a [Fe/V] superlattice coupled antiferromagneti-
cally via the interlayer exchange interaction. Here we observed a superconducting spin valve shift of up to
ATy=200 mK when aligning the sublattice magnetization in an external magnetic field. In the F1/S/F2-type
spin valves the ferromagnetic layer F1 was either a [Fe/V] or a [Fe, V,_,/V] superlattice, the F2 layer was a
Fe-, a Co-, or a Fe,V,_, film. Using weakly ferromagnetic Fe,V,_, alloy layers as F1 and F2 we find a spin
valve effect of up to ATg~=20 mK, which is more than a factor of 2 larger than reported in the literature before
for spin valves with comparable transition temperatures. Our results indicate that a high interface transparency
and a large superconducting correlation length are prerequisites for the observation of a sizable superconduct-

ing spin valve effect.
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I. INTRODUCTION

The complex interplay between superconductivity and
ferromagnetism in thin-film systems combined of supercon-
ducting (S) and ferromagnetic (F) layers is a topic of great
current interest and characterized by spectacular theoretical
predictions waiting for experimental realization (see Refs.
1-6 for recent reviews). Topics under intense experimental
investigation at present are possible triplet superconductivity
in S/F systems and the inverse proximity effect, i.e., a pen-
etration of itinerant ferromagnetism into the S layer from the
F layer (see, e.g., Efetov et al. in Ref. 6). The physics of the
proximity effect at the S/F interface is rich in phenomena and
only quite recently the theoretical work has been extended to
include strong ferromagnets such as Fe, Co, and Ni. Strong
ferromagnets with a large exchange splitting between the
spin-up and the spin-down electron bands favor triplet
superconductivity.>’

An important consequence of the S/F proximity effect is
the occurrence of m-wave superconductivity in S/F/S Joseph-
son junctions. The propagating character of the pair wave
function in the F layer causes a phase shift of 7 between the
two superconductors for a certain thickness range of the F
layer.3-!! 7-wave superconductivity in S/F/S Josephson junc-
tions is firmly established in the literature now and already
applied in devices for the realization of superconducting qu-
bits for quantum computing.'%-1?

The theory of another interesting device based on the S/F
proximity effect, the superconducting spin valve, has been
developed about ten years ago by Tagirov'? and Buzdin et
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al.'"* In superconducting spin valves with the layer sequence
F1/S/F2 the superconducting transition temperature Tg of the
S layer can be controlled by the relative orientation of the
magnetization direction of the two ferromagnetic layers F1
and F2. Model calculations show that the transition tempera-
ture with antiparallel orientation of F1 and F2 Tg“P should be
larger than the transition temperature Tg for a parallel orien-
tation of F1 and F2. Thus one can principally switch the
superconductivity on and off by reversing the magnetization
direction of F1 and F2, corresponding to an infinite magne-
toresistance. Needless to say that a working device of this
type would be highly desirable in the emerging field of su-
perconducting spintronics.®~!? The basic physical reason for
the difference in the superconducting transition temperature
ATg=T§"~Ty is the partial compensation of the pair break-
ing ferromagnetic exchange field, if the magnetization direc-
tions of F1 and F2 are aligned antiparallel.

The first experimental confirmation of the superconduct-
ing spin valve effect was reported by Gu et al.'> for a NiCu/
Nb/NiCu trilayer structure, however, with a small difference
ATS=TSAP—T‘S)=6 mK only. Successively several groups
published results on superconducting spin valves of different
design.'®!° The maximum shift ATq~40 mK was reported
by Moraru et al.'” for a Ni/Nb/Ni trilayer, however, for a
sample with a very low superconducting transition tempera-
ture of 7g=0.4 K and with a resistive transition width of
about 0.3 K. For thicker Nb layers in Ni/Nb/Ni with transi-
tion temperatures in the range of 2 K ATy drops again below
10 mK (Ref. 17). At variance to these results also small
negative shifts ATS=T§‘P—T§ in F1/S/F2 systems have been
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reported.'®! Rusanov et al. in Ref. 18 found ATg=-2 mK
for a FeCo/Nb/FeCo trilayer, Singh et al.'® for CoPt/Nb/
CoPt, a system with an easy magnetic axis perpendicular to
the film plane, observed a shift of ATg=—5 mK. This nega-
tive shift, dubbed as the “inverse superconducting spin valve
effect” in Ref. 18 is thought to be caused by spin accumula-
tion in the layers, which depends on the relative spin orien-
tation of F1 and F2. From these results doubts arose on the
existence of the superconducting spin valve effect in systems
with strongly ferromagnetic layers.

Since in any case the observed shifts AT due to the su-
perconducting spin valve effect or the inverse superconduct-
ing spin valve effect are small, a possible influence of mag-
netic stray fields from magnetic domains of the
ferromagnetic layers F1 and F2 on the resistive transition
must carefully be considered. This has clearly been demon-
strated by Steiner and Ziemann,”® who showed that in Fe/
Nb/Co trilayers and in Co/Nb bilayers the stray fields in the
multidomain state of the ferromagnet can appreciably change
the superconducting transition temperature measured resis-
tively. Actually, in a trilayer with an essentially antiparallel
orientation of F1 and F2, the residual stray fields can shift
T’S“D below T*S), thus mimicking a negative value for the spin
valve shift ATq.?° The main reason for this is that in the
narrow magnetic-field range between the coercive fields of
F1 and F2, where the antiparallel orientation is established,
magnetic domains may still exist; i.e., the antiparallel orien-
tation of F1 and F2 might not be perfect.

