
PHYSICAL REVIEW B 67, 014523 ~2003!
Thermodynamic properties of ferromagnetÕsuperconductorÕferromagnet nanostructures

I. Baladiéand A. Buzdin
Condensed Matter Theory Group, CPMOH, UMR 5798, Universite´ Bordeaux 1, 33405 Talence Cedex, France

~Received 13 September 2002; published 23 January 2003!

The theoretical description of the thermodynamic properties of ferromagnet/superconductor/ferromagnet
(F/S/F) systems of nanoscopic scale is proposed. Their superconducting characteristics strongly depend on
the mutual orientation of the ferromagnetic layers. In addition, depending on the transparency ofS/F inter-
faces, the superconducting critical temperature can exhibit four different types of dependences on the thickness
of the F layer. The obtained results permit one to give some practical recommendations for the spin-valve
effect experimental observation. In this spin-valve sandwich, we also expect a spontaneous transition from a
parallel to antiparallel ferromagnetic moment orientation, due to the gain in the superconducting condensation
energy.
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I. INTRODUCTION

The peculiar character of the proximity effect
superconducting/ferromagnet (S/F) systems is due to the
strong exchange field acting on the electrons in the ferrom
net and provoking the oscillatorylike behavior of the sup
conducting order parameter. Several interesting phenom
inherent to theS/F hybrid structures have been predicted a
subsequently observed in experiments: there is nonmo
tonic dependence of the critical temperature inS/F struc-
tures on the thickness of the ferromagnetic layer;1–7 also see
the review8 on the competition between superconductiv
and magnetism in ferromagnet/superconductor heteros
tures, thep-junction realization inS/F/S systems,9–12 and
the local quasiparticle density of states oscillation inS/F
structures.13–15

In recent years, great progress has been achieved in
preparation of high-quality hybridS/F systems, especially
high-quality interfaces, which could be quite interesting
possible applications. In particular, a very promising syst
is the F/S/F spin-valve sandwich, where spin-orientatio
dependent superconductivity was predicted in Refs. 16–

In this paper, we present the results of detailed theoret
studies of the properties ofF/S/F systems containing a thin
superconducting layer~compared to the superconducting c
herence length!. We analyze the influence of theF-layer
thickness and theS/F interface transparency on the spi
valve superconductivity effect. The last part of the pap
is devoted to the thermodynamic properties of the s
valve: we calculate the superconducting order param
and the superconducting condensation energy for par
and antiparallel spin orientations of theF layers. We also
discuss the possibility of a spontaneous phase transition
decreasing the temperature, from parallel to antiparallel s
orientations.

II. GENERAL EQUATIONS

We will concentrate on studies of the properties of
F/S/F trilayer system withF layers of thicknessdf and anS
layer of thicknessds ; see Fig. 1. Assuming that dirty limi
conditions hold in all layers, we may use the complete se
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Usadel equations19 in the superconducting layer and in theF
layers. In the superconducting layer the Usadel Green fu
tions F andG satisfy

2
Ds

2
¹W @G~x,v!¹W F~x,v!2F~x,v!¹W G~x,v!#1vF~x,v!

5D~x!G~x!; ~1!

in F layers they verify14

~v1 ih !F~x,v!2
D f

2
¹W @G~x,v!¹W F~x,v!

2F~x,v!¹W G~x,v!#50; ~2!

and in both layers,

G2~x,v!1F~x,v!F* ~x,2v!51, ~3!

whereDs andD f are the diffusion coefficients in theSandF
layers, respectively.v52pT(n11/2) are the Matsubara fre
quencies andh(x) is the exchange field in theF layers. In
the case of a parallel orientation of the magnetization of
F layers, the exchange field ish(x)5h for x,2ds/2 and
x.ds/2 whereas in the antiparallel caseh(x)5h for x

FIG. 1. Geometry of theF/S/F sandwich. The thickness of th
S layer isds , anddf is the thickness of theF layers.
©2003 The American Physical Society23-1
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.ds/2 andh(x)52h for x,2ds/2. The Usadel equation
are completed by the self-consistency equation in the for20

D ln
T

Tc
1pT(

v
S D

uvu
2FsD50, ~4!

and by the boundary conditions at theS/F boundaries,21

]Fs

]x
5g

]F f

]x
,

Fs5F f6j fgB

]F f

]x
, ~5!

