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We theoretically investigate the superconducting critical temperatureTc dependence on the relative orienta-
tion of the magnetizations inF/S/F trilayer structures, where F is a ferromagnet and S is a superconductor.
The values ofTc are obtained from the linearized Usadel equations. We discuss the usual approximations
employed to solve those equations and show that they are invalid in the parameter range of interest. We also
compare approximate results of several authors. Adapting the numeric method used previously for F/S bilayers
to the case ofF/S/Ftrilayers, we find critical temperatures for parallel and antiparallel magnetic configurations
with no approximations involved. Our results qualitatively explain experimental data and provide guidelines
for optimizing the experimental systems.
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I. INTRODUCTION

The observation of a nonmonotonic dependence of the
superconductingsSd critical temperatureTc on the ferromag-
neticsFd layer thickness in F/S systems1 has generated much
work on ferromagnet–superconductor proximity effects. This
and other novel phenomena were predicted and observed,
most notably ap-phase state inS/F/S structures.2–5 The
experimental situation is usually such that the mean free path
in the F and S layers is small and superconductivity can be
described by the Usadel equations. Their solution and the
choice of appropriate boundary conditions at the S/F inter-
faces are the subject of much theoretical development.6–9

Theoretical models also predict that inF/S/FtrilayersTc
depends on the angleu between the magnetizationsM 1 and
M 2 of the F layers.10–15 This type of effect for a structure
with insulating ferromagnets was predicted and observed
earlier,16,17but no systematic studies followed. In the case of
all-metallic systems, the first experimental observation of
an orientation dependent Tc was reported for
CuxNi1−x/Nb/CuxNi1−x.

18 The alloy CuxNi1−x for xø0.6 is a
weak ferromagnet that does not destroy superconductivity in
layers with thicknessdS,jS, where jS is the coherence
length of the superconducting layer.

In metallic F/S/F trilayers the overallTc is reduced by
the usual proximity effect with the adjacent ferromagnetic
layers,19 but the amount of reduction depends on the relative
magnetization orientation in the F layers. This magnetization
orientation dependence occurs when the Cooper pair sizejS
is comparable with or smaller than the thickness of the su-
perconducting layer, so that the pairs are influenced by both
F layers simultaneously.

The usual Cooper pairs are spin-singlets that are isotropic
in spin space. Their interaction with a ferromagnetic layer
does not depend on the direction of the magnetization that
sets the Zeeman field in the layer. A purely singlet pairing
cannot explain the effect of the relative magnetization orien-

tation onTc; the best one could expect is a stronger suppres-
sion ofTc in the F/S/Ftrilayer compared to the F/S bilayer
due to the additional hostile interface. However in the pres-
ence of even one magnetic layer the nature of the Cooper
pairs in the S layer changes. The usual spin-singlet pairs are
modified and acquire an admixture of spin-triplet nature. In
the spin-triplet state the Cooper pairs have total spin equal to
one and thus a direction in the spin space is selected. The
interaction of a spin-triplet pair with the F-layer Zeeman
field then does depend on the angle between the spin of the
pair and the magnetization of the F layer. Thus the effect
discussed in this paper is made possible.

Mathematically superconductivity with an arbitrary spin
state of the pairs is described by a 232 matrix anomalous
Green’s function

Fabsx,vnd = U f↑↑ f↑↓
f↓↑ f↓↓

U .

In the purely spin-singlet state this matrix is antisymmetric

F̂, iŝy. In the generic caseF̂ can be decomposed as

F̂ = ssiŝyd + ts1d
Ê + ŝz

2
+ ts0dŝx + ts−1d

Ê − ŝz

2
,

whereŝx, ŝy, ŝz are the Pauli matrices andÊ is an identity
matrix. The spin-singlet component and three spin-triplet
components are given by complex coefficientss and ts−1,0,1d,
respectively. The indices of the spin-triplet component de-
note the projection of the Cooper pair spin on thez axis. In
the dirty limit superconductivity can only exist in the form of
an s wave in the momentum space. To respect the overall

symmetry ofF̂, the spin-triplet components ofF̂sx,vnd have
to be odd functions of the Matsubara frequencyvn. Such
odd-in-omega pairing correlations were first discussed in
Ref. 20.
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In the absence of ferromagnets all spin-triplet components
are equal to zero. For the F/S bilayers thets0d component is
generated near the boundary due to the interplay between the
spin-singlet pairing interaction in the S layer and band split-
ting of the F layer. The same is true for theF/S/F trilayers
for the case of collinear magnetic configuration. As argued
above, the presence of thets0d component is responsible for
the difference ofTc in parallel and antiparallel configura-
tions.