In contrast to the experimental results, theoretical model
calculations'>!'* with an optimum set of microscopic super-
conducting parameters predict a superconducting spin valve
shift ATg of the order of several K. The microscopic origin
of this discrepancy is not very clear yet, but a detailed in-
spection of the model calculations gives important hints. A
parameter of primary importance for the superconducting
spin valve effect is the ratio &5/dg with the coherence length
& and thickness dg of the superconducting layer. Large shifts
of the superconducting transition temperatures are only ex-
pected if &/dg=1. The physical reason for this is that a
Cooper pair should simultaneously sense the ferromagnetic
exchange field of both ferromagnetic layers F1 and F2. For
the opposite case &/dg=1 the shift of the superconducting
transition temperature ATg vanishes exponentially with in-
creasing superconducting film thickness.!>!* In all experi-
mental systems studied so far!>161819 £/d < 0.4 holds, and
for this case also the model calculations predict only a small
superconducting spin valve effect.

A parameter of similar importance for the spin valve ef-
fect is the quantum-mechanical transparency of the S/F in-
terface. Due to electron band mismatch for at least one of the
spin-up or spin-down subbands in typical S/F material com-
binations, the transparency of the S/F interfaces for Cooper
pairs is usually low (see, e.g., Ref. 6 for a discussion). A
small transparency parameter T (see Ref. 13 for the exact
definition) severely limits the superconducting spin valve
effect.!3 A possible method to increase the interface transpar-
ency is the dilution of the ferromagnet. With decreasing fer-
romagnetic exchange splitting between the spin-up and spin-
down electron band the band mismatch becomes less
pronounced and the transparency can increase correspond-
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ingly, as was demonstrated for the V/Fe, V,_, interface by
Aarts et al.?' In addition, strong spin-orbit scattering of the
conduction electrons in the S layer or paramagnetic pair
breaking scattering at magnetic impurities at the S/F inter-
faces can be very detrimental for the superconducting spin
valve effect.!>1

Thus a careful selection of a suitable S/F system is a
critical starting point for a convincing demonstration of the
spin valve effect. Since the quality of the S/F interface is of
utmost importance, a fully epitaxial S/F layer system with
high quality interfaces should be the best choice. As will be
detailed below, in our opinion the V/Fe interface or, even
more so, the V/Fe, V,_, interface is the best candidate ful-
filling most of the important requirements. Bilayers, trilay-
ers, and multilayers of Fe/V systems have contributed sub-
stantially to the S/F-proximity effect problem over the years,
starting from the early work of Wong er al. (Ref. 22). Re-
cently we have studied a superconducting V film grown on
an epitaxial [Fe/V] superlattice with antiferromagnetic inter-
layer exchange coupling and we have shown that the super-
conducting transition temperature T depends on the relative
orientation of the magnetization direction of successive Fe
layers in the [Fe/V] superlattice.?? Actually this is a variant
of the superconducting spin valve effect discussed above,
only that here the spin valve has both ferromagnetic layers
F1 and F2 on the same side of the superconducting film
(layer sequence is S/F1/N/F2). The S/F1/N/F2-type spin
valve with a highly transparent normal metallic layer N de-
coupling the two ferromagnetic layers was treated theoreti-
cally by Oh et al. in Ref. 24. The main result is the same as
discussed above, namely, that one expects a difference ATy
in the superconducting transition temperature for the magne-
tization direction of F1 and F2 in the antiparallel orientation
and in the parallel orientation. Remarkably, we observed a
shift A7g=120 mK for a 18 nm thick V film on a
[Fe(2 ML)/V(12 ML)],5 superlattice (ML: monolayer),?
which is nearly one order of magnitude larger than observed
for the F1/S/F2-type spin valves up to now.

Based on this experience we prepared both types of spin
valves by growing different Fe/V thin-film structures with
epitaxial quality on MgO(001) substrates. In continuation of
our previous work we first study S/F1/N/F2-type spin valves
for different thicknesses of the Fe layer in the superlattice.
Then we prepared fully epitaxial F1/S/F2-type structures and
investigated the spin valve effect for F1 and F2 layers with
different composition, thickness, and quality.

The paper is organized as follows: we first analyze the
superconducting properties of a single V film deposited on a
[Fe(nML)/V(mML)] superlattice by varying either the num-
ber of Fe monolayers n or the number of V monolayers m.
Then, for selected combinations of n and m, we deposit a
second ferromagnetic layer F2, either Fe or Co, on top of the
V film. Finally, we replace the Fe layers in the superlattice
and in the top layer by ferromagnetic Fe, V,_, alloy layers.

II. PREPARATION AND EXPERIMENT

The samples were prepared by dc-magnetron sputtering in
an UHV system with a base pressure of 2X 107! mbar on
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TABLE 1. Layer sequence of all samples used for the present study with the residual resistivity ratio RRR, the ratio &g/dg, the
superconducting transition temperature 7, and the shift AT, (see main text).

TY ATY
Series Sample RRR &s/dg (K) (mK)
Pd(5 nm)/V(24.2 nm)/[Fe(nxML)/V(8 ML)],5/MgO(001) 11...17 2...3
1 n=1...14 (see Fig. 4) 0.5...0.80 (see Fig. 4)
Pd(5 nm)/V(24.2 nm)/[Fe(3 ML)/V(mxML)],5/MgO(001)
2 m=8§...15 11...16 0.5...0.78 2...3
3 F1/S/F2-type SC spin valves
Co or Fe top layer
CoO(3 nm)/Co(7 nm)/V(24.5 nm)/
a [Fe(3 ML)/V(8 ML)];5/MgO(001) 11 0.55 1.97 4%1
CoO(3 nm)/Co(7 nm)/Fe(5 nm)/V(35.2 nm)/
b [Fe(3 ML)/V(8 ML)];,/MgO(001) 10.5 0.37 2.03 3%1
CoO(3 nm)/Co(7 nm)/Fe(5 nm)/V(30.3 nm)/
¢ [Fe(3 ML)/V(8 ML)],o/MgO(001) 9.5 0.43 1.42 672
Fe V,_, alloy top layers
CoO(3 nm)/Co(7 nm)/Fey7Vs3(10 nm)/V(37.8 nm)/
d [Fe(3 ML)/V(8 ML)],o/MgO(001) 13 0.42 227 4752
CoO(3 nm)/Co(7 nm)/Fes,Veg(3.7 nm)/V(37.8 nm)/
e [Fes,Veg(15 ML)/Fe(3 ML)Jg/MgO(001) 13 0.40 2.84 752
CoO(3 nm)/Co(7 nm)/Fes,Veg(10 nm)/V(34.8 nm)/
f [Fe(3 ML)/V(8 ML)];,/MgO(001) 13 0.40 2.39 102
CoO(3 nm)/Co(7 nm)/FezVeg(3.7 nm)/ V(31 nm)/
g [Fey,Ves(15 ML)/V(8 ML)Js/MgO(001) 11 0.46 223 2071
CoO(3 nm)/Co(7 nm)/Fe,,V74(3.7 nm)/V(24.2 nm)/
h [Fey,V6(15 ML)/Fe(3 ML)]g/MgO(001) 14.6 0.67 2.32 1271