whereg5ss /s f , s f (ss) is the conductivity of theF layer
~the S layer aboveTc), j f5AD f /2h, js5ADs/2Tc is the
superconducting coherence length of theS layer, and the pa-
rametergB5Rbs f /j f , whereRb is theS/F boundary resis-
tance per unit area. In the second boundary condition,
sign before the spatial derivative ofF f depends on the rela
tive orientation of thex axis and the normal of the ferromag
net surface. If the normal is parallel to thex axis (x5ds/2) a
minus sign is required; in the other case (x52ds/2), a plus
sign is required. The parametergB is directly related to the
transparency of the interfaceT51/(11gB).22 The limit T
50 (gB5`) corresponds to a vanishingly small bounda
transparency, and the limitT51 (gB50) corresponds to a
perfectly transparent interface. At the interface between
vacuum and the ferromagnet, the boundary condition is s
ply written as]F f /]x50.22

III. USADEL EQUATIONS FOR A THIN
SUPERCONDUCTING INTERLAYER

The mutual influence of the superconductivity and fer
magnetism reveals interesting effects for anS-layer thickness
smaller than or of the order of magnitude of the superc
ducting coherence lengthjs ; otherwise we have practicall
independent bulk superconductor and ferromagnetic syste
In addition, the caseds!js has an analytical solution; that i
the reason why we will suppose this condition to be satis
in the following analysis. In this limit, the small spatia
variations of the Green functions in theS layer can be taken
into account by a simple expansion to the orderx2,

Fs5F0S 11ax1
b

2
x2D , ~6!

Gs5G0S 11ax1
b

2
x2D , ~7!

whereF0 and G0 are values of the anomalous and norm
Green functions at the center of theS layer. Using Eqs.~1!
and ~3!, we finally obtain an effective Usadel equation f
thin superconducting layers:

Fv2
Dsb

2G0
2

Dsa
2F0

2

4G0
3 GF05DG0 . ~8!
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The coefficientsa andb in expression~8! have to be found
by using the boundary conditions at theF/S interfaces. As
may be easily demonstrated from the boundary conditio
the term containinga is smaller by a factor (ds /js)!1 than
the term withb; consequently this term can be neglecte
Thus, in our approximation of a thinS layer, the Usadel
equations take the simple form

Fv2
Dsb

2G0
GF05DG0 , ~9!

F0
21G0

251, ~10!

where the coefficientb plays the role of a pair-breaking
parameter. The boundary conditions on the functionFs , fol-
lowing from Eq.~6!, are

~Fs8/Fs!2ds/2
5a2dsb/2,

~Fs8/Fs!ds/2
5a1dsb/2. ~11!

By adding and subtracting the previous equations we
find the coefficientsa and b from the boundary conditions
on Fs . It is easy to demonstrate that the ratios (Fs8/Fs)2ds/2

and (Fs8/Fs)ds/2
are directly related to the corresponding r

tios in the ferromagnet, using boundary conditions~5!:

~Fs8/Fs!6ds/2
5

g~F f8/F f !6ds/2

17j fgB~F f8/F f !6ds/2

. ~12!

In Sec. IV, we will determine the critical temperature of th
S-layer under general transparency conditions at theS/F in-
terfaces. In a second part we will study the thermodynam
of the F/S/F structure at an arbitrary temperature, in t
limit of high and low transparencies.

IV. SPIN ORIENTATION DEPENDENCE
OF THE CRITICAL TEMPERATURE

Close to the critical temperature and assuming that
exchange field in the ferromagnet is sufficiently strongh
@Tc), the Usadel equation in the ferromagnet can be s
plified as

2
]2F f~x,v!

]x2
1

2ih sgn~v!

D f
F f~x,v!50 ~13!

Using the boundary condition at a vacuum interface,
readily find solutions for the Usadel Green functions in t
parallel case~the upper scriptP refers to the parallel case!
for positive v ~the casev,0 is obtained by making the
substitutionkn→kn* ),

F f
P~x.ds/2!5A coshkn@x2~df1ds/2!#,

F f
P~x,2ds/2!5B coshkn@x1~df1ds/2!#, ~14!

with kn5(11 i )Ah/D f . Analogously for the antiparallel cas
~the upper scriptA refers to the antiparallel case!,
3-2
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FIG. 2. Characteristic types o
Tc(df) behavior. The thickness o
the F layer is normalized to the
F-layer characteristic lengthj f .
The parameterpt0Tc0 is chosen
to be constant and equal to 1. Th
full line corresponds to the anti
parallel case, and the dashed lin
to the parallel case. One can dis
tinguish four characteristic type
of Tc(df) behavior:~a! nonmono-
tonic decay to a finite value ofTc ,
~b! reentrant behavior for the par
allel orientation, and~c! and ~d!
monotonic decay toTc50 with
~d! or without ~c! switching to a
first-order transition in the paralle
case. In~d!, the dotted line pre-
sents schematically the first orde
transition line.
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A~x.ds/2!5C coshkn@x2~df1ds/2!#,

F f
A~x,2ds/2!5D coshkn* @x1~df1ds/2!#, ~15!