In a noncollinear magnetic configuration thets±1d compo-
nents are generated as well. According to recent theoretical
work21,22 their decay length in a ferromagnet is much longer
than for the spin-singlet and thets0d spin-triplet component
and their presence leads to very interesting phenomena of
long range proximity. In the problem ofTc dependence on
magnetic configuration the presence ofts±1d is not required
(but has to be taken into account if these components are
indeed present).

It was shown10–15 that the critical temperatureTcsud is
lowest in the parallel(P) stateTcsu=0d;TcfPg and highest in
the antiparallel(AP) state Tcsu=pd;TcfAPg. This can be
qualitatively justified as follows. Since the triplet component
is induced byM, it is natural that its value averaged over the
superconductor is larger for the P than for the AP configura-
tion. Then the relationshipTcfPg,TcfAPg follows from the
fact that the presence of a triplet component is detrimental to
the superconductivity.

In the temperature rangeTcfPg,T,TcfAPg the S layer can
retain its superconductivity in the AP configuration of the F
layers, but will revert to the normal state in the parallel con-
figuration. Therefore the system not only exhibits physically
interesting phenomena, but can be also used as a switching
device for low-temperature applications.23 If the coercivity
of the F layers is sufficiently small, as is usually the case, the
switching field of the S layer can be much smaller than the
critical field of the superconductor.

The predictions of a significant differenceTcfAPg−TcfPg in
previous work11–13 are in sharp contrast with recent experi-
ments which measured much smallerDTc (the sign of
TcfAPg−TcfPg does correspond to the theoretical
predictions).18 One must remember, however, that the calcu-
lations11–13 were performed using approximations—either a
thin S layer approximation or a “single-mode”
approximation—to solve the Usadel equations in closed
form. The experimental parameters can often be out of the
validity range of those approximations. This, in particular, is
true for the structures used in Ref. 18. In order to perform a
more meaningful comparison of the theory and experiment,
it is necessary to solve the problem exactly. To achieve that
we adapted the numerical method developed for the F/S
bilayers24,25 to the case ofF/S/Ftrilayers. Numeric solution
is valid in any range of parameters and thus can provide
valuable guidance for experiments. We investigate theTc de-
pendence of various parameters, such as the F- and S-layer
thickness.

The paper is organized as follows: Sec. II explains the
adaptation of the method of Ref. 25 for trilayer structures.
Section III discusses the regions of validity of common ap-

proximations and shows that numeric calculations are re-
quired to describe the structures studied in Ref. 18. Section
IV presents our results for the difference betweenTc in par-
allel and antiparallel configurations for various parameters.
Finally we compare our calculation with experiments, and
discuss the insights gained.

II. SOLUTION METHOD FOR THE TRILAYER
STRUCTURES

We adapt the method, developed in Refs. 24 and 25 in the
context of F/S bilayers, for the collinearF/S/F case. It is
assumed that all quantities depend only on the coordinatex
perpendicular to the layers. We also specifically consider
symmetric structures with identical ferromagnets and F/S
boundaries(see Fig. 1).

A. Equations and boundary conditions

In general the system of Usadel equations involves prop-
erly averaged Matsubara Green’s functionsGsx,vnd,
Fsx,vnd, vnsTd=2pTsn+1/2d, and the self-consistent order
parameterDsxd. However to find the critical temperature it is
sufficient to linearize these equations with respect to smallF
and useG of the normal metal state.12 Then, starting from
the matrix Usadel equation onFabsx,vnd,21 it is possible to
prove that in the collinear case this matrix has the form

Fabsx,vnd = U 0 Fsx,vnd
− F*sx,vnd 0

U .

