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Figure 4. Resonance fields of components b and c¢ at the frequency
25.94 GHz in the dimer magnet TICuCl; for various temperatures and
magnetic field H||b [13].
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Figure 5. Energy level diagram of triplet k = 0 excitations in the dimer
magnet TICuCl; [13].

energy level diagram of a triplet of zero-wave-vector excited
states in the dimer magnetic TICuClj; is shown in Fig. 5 (from
Ref. 13]). Here, 4 is the spin gap in the exchange approxima-
tion and Dy and E, are the anisotropy parameters of the
effective spin Hamiltonian for a spin triplet in a crystal field.
We note that in this case, S = 1 excitations arise as collective
states in a crystal with spins S =1/2 at its sites. In the
magnetic field H, that closes the spin gap for the lower triplet
component, the spin-liquid state loses stability, giving way to
a magnetic-field-induced antiferromagnetic ordering [14].
The nonlinear dependence of the frequency on the magnetic
field signifies the onset of magnetic order and represents a
branch of the antiferromagnetic resonance, as discussed in
Ref. [13].

To conclude, magnetic resonance experiments have
revealed a variety of collective states that are possible for
magnetic ions in a singlet matrix of spin-gap crystals: states

with the effective spin Ser = 1/2 at the ends of S =1 spin
chains; excited spin states with the effective spin Ser = 1 in
spin-gap matrices of crystals carrying either spins S =1
(Haldane systems) or spins S = 1/2 (dimer spin systems);
and, finally, hybrid magnetic resonance modes in which
nanoscopic clusters and the triplet excitations of a spin-
liquid magnet have their spins involved in collective motions.
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The superconductor /ferromagnet
proximity effect

and its potential application

in spintronics

I A Garifullin

1. Introduction

The so-called proximity effect in superconductor/ferromag-
net (S/F) systems — or, in other words, the interplay of
superconductivity and ferromagnetism in thin-film hetero-
structures — has been the subject of intense research over the
past ten years (see, e.g., Ref. [1]). In the past few years, interest
in the effect has grown dramatically because of its potential
uses in spintronics (see, e.g., Refs [2—5]). In multilayer thin-
film systems, a certain combination of F and S layers can be
created in which the superconducting transition temperature
T. may be controlled by the orientation of the magnetizations
of the F layers relative to one another. The authors [2] first
used the S/F proximity effect to theoretically design a spin
valve for the superconducting current. In their scheme,
denoted as S/F1/N/F2, the magnetizations of two ferromag-
netic layers F1 and F2 are isolated from each other by a
nonmagnetic metallic layer N, sufficiently thin for the super-
conducting pair wave function to penetrate from layer S to
layer F2. In a theoretical design proposed by Tagirov [3], the
superconducting layer is in contact with F layers on either side
(F1/S/F2 spin valve). Calculations predict that in both
structures, the parallel orientation of the F layer magnetiza-
tions provides lower 7. compared with the antiparallel
orientation. In order to enable varying the relative orienta-
tion of F layer magnetizations, an antiferromagnetic film is
usually deposited on the F2 layer, whose anisotropy fields
have the effect of fixing the magnetization of the layer — after
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which a small external magnetic field can be used to vary the
magnetization direction of F1. There is only one recent report
on the realization of Tagirov’s design of the superconducting
spin valve based on the three-layer system CulNi/Nb/CuNNi [4].
The difference in 7T, between the parallel and antiparallel
arrangements was found to be about 6.0 mK. For the
superconducting spin valve to be more effective, it is
desirable that the system F1/S/F2 have a property known as
‘re-entrant superconductivity.” This phenomenon was first
observed by us in Fe/V/Fe films in Ref. [6], where we first
observed the complete disappearance of superconductivity as
the thickness of the Fe layers increased (in the thickness
interval 0.5 < dg. < 1 nm) and then saw it restored for
dge > 1 nm. Another necessary condition for the Tagirov
scheme to be effective is that the thickness d; of the S layer
be comparable to or less than the superconducting coherence
length . A natural explanation is that for Cooper pairs to
‘feel’ the relative orientation of the F magnetizations, the F
layer separation must not be too much greater than the size of
the Cooper pair, i.e., . But our study showed that in a
standard three-layer F/S/F system, the ferromagnetic film
(even a thin one) is so effective in destroying Cooper pairs that
the minimum thickness of the S layer for which super-
conductivity still exists is of the order of 3&, [6, 7]. It was
therefore necessary to somehow secure F/S/F superconduc-
tivity at dy ~ &, and one possible way to do this was to place a
screening layer between the F and S layers.