MgO(100) single crystalline substrates at a substrate tem-
perature of 320 °C. For more details on the preparation pro-
cedure see Isberg er al®® In the first preparation step we
deposited a [Fe(nML)/V(mML)] superlattice, starting with
the V layer and finishing with the Fe layer. Then the thick
superconducting V layer was deposited and either capped by
a 5 nm thick Pd film as a protection against oxidation
[samples of series 1 and series 2 (see Table I)] or covered by
the second ferromagnetic layer F2, which was either Co, Fe,
or Fe, V,_, [samples of series 3 (see Table I)]. In the latter
case we deposited an additional thin Co layer on top of the
F2 layer. About 3 nm of this layer oxidize in air forming
CoO, which serves as an exchange bias layer in order to
increase the coercive field H. of the F2 layer. (For a review
on exchange bias systems see the paper by Nogués and
Shuller.?®) Table I gives an overview of the layer sequence of
all samples prepared for the present study.

The x-ray structural characterization was carried out using
synchrotron radiation at the beam line W1.1 at HaSyLab on
a six-circle diffractometer at the photon energy of 8048 eV,
corresponding to the Cu K,; wavelength of N=0.154 nm.
The primary slit was set to 0.2 mm; the secondary slit fixed
at 0.5 mm giving a beam divergence of 0.015°. The diffrac-
tometer enables a complete structural characterization of thin
films, including small-angle x-ray reflectivity, Bragg scans,
and in-plane and out-of-plane rocking scans.

The magnetic hysteresis loops were measured in a com-
mercial superconducting quantum interference device
(SQUID) magnetometer (Quantum Design MPMS system) at
a temperature of 10 K. The electrical resistivity measure-
ments were performed in a standard four contact current-in-
plane (CIP) configuration with silver painted contacts using a
He* bath cryostat (Oxford) equipped with a pair of supercon-
ducting solenoids in Helmholtz geometry for the generation
of a magnetic field up to 5 T. The sample plane can be
adjusted with a precision of 0.1° parallel to the field axis by
rotation of the sample rod, which is important for the precise
determination of the upper critical magnetic field H,(7) with
the direction of the film plane parallel to the field. The tem-
perature dependence of the upper critical field was also mea-
sured by resistance measurements in an applied field. During
the observation of the superconducting transition the sample
holder was immersed in liquid He and the liquid was slowly
pumped off at a cooling rate of about 0.05 K/min. This al-
lowed a reproducibility of the superconducting transition
temperature with a precision of about 1 mK.

III. RESULTS AND DISCUSSION

A. Structural properties

In Fig. 1 we show small-angle reflectivity scans for three
selected examples from the three series of samples in Table .
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FIG. 1. (Color online) Small-angle x-ray reflectivity scans for
selected samples from Table I. S1 Pd(5 nm)/V(24.2 nm)/
[Fe(5 ML)/V(8 ML)],5, S2 Pd(5 nm)/V(24.2 nm)/[Fe(3 ML)/
V(12 ML)],s, and S3 spin valve sample 3g (see Table I). The data
are offset along the intensity axis for clarity.

Superlattice reflections from the [Fe/V] superlattice are well
resolved up to at least third order. Additionally, well pro-
nounced Kiessig fringes from the total thickness of the su-
perlattice are visible, indicating sharp interfaces with weak
interdiffusion and low roughness.”’” A fit with the Parratt
formalism?® gave a root mean square (RMS) interface rough-
ness parameter of 0=0.2 nm, comparable to earlier reports
on similar [Fe/ V], superlattice structures.?>2%-34

In Fig. 2 we display Bragg scans of the same three
samples in the angular range of the MgO (002) Bragg peak,
where the main Bragg reflections of the epitaxial layers are
expected. On the high angle side of the (002) substrate Bragg
reflection there appears the (002) Bragg reflection from the
thick superconducting V layer at Q.=41 nm™!, in perfect
agreement with the bulk lattice parameter of V, and the (002)
superlattice Bragg reflection shifted to slightly larger Q, val-
ues due to the out-of-plane lattice compression in the
superlattice.® The zeroth-order superlattice peak is accom-
panied by many satellites on both sides, indicative of coher-
ent growth of the superlattice.

For sample S3 there appears, in addition, the Co(11-20)
Bragg reflection at 0.=49.40 nm™!, slightly shifted com-
pared to bulk hep Co (Ref. 36) with the (11-20) peak at Q.
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FIG. 2. (Color online) Bragg scans for the same samples of
Fig. 1. S1 Pd(5 nm)/V(24.2 nm)/[Fe(5 ML)/V(8 ML)],s, S2
Pd(5 nm)/V(24.2 nm)/[Fe(3 ML)/V(12 ML)],5, and S3 spin
valve sample 3¢ (see Table I). The data are offset along the intensity
axis for clarity.
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FIG. 3. (Color online) In-plane rocking scans of sample 3g from
Fig. 1 for the Bragg reflections V{200} (solid line) and Co(1-101)
(dashed line).