These solutions immediately give the value of the rat
(F f8/F f)6ds/2

and, consequently@see Eq.~12!# the ratios

(Fs8/Fs)6ds/2
:

~Fs8/Fs!ds/2
52

gkntanh~kndf !

11j fkngBtanh~kndf !
,

~Fs8/Fs!2ds/2
P 52~Fs8/Fs!ds/2

,

~Fs8/Fs!2ds/2
A 5

gkn* tanh~kn* df !

11j fkn* gBtanh~kn* df !
. ~16!

Then, with the help of Eq.~11!, we may easily obtain the
pair-breaking parameterb. Close toTc , the Usadel equation
may be linearized overF0, and the normal Green function i
G05sgn(v); thus Eq.~8! is simply written in first order of
F0 as

F uvu2
Dsb

2 GF05D. ~17!

Using this relation and the self-consistency equation@Eq.
~4!#, we can write down the expression for the critical te
perature of theS layer in the general form

ln
Tc

Tc0
5CS 1

2D2ReCH 1

2
1

1

t~df !pTc
J , ~18!

whereTc0 is the critical temperature of theS layer without
any proximity effect. This type of expression reminds one
the corresponding formula for the critical temperature o
superconductor with magnetic impurities,23 though the
01452
s
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a

‘‘magnetic scattering time’’t may be complex in our system
It is easy to verify that in the parallel case, the effecti
magnetic scattering ratet21 is indeed complex and given b
the expression

tP~df !
215t0

21~11 i !tanh~ d̃f !

11g̃Btanh~ d̃f !
, ~19!

andt21 in the antiparallel case is real,

tA~df !
215Re@tP~df !

21#; ~20!

here d̃f5(11 i )(df /A2j f), g̃B5(11 i )(gB /A2), and t0
21

5(gTc0 /A2)(js /ds)(js /j f). Note that for the parallel ori-
entation case, the critical temperature must be the sam
for an S/F bilayer with anS-layer thickness equal tods/2.
The critical temperature ofS/F bilayers was recently studie
in Ref. 24 and in the limitds!js the expression forTc in
Ref. 24 is indeed the same as Eq.~18!, with t5tP and ds
replaced byds/2. In the limit of infinite F layers (df→`)
and infinite transparency of the interfaces (gB→0), expres-
sion ~18! reproduces the results forTc found previously in
Refs. 16 and 17. If the proximity effect is weak, the para
eter t0

21 goes to zero. Expanding the Digamma functi
about 1/2 yields the following result in this limit:

Tc
A5Tc

P5Tc02
p

2
tA~df !

21. ~21!

Thus for a weak proximity effect, the shift of the transitio
temperature is a linear function oft0

21 ~here we find the
same result as in the study of a superconducting alloy w
magnetic impurities! and the difference between the critic
temperatures of parallel and antiparallel orientation appe
only at the ordert0

23.
3-3
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The different kinds of obtainedTc(df) curves, depending
on the parameters of the trilayers, are presented in Fig. 2
illustration. We plot several curves for various values ofgB

assuming that the parameterpTc0t0 is constant and equal
to 1. We may notice four characteristic types ofTc(df) be-
havior. The first one Fig. 2~a!, at a small interface transpa
encyTc , decays slightly nonmonotonically to a finite valu
and the critical temperature difference between both orie
tions is very small. The decay presents a minimum at a
ticular value ofdf of the order of magnitude ofj f . The
second one@Fig. 2~b!#, at a moderate interface transparen
Tc exhibits a reentrant behavior; this means that the su
conductivity vanishes in a certain interval ofdf . For special
values of the parametergB the reentrant behavior can b
observed only for the parallel orientation. The reentrance
the superconductivity was been observed recently in Fe/V
trilayers a with parallel orientation of the ferromagnetic m
ments by Tagirovet al.25 The experiments25 were performed
for rather thick S-layers (ds*js), so a quantitative compari
son with our theory is impossible. Unfortunately, even t
qualitative comparison is difficult due to the absence of
perimental data in Ref. 25 on theS/F boundary resistance
which could provide the estimate of the important parame
gB . We may, however, state that the characteristic thickn
which corresponds to the minimum ofTc is of the order of
magnitude ofj f and only slightly depends on the bounda
transparency when the oscillatory behavior ofTc(df) is
present. In the third model@Fig. 2~c!#, at a moderately high
interface transparency, the critical temperature decays m
tonically and vanishes at finite value ofdf . The last type of
Tc(df) behavior Fig. 2~d! is observed at an extremely hig
interface transparency and rather thinF layers with parallel
orientations. Under these conditions the phase transition
tween the normal and superconducting a states prese
triple point at which the transition switch to a first-order on
This behavior is similar to theTc(h) dependance in bulk
superconductor~see, for example, Ref. 26!, where at low
temperature theS/N transition becomes first order. Sch
matically, the line of the first order transition is presented
Fig. 2 by a dotted line.

