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We consider the proximity effects in hybrid superconductor (S)
 ferromagnet (F) structures drawing attention to the induced
ferromagnetism of

an

S

metal.

The

analysis

is based

on

a

quasiclassical theory of the proximity effect for metals under dirty
limit conditions. It is shown that, below the superconducting
critical temperature, ferromagnetic correlations extend a distance
of order

of the

superconducting

coherence

length

S

into

a

superconductor, being dependent on the S/F interface parameters.
We argue that the properties of mesoscopic SF hybrids may
drastically depend upon the magnetic proximity effect, and recent
experiments lend support to the model of SF structures where the
superconducting and magnetic parameters are tightly coupled.

1.

Introduction

Proximity effects are phenomena stipulated by a
penetration of an order parameter (of some state)
from one material into another, which does not possess
such a type of the order itself, due to the materials
being in contact. The leakage of superconducting
correlations into a non-superconducting material is
an example of the superconducting proximity effect.
For a nonmagnetic normal metal (N) in contact with
a superconductor (S), the proximity effect has been
intensively studied and well understood many years
ago [1, 2]. However, in the case of SN structures, we
deal with a single type of order  superconductivity.
When a normal nonmagnetic metal is replaced by
a ferromagnet (F), the proximity effect physics is
much more interesting and rich [220]. There are
two competing states with different order parameters:
superconductivity and ferromagnetism. Due to the
difference in energy between spin-up and spin-down
electrons and holes under the exchange field of a
ferromagnet, a singlet Cooper pair, adiabatically injected
from a superconductor into a ferromagnet, acquires a
finite momentum p  He =}vF (here He = B hF is
the extra energy caused by an intrinsic magnetic field
hF in the ferromagnet; vF is the Fermi velocity, } is
the Planck constant, and B is the Bohr magneton).
As a result, the proximity-induced superconductivity
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of the F layer is spatially inhomogeneous, and the
order parameter contains nodes where the phase
changes by . Particularly, the transport properties
of tunnel SF structures in the -phase state have
turned out quite unusual. The phase shift of  in
the ground state of the junction is formally described
by the negative critical current JC in the Josephson
current-phase relation: J (') = JC sin('). The phase state of an SFS weak link due to a Cooper
pair spatial oscillation was first predicted in [4, 5].
Experiments that have been performed by now on
SFS weak links [68], and SIFS tunnel junctions
[9] directly prove the -phase superconductivity (I
denotes an insulator). Planar tunneling spectroscopy
also reveals a -phase shift in the order parameter,
when superconducting correlations coexist with the
ferromagnetic order [10]. The superconducting phase was
also measured directly [11] using SQUIDs made of junctions.
There is another interesting case of a thin F layer,
dF  F , being in contact with an S layer. As
far as the thickness of the F layer, dF , is much
less than the corresponding superconducting coherence
length, F , there is the spin spiltting, but there
is no order parameter oscillation in the F layer.
Surprisingly, but it was recently predicted in [12, 13]
that, for SFIFS tunnel structures with very thin F
layers, one can turn the junction into the -phase
state with the critical current inversion if there is a
parallel orientation of the magnetizations of F layers;
if there is the antiparallel orientation of the internal
fields of F layers, one can even enhance the tunnel
current. It was shown in [14, 15], that the physics
behind the inversion and the enhancement of the
supercurrent differs in this case from that proposed in
[4, 5].
Whereas the proximity-induced superconductivity
of an F metal in SF hybrid structures has been
intensively studied, a much lesser attention has been
paid to a modification of the electron spectrum of
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a superconductor in a region near the S/F interface
due to a leakage of magnetic correlation into the
superconductor. Some features of the induced magnetism
(e.g., the spin-splitting of the density of states)
were found by numerical calculations in [1618].
To our knowledge, only recently the question of S
metal magnetization has been addressed in [19, 20].
(Here, we do not touch S/FI systems, where FI
stands for a ferromagnetic insulator (semiconductor).
In such systems, conduction electrons penetrate the
magnetic layer on much smaller distances than
in the case of metals and are totally reflected
at the S/FI boundary. The S/FI boundary being
magnetically active rotates spins of reflected electrons.
This spin rotation occurs only as a result of the
tunneling by a quasiparticle into the classically
forbidden region of the boundary. Due to the
spin rotation, the exchange field is induced in
a superconductor on a distance of the order of
the superconducting coherence length S near the
S/FI surface [2123]. However, in contrast to
ferromagnetic metals, where the proximity effect is
pronounced, this effect is drastically reduced in S/FI
structures.)
The investigation of the magnetic proximity effect
in SF nanostructures is the purpose of this report.
To tackle the physics, we consider an interesting and
practicable case of the SF structure of a massive
superconducting and thin ferromagnetic layers. Using
a quasiclassical theory of superconductivity for a
proximity-coupled bilayer (Section 2), we will show
that for some limits the problem can be solved
analytically. Two limits will be discussed here: (i)
the weak and (ii) strong proximity effects. Section
3 is the key one; here, we describe the examples
of the magnetic proximity effect manifestation. We
show that, due to the induced magnetism of an S
metal: (i) the superconducting phase jumps at the
S/F interface; as well as, there are (ii) additional
suppression of the order parameter near the S/F
interface; (iii) the spin splitting of the quasiparticle
density of states (DOS); (iv) the appearance of local
bands inside the energy gap; and, directly, (v) the
induced equilibrium electronic magnetization of the
S layer that spreads over a distance of the order
of the superconducting coherence length S . We
also briefly discuss recent experiments. Summarizing
the results in Conclusion, we draw attention to
the fact that, in the general case for proximitycoupled SF hybrid structures, both phenomena 
the induced superconductivity of the F metal and
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the induced magnetism of the S metal  take
place simultaneously and should be considered selfconsistently.
2.