=49.86 nm~'. From the half width at half maximum
(FWHM) AQ one can calculate the out-of-plane structural
coherence length L., of the different layers using L.,
=A2—g7 (see Ref. 37). We get a value of about 90% of the
thickness for the [Fe/V] superlattice, 80% for the thick V
layer, and 90% for the Co layer. The structural coherence
lengths comparable to the film thicknesses indicate a high
quality, coherent growth of all layers.

The in-plane single crystalline quality of the thin-film het-
erostructure was studied by in-plane rocking scans at grazing
incidence of the x-ray beam,’® keeping the detector angle
fixed at 20 of the corresponding Bragg peak while rotating
the sample in-plane by 360° around the surface normal. A
corresponding scan for one sample (sample S3 in Figs. 1 and
2) is depicted in Fig. 3. One observes four V{200} Bragg
reflections from the thick V film separated by A®=90°, giv-
ing clear evidence of the fourfold symmetry of the [100]
axis, i.e., the epitaxial quality of the V film. The in-plane
Co(1-101) reflection, also shown in Fig. 3, exhibits eight
well-defined peaks with a pair of peaks separated by 45°
accompanying each V(020) reflection. The origin of this
pseudocubic in-plane symmetry of the Co-layer is known to
result from two types of crystalline domains formed during
the epitaxial growth of hcp Co on bec V.36

B. Superconducting parameters

As pointed out in Sec. I, for the superconducting spin
valve effect a large superconducting coherence length & in
the V layer, i.e., a large electron mean-free path, is essential.
We thus optimized the growth of the thick V film by system-
atically varying the composition of the [Fe/V] superlattice. In
the series 1 samples (Table I) the thickness of the V inter-
layer in the superlattice was fixed at 8 ML, corresponding to
a thickness of dy=1.2 nm; the thickness of the supercon-
ducting V layer was fixed at dg=24.2 nm. As shown by
Hjorvarsson et al.** for 8-ML-thick V interlayers the inter-
layer exchange coupling between the Fe layers is ferromag-
netic. In Fig. 4 we display the superconducting transition
temperature Tg as a function of the Fe-layer thickness dp..
One observes a curve very similar to those reported before
for polycrystalline Fe/V/Fe trilayers or Fe/V bilayers by
Aarts ef al.?! and Garifullin et al.,*! with a shallow minimum
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FIG. 4. (Color online) Residual resistivity ratio (upper panel)
and superconducting transition temperature (lower panel) as func-
tions of the Fe-layer thickness measured in units of monolayers for
the samples Pd(5 nm)/V(24.2 nm)/[Fe(dg,)(ML)/V(8 ML)]ys.
The solid line in the upper panel is a guide to the eye. The solid line
in the lower panel is a theoretical fit following the theory of Tagirov
(Ref. 13) with the parameters given in the main text.

in T4(dg.) at five Fe monolayers (0.7 nm) and leveling off to
a constant T for more than eight Fe monolayers. Interest-
ingly, also for the superlattice with one monolayer of Fe we
find a clear drop of Ty compared to the single V film, al-
though for this composition the [Fe/V] superlattice is non-
magnetic, as shown theoretically by Mirbt et al.** and ex-
perimentally by Labergerie et al.** This shows that even the
nonmagnetic one-monolayer Fe-film effectively suppresses
the superconducting pair density at the interface between the
V film and the [Fe/V] superlattice and acts as a weak link.

The residual resistivity ratio (RRR), defined as the ratio at
room temperature and 10 K, for the samples of series 1 has
also been plotted in Fig. 4. The RRR plotted refers to the
thick superconducting V film alone, the values measured ex-
perimentally for the whole multilayer stack are smaller, since
the total resistance of the sample is combined of the super-
lattice resistance and the thick V film connected in parallel.
The RRR of the superlattice is of the order of RRR=2,
nearly independent of the thickness combination.** Thus, we
have calculated the RRR of the thick V film given in Fig. 4
by correcting the measured RRR with the conductivity con-
tribution from the superlattice as given by Granberg et al.**
The maximum in Fig. 4 reaches a value of about RRR=17,
this is much larger than the best RRR values obtained before
in textured, polycrystalline Fe/V thin-film systems of compa-
rable thickness,” which typically are of the order RRR
=3-6. The superconducting correlation length &g can be cal-
culated by the dirty limit formula

PHYSICAL REVIEW B 78, 134520 (2008)

mky | (RRR—1)¢
fg= —2 |, (1)
e 3.4UF'yQph

with the BCS coherence length &gcg, the Fermi velocity vy,
the electronic specific-heat coefficient y, and the phonon re-
sistance Q. Using this equation with the RRR taken from
Fig. 4 and the other parameters taken from the literature*46
we get &=19.4 nm for RRR=17 and &=15.3 nm for
RRR=11. For the ratio &/dgs we reach values of up to
&5/dg=0.80, i.e., definitely larger than reported in the litera-
ture before,'¢~1” which gives an encouraging perspective for
a possible improvement of the spin valve effect.

The RRR of the V layer in Fig. 4 reaches a maximum at a
ratio of 1:2 for the thickness of the Fe layer and the V layer
in the superlattice. Thus it seems that at this thickness ratio
the growth conditions of the superconducting V layer are
optimized and that the defect concentration is minimized.
Optimum superconducting parameters of the thick supercon-
ducting V layer are thus achieved for a [Fe(4ML)/V(8ML)]
or a [Fe(3ML)/V(8ML)] superlattice, a thickness combina-
tion which we will use for the investigation of the supercon-
ducting spin valve effect below.