In order to observe a significant spin-valve effect expe
mentally, it is crucial to choose the right materials and thic
nesses of superconductor andF layers to maximizeDTc

5Tc
P2Tc

A . Equation~18! shows that the important param
eters aregB , df , and t0

21. The value oft0
21 is directly

related to the choice of the superconductor and of the fe
magnet since it is proportional tog the ratio of the conduc-
tivities. This parameter does not play a crucial role in t
spin-valve effect, and a choice oft0

21 of around 1 should
permit an easy observation of the effect. The choice of
thickness of theF layer can be rather important, as shown
the curvesTc(df). Indeed, due to the additional bounda
condition at the interface between the ferromagnet and
vacuum, there are some interferences between incoming
reflected Copper pairs in theF layer. Depending on the valu
of df , these interferences can be destructive or construc
leading to a maximum or minimum ofDTc . Finally, the
curvesTc(df) ~see Fig. 2! show that the key factor of the
01452
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spin-valve effect is the transparency of the interface. F
values ofgB of around 1 the effect can be easily observe
whereas, ifgB is an order of magnitude stronger, the effe
almost disappears.

In our case, bothF layers have the same thickness. T
generalization to the case ofF layers of arbitrary thickness
df 1 ~for x,0) anddf 2 ~for x.0) is straightforward using
Eq. ~16!. In the parallel case we have to make the subst
tion tP(df)

21→tP(df 1)211tP(df 2)21, and in the antipar-
allel case we have to make the substitutiontA(df)

21

→@tP(df 1)21#* 1tP(df 2)21.

V. THERMODYNAMIC PROPERTIES
OF THE STRUCTURE

In this section, we will consider the temperature depe
dance of the superconducting order parameter and the su
conducting condensation energy inF/S/F systems. For sim-
plicity, we concentrate on the case ofF layers of thickness
df@j f , which corresponds in practice todf>50 Å. Using
the classical parametrization of the Usadel equation byF
5sinu andG5cosu, we may easily find the complex angl
u(x) in our limit of infinite F layers for a parallel
orientation14

u f
P~x.ds/2!54 arctan$tan~u0

P/4!exp@2kn~x2ds/2!#%,

u f
P~x,2ds/2!54 arctan$tan~u0

P/4!exp@kn~x1ds/2!#%,
~22!

and for the antiparallel one,

u f
A~x.ds/2!54 arctan$tan~u0

A/4!exp@2kn~x2ds/2!#%,

u f
A~x,2ds/2!54 arctan$tan~u0

A/4!exp@kn* ~x1ds/2!#%,
~23!

whereu0 is the complex angle describing the supercondu
ing order parameter in anF layer at theS/F boundary. Note
that we have assumed in the previous equations thatv is
positive ~the casev,0 is obtained by the substitutionkn

→kn* ). These solutions give us immediately the rati
(F f8/F f)6ds/2

and so via boundary conditions~12! the ratios

(Fs8/Fs)6ds/2
determining the pair-breaking parameter in t

Usadel equations for theS layer:

~Fs8/Fs!ds/2
52

gkncosu0

cosu0/21g B̃cosu0

,

~Fs8/Fs!2ds/2
P 52~Fs8/Fs!ds/2

,

~Fs8/Fs!2ds/2
A 5

gkn* cosu0
A

cosu0
A/21gB*̃ cosu0

A
. ~24!

Using Eq.~11!, we can deduce the coefficientb for the ef-
fective Usadel equations for both orientations~v.0!:
3-4



c-
th

a
th
s
i

t
ie
or

cy

e
m

t
-

rr
c

d
ar
y

er

g
it

llel

by

it

f

ns,
ss
the

ll

nd
eter
c-

s;
re-
a-
the
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bP52
2gkncosu0

P

ds~cosu0
P/21g B̃cosu0

P!
, ~25!

bA52S gkncosu0
A

ds~cosu0
A/21g B̃cosu0

A!
1c.c.D . ~26!