Quasiclassical Theory of Superconductivity
of an SF Bilayer

2.1. Bilayer model

Let us consider proximity effects in the bilayer of
a massive superconducting metal (dS  S ) and a
thin ferromagnetic (dF  F ) one, with arbitrary
transparency of the S/F interface. Here, S =
(DS =2TC )1=2 and F = (DF =2He)1=2 stand for
the superconducting coherence lengths, DS;F are the
diffusion coefficients, dS;F are the thicknesses of the S
and F layers. (Henceforth, we have taken the system
of units with ~ = kB = 1.) We assume the dirty
limit for both metals, i.e., S;F  lS;F where lS;F
are the electron mean free paths. It is also assumed
that the superconducting critical temperature of the
F material equals zero. All quantities are assumed to
depend only on a single coordinate x normal to the
interface surface of the materials. We also expect that
the F layer has a homogeneous (monodomain) magnetic
structure with magnetization aligned in parallel to the
interface, so that there is no spontaneous magnetic flux
penetrating into the S layer. Under these conditions,
the only magnetic interaction which can affect the
superconductor is the short-range exchange interaction
between superconducting quasiparticles and magnetic
moments into the ferromagnet.
2.2. Main equations

As is well known, the superconductivity of 'dirty'
metals is conveniently described by the quasiclassical
Usadel equations [24] for the normal, G (x; !) and
e
e
G
 (x; ! ), and anomalous, F (x; ! ) and F (x; ! ),
Green functions integrated over energy and averaged
over the Fermi surface. (Green functions are defined
in the standard way, see, e.g. [25]). It can be shown
that, for the singlet pairing and in the absence of spinflip scattering, the whole system of Usadel equations
decomposes into two equivalent subgroups which pass
into each other under the interchange of spin indices
( ="; #) " !# and reversal of the exchange field sign,
He ! He
It is convenient to take into account explicitly
the normalization of the Green function, GF "" GeF ## +
FF #" FF+"# = 1, and to introduce [2] modified Usadel
0

0

0

0
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functions S , F defined by the relations S =
!FS =GS , F = !~ FF =GF , etc. Then we can recast the
equations for the S layer in terms of these functions.
We specialize the discussion to a geometry when all
quantities depend on a single coordinate x normal to the
S/F interface. For the superconducting metal, we have
(x  0)
TC
[GS 2 0S ]0;
S = S + S 2 !G
S
GS