This means that the singlet component iss=ReF and the
triplet component ists0d= i Im F. Now the matrix equation
can be reduced to an equation on a scalar complex function
Fsx,vnd (we follow the notation of Ref. 25):

j2sxdpTcsF9sx,vnd − suvnu + iEexsxdsgnsvnddFsx,vnd + Dsxd

= 0. s1d

The order parameterDsxd obeys the self-consistency
condition25

FIG. 1. F/S/F trilayer structure.
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DsxdlogSTcs

T
D = pTo

vn

Dsxd
uvnu

− Fsx,vnd

=2pT o
vn.0

Dsxd
uvnu

− RehFsx,vndj. s2d

Here T is the temperature of the system,Tcs is the critical
temperature of a stand-alone S layer(in our approximation it
is equal to the transition temperature of a bulk supercon-
ductor), and parametersjsxd and Eexsxd have constant, but
different, values in the F and S layers. Coherence lengths
jF=ÎDf / s2pTcsd and jS=ÎDs/ s2pTcsd are expressed
through corresponding diffusion coefficients. The band split-
ting parameterEexsxd=Ei in the Fi layer (i =1 for the left F
layer andi =2 for the right F layer) and zero in the S layer.
For the parallel configurationE1=E2=Eex while for the anti-
parallel configurationE1=Eex, E2=−Eex. The order param-
eterDsxd is zero in the F layer and has to be determined in
the S layer. This is a consequence of the physical assumption
of the absence of pairing interaction in the F layers. We also
used the symmetry propertyFs−vnd=F*svnd to obtain the
last line.

The anomalous functionFsx,vnd experiences jumps and
derivative discontinuities at the boundaries between the lay-
ers and at the outer boundaries. We will denote the values of
F on the F and S sides of the boundary asFF andFS, respec-
tively. For a symmetric structure the boundary conditions26

are:

dFF

dx
= 0

on the outer boundaries of the F layers, and on the Fi /S
boundaries are:

gjFSdFF

dx
D

i
= jSSdFS

dx
D

i

s− 1di+1gbjFSdFF

dx
D

i
= FSi − FFi . s3d

The parametersg andgb characterize the band-structure mis-
match and transparency of the boundary, respectively, and
can be expressed through resistivitiesrS andrF and bound-
ary resistivityrb (in terms of boundary surface area and total
boundary resistance rb=RbA): g=rSjS/ srFjFd, gb

=rb/ srFjFd. Equations(1) and(2) with boundary conditions
(3) have nonzero solutions only forT,Tc. We determine the
Tc as the temperature at which the firstFÞ0 solution ap-
pears.

B. Equations reduction

The main difficulty in findingF and D is posed by the
integral self-consistency equation(2). However, in the F lay-
ersD=0 and one can solve the equations analytically. When
this is done, it turns out that, just like in Refs. 24 and 25,
knowingFFsx,vnd it is possible to express the boundary con-
ditions throughFS only. As a result we obtain a simpler

system forFS andD on the intervalf−dS/2 ,dS/2g

jS
2pTcs

d2FSsx,vnd
dx2 − uvnuFSsx,vnd + Dsxd = 0,

DsxdlnSTcs

T
D = pT o

vnsTd
S D

uvnu
− RehFSsx,vndjD , s4d

and boundary conditions

jSFSi8 = LiFSi, s5d

where complex constantsLi si =1,2d are defined as

Li = s− 1di+1 g

gb + Bi
,

Bi =
1

jFkFsi,vndtan hsdFkFsi,vndd
,

kFsi,vnd =
1

jF

Îuvnu + iEisgnsvnd
pTcs

. s6d

The parallel case is characterized byL1=−L2=L, while for
the antiparallel caseL1=−L2

* =L.
The order parameterDsxd can be chosen to be real; this is

a consequence of the requirement of the absence of a current.
Then equations for theF+=2RehFSj and F−=2ImhFSj parts
of the anomalous function separate into

jS
2pTcs

d2F−

dx2 − uvnuF− = 0, s7d

and

jS
2pTcs

d2F+

dx2 − uvnuF+ + 2Dsxd = 0, s8d

with

DsxdlnSTcs

T
D = pT o

vnsTd
S 2D

uvnu
− F+sx,vndD , s9d

but the boundary conditions still connectF+ andF−:

jSSF+8

F−8
D

i

= UResLid − ImsLid
ImsLid ResLid

USF+

F−
D

i
.