This talk presents results on the superconducting proxi-
mity effect in the thin-film system Fe/Cr/V/Cr/Fe with
chromium layers acting as screens [8, 9]. In addition to new
results concerning the magnetic phase transition that occurs
in a Cr layer as its thickness Cr is varied, we were also able to
determine the upper limit for d¢, for use in a spin valve. We
also made an attempt to realize the superconducting spin
valve design proposed in Ref. [2]. Our idea (see Ref. [5]) was to
replace the virtual layer N between layers F1 and F2 by a real,
nonmagnetic intermediate layer intended to introduce anti-
ferromagnetic exchange coupling between the magnetizations
of the ferromagnetic layers [10]. This makes it possible to
rotate the magnetization directions of layers F1 and F2 by
varying their relative orientation from antiparallel to parallel
using an external magnetic field and to measure the resulting
shift AT,. Instead of a three-layer film F1/N/F2, we used a
superlattice Fe/V, with F (Fe) layers strongly antiferromag-
netically coupled through V layers [11]. This choice was
dictated by technology-related practical considerations [12].

2. The proximity effect
in the Fe/Cr/V[Fe system

We investigated four series of Fe/Cr/V/Cr/Fe samples. Series
1 was used to measure dc; at the fixed value dg. = 5 nm. In
the remaining three series (2—4), the thickness dc, was fixed
and the variable quantity was dr.. In all samples, the thickness
of the V layer was 30 nm.

The dependence T¢(dc;) for series 1 is shown in Fig. 1. It
can be seen that for dcr < 4 nm, the superconducting
transition temperature increases as the thickness of the
chromium layers increases. On further increase in dc,, the
superconducting transition temperature passes a maximum
and then decreases at a much faster rate than that at which it
increased to the maximum.

The T.(dr.) dependences for the samples of the three
series with different fixed thicknesses of the chromium layer
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Figure 1. Dependence of T, on the chromium layer thickness in series 1 at
the fixed value dge = 5 nm of the iron layer thickness.

(dcy =1.5,2.8,4.7nm) are shown in Figs 2b—d. It is seen that
they are generally similar to the one we previously obtained
[6] for three-layer samples of Fe/V/Fe (Fig. 2a). In these
samples, the superconducting transition temperature first
sharply decreases and then passes a minimum and saturates
as dp. 1s increased. In Fe/Cr/V/Cr/Fe samples, the amplitude
of the initial drop in T, decreases with increasing the thickness
of the Cr layers separating the Fe and V layers. At
dp. = 4.7 nm, T, becomes virtually completely independent
of dre, apparently due to the screening effect of the Cr layers.
As dc, increases, fewer Cooper pairs reach Fe layers, thus
decreasing the effect of the exchange field of Fe on the
superconductivity of the V layer. From these results, the
penetration depth of Cooper pairs into the Cr layer was
estimated to be 4.0 nm.