We have fitted the Tg(dg.) curve in Fig. 4 by using the
theory of S/F proximity effect as developed by Tagirov,"
which explicitly includes a finite interface transparency. Be-
sides geometrical parameters known from the experiments
and the value of & (see Table I), Tg(dp.,) depends on the
penetration depth of the superconducting pairing function
into the ferromagnet & and the interface transparency pa-
rameter 7. For both parameters we derived £&x=0.62 nm and
T=0.68 from the fit, this is similar to the values obtained
before for Fe/V interfaces.”*

C. S/F1/N/F2-type superconducting spin valves

We prepared a second series of samples with the Fe thick-
ness kept constant at 3 ML and varying the V thickness in the
superlattice between 8 ML and 15 ML (series 2 in Table I)
thus covering the thickness range between n=11 and n=13
where Hjorvarsson et al.** observed antiferromagnetic inter-
layer exchange coupling. The superconducting transition
temperature of all these samples was about 7g=3 K with a
scatter of about 0.2 K. In the most interesting range with
antiferromagnetic coupling the samples have a RRR=11,
definitely larger than in our previous series of samples.?
Only the sample with n=12 exhibits perfect antiferromag-
netic order with vanishing remanent magnetization, as seen
in the magnetization curve Fig. 5(a) measured at 10 K and
consistent with previous results reported in the literature.*®
The ferromagnetic saturation field of the Fe sublattices is
about 2.5 kOe.

In this sample the magnetization direction of successive
Fe layers in the superlattice can be gradually rotated from an
antiparallel alignment in zero field to a parallel alignment for
fields above 2.5 kOe. The upper critical magnetic field for
the direction parallel to the film plane is plotted in Fig. 5(b).
The transition temperature 75 has been defined as the 50%
value of the resistance. Other possible definitions, as the 10%
value or the extrapolated down set of the resistance give
identical curves, only slightly shifted along the T axis.
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FIG. 5. (Color online) (a) Magnetic moment versus magnetic field measured at 10 K and (b) squared parallel upper critical magnetic

field versus temperature. Red line (filled squares):

field up;

green line (unfilled squares): field down for the sample

Pd(5 nm)/V(24 nm)/[Fe(3 ML)/V(12 ML)],s5 of series 2 (see Table I). Solid lines indicate the upper critical fields expected for perfect
parallel alignment (left line) and antiparallel alignment (right line) of the Fe layers in the superlattice. The difference in the transition

temperature is 200 mK.

For a two-dimensional thin superconducting film the clas-
sical result for the temperature dependence of the parallel
upper critical field close to Ty is (see, e.g., Klemm et al.*°)

]

where @, is the flux quantum, dg is the thickness of the S
film, and &, the Ginzburg-Landau correlation length, which
is related to Pippards correlation length &g listed in Table I by
§=1.6 &.

In the temperature dependence of the upper critical field
depicted in Fig. 5(b) we notice an increasing deviation from
the straight-line behavior at low fields, starting at the ferro-
magnetic saturation field of the superlattice at about 2.5 kOe.
This deviation must be attributed to the rotation of the mag-
netization direction of successive Fe layers in the superlattice
from parallel to antiparallel. Extrapolating the transition tem-
peratures as shown in Fig. 5(b) one finds a difference AT of
200 mK for successive Fe layers being in the antiparallel and
the parallel orientations, respectively. This is the supercon-
ducting spin valve effect calculated for the S/F1/N/F2 struc-
ture by Oh et al. in Ref. 24 and reported for the
[Fe(2 ML)/V(11 ML)],5/V systems in Ref. 23. The maxi-
mum shift ATy we have observed in Ref. 23 was about 120
mK, definitely smaller than for the present sample. We think
that this reflects the improved structural and electronic quali-
ties of our samples with &/dg=0.67 for the sample in Fig.
5(b) compared to a maximum value of &5/dg=0.4 for the
previous samples.?

2mgy ds

T

Ts

Hyo(T) = (2)

D. F1/S/F2-type superconducting spin valves

We now turn to the main issue of the present paper,
namely, the superconducting spin valves of type F1/S/F2. In
Fig. 6(a) we show the magnetic hysteresis loop measured at
5 K of sample 3a from Table I. This is a spin valve with a 7
nm thick Co/CoO ferromagnetic top layer. The hysteresis
loop has been measured after field cooling in an applied field
of 6 kOe in order to establish an exchange bias shift of the
coercive field. The coercive fields of the [Fe/V] superlattice
and of the Co layer are distinctly different, namely, about 0.1
and 2.2 kOe, respectively, giving a broad range of fields with
an essentially antiparallel orientation of the magnetization
direction of F1 and F2, which is the plateau region on the
positive field side in the hysteresis loop in Fig. 6(a). How-
ever, one should notice that in the plateau region the F1 and
F2 layers are not in a perfect single domain state, since the
[Fe/V] superlattice is only magnetically saturated above the
saturation field of about 0.5 kOe and the magnetization of the
Co layer already deviates from ferromagnetic saturation be-
low about 3 kOe. Before coming to the temperature depen-
dence of the upper critical field plotted in Fig. 6(b), we first
must discuss the field dependence of the resistive transition
curves, since a precise determination of the superconducting
transition temperature from the resistivity curves R(T) is not
trivial.

Characteristic examples for resistive transitions on differ-
ent branches of the hysteresis loop are shown in Fig. 7. In
Figs. 7(a)-7(c) we have plotted the transitions at positive and
negative magnetic fields close to the coercive field of the
[Fe/V] superlattice at H,~0.1 kOe. One sees that at low
fields [H= =11 Oe, Fig. 7(a)] both transition curves are vir-

o
~

FIG. 6. (Color online) (a) Hysteresis loop
measured at 5 K and (b) upper critical magnetic
field for sample 3a (see Table I). The direction of
the arrows defines the sequence of field change
during the measurements of HEZ(T) along the de-
scending branch of the hysteresis loop. Filled
dots (green curve): negative fields; empty tri-
angles (red curve): positive fields. Numbers 1-4

(b)]
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in the figure relate to comments in the main text
(colored online).
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FIG. 7. (Color online) (a)-(c) Resistive transition for sample 3a from Fig. 6 at different fields close to the coercive field of the [Fe/V]
superlattice and (d)—(f) close to the coercive field of the Co layer for positive and negative fields. For the sequence of fields see the arrows
in Fig. 6(b). Filled dots (green curve): negative fields; empty triangles (red curve): positive fields.