The general solution of Eq.(7) is

F−sxd = A coshskSxd + B sinhskSxd,

kSsnd =
1

jS

Î uvnu
pTcs

. s10d

When the structure has identical properties of the F layers
and F/S boundaries, one has a handy simplification follow-
ing from the symmetry of the problem, i.e.,B=0 in the P
case andA=0 in the AP case. As a consequence one can
separate the bulk equation and the boundary conditions on
F+ in the form
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jSF+i8 = s− 1di+1WfP/APgsvndF+i , s11d

where the subscriptsfPg andfAPg specify the magnetic con-
figuration. Our calculations yield

WfP/APg = ReL +
Im L2

AfP/APg + ReL

=g
AfP/APgsgb + RefBgd + g

AfP/APgugb + Bu2 + gsgb + RefBgd
, s12d

where

AfPg = kSjStanhskSdS/2d,

AfAPg = kSjScothskSdS/2d. s13d

Either of Bi or Li from Eq. (6) can be used in this formula,
sinceW does not depend on the sign of the imaginary part
of B.

C. Mapping on the F/S problem

With symmetric boundary conditions(11) the solutions of
Eqs. (8) and (9) are symmetric functionsF+sxd and Dsxd.
Therefore, the problem is mapped back onto the F/S prob-
lem with the superconducting layer occupying the
f−dS/2 ,0g interval and a boundary conditionF+8s0d=0, i.e.
on the problem treated in Ref. 25 with effective valuedSef f
=dS/2. This conclusion is obvious for the P case, and indeed
WfPg is identical to the one found for the F/S bilayer. For the
AP case the only change occurs inAfAPg. Any of the solution
methods discussed in Ref. 25 can now be utilized. In Sec. IV
we will present numeric results obtained with the method of
fundamental solution introduced in Sec. IV of Ref. 25. But
before doing that, we discuss the validity of the approxima-
tions commonly made to solve Eqs.(8) and (9), and justify
the necessity of a numeric approach.

III. ANALYSIS OF COMMON APPROXIMATIONS

A. Single-mode approximation

We start with the “single-mode” approximation. As ex-
plained in Sec. III A of Ref. 25 this approximation is valid
when parametersWn are approximately independent ofn.
Since the sum Eq.(2) is converging, it is enough to demand
n independence only up to a certain numbern* such that
vn* @pTc and the remainder of the sum can be neglected.

In a strong ferromagnet withEex@vn* the wave vector
kF, given by Eq.(6), can be considered constant forvn of
fixed sign:

kF <
1

jF

Î iEexsgnsvnd
pTcs

. s14d

After that, the onlyn dependence ofWn comes fromAsvnd.
In the P case,A is never constant. It starts to grow linearly

AfPg,vn for small values of the argument and then has an
asymptoteAfPg<Îvn/ spT0d. In the AP case,A can be ap-

proximated by a constantAfAPg<2jS/dS if kSsvn*ddS!1, i.e.,
in the limit of a thin superconductor:

Î vn*

pTcs

dS

jS
! 1. s15d

For larger values ofvn, functionAfAPg joins the same asymp-
tote asAfPg.

Now from Eq.(12) we see that the single-mode approxi-
mation is justified when eitherAsvnd<const, or when the
second term in

Re L +
Im L2

A + ReL
s16d

is negligible compared to ReL. The first case is realized for
a thin superconductor in the AP(but not the P) configuration.
The limit of a thin superconductor will be discussed in the
next section for both P and AP configurations. For now, let
us concentrate on the single-mode solution in thejS&dS (not
too thin superconductor) case. To keepWfP/APgsvnd constant
in this regime, one has to be able to either neglectA in the
denominator of the second term of Eq.(16), or neglect the
second term altogether. The first possibility requiresAsvn*d
!Re L. For the not too thin superconductorkSsvn*ddS@1,
and soAfPgsvn*d<AfAPgsvn*d<Îvn* / spTcsd. The same con-
dition Îvn* / spTcsd!Re L makes the single-mode approxi-
mation possible in both cases.

However, when the single mode approximation is valid,
one also getsWfPg<WfAPg and the difference of critical tem-
peratures cannot be studied this way. The same thing hap-
pens when the second term of Eq.(16) can be neglected
altogether. We conclude that the single-mode approximation
does not allow the study of the dependence of the critical
temperature on the configuration in thejS&dS regime.

In pioneering work13 the F/S/Fproblem was studied on
the basis of a single-mode approximation and, contrary to
our statements, a finiteTcfAPg−TcfPg difference was predicted
even in the case of a thick superconductor. The details of the
calculation are not given in Ref. 13 and we cannot fully
reconcile the conclusions. On one hand, Ref. 13 gives an
explicit expression forTc in the limit dS!jS, dF /jF

!ÎpTcs/Eex, and even in the P case, where the single mode
approximation should not be accurate according to the dis-
cussion above, it corresponds to our Eq.(18). On the other
hand, it cites Ref. 27 for the single-mode approach, and we
believe that a problem can be found in the ansatz proposed
there. Namely the complex anomalous function inside the
superconductor is assumed to have the form

FSsx,vnd =
Dsxd

uvnu + z
, s17d

with z being a complex number to be determined. Then Eq.
(8) gives an equation forDsxd that is independent ofn:
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jS
2pTcsD9sxd + zDsxd = 0.