Equation~9! combined with Eqs.~25! and ~26! gives in an
implicit form the angleu ~and so the Usadel Green fun
tions! as a function of the Matsubara frequencies and
superconducting order parameterD. Together with the self-
consistency equation@Eq. ~4!#, this permits one, in principle
to find the dependence of the superconducting order par
eter on the temperature and all the thermodynamics of
F/S/F system. Below, we will discuss two limiting case
which can be handled analytically: the low-temperature lim
and temperatures close toTc .

A. Low-temperature behavior

When the temperature goes to zero, we may substitute
integration by a summation over Matsubara frequenc
(pT(→*dv) in the Usadel self-consistency equation f
order parameter~4!,

D5lN~0!E
2vD

vD
F~v!dv5lN~0!E

2vD

vD
sinudv, ~27!

wherevD of the order of magnitude of the Debye frequen
is the usual cutoff in the BCS model~it will not enter in the
final expressions!, andl is the BCS coupling constant. Th
integration over the Matsubara frequencies can be perfor
analytically when the transparency of theS/F interface is
small and when it goes to infinity.

1. High transparency limit

In the high transparency limit (gB→0), the angleu, char-
acterizing superconductivity in theS layer, is the same as a
theS/F interface, i.e.,u0; see Eq.~5!. Thus the Usadel equa
tions, for parallel and antiparallel cases, become (v.0)

S v1
2~11 i !t0

21

cosu0
P/2

D sinu0
P5D cosu0

P , ~28!

S v1
~11 i !t0

21

cosu0
A/2

1c.c.D sinu0
A5D cosu0

A . ~29!

Note that these equations are quite different from the co
sponding expressions found in the case of a supercondu
with magnetic impurities23 and the analogy which worke
for Tc is no longer applicable. Let us first consider the p
allel case. Integral~27! can be performed analytically b
changing the integration overv by integration overu,

DP5lN~0!E
DP/vD

ũP F DP

sin2u
12t0

21~11 i !
sinu/2

cos2u/2
Gsinudu

1c.c., ~30!
01452
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wheret0
21 is given by (gTc0 /A2)(js /ds)(js /j f), andũP is

the solution of equation

DPcosũP54t0
21~11 i !sin~ ũP/2!. ~31!

In the absence ofF layers and at zero temperature, the ord
parameterD0 verifies Eq.~30! with t0

2150, i.e.,

D052lN~0!E
D0 /vD

p/2 D0

sinu
du52lN~0!D0F2 lnS tan

D0

2vD
D G .

~32!

Combining Eqs.~30! and ~32!, we may eliminate the di-
verging terms whenu goes to zero and, finally, performin
the remaining integration, we obtain the following explic
relation for the ratioDP/D0:

lnS DP

D0
D5ReH ln tan~ ũP/2!14t0

21~11 i !

DP

3F ln tanS ũP1p

4
D 2sin~ ũP/2!G J . ~33!

Performing the same kind of calculation in the antipara
case we have, for the ratioDA/D0,

lnS DA

D0
D5 ln tan~ ũA/2!1

4t0
21

DA
F ln tanS ũA1p

4
D 2sin~ ũA/2!G ,

~34!

whereũA is the solution of

DAcosũA54t0
21sin~ ũA/2!. ~35!

The density of states for one direction of spin is given
N↑(v)5 1

2 N(0)Re@G(v→ iv)#, where N(0) is the total
density of state in the normal state. Considering the lim
v50, this relation becomesN↑(v)5 1

2 N(0)Re(cosũA,P),
whereũP is given by Eq.~31! and ũA by Eq. ~35!. An ana-
lytical study of Eqs.~31! and~35! shows that the real part o
the solutionsũA,P always exists; thusN↑(v) is finite atv50.
As a result, at low temperatures and in both configuratio
the superconductivity inF/S/F systems should be a gaple
one. Note however that all our calculations correspond to
case of strong ferromagnets (h@Tc). In the case of a weak
exchange field (h!Tc), the gap in the density of states wi
be restored.