tually identical. Just above the coercive field H, [H
==2110 Oe, Fig. 7(b)], however, the shape of the transition
curves is different. For H=+110 Oe with the [Fe/V] super-
lattice just remagnetizing, the transition width is definitely
narrower. At higher fields [H= =264 Oe, Fig. 7(c)] with the
[Fe/V] superlattice close to magnetic saturation in the direc-
tion antiparallel to the Co layer the two resistive transition
curves become very similar again, although with a small
shift of the down-set temperature toward higher temperatures
for the positive field. It is plausible to associate the changed
shape of the transition curve in Fig. 7(b) to the magnetic
stray fields from the domains in the multidomain state of the
[Fe/V] superlattice, as discussed previously in Ref. 20. The
stray fields mainly suppress superconducting fluctuations and
superconducting weak links, thus causing a narrowing of the
resistive transition.

Since the shape of the transition curve changes, an unam-
biguous definition of the superconducting transition tempera-
ture is critical. The best definition of 7 is the extrapolated
down-set temperature of the resistivity, since it indicates the
onset of bulk superconductivity. With this definition one sees
that in Fig. 7(b) the bulk T is not affected by the stray fields,
the down-set temperature is virtually identical for both field
directions.

In Figs. 7(d)-7(f) we have also plotted the resistivity
curves close to the coercive field of the Co film at H.
~2.1 kOe. One recognizes a similar sequence of curves as
in Figs. 7(a)-7(c) with the shape of the transition curve being
nearly identical far above and far below H, [Figs. 7(d) and
7(f)], but strongly changed just above H. [Fig. 7(e)] in the
multidomain state of the Co film. Comparing the resistive
transitions in Figs. 7(b) and 7(e) in the multidomain state of
either Co or the [Fe/V] superlattice one notices that obvi-
ously the stray fields from the Co film affect the supercon-
ducting transition much more that those from the [Fe/V] su-
perlattice. In part this may be explained by the different

thicknesses (7 nm Co compared to about 4.5 nm Fe in the
superlattice) and the different magnetic moments (1.7 per
Co atom and 1.2uy per Fe atom’®). But we believe that the
main reason is a different magnetic domain structure and a
correspondingly different geometry of the stray fields ema-
nating from the [Fe/V] or the Co layer. In Co-layers ex-
change biased by CoO the magnetic domains can be very
small? and the strength of stray field increases with decreas-
ing domain size. In Ref. 51 a typical ripple domain structure
with very fine stripe domains is reported for the Co/CoO
system. Contrary to the situation at the magnetic reversal of
the [Fe/V] superlattice, the stray fields from the Co layer
even shift the down set of the resistivity, i.e., the bulk T}, to
lower temperatures. This maximum shift is observed close to
the coercive field of Co.

The upper critical field for the field direction parallel to
the film plane, determined from the extrapolated down set of
the resistivity as just discussed, is plotted in Fig. 6(b) for
positive and negative fields. For a single superconducting
film both curves should coincide. The deviations between the
two curves actually observed in Fig. 6(b) originate from the
stray fields of the ferromagnetic layers F1 and F2, as just
discussed, and the superconducting spin valve effect. The
measurements in Fig. 6(b) start at high negative magnetic
fields and then proceed along the ascending magnetization
branch toward high positive fields. At positive fields the F1
and F2 layers are remagnetized [see hysteresis loop in Fig.
6(a)], first from a parallel to an antiparallel orientation of F1
and F2 at H=0.1 kOe and then to a parallel orientation at
H=~2.1 kOe. For negative fields H,(T) decreases monoto-
nously with increasing temperature and, to a good approxi-
mation, follows the standard two-dimensional Hi(T)
«\(T-Ts) power law [Eq. (2)]. For positive fields during the
magnetization reversal of the F1 and F2 layers, however, one
observes a strongly anomalous curve with an unusual non-
monotonous 7" dependence close to the coercive fields of F1
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and F2. This is caused by a competing influence of the su-
perconducting spin valve effect and the magnetic stray fields
from F1 and F2. With the magnetization reversal of the Fe/V
superlattice [between points 1 and 2 in Fig. 6(b)] the antipar-
allel orientation of F1 and F2 is gradually established and the
superconducting transition temperature increases due to the
superconducting spin valve effect. The maximum positive
shift of Tg measured at 0.3 kOe is ATg~5 mK. Toward
higher fields the two branches of the Hléz(T) approach each
other again and cross at about 1 kOe [point 3 in Fig. 6(b)].
This is caused by the domain formation and the stray fields
from the Co film. This negative shift ATg reaches a maxi-
mum of ATg=-30 mK at the coercive field of the Co layer
[point 4 in Fig. 6(b)]; above this field the magnetic domains
in the Co film vanish gradually and the two branches in Fig.
6(b) approach each other again.

In Figs. 8(a) and 8(b) we show the hysteresis loop and the
parallel upper critical field of a second spin valve sample,
this time with the top layer F2 replaced by a 5 nm thick
Fe-film exchange coupled to a further Co/CoO bilayer
(sample 3b from Table I). The superconducting V layer has a
thickness of 35 nm as compared to 24 nm for the sample
shown in Fig. 6. Nevertheless, both samples have a nearly
identical Tg=2 K, since the increase in thickness is com-
pensated by a stronger pair breaking field of the Fe layer. The
hysteresis curve in Fig. 8(a) reveals that the coercive field of
the Fe/Co top layer is shifted to H.~1 kOe; thus an ap-
proximately antiparallel orientation of F1 and F2 is expected
between H=0.2 and 1 kOe.