But Usadel equation(1) with real Dsxd implies Fs−vnd
=F*svnd and ansatz(17) does not satisfy this condition. At
best it could be rewritten as:

FSsx,vnd =
Dsxd

uvnu + z
vn . 0,

FSsx,vnd =
Dsxd

uvnu + z* vn , 0,

which in turn would lead to a requirement forD to satisfy

jS
2pTcsD9sxd + z*Dsxd = 0.

Consequently, ansatz(17) works only whenz is a real num-
ber. However, with realz one cannot satisfy conditions(5) on
the boundary with a ferromagnet.

Note, that in the approach of Ref. 25, which we use in the
present paper, only the real part ofF has the form Eq.(17)
with real z. The imaginary part is then determined from Us-
adel’s equations. This is why the difficulty discussed above
does not arise. However, the conditions of the validity of the
single mode approximation turn out to be more stringent than
those given in Ref. 27.

B. Limit of a thin superconductor

Finally we compare the thin superconductordS!jS re-
sults of Refs. 25 and 28. A more quantitative definition of
this limit is given by the requirementkSsvn*ddS!1, or Eq.
(15).

For the P case one compares Eqs.(18) and(19) of Ref. 28
with Eq. (A2) of Ref. 25. Taking into account different defi-
nitions of coherence lengthsjF ,jS and boundary parameters
g ,gb, and using Eq.(A2) at dSef f=dS/2, one sees that these
formulas are identical. In terms of parameters introduced in
Eq. (6) they read

ln
Tcs

TcfPg
= ReFcS1

2
+

Tcs

TcfPg

jS

dS
LDG − cS1

2
D . s18d

The AP case is not treated in Ref. 25, so we have to use our
extension of the method, Eqs.(11)–(13). As discussed in the
previous section, in the thin superconductor limit the AP
case can be treated in the single-mode approximation. Pa-
rameterW is

W= ReL +
Im L2

2jS/dS+ ReL
< Re L

and according to Sec. III A of Ref. 25 the single-mode criti-
cal temperature is determined from a system

ln
Tcs

Tc
= ReFcS1

2
+

Tcs

Tc

V2

2
DG − cS1

2
D ,

V tanSV
dSef f

jS
D = ReL.

In the second equation the argument of the tangent is small,
so

V2 =
jS

dSef f
Re L,

which yields

ln
Tcs

TcfAPg
= cS1

2
+

Tcs

TcfAPg

jS

dS
Re LD − cS1

2
D . s19d

This is exactly the same result as given by Eqs.(18) and(20)
of Ref. 28.

The actual experiments of Ref. 18 were performed on a
structure withdS.jS. Thus neither of the approximations is
suitable for their description. This is even more true if one
recalls that the F layers were deliberately fabricated from
weak ferromagnet; so the criterion thatEex@vn* may not be
valid either. To study the behavior of the experimental
samples we performed numeric calculations as explained in
Sec. II C.

IV. NUMERIC RESULTS

In this section, we show results for various material pa-
rameters and layer thicknesses. Material parameters are taken
from published data for NbsrS=7.5 mV cm,jS=8.9 nmd
and CuxNi1−x with x=0.43(rF=60 mV cm, jF=7.6 nm).25,29

We plot typical behavior ofTc of the trilayer system as a
function ofdF for dS=22 nm,gb=0.3 andEex/kB,130 K for
the P and AP cases in Fig. 2. Here the parameters are chosen
so that we can compare with the bilayer result of Ref. 25
with dSef f=11 nm. Indeed, we find the sameTc in the P
configuration.