In Fig. 3, we plot the order parameter in both parallel a
anti-parallel case as a function of the pair-breaking param
(D0t0)21. At a small exchange field or at a small condu
tivity ratio, there is almost no difference betweenDP and
DA, and their evolution with (D0t0)21 is linear as in the case
of superconducting alloys containing magnetic impuritie
however, the overall behavior in the whole temperature
gion is different. Naturally, the superconducting order p
rameter is always larger in the antiparallel case due to
partial compensation of the exchange field effect.
3-5
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The thermodynamic potential~per unit area! for both ori-
entations can be found by integrating Eqs.~33! and ~34!

VP~h,D!5dsN~0!S D2

2
ln

D2

eD0
2

2t0
22Re@ i f ~XP!# D , ~36!
iv

th
di
pa

th
or

e

he

i

l

01452
VA~h,D!5dsN~0!S D2

2
ln

D2

eD0
2

2t0
22f ~XA!D , ~37!

where the functionf (X) is defined by
1

2~2~X!221!2 F2~X11!2~2X21!2ln~11X!2~X21!2~2X11!2ln~12X!

12X2ln X16X2~2X221!
G , ~38!
y

-

n

e

a-

e-
nc-

llel
and whileXA,P5sin(ũA,P/2). Minimizing Eqs.~36! and ~37!
in respect to the order parameter at fixed exchange field g
back the self-consistency equations~33! and ~34! determin-
ing D(h). Keeping in mind the fact that the free energyF of
the system is equal to the thermodynamic potential when
order parameter is minimized, we have determined the
ference of the free energy between the parallel and anti
allel configurationsFP2FA5VP(h,DP)2VA(h,DA). The
analysis of Eq.~18! in the case of infiniteF layers and a high
transparency of the interfaces immediately shows that
superconducting transition temperature is going to zero f

~D0t0!2150.25 in the parallel case, ~39!

~D0t0!2150.175 in the antiparallel case. ~40!

These values naturally correspond to the order param
vanishing in Fig. 3. As a result,FP is equal to zero for
(D0t0)21.0.25 andFA for (D0t0)21.0.175. In Fig. 4, we
plot the normalized expression of (FP2FA), by the free en-
ergy in the antiparallel configuration, as a function of t
parameter (D0t0)21. The expression (FP2FA) is always
positive, and, in conclusion, the antiparallel configuration
always more stable than the parallel configuration.

FIG. 3. The order parameterD normalized by its value in the
absence of a proximity effectD0 in both parallel and antiparalle
cases as a function of the pair-breaking parameter (t0D0)21.
es
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2. Low transparency limit

In this limit, an expansion of Eqs.~25! and ~26! with
respect to 1/gB can be made. In the limit of low transparenc
(gB→`), the order parameter in theF layer almost com-
pletely disappears; thus the angleu0 describing the supercon
ducting order parameter in theF layer at theS/F boundary is
small (u0!1). So, with the help of boundary conditions~5!,
we find that the angleu, characterizing superconductivity i
the S layer, is given in this limit by sinu5u0gB̃/2. With this
relation and Eq.~11!, we can easily find the expression of th
coefficientb in both configurations:

bP52
g

j fdsgB
~12g B̃

2112g B̃
22!, ~41!

bAP5~bP1bP* !/2. ~42!

The stability of both parallel and anti-parallel configur
tions of theFSF trilayer in the low transparency limit can
also be studied by performing the integration overv in the
Usadel self-consistency equation~27!. Here we only give the
results of the corresponding calculations:

FIG. 4. Normalized value of the difference of free energy b
tween the parallel and antiparallel configurations plotted as a fu
tion of the parameter (t0D0)21. For (t0D0)21>0.175, the super-
conducting transition temperature is equal to zero in the para
configuration.
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lnS DP

D0
D

52A 2

DPt0gB
S 12

1

2A2gB
D 1

p

4DPt0gB
S 12

1

A2gB
D ,

~43!

lnS DA

D0
D52A 2

DAt0gB
S 12

1

2A2gB

2
1

16gB
2 D

1
p

4DAt0gB
S 12

1

A2gB
D . ~44!

Following the method presented in the previous paragra
we obtain the expression for the thermodynamic potentia

VA,P~h,D!5dsN~0!S D2

2
ln

D2

eD0
2

1aA,PD3/22bA,PD D ,

~45!

where the coefficients

aP5
4

3
A 2

t0gB
S 12

1

2A2gB
D ,

aA5
4

3
A 2

t0gB
S 12

1

2A2gB

2
1

16gB
2 D ,

and

bA,P5
p

2t0gB
S 12

1

A2gB
D .