The two branches of the upper critical field H>,(7) in Fig.
8(b) are qualitatively very similar to those discussed for the
sample of Fig. 6(b) and can be explained following the same
lines. The strong anomaly for positive fields at H=1 kOe
correlates with the coercive field of the Fe/Co layer. Actually,
for a narrow field range between 0.3 and 0.5 kOe the super-
conducting transition temperature for positive fields is
slightly larger than for negative fields, the maximum differ-
ence is +4 mK. We would attribute this small shift to the
superconducting spin valve effect. At variance to the behav-
ior in Fig. 6(b), we here observe an anomalous ng(T) curve
with a positive slope at low fields for positive as well as for
negative fields. This is caused by magnetic domain formation
of the [Fe/V] superlattice at low fields.

The two spin valves just discussed indicate that using Co
and Fe layers as the F2 layer the spin valve effect exists, but
is very small, only of the order of +5 mK. This small posi-
tive shift of 7 is difficult to resolve unambiguously above
the background of the negative shift of 7y induced by the
magnetic stray fields. The main reason for this small shift is

most likely the rather small ratio &/dg (see Table I) and the
relatively small interface transparency. We have tried to im-
prove the &/dg ratio by decreasing the V thickness further,
but this possibility is limited because with the strong pair
breaking in the Fe and Co films the critical thickness for
superconductivity is already nearly reached for the samples
just discussed.

We thus followed a different route for enhancing the spin
valve effect and weakened the exchange interactions by re-
placing the concentrated magnetic elements Co and Fe in the
F1 and F2 layers by Fe,V,_, alloy layers (see Table I). Epi-
taxial superlattices [V/Fe,V,_,] and [Fe/Fe,V,_.] can be
prepared on MgO(100) with a quality similar to that of
[Fe/V], as shown recently by Skubic et al.’> The alloy sys-
tem Fe V,_, forms a homogeneous solid solution down to
the critical concentration of spontaneous ferromagnetism
close to x=0.22.2'2 The atomic magnetic moment of Fe
decreases approximately linearly with the Fe concentration?!
and the magnetic exchange interaction is expected to de-
crease correspondingly. The weakening of the exchange in-
teraction should decrease the critical thickness for supercon-
ductivity in the V layer and thus enable larger &/dg values
and simultaneously enhance the interface transparency. Ac-
tually in the spin valves with Fe, V,_, alloy layers we have
reached &g/dg ratios of up to &/dg=0.67, definitely larger
than when using concentrated Fe or Co layers (see Table I).

In Fig. 9(a) we show the hysteresis loop and the upper
critical field of a sample with a Fe,,V4 alloy layer in the
superlattice and as the top ferromagnetic layer (sample 3h
from Table I). The hysteresis loop again shows a two-step
magnetization reversal process. The alloy superlattice mag-
netization reversal occurs at fields below 0.3 kOe and the
Fe,4 V¢ top layer, exchange coupled to the Co/CoO-bilayer,
remagnetizes above 1.5 kOe. In Figs. 10(a)-10(f) we have
plotted a series of superconducting resistive transitions for
this sample close to the coercive fields of both magnetic
layers. Remarkably, for this series of measurements one no-
tices no change in the shape of the superconducting transi-
tion caused by the stray fields in the multidomain state of the
F1 and F2 layers [Figs. 10(b) and 10(e)], much unlike the
situation in Fig. 7. The transition is merely shifted along the
T axis, keeping its shape and width constant. One can clearly
see the spin valve effect as a shift of the transition by ATy
~ 12 mK in the whole field range of the plateau between 0.3
and 1.5 kOe in Fig. 9(a).

The vanishing influence of the magnetic dipolar field from
the F1 and F2 layers Fe,_,V, is on one hand due to the
smaller volume magnetization M of the alloy layers. The
small atomic magnetic moment per Fe atom [about 0.1u in
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Fe,, V56 (Ref. 21)] and the magnetic dilution give rise to a
reduction in M by more than a factor of 10 compared to pure
Fe and a corresponding decrease in the strength of the dipo-
lar stray fields. A modified magnetic domain structure might
also play a role. Interestingly, the stray field from the 7 nm
Co film on top of the Fe,,V alloy layer also does not affect
the shape of the resistive transition [Fig. 10(e)], contrary to
the situation with the Co layer deposited directly on the su-
perconducting V layer. Thus the soft ferromagnetic Fe,, V4
alloy layer between the Co layer and the V layer seems to
effectively screen the stray field from the Co layer.

In Figs. 11(a) and 11(b) we show another example for a
spin valve with a Fes, Vg alloy layer used as FI and F2
(sample 3g from Table I). For this sample we again observe
a clear shift of the upper critical field curve between H
~(0.2 and 1.5 kOe in the plateau region of the hysteresis
loop, i.e., in the range of an antiparallel orientation of F1 and
F2. For this sample the amplitude of the shift is ATy
~20 mkK, the largest spin valve effect we have detected dur-
ing the present investigation. We consider the results pre-
sented in Figs. 9(b) and 11(b) as clear experimental evidence
for the superconducting spin valve effect.

Finally, we note another positive aspect when using
weakly ferromagnetic Fe,V,_, alloy layers in the supercon-
ducting spin valves. The superconducting resistive transition
for these samples becomes very sharp. For the sample in Fig.

10 the transition width is only 30 mK, about a factor of 3
smaller than for the transition shown in Fig. 7. The likely
reason for this is that lateral inhomogeneities in the ferro-
magnetic layers are less important for the superconductivity
in the case of weakly ferromagnetic layers.