= (!2 + ! ~ )1=2
S S

usual boundary conditions in the bulk of the S metal:
S (1) = S (1) = 0 (T ), where 0(T ) is the BCS
value of the order parameter. At the external surface of
the F metal, 0F ( dF ) = 0. The relations at the S/F
interface were obtained [26] by generalizing the results
in [27] for an interface between two superconductors.
The first condition on the Usadel equations ensures
the continuity of the supercurrent flowing through
the S/F boundary at any value of the interfacial
transparency. Going over to the modified Usadel
S and F , the first boundary condition has
(1) functions
the form

with the superconducting order parameter S (x) !1~ GF 2 0F
= !1 S GS 20S :
(4)
x=0
x=0
determined by the self-consistency equation
X
= S S =F  is the proximity effect parameter
S ln(T=TC ) + 2T [(S S GS )=!] = 0:
(2) Here,
which
characterizes
the intensity of superconducting
!>0
correlations induced in the F layer and, vice versa, the
Here, the prime denotes the differentiation with respect intensity of magnetic correlations induced into the S
to the coordinate x, and the summation over frequencies layer; S;F are the resistivities of the metals in the
in Eq. (2) is cut off by the Debye frequency !D . For the normal state.
F metal, we have ( dF  x < 0)
The boundary condition (4) takes into account the
effect
of quasiparticle DOS of the metals in contact. The
F = 2 !~TGC [GF 20F ]0; GF = (~!2 + !~ ~ )1=2 : (3) second relation takes into consideration the effects of a
F
F F
finite transparency (electrical quality) of the interface.
Here, !e = ! + iHe , and !  !n = T (2n + 1), n = For the (!; x)-parametrization, the second boundary
1; 2; 3; ::: is the Matsubara frequency. Assuming the condition becomes
symmetry of the system with respect to a rotation in  BF GF 0F jx=0 = !~ GS (S =! F =!~ )jx=0 ;
(5)
the spin space both in the F and S layers, we drop
the spin indices apart from the specified cases. We where BF is the parameter that characterizes the effects
also put a vanishing value of the bare superconducting of a finite transparency of the interface. For BF = 0,
order parameter F = 0 for the F metal, whereas the i.e., for a fully transparent boundary, condition (5)
pair amplitude FF =
6 0 due to the proximity with the passes to S =! = F =!e . The expression for BF can
be written through more convenient values: BF =
superconductor.
~
~
The equations for the functions S and F have RB =F  , where RB is the product of the S/F boundary
a form analogous to (1)(3); note that ~ (!; He ) = resistance and its area [27].
Relations (4) and (5) generalize the proximity effect
(!; He). In Eq. (3), we write our formulas for
the F metal using the effective coherence length of problem with an arbitrary interface transparency for
a normal nonmagnetic (N) metal with the diffusion the case of a normal metal with ferromagnetic order.
coefficient DF ,  = (DF =2TC )1=2 , instead of F = The additional physical condition we assumed is that
exchange splitting of the momentum subbands,
(DF =2He)1=2, to have a possibility to analyze both limits the
 = p2mpEF  He , is substantially smaller than
p
F
He ! 0 (SN bilayer) and He  TC . The relation for
the ferromagnetic layer thickness may read as dF  the Fermi energy EF (m is the effective mass of an
electron). For most magnetic materials, the momentum
min(F ; ).
renormalization is not so important as the frequency
renormalization, because He  !n  TC while He 
2.3. Boundary conditions
EF . Due to this fact, the differences in the DOS and
Equations (1)(3) should be supplemented with the transparencies of the S/F interface for electrons with
boundary conditions in the bulk of the S metal and opposite spin orientations can be neglected.
at the external surface of the F layer. Far from the
According to the Green functions formalism, if the
S/F interface, x  S , for the S layer, we have the functions GS;F (x; !) and FS;F (x; !) are known, that is
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 8
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all we need to be able to describe, at least in principle,
any superconducting and magnetic properties of the
system. We draw attention to the feature important for
further conclusions: due to superconductivity, it is only
a single space length  the respective superconducting
coherence length, S or F ,  that encounters into
the differential equations (1) and (3). So, due to
superconductivity, the coordinate dependences of both
superconducting and magnetic properties of each layer
have the same typical space scale.
2.4. Analytical solutions

The proximity effect for an SF structure with a thin F
metal, dF  (F ;  ), can be reduced to the consideration
of the boundary-value problem for the S layer [2, 26, 28].
Indeed, the differential equation (3) can be solved by
iteration with respect to the parameter dF =F (dF = ). In
the first approximation, we can neglect the nongradient
term and, taking into account that F ( dF ) = 0, we
obtain F (x) = const. In the next approximation in
dF = , we find, after linearizing Eq.(3),
0

F (!; 0) (x + dF ) :
F (!; x) = !~T
C GF

(6)

Here, we have again taken into account the condition
that F ( dF ) = 0. Determining F (0) from Eq. (6)
and substituting it into the boundary conditions (4) and
(5), we obtain the boundary condition for the function
S (!; x). We have (here, we restore the spin index)
S GS S jx=0 = M !~  S 
0

0

0

"

# 1




2
GS B !~  ( B !~  )2 1=2
 TC 1 + T + (T )2
jx=0 ; (7)
C
C
where !e  ! +iHe. The unknown value of the function
F (!; x = 0) is defined by the relation

F (!; 0) = GS S

 

!