The term containinggB
22 in aA contributes to the stabiliza

tion of the antiparallel configuration compared to the para
configuration. Although, as follows from Eqs.~43!–~45!, the
orientation dependent relative variation of the order para
eter and condensation energy is very small:

DP2DA

D0
;

FP2FA

F0
;

gB
25/2

AD0t0

. ~46!

B. Free energy, entropy, and specific heat
of the trilayer close to Tc

At the transition temperature, the order parameterD goes
to zero, and the Green functionsF andG go, respectively, to
0 and sgn(v). In the limit of high S/F interface transpar-
ency, we may use Eqs.~28! and ~29! and develop all the
quantities aroundTc to obtain an expansion ofF in powers
of D,

F5
D

uvu1e~v!
2

D3

2@ uvu1e~v!#3
2

D3e~v!

8@ uvu1e~v!#4
1o~D5!,

~47!
01452
h,

l

-

where for the parallel casee5eP(v)5@2(11 i )t0
21# while

in the parallel casee5eA(v)5@eP(v)1eP(v)* #/2. Thus,
using expression~47! and the self-consistency equation, w
may directly obtain the dependance of the order param
with the temperature. In the antiparallel case we have

2 lnS T

Tc0
D5CS 1

2
1

1

pt0TD2CS 1

2D1S D

2pTD 2

g1S 1

pt0TD ,

~48!

and in the parallel case

2 lnS T

Tc0
D

5ReCS 1

2
1

~11 i !

pt0T D2CS 1

2D1S D

2pTD 2

Reg1F ~11 i !

pt0T G ,
~49!

where the functiong1(x)52 1
4 C (2)( 1

2 1x)1(x/48)C (3)( 1
2

1x). It is important to note that the functiong1(x) is posi-
tive for all values of (pt0T)21, so the superconducting
phase transition is always a second-order one fordf@j f .
The transition temperature of the superconductor in con
with the F layers is determined by puttingD50 in the pre-
vious equations, and gives back the results of Sec. IV an
Refs. 16 and 17 in the limit of a largeF layer and a large
transparency of the interfaces. Simplifying Eqs.~48! and
~49! using Eq. ~18!, and defining the functiong2(x)51

2xC (1)( 1
2 1x), we obtain

DA
25~2pTc

A!2
g2@~pt0Tc

A!21#

g1@~pt0Tc
A!21#

S 12
T

Tc
AD , ~50!

DP
2 5~2pTc

P!2
Reg2@~pt0Tc

P!21#

Reg1@~pt0Tc
P!21#

S 12
T

Tc
PD . ~51!

This shows that the order parameters increases as
2T/Tc)

1/2 when the temperature is sufficiently low. The fre
energy of the system is simply given by~see Ref. 20!

Fs2Fn5DF52E
0

lD2

l1
2

dl15E
0

D

D1
2

dS 1

l D
dD1

dD1 . ~52!

Using the relationd(1/l)52N(0)dTc0 /Tc0 ~see Ref. 20!,
and Eqs.~50! and ~51!, we obtain

d~l21!

dD
52

DN~0!

2p2Tc
2

g1@~pt0Tc!
21#.

Thus the calculation of the free energy is straightforwa
@Eq. ~52!#:

DFA522N~0!p2~Tc
A!2

g2
2@~pt0Tc

A!21#

g1@~pt0Tc
A!21#

S 12
T

Tc
AD 2

,

~53!
3-7
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DFP522N~0!p2~Tc
P!2

$Reg2@~pt0Tc
P!21#%2

Reg1@~pt0Tc
P!21#

S 12
T

Tc
PD 2

.

~54!

From the above equations, the entropy and the heat c
city are obtained using S52(]F/]T)h and C
52T@(]2F/]T2)#h . We present the results obtained for t
heat capacity only:

DCP~Tc
P!54p2N~0!Tc

P $Reg2@~pt0Tc
P!21#%2

Reg1@~pt0Tc
P!21#

, ~55!

DCA~Tc
A!54p2N~0!Tc

A
g2

2@~pt0Tc
A!21#

g1@~pt0Tc
A!21#

. ~56!

The jump of the specific heat at the transition decrea
monotonically asTc decreases~i.e., as the pair-breaking ef
fect of theF layers increases!. The corresponding results ar
plotted in Fig. 5, where the jump of the specific heat atTc is
normalized by the jump of the specific heat atTc0 the critical
temperature without any proximity effect.

VI. CONCLUSION

We have considered the properties ofF/S/F spin-valve
systems, and presented their general theoretical descrip

FIG. 5. Discontinuity of the specific heat at the critical tempe
ture vsTc /Tc0. The full line corresponds to the antiparallel cas
and the dashed line to the parallel case.
,

ev

,
s.