With the narrow superconducting transition width and the
relatively large shift AT given, the realization of an ideal
superconducting switch comes within reach. According to
Fig. 10 the resistivity change AR between parallel and anti-
parallel magnetizations of F1 and F2 is about 30%. For an
ideal superconducting switch AR=100% 1is desirable. The
present experiments are pointing in the right direction and
constitute a considerable improvement compared to earlier
reports.!516.18

In the last column of Table I we summarized the super-
conducting spin valve shift ATy of all samples analyzed dur-
ing the present study. When comparing the different values
one should consider that there are three obvious important
parameters determining the magnitude of the shift. The first
(trivial) one is the superconducting transition temperature 7T\,
which is mainly determined by the thickness of the supercon-
ducting layer. ATy increases with decreasing T, and should
diverge for 7, —0, i.e., when approaching the critical thick-
ness for superconductivity (see, e.g., Ref. 17). The second
key parameter is the ratio &/ds, as discussed in Sec. 1. The
third important parameter is the quantum-mechanical trans-

R(Q)
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FIG. 10. (Color online) Resistive transition for the sample of Fig. 9 at different magnetic fields on the two branches in Fig. 9(b). Filled
dots (green curve): negative fields; empty triangles (red curve): positive fields.
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parency, which increases strongly when approaching the
critical concentration of ferromagnetic ordering x.=0.22 in
the alloy system Fe,V_, (see Ref. 21). Inspecting the data in
Table I in detail one can qualitatively resolve the influence of
the different parameters. For the spin valves with concen-
trated Fe and Co layers (samples 3a, 3b, and 3c) the value of
T, dominates, the lowest T, (sample 3c with T,=1.42 K)
correlates with the largest ATg=6 mK. However, ATy is
small since the transparency is small.

Decreasing the Fe concentration in Fe, V_, the maximum
shift ATg which can be obtained increases, but one needs
concentrations rather close to the critical concentration for a
sizable improvement. An Fe concentration x=0.47 (sample
3d) is not much better than pure Fe or Co layers, probably
because the ferromagnet is still too strong and the band split-
ting too large. The concentration x=0.32 works much better
and within the series of samples 3e, 3f, and 3g with x
=0.32 and different V thicknesses one again recognizes ATy
increasing with decreasing Tg reaching a maximum of 20
mK for the lowest (7).

A special situation is encountered when approaching the
critical concentration even closer. Sample 3h with x=0.24
has the best &g/dg ratio of all spin valves in Table I and a
comparable transition temperature, but nevertheless ATy
=12 mK is smaller than the maximum value we obtained for
x=0.32. We think the reason for this is that for concentra-
tions too close to the critical concentration the formation of
nonferromagnetic interlayers is highly probable, since even
weak interdiffusion drives the layers into the nonferromag-
netic state. Nonferromagnetic interlayers are very detrimen-
tal for the spin valve effect because they induce strong pair
breaking scattering.'3

IV. SUMMARY AND CONCLUSIONS

The main aim of the present work was to investigate the
superconducting spin valve effect of F1/S/F2-type spin
valves with an optimum structural quality which can be re-
alized in the epitaxial Fe/V layer systems. Actually, using
weakly ferromagnetic Fe, V,_, alloy layers as F1 and F2, we
observed a well-defined superconducting spin valve effect
with a shift of the superconducting transition temperature of
AT¢=20 mK and a superconducting transition temperature
Ts=2.2 K. The observed shift is about a factor of 2 larger
than reported before in the literature for comparable transi-
tion temperatures.'®~!° Thus, to this end, the high quality
interfaces of the Fe/V epitaxial layer system definitely en-
hanced the spin valve effect. We concluded from our results

that in addition to the weaker ferromagnetic exchange field
in the alloy layers, which helps to stabilize superconductivity
down to lower thicknesses of the superconducting film, the
increased interface transparency is essential.

Using pure Fe and Co layers as F1 and F2, the shift ATg
we observed was much smaller, only up to 5 mK, but we
could demonstrate that it does exist. We thus recovered the
problem with the spin valve effect in valves with strongly
ferromagnetic layers in the literature:'-2" even with the
higher quality of the interfaces the spin valve effect is small.
In addition, for concentrated Fe and Co layers used as F1 and
F2 there is strong, competing influence from the dipolar
fields of magnetic domains on the superconducting transi-
tion. This makes the small spin valve effect difficult to re-
solve unambiguously and might be the reason for negative
results in the literature when trying to detect the spin valve
effect in magnetic remanences of F1 and F2. A perfect anti-
parallel orientation of F1 and F2 with a single magnetic do-
main state for both films is difficult to achieve and residual
stray fields from magnetic domains may completely mask
the spin valve effect. For our samples only a careful analysis
of the field dependence of the superconducting transition for
both field directions revealed the existence of a small spin
valve effect.

One important practical advantage when using diluted
Fe,V,_, ferromagnetic alloys in the spin valves is a reduced
influence of the magnetic stray fields on the superconducting
transition. For the spin valves with the lowest Fe concentra-
tions this influence virtually vanishes and the spin valve ef-
fect in its pure form, as predicted by the theory, becomes
visible experimentally. This in part is simply due to the
smaller magnetic induction and a corresponding reduction in
the strength of the stray field, a modified magnetic domain
structure with larger domains for the alloy layers is probably
also important.

A final comment concerning the superconducting spin
valves of S/F1/N/F2 type, which we also have discussed in
this paper, seems to be in order. In our [Fe/V]-superlattice
systems we use an antiferromagnetic interlayer exchange
coupling to establish an antiferromagnetic orientation be-
tween two successive Fe layers and thus we cannot switch
the relative magnetization direction, but only rotate it gradu-
ally from antiparallel to parallel. We observed an anomalous
shift ATg=200 mK accompanying this rotation. For the
spin valves of F1/S/F2 type with comparable &g/ dg ratios the
shift we observed is much smaller. The model calculations in
the literature'>'32* offer no straightforward explanation for
this discrepancy, one rather would expect a similar magni-
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tude of the shift for both types of valves. This might indicate
the importance of the thin V layer between the Fe layers in
the superlattice. If the superconducting pair density of this
thin V layer varies strongly with the relative orientation of
the magnetizations of F1 and F2, then, via the proximity
effect, the superconducting transition temperature of the
thick V layer will also vary. This would open an alternative
route for the realization of a superconducting spin valve with
better performance.
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