This last conclusion contradicts the results in Fig. 1, which
clearly show that starting from 4.0 nm — ie., from
thicknesses exceeding the penetration depth of Cooper pairs
into chromium layers — the value of 7. dramatically
decreases with dc,;. This unambiguously signifies that at
dcy ~ 4 nm, the chromium layers themselves dramatically
change their properties because Figs 2c, d show that the
superconductivity-destroying effect of the Fe layers on
vanadium is already screened out at such a thickness of the
Cr layer. We believe that the sharp drop in T.(dc:) at
dcy > 4 nm occurs because of the transition of Cr layers
from a nonmagnetic state to the incommensurate spin-
density-wave (SDW) state at dc ~ 4 . The conclusion that
chromium layers less than 4 nm thick are nonmagnetic is in
line with Moessbauer experiments [13]. The following
argument seems to justify the assumption that the transition
of Cr layers to the SDW state leads to the strong suppression
of superconductivity. The SDW state is formed in chromium
by band electrons, which can also form a proximity-effect-
induced superconducting state there. The theoretical study of
the coexistence of SDWs and superconductivity (see, e.g.,
Ref. 14]) showed that in those parts of the Fermi surface
where nesting favors the formation of the SDW state, the
chance for the superconducting gap to form is slim, and T
turns out to be reduced if the SDW transition temperature
exceeds the initial value of T,. Thus, the appearance of the
antiferromagnetic order in Cr and the penetration of Cooper
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Figure 2. T;. versus the thickness of iron layers for the samples of series 2 —
4. The corresponding dependence for the three-layer system Fe/V/Fe is
reproduced from Ref. [6] for comparison.

pairs into the Cr layer may be regarded as two competing
antagonistic types of collective electron ordering.

3. Superconducting properties of vanadium
layers deposited on the antiferromagnetically
coupled superlattice [Fe2Vi1]20

Six samples of MgO(100)/[Fe2V11]20/V(dy) were prepared for
study. In this structure, two monolayers of iron (Fe»)
separated by 11 monolayers of V (Vi) played the roles of
the ferromagnetic layers F1 and F2. The superlattice
[FeaVii]o, in which these alternating layers were repeated

20 times, was coated by a sufficiently thick layer of vanadium
(with the thickness dy from 16 to 30 nm). It is known [11] that
the V77, layer establishes the antiferromagnetic exchange
coupling between Fe, layers.

Magnetization measurements showed that the parallel
orientation of magnetizations of various Fe, layers in the
superlattice [Fe,Vii]a0 occurs in the magnetic field 6.0 kOe.
The superconducting transitions measured resistively had the
width around 0.1 K. As one would expect for thin films in a
vortex-free state, no noticeable broadening of the transition
widths was observed in large magnetic fields. The upper
critical field H.,, was determined from the middle of the
transition.

It is well known (see, e.g., Ref. [15]) that for an ordinary
three-layer system Fe/V/Fe, in which the thick V layer
prevents the spin valve effect, the upper critical field for a
magnetic field perpendicular or parallel to the film plane
closely follows the theoretical prediction for a 2D thin
film [16]. For the perpendicular orientation, the upper
critical field is linear in temperature, and in the parallel case
the observed dependence is given by

)2 - 2 \/E 1 — 1
2 TomE(0) d N T

where @y =2 x 1077 G cm? is the magnetic flux quantum,
£(0) is the Ginzburg—Landau superconducting coherence
length at T=0 K, and d; is the thickness of the super-
conducting layer. Figure 3 presents the temperature depen-
dences of the square of the upper critical field H5"(T) for
samples of [Feo/Vii]o0/V(dy). It is seen that the temperature
dependence is ideally described by a straight line at fields
above 6.0 kOe and increasingly deviates from it below
6.0 kOe. Extrapolating the straight line yields a superconduct-
ing transition temperature that is lower than the measured
zero-magnetic-field value by more than 0.1 K. A comparison
with the magnetization curve of the superlattices [Feo/Vi1]0o
shows that the value 6.0 kOe at which the F layer magnetiza-
tions turn out to be parallel correlates well with the onset of
the linear dependence of (H%"(7))?. This suggest that the
deviation in the behavior of the upper critical field from the
2D behavior is due to the gradual change in the relative
orientation of the sublattice magnetizations in the super-
lattice [Fe2/Vii]ao from the parallel orientation in the field
above 6.0 kOe to the antiparallel in the zero field. For the
sample with dy = 16 nm, the superconducting transition
temperature is 7. = 1.78 K, whereas extrapolation from the
region of ferromagnetic saturation yields 7, = 1.67 K.
Analysis shows that the 0.11 K difference in T is due to the
superconducting effect of the spin valve.