01452
a-

s

ion

for the most interesting case of a thin superconducting la
The spin-valve effect occurs to be very strongly depend
on the S/F interface transparency. So, to observe it in
experiment, it is necessary to choose superconduc
ferromagnet systems with a low barrier at the interface. T
oscillatorylike Tc dependence on theF-layer thicknessdf
gives the optimum condition for spin-valve observation f
df;j f but the situation also remains qualitatively the sa
for higher thicknesses. The characteristic lengthj f can be
estimated in some ferromagnetic compounds: for example
cobalt, usingv f;2.106 m.s21 and h;120 meV, j f should
be around 17 Å, in gadolinium,27 v f;2.106 m.s21 and h
;250 meV,j f should be around 18 Å.

The maximum gain in the superconducting energy cor
sponds to the antiparallel configuration, and this gain may
of the same order of magnitude as the superconducting
densation energy itself. So we may expect that, without
external applied field, the parallel configuration will be u
stable. Therefore, with the decrease of the temperature be
Tc , the transition from parallel to antiparallel configuratio
may be observed. Since it would depend on the magn
cohercitivity force, thinF layers would bea priori more
suitable to observe such an effect. A very interesting situa
can be also observed when the Curie temperature is lo
than the superconducting critical temperature. In such a c
we may expect the spontaneous appearance of an antipa
configuration by decreasing the temperature. It is worth n
ing that in the case when the domain wall energy is sm
the formation of short length-scale magnetic domains co
occur at the contact of the ferromagnet and the sup
conductor.28,29

In conclusion,F/S/F trilayer systems reveal strong inte
ferences between superconducting and magnetic effe
They could be quite interesting for applications, as a v
small magnetic field may strongly influence the superc
ducting characteristics via the spin-valve effect.

ACKNOWLEDGMENT

We thank C. Baraduc, V. V. Ryazanov, H. Sellier, and
V. Vedyayev for stimulating discussions. This work was su
ported by the NATO Collaborative Linkage Grant No. CL
978153, the ESF ‘‘vortex’’ Programme, and the ACI ‘‘supr
nanome´trique.’’

-
,

v,

v,

R.
1A.I. Buzdin and M.Y. Kuprianov, JETP Lett.53, 321 ~1991!.
2Z. Radovic, M. Ledvij, L. Dobrosavljevic-Grujic, A.I. Buzdin

and J.R. Clem, Phys. Rev. B44, 759 ~1991!.
3L.R. Tagirov, Physica C307, 145 ~1998!.
4Y.N. Proshin and M.G. Khusainov, Zh. E´ksp. Teor. Fiz.113, 1708

~1998! @JETP 86, 930 ~1998!#; 116, 1887 ~1999! @89, 1021
~1999!#.

5J.S. Jiang, D. Davidovic, D.H. Reich, and C.L. Chien, Phys. R
Lett. 74, 314 ~1985!.

6T. Mühge, N.N. Garif’yanov, Yu.V. Goryunov, G.G. Khaliullin
L.R. Tagirov, K. Westerholt, I.A. Garifullin, and H. Zabel, Phy
Rev. Lett.77, 1857~1996!.
.

7L. Lazar, K. Westerholt, H. Zabel, L.R. Tagirov, Yu.V. Goryuno
N.N. Garif’yanov, and I.A. Garifullin, Phys. Rev. B61, 3711
~2000!.

8Y.A. Izyumov, Y.N. Proshin, and M.G. Khusainov, Phys. Usp.45,
109 ~2002!.

9A.I. Buzdin, L.N. Bulaevskii, and S.V. Panyukov, JETP Lett.35,
178 ~1982!.

10A.I. Buzdin and M.Y. Kuprianov, JETP Lett.52, 487 ~1990!.
11V.V. Ryazanov, V.A. Oboznov, A.Yu. Rusanov, A.V. Veretenniko

A.A. Golubov, and J. Aarts, Phys. Rev. Lett.86, 2427~2001!.
12T. Kontos, M. Aprili, J. Lesueur, F. Genet, B. Stephanidis, and

Boursier, cond-mat/0201104~unpublished!.
3-8



tt.

tt.

s.

,

s.

n.

THERMODYNAMIC PROPERTIES OF . . . PHYSICAL REVIEW B 67, 014523 ~2003!
13A. Buzdin, Phys. Rev. B62, 11 377~2000!.
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