B
TC

+ G!~S

 1

jx=0 :

(8)

One can directly see that, via the boundary
condition (7), the electron spin 'up' and spin 'down'
subbands lost their equivalence in the S metal as
well. Spin discrimination means magnetism of a metal.
The penetration of the magnetic correlation into the
superconducting layer is governed by the proximity
effect parameter M , i.e., by the electron density of
states on contacting metals. For the high density
of quasiparticles in the F metal in comparison to
that in the S counterpart (a large value of M ),
the equilibrium diffusion of these quasiparticles into
the superconductor leads to the effective leakage of
a magnetic order into the S layer and the strong
suppression of superconductivity near the S/F interface.
In the opposite case, M  1, the influence of the
F layer on properties of the S metal is weak; it even
vanishes if M ! 0. Opposite is the behavior of the
superconductivity upon a variation of this parameter.
So, to increase the magnetic correlation near the S/F
interface, one should increase the parameter M ; in order
to increase the superconducting correlation, one should
decrease this parameter. Of course, the electric quality
of the interface is also important for the penetration
of magnetic and superconducting correlations from one
metal into another.
There are three parameters which enter the model:
M is the measure of the strength of the proximity effect
between S and F metals, B describes the electrical
quality of the SF boundary, and He is the exchange
correlation energy in the F layer. In the general case,
the problem needs a self-consistent numerical solution.
Here, to consider the new physics we are interested in,
we will not discuss the quantitative calculations, but will
use analytical ones obtained earlier in [26, 28] for two
limits: (a) M  1, a small strength of the proximity
effect  a low suppression of the order parameter in
the S layer near the S/F boundary, and (b) M  1,
a strong suppression of the order parameter in the S
layer near the S/F boundary. Note that the results
obtained are applicable to any value of the S/F boundary
transparency, as we make no specific assumption about
B in the derivation given below.
Weak proximity effect. If
M  1, we can find the
explicit expression

We introduce the effective boundary parameters, M =
dF = and B = BF dF = , instead of and B . As a
result, the problem of the proximity effect for a massive
(
)
superconductor with a thin ferromagnet layer reduces to
solving Eqs. (1) and (3) for a semi-infinite S layer with S (!; x) = 0 1 M !~ exp( x=S ) ;
(9)
~ + !A(!)
M !
the boundary conditions (7) on the external side and
those of the BCS type at infinity. The spatial dependence
= [(!2 + 20)=TC ]1=2 and A(!) =
of the function F (!; x) in the F layer can be neglected where

due to the mesoscopic thickness dF  (; F ) of the 1 + B !~ B !~ + 2!= 2 =(TC )2 1=2 . As one can
latter; Eq. (8) determines the value of F (!; 0).
expect, the magnetic correlation spreads into the S film
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over a distance of about S , and it can much exceed the
distance of the superconducting correlation spreading
into the F film F . If He ! 0 (i.e., !~ ! !), result
(9) restores with that for the SN bilayer in the limit in
question (see, e.g., [2]). For the function F (!; 0), we
obtain

F (!; 0) = 0 !~S =( B !~ 2 + !):

Strong proximity effect. When M  1, the behavior
of S (!; x) near the S/F boundary, 0 < x  S , is given
by
S (!; 0) = B(T )f(TC + B !~ )= M !~ g
(10)
Here, B (T ) = 2TC [1 (T=TC )2 ][7 (3)] 1=2 (see [2])
and  (3) 
= 1:2 ( is the Riemann function). In this
approximation,

F (!; 0) = B(T )TC =

M !:

from Eq. (10), the modified Usadel function at the S/F
interface, S (!; 0), can be written as

i)
S (!; 0) = B(T )(TC = M ) (!exp(
(11)
2 + H 2 )1=2
e
with  = arctan(He =!). Taking into account that a

typical value of !  TC , one can see that, in the
limit He  TC , the correlation function acquires
an additional =2 phase shift in comparison with
a similar function for the SN bilayer. For an SF
multilayered system with strong enough ferromagnetism
of the layers, the phase shift can be summarized or
subtracted, depending on a mutual orientation of the
magnetizations of F layers, leading to new effects in the
superconductivity of SF hybrid structures. Namely, one
can show that the proximity-induced magnetizm of S
layers makes preferrable the -phase superconductivity
of the system for parallel directions of the exchange
fields; for the antiparallel orientation of magnetizations
and low temperature, the critical current can be even
enhanced [1215].