FIG. 2. Typical normalized superconducting critical temperature
dependence on the thickness of the ferromagnetic layers in aF/S/F
trilayer structure for parallel and antiparallel magnetic configura-
tions of the two ferromagnetic layers. Note, that a slight violation of
the propertyTc→Tcs as dF→0 of Eqs.(4) and (11) is due to the
decrease of the accuracy of numeric procedure for smalldF. It was
checked that the discrepancy vanishes as the spatial resolution of
the calculation is increased. Parameters values areg=0.15, gb

=0.3, anddS/jS=2.47.
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As shown in Fig. 2,Tc of the trilayer depends on the
relative magnetization orientation of the two F layers. The
difference of theTc values between the P and AP configura-
tions,DTc=TcfAPg−TcfPg is shown in Fig. 3 for the same ma-
terials parameters. AsdF increases,DTc goes through a maxi-
mum and finally reaches a limiting value asdF→`.

We now examine the spatial variation of the anomalous
Green functionF, which is proportional to the density of
Cooper pairs. The superconducting order parameter is given
by the anomalous Green’s function taken at zero imaginary
time t:

Fsx,t = 0d = To
vn

Fsx,vnd = T o
vn.0

F+sx,vnd. s20d

In Figs. 4(a) and 4(b), F is plotted for the P and AP configu-
rations. We also plotted the sum

F−sxd = T o
vn.0

F−sx,vnd s21d

to characterize the imaginary part ofF. As discussed above,
F−sxd is an even function ofx in the P configuration and an
odd function in the AP configuration.

Now, we explore theDTc dependence on various param-
eters. First we plot a family ofTcfPgsdFd, TcfAPgsdFd, and
DTcsdFd curves for various values ofdS. They are shown in
Figs. 5(a) and 5(b) (other parameters are the same as stated
above). The critical temperatures obeyTcfAPg.TcfPg, as
shown in Fig. 5(a). The decrease ofTc compared toTcs
(proximity effect) and the value ofDTc are large for thindS
in agreement with Ref. 11. However in that caseTc is often
too small to measure experimentally without a dilution re-
frigerator. The behavior is also very sensitive todF. In the
inset of Fig. 5(b), we plot the thindS case again to show
more detail. From Fig. 5(b), we find that the region of large
DTc is very narrow within the thindF range. ThedF value

where theDTc has a maximum is slightly smaller than thedF
value whereTc has its minimum. For largerdS the proximity
effect becomes smaller, so it can be easily measured, but in
this regimeDTc is small as well.

In Figs. 6(a) and 6(b), we plot normalized values ofTcfPg,
TcfAPg andDTc as a function ofdS for dF /jF=0.7. This plot is
analogous to Fig. 2 of Buzdinet al.,11,12 except that in the
previous papers,11,12 TcfPg andTcfAPg were plotted as a func-
tion of 1/dS which might make them less easy to use. We
plot TcfPg andTcfAPg as a function of the normalized thickness
of the S layer. As shown in Fig. 6(a), the region where the
AP configuration is superconducting while the P configura-
tion is normal is very narrow. In that regionTcfAPg is also
small. In Fig. 6(b) there is a maximumDTc, however, the
maximum usually corresponds to a minimum inTc. We plot
curves for only one value ofdF, because the functional be-
havior of TcfP/APg and DTc is very similar for variousdF

values.
The proximity effect depends on many parameters, and

some of them(diffusion coefficients, conductivities, andg)
are readily obtained from the literature or supplemental mea-

FIG. 3. TheDTc=TcfAPg−TcfPg dependence on the thickness of
the ferromagnetic layers in aF/S/F trilayer structure plotted for
g=0.15,gb=0.3, anddS/jS=2.47.

FIG. 4. (a) Fsx,t=0d Eq. (20) and(b) F−sxd Eq. (21) for parallel
and antiparallel configurations. Hereg=0.15,gb=0.3,dS/jS=2.47,
anddF /jF=1.0.
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surements. However, it is not easy to find the value ofEex
and gb from other experiments. PhysicallyEex is related to
the Curie temperature of the F layer, but it is not a straight-
forward dependence. It can be extracted from the measure-
ments by matching the position of theTcsdFd minimum. The
parametergb is defined assRbAd / srFjFd and depends on both
bulk properties, such as the band mismatch between the two
materials,6,9 and microstructural parameters, such as the S/F
interfacial roughness. We present normalizedDTc values as a
function of dF for variousEex and gb in Figs. 7 and 8. As
shown in Fig. 7, for largeEex (strong ferromagnet) the maxi-
mum DTc is large, but in that case theTc is small and the
maximum ofDTc happens for a very thins,1 nmd F layer. It
is not even clear whether an F layer of such thickness will
order ferromagnetically,30,31so such conditions are not favor-
able experimentally. For a weak ferromagnet(smallEex), the
proximity effect becomes smaller, andDTc is also reduced.