4. Conclusion

The study of the proximity effect in a thin-film layered system
Fe/Cr/V/Cr/Fe clearly demonstrates the strong screening
effects of the Cr layers placed between the superconducting
layer of V and the Fe layers that destroy the Cooper pairs. At
the chromium layer thickness dc, > 4 nm, the layers of iron
already have practically no effect on T; for vanadium. From
this fact, the upper limit of the penetration depth of Cooper
pairs into Cr layers is determined to be 4.0 nm. If the
chromium layers behaved as a normal nonsuperconducting
metal — for example, Cu— then the penetration depth would
reach micrometer values at low temperatures. In chromium



June, 2006 Conferences and symposia 655
20 References
70 L a 1. Buzdin A T Rev. Mod. Phys. 77 935 (2005)
2. Sanjiun Oh, Youm D, Beasley M R Appl. Phys. Lett. 71 2376 (1997)
60 3. Tagirov L R Phys. Rev. Lett. 83 2058 (1999)
R 4. GulYetal Phys. Rev. Lett. 89 267001 (2002)
Q 50 - 5. Westerholt K et al. Phys. Rev. Lett. 95 097003 (2005)
ot 6. Garifullin I A et al. Phys. Rev. B 66 020505 (2002)
é_: 40 - 7. Lazar Letal. Phys. Rev. B61 3711 (2000)
§ 30 L 8. Garifullin I A et al. Phys. Rev. B70 054505 (2004)
9. Garifullin I A et al. Pis’'ma Zh. Eksp. Teor. Fiz. 80 50 (2004) [JETP
20 Lett. 80 44 (2004)]
10.  Bruno P, Chappert C Phys. Rev. B 46 261 (1992)
10 N 11. Hjorvarsson B et al. Phys. Rev. Lett. 79 901 (1997)
o L | | | | \ 12.  Isberg P et al. Vacuum 48 433 (1997)

1.40 1.45 1.50 1.55 1.60 1.65 1.70 1.75 1.80
T,K

(HEZ"?, kOe?

= | | |
29 3.0 3.1 3.2 33 3.4 3.5 3.6 3.7
T.K

Figure 3. The square of the parallel upper critical field as a function of the
temperature for the samples [Fe2Vii]a0/V (16 nm) (a) and [FeaVii]oo/V
(30 nm) (b). Solid line is the linear extrapolation of the temperature
dependence from the region of large fields.

layers, the penetration depth of the superconducting pair
wave function is determined by electron scattering from
defects with an uncompensated local magnetic moment.
This effect — the strong screening by chromium layers of
the exchange field created by the F layer — will hopefully be
used in our further attempts to realize the Tagirov spin valve
design.

We have also examined the superconducting spin valve
effect in a layer of V deposited on an antiferromagnetically
coupled lattice [Fe/V]. Our experiments showed that the
superconducting transition temperature of a vanadium film
is very sensitive to the relative orientation of the Fe; layers of
the antiferromagnetically coupled superlattice [Fez/Vii]zo.
Clearly, F layers in our system cannot be switched easily
from the antiparallel to the parallel state because this
transition occurs gradually as the external magnetic field is
varied from 0 to 6.0 kOe. Still, we hope that it is possible to
build a switching devise by replacing the antiferromagneti-
cally coupled superlattice [Fe2/Vii]x0 by an ordinary three-
layer structure.
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