It is seen that the proximity-induced superconductivity
in the F layer is independent of the boundary
transparency, but decreases with increase in M . To
obtain the results for larger distances, x & S , the 3.2. Suppression of the superconducting order
equations should be solved numerically by a self- parameter by an exchange field
consistent procedure. We will not discuss these results
Another feature of the S/F boundary is that the gap
here.
S (x) is suppressed near the interface more strongly
than that in the SN case. This is not surprising, since
3.
Manifestation of the Magnetic Proximity
one would expect that the induced ferromagnetism
Effect
suppresses the superconducting order parameter at some
An important feature of the results obtained for the SF distance into the S layer in excess of that for a
structure is that the modified Usadel function for the S nonmagnetic normal layer. The suppression increases
layer S (!; x), Eqs. (9) and (10), directly depends on the with the exchange energy He and the electrical quality
exchange field of an F metal. That is the reason to speak of the interface; far from the interface, x  S , the bulk
about the exchange correlation that has been induced superconductivity is restored.
Using S (!; x) (9) and the self-consistency condition
into the S layer due to superconductivity. In this section,
(2),
one can find a spatial variation of the order
we discuss a few examples of such a manifestation of the
parameter
in the S layer S (x) for different values of
magnetic proximity effect.
and
B
M  1. The exchange interaction influence
on
the
spatial
variation of the order parameter in the
3.1. Phase variation at the SF interface
S layer is shown in Fig. 1. Namely, the dependence
Comparing the results for an SF structure with those for of the difference of the order parameters for the case
an SN bilayer, one can find a fundamental aspect that where the magnetic interaction is turned off (i.e., an SN
leads to new physical consequences; namely, S (!; x) is bilayer) and with the ferromagnetic correlation (a SF
a complex function near the S/F interface. As a result, bilayer) as function of the distance from the interface is
the additional 'superconducting phase rotation' (a phase shown; the boundary parameters, M and B , are fixed.
jump on the S/F interface for our approximation of a It is seen that the influence of magnetism decreases with
thin ferromagnetic layer, dF  F ) occurs at the S/F increase in the distance from the S/F boundary. The
interface. To illustrate this, let us take, for simplicity, scale, at which superconductivity reaches the value for a
a structure with the interface parameters favorable for SN bilayer, is S from the interface. The curves in Fig. 1
magnetic effects: M  1 and B = 0. Then, as follows illustrate the spatial dependences of the induced
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 8
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Fig. 1. Difference of the superconducting order parameter in the
S layer versus the distance from the interface for SN and SF

M = 0:1, B = 0)
He =TC = 8, 9, 10, 12

structures with the same boundary parameters (
and different ferromagnetic field energies
and 15

exchange correlation in the superconductor for the case
of vanishing interface resistance B = 0. With increase
in the SF boundary resistance, the electrical coupling of
S and F metals decreases, and, in the limit B ! 1,
the metals become decoupled.
3.3. Exchange field spin-splitting of DOS and
intra-gap states

The spin splitting of the DOS and intergap states in
the S layer are other manifestations of the magnetic
correlation leakage into a superconductor. Note that the
magnetic layer does not influence the DOS of the normal
metal. In this case, the decay length is extremely small
 pF 1 ' 1 A and the effect can be neglected.
The Green functions for the S layer GS"" (!; x) and
GS ## (!; x) for both spin subbands can be obtained using
the solutions for the functions S (!; x) with !~ = ! + iHe
and !~ = ! iHe, respectively. Performing the analytical
continuation to the complex plane by the substitution
! ! i" we calculate the spatial dependence of
the quasiparticle DOS for the spin up and down
subbands: NS" ("; x) = ReGS"" (!; x) and NS# ("; x) =
ReGS##(!; x), respectively. The total density of states
for quasiparticles, by definition, is given by NS ("; x) =
NS " ("; x) + NS # ("; x). Using Eqs. (9) and (10), one can
obtain the explicit expressions for the total DOS, as well
as for a specified spin subband. The resulting
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Fig. 2. Normalized density of state for spin 'up' quasiparticles

M = 0:1 , B = 0 and
He = 5TC , and various distances from the S/F interface: x=S =
0, 1, 5, and 30 (curves 1, 2, 3, and 4, respectively)
in the S layer of the SF sandwich for

expressions, which are cumbersome to be presented
here, imply that, for He 6= 0, M 6= 0, and B 6=
0, the density of quasiparticle states is spin-splitted:
NS " ("; x) =
6 NS# ("; x). This is because of the initial
exchange field splitting of the Fermi surface in the F
metal, which is manifested in the characteristics of the
united system  the SF bilayer. The symmetry of the
density of states with respect to the energy variable is
also lost: NS" (" > 0; x) =
6 NS" (" < 0; x). However,
as one can expect from the fermionic symmetry, spinup particles and spin-down holes have the same DOS,
as well as spin-down particles and spin-up holes. As a
result, the total density NS ("; x) is symmetric: NS (" >
0; x) = NS (" < 0; x).
In Fig. 2, the representative NS" ("; x) dependences at
different distances from the S/F interface are presented
for He = 5TC , M = 0:1, and the vanishing boundary
resistance ( B = 0). In Fig. 3, the same dependence
is presented for x=S = 1 and different values of the
exchange energy. We find that all features mentioned
above are saved at a distance on the scale S from the
SF boundary. The spin splitting decreases with increase
in the distance from the boundary and vanishes in the
bulk of the S layer (see curve 4 in Fig. 2).
Other important features shown in Figs. 2 and 3 are
the local states that appear inside the energy gap at
distances up to a few S from the S/F boundary. These
intergap states are absent far from the S/F interface and
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 8
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Fig. 3. Same as in Fig. 4 for

M

= 0:1, B = 0:1, x = S , and
He =TC = 1, 2, and 5 (curves

various ferromagnetic field energies:

1, 2,

and

3,

respectively)

Fig. 4. Quasiparticle density of states in the S layer near the S/F
interface;

if He = 0. For small values of M and B = 0, relation
(9) yields that NS" ("; x) has a singularity for

M

= 0:1,

B = 0:0, x = S , and He = 5TC . All states

above Fermi energy are empty; all states below the Fermi level
are filled (dashed regions)

~ exp( " x=S )g;
(12) splitting causes an effective magnetization MS (x) of the
"+
~
S layer that can be found using the relation
where "2 = (20 "2 )1=2 =TC and "~ = " He . We
found the singularity inside the superconducting gap,
Z1
0 < " < 0, by numerical calculations [19]. The local MS (x)=MO = d"fNS"("; x) NS#("; x)gf ("); (13)
" = 0 f1

M ""
M ""

states are definitely not due to a spatial variation of the
pair potential, but due to the breaking of Cooper pairs in
the superconductor by the exchange-induced magnetic
correlation. The region of their existence increases
with He or the pair breaking effects. In the absence
of spin-flip (e.g., spin-orbit) scattering, the subgap
bands accommodate quasiparticles with a definite
(up or down) spin direction. These bands bear a
superficial resemblance to both the bands observed
at the interface of a superconductor and a perfectly
insulating ferromagnet [29] and a bulk superconductor
containing finite concentrations of magnetic impurities
[30, 31].
3.4. Induced magnetization of the S layer

As we saw above, the influence of the ferromagnet on
the superconductor is reflected in a nonzero value of
the difference in the DOS for spin-up and spin-down
unpaired electrons, NS" ("; x) and NS# ("; x). This DOS
ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 8

0

where MO = gSe B (= B ) is a quasiparticle magnetic
moment, Se = 1=2; g = 2, and f (") = 1=[exp("=T )+1] is
the Fermi distribution function. Figure 4 illustrates the
mechanism of the proximity-induced magnetization of
the S layer. For T < TC , we took f (") = 1, i.e., all states
below the Fermi level are filled (dashed regions in Fig.
4), while all states above the Fermi energy are empty.
One can directly see from the figure that the S layer
acquires a nonzero magnetic moment. This suggestion
is confirmed by numerical calculations of MS (x) (13)
shown in Figs. 5, 6. Figure 5 shows the magnetization
of the superconductor versus distance from the S/F
interface for fixed boundary parameters. The same
magnetic characteristics, but for an SF sandwich with
fixed exchange energy and boundary transparency and
a different proximity effect strength, are presented in
Fig. 6.
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Fig. 5. Leakage of magnetization into the S material versus
distance from the interface for an SF sandwich for

B

= 0 and different exchange
(curves 1, 2, and 3, respectively)

energies

M

He =TC =7,

= 0:1,

5, and 3

3.5. Experiment

There are only a few experimental reports devoted to
the questions discussed here. The interplay between
magnetism and superconductivity in Nb/Co multilayers
was recently investigated in [32]. The upper critical
fields of samples were measured for the fields applied
in parallel to the plane HC2 jj and perpendicularly to the
plane HC2 ? of the films. The effective thickness of the Co
layer, de , is defined through the well-known relation


1=2
HC2 ?
= 2H0
;
HC2 k
C2 ?
where 0 stands for a flux quantum. Experiments

de

revealed that the effective thickness of the magnetic
layer in Nb/Co structures is usually much larger than
its physical thickness dCo . For example, taking the data
on a sample with dCo = 1:8 nm, the authors obtained
de = 12 nm, so that de  dCo . The 'increase' of the
thicknesses was so great that in all samples except for
those with extremely thin magnetic layers, the crossover
to a 3D state superconductivity is never in fact observed
experimentally. This is to be contrasted with the case
of nonmagnetic spacer layers, where these two length
scales are comparable. Taking into account our results,
we explain a rise of the effective magnetic layer thickness
in the Nb/Co multilayer as an impact of the proximity
effect. Namely, the induced magnetic correlation into the
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Fig. 6. Same as in Fig. 6 for
proximity effect strengths
and

3,

M

B

= 0, He = 3:5TC

and different

= 0.1, 0.15, and 0.2 (curves

1, 2,

respectively)

layer depletes the density of Cooper pairs at the SF
boundary, which results in an excess thickness of the
magnetic layer.
The modification of the DOS in mesoscopic
superconducting strips of Al under the influence of the
magnetic proximity effect of a classical ferromagnet
Ni has also been studied both theoretically and
experimentally in [33]. However, since the tunnel
spectroscopy experiments were carried out with a
nonmagnetic probe, the authors cannot measure the
spin-dependent local DOS on the superconducting side.
The interest in the magnetic proximity effect has
been increased with the development of experimental
techniques like neutron reflectometry and muon spin
rotation, which allow one to accurately determine the
spatial distribution of magnetic moments. For example,
the multilayered system YBa2Cu3 O7 /La2=3Ca1=3 MnO3
have been studied very recently by neutron
reflectometry in [34]. The evidence for a characteristic
difference between the structural and magnetic depth
profiles is obtained from the occurrence of a structurally
forbidden Bragg peak in the ferromagnetic state. The
authors discussed the results in two possible scenarios: a
sizable magnetic moment within the S layer antiparallel
to that in the F layer (the inverse proximity effect) or
a dead region in the F layer with zero net magnetic
moment.
S
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4.

Conclusion

4.

In the recent years, the advances in growth and
fabrication techniques for materials have made it
possible to create heterostructures with high-quality
interfaces. Taking into account that ferromagnetsuperconductor hybrid systems have great scientific
importance and are promising for the application in
spin-electronics, it is not surprising that the interest
in these hybrid materials has been renewed. As far as
the thickness of superconducting and magnetic metals
in such structures may be a few atomic periods, the
understanding of how the proximity effects modify the
electronic properties of S/F interfaces is growing in
importance.
We have studied the magnetic correlations acquired
by a superconductor at the S/F interface due to a
proximity effect. We have found that the equilibrium
exchange of electrons between the F and S metals results
not only in the proximity-induced superconductivity
of the F metal, as was found earlier, but in the
proximity-induced magnetism of the S metal, as well.
The magnetic correlations spread over a large distance
which is of the order of the superconducting coherence
length S and can exceed both the ferromagnetic and
the superconducting films thicknesses. That is why the
existence of these magnetic properties of the S metal is
quite important for SF nanoscale structures and should
be taken into account while comparing theoretical
results with experimental data. Summarizing the results,
we should stress that, for SF nanoscopic hybrid
structures, both the superconducting and magnetic
proximity effects take place simultaneously.
We wish to dedicate this paper to V.G. Bar`yakhtar,
our Master who played a significant exceptional role
in our post-student life, on the occasion of his 75th
birthday, and to wish him the continuing health and
vigour in pursuing his scientific interest. The authors
would like to thank V.V. Ryazanov, A.I. Buzdin,
L. Tagirov, and M.A. Belogolovskii for the valuable
discussions of some questions concerning the proximity
effect phenomena. We also acknowledge E.A. Koshina
for performing the numerical calculations.
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áëèçüêîñòi, i îñòàííi åêñïåðèìåíòè, ùî ïiäòðèìóþòü ìîäåëü
òiñíî¨ âçà¹ìîäi¨ íàäïðîâiäíèõ òà ìàãíiòíèõ âëàñòèâîñòåé ó SFñòðóêòóðàõ.

ÌÀÃÍÅÒÈÇÌ ×ÅÐÅÇ ÑÂÅÐÕÏÐÎÂÎÄÈÌÎÑÒÜ
Â SF ÁËÈÇÎÑÒÍÛÕ ÑÒÐÓÊÒÓÐÀÕ

Â.Í. Êðèâîðó÷êî, Â.Í. Âàðþõèí
ÌÀÃÍÅÒÈÇÌ ×ÅÐÅÇ ÍÀÄÏÐÎÂIÄÍIÑÒÜ
Ó SF ÁËÈÇÜÊIÑÒÍÈÕ ÑÒÐÓÊÒÓÐÀÕ

Ð å ç þ ì å
Ìû ðàññìîòðåëè ýôôåêòû áëèçîñòè â ãèáðèäíûõ ñòðóêòóðàõ

Â.Ì. Êðèâîðó÷êî, Â.Ì. Âàðþõií

ñâåðõïðîâîäíèê (S)  ôåððîìàãíåòèê (F), óäåëÿÿ âíèìàíèå èí-

Ð å ç þ ì å

íà êâàçèêëàññè÷åñêîé òåîðèè ýôôåêòà áëèçîñòè äëÿ ìåòàëëîâ

äóöèðîâàííîìó ôåððîìàãíåòèçìó S-ìåòàëëà. Àíàëèç îñíîâàí
â ãðÿçíîì ïðåäåëå. Ïîêàçàíî, ÷òî íèæå òåìïåðàòóðû ñâåðõ-

Ìè ðîçãëÿíóëè åôåêòè áëèçüêîñòi ó ãiáðiäíèõ ñòðóêòóðàõ íàä-

ïðîâîäÿùåãî ïåðåõîäà ôåððîìàãíèòíûå êîððåëÿöèè ïðîíèêà-

ïðîâiäíèê (S)  ôåðîìàãíåòèê (F), ïðèäiëÿþ÷è óâàãó iíäóêî-

þò â ñâåðõïðîâîäíèê íà ðàññòîÿíèå ïîðÿäêà ñâåðõïðîâîäÿùåé

âàíîìó ôåðîìàãíåòèçìó S-ìåòàëó. Àíàëiç îñíîâàíèé íà êâàçi-

äëèíû êîãåðåíòíîñòè

êëàñè÷íié òåîði¨ åôåêòó áëèçüêîñòi äëÿ ìåòàëiâ ó ãðÿçíîìó

Ïðèâåäåíû àðãóìåíòû â ïîëüçó òîãî, ÷òî ñâîéñòâà ìåçîñêîïè-

íàáëèæåííi. Ïîêàçàíî, ùî íèæ÷å òåìïåðàòóðè íàäïðîâiäíî-

÷åñêèõ SF ãèáðèäíûõ ñèñòåì ìîãóò ñóùåñòâåííî çàâèñåòü îò

ãî ïåðåõîäó ôåðîìàãíiòíi êîðåëÿöi¨ ïðîíèêàþòü ó íàäïðîâiä-

ìàãíèòíîãî ýôôåêòà áëèçîñòè, è íåäàâíèå ýêñïåðèìåíòû, ïîä-

íèê íà âiäñòàíü ïîðÿäêó íàäïðîâiäíî¨ äîâæèíèè êîãåðåíòíîñòi

òâåðæäàþùèå ìîäåëü òåñíîé âçàèìîñâÿçè ñâåðõïðîâîäÿùèõ è

S

i çàëåæàòü âiä ïàðàìåòðiâ S/F-ìåæi. Íàâåäåíî àðãóìåí-

804

S

è çàâèñÿò îò ïàðàìåòðîâ S/F-ãðàíèöû.

ìàãíèòíûõ ñâîéñòâ â SF-ñòðóêòóðàõ.
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