Next, consider the effect of the transparency parametergb
at the interface. Whengb→0, the interface becomes trans-
parent, and the proximity effect is enhanced. For largegb, the

proximity effect becomes small causingDTc to decrease. In
Fig. 8, we plotDTc on a logarithmic scale for various values
of gb. Although the magnitude ofDTc changes dramatically
with gb, the overall behavior is similar for allgb values. Note
again, thatgb is affected by not only intrinsic materials pa-
rameters but also by the interface quality which depends on
the sample preparation conditions.

The overall behavior of theDTc dependence on various
parameters can be summarized as follows: whenTc is small,
DTc/Tc is large. This is natural, becauseDTc exists due to the
interference of the proximity effects, and thus strong prox-
imity effect implies a strong magnetization direction depen-
dence. However, from an experimental viewpoint, too strong
a proximity effect can make it difficult to measureTc.

Finally we try to fit the experimental data for theF/S/F
structure studied in Ref. 18. The best theoretical fit is shown
in Fig. 9. HeredS=19 nm(i.e., dS.jS) and the values of the
other parameters are taken asg=0.135,gb=0.3, andEex/kB
=110 K. The behavior ofTc shows agreement between ex-
periment and theoretical calculations. Theoretical results also
show correct qualitative trends of the experimental data.

FIG. 5. (a) NormalizedTcfPg andTcfAPg. (b) DTc dependence on
dF for various dS/jS values as noted. Inset of(b) shows the full
range ofDTc values. Calculated forg=0.15 andgb=0.3.

FIG. 6. (a) TcfPg and TcfAPg and (b) DTc dependence ondS for
dF /jF 50.7. Surface parameters are taken to beg=0.15 andgb

=0.3.
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However, there is a large discrepancy in the magnitude of
DTc. Varying two unknown parametersgb andEex we were
not able to fit bothTc andDTc. We would like to contrast this
result with the case of a thin superconductorsdS!jSd, in
which it is always possible to fit given dataTc andDTc,

32 but
which is not a good approximation for thedS.jS experimen-
tal situation of Ref. 18.

Possible reasons for the disagreement between theory and
experiment need to be considered. First, the real sample
structure is not a simple trilayer. Extra ferromagnetic pinning
layers were used to stabilize the AP configuration.18 When
the thickness of the CuNi layer is small, the effect of the
permalloy pinning layer must be included into the calcula-
tion. Therefore, the shift of the thickness dependence inDTc

might be ascribed to an extra permalloy layer. Second, asym-
metry plays a role. In the experiments, the bottom CuNi(fcc
with lattice constant,3.55 Å) layer was grown on permal-
loy whose structure is fcc with lattice constant 3.569 Å.
However, the top CuNi layer was grown on Nb whose crystal
structure is bcc with lattice constant 3.3 Å. Therefore the
interface quality and magnetic properties at the interface be-
tween Nb and the top CuNi are different from the interface
between Nb and the bottom CuNi layer. Since the portion of
the proximity effect from the interface dominates, the asym-
metry at the interface can cause large effects. SinceDTc ex-
ists due to the interference of proximity effects, if there is
asymmetry between the two F layers, it might decreaseDTc
dramatically. Therefore removing asymmetry should be one
way to increaseDTc. Furthermore, in our calculation we ig-
nored the spin-orbit scattering, which was considered by
Demleret al.33 and Ohet al.34 Since the spin-orbit scattering
suppresses the oscillation of the proximity effect, that might
play an important role in the magnetization orientation de-
pendent effect.

V. CONCLUSIONS

We show that the single-mode approximation cannot be
used to study the magnetization orientation dependence ofTc
in F/S/Fstructures withjS&dS. To find TcfP/APg in this case
we extend the numeric method developed for F/S bilayers25

to the symmetricF/S/Ftrilayer case and we explore theDTc
dependence on various parameters. Our results are valid for
arbitrary material parameters as long as the dirty limit con-
dition is satisfied.

The differenceDTc generally reaches its maximum value
whenTc is near its minimum. The parameters that give maxi-

FIG. 7. DTc dependence ondF for various Eex/kB as noted.
Calculated for parameters valuesg=0.15, gb=0.3, and dS/jS

=2.47.

FIG. 8. DTc dependence ondF for variousgb as noted. Calcu-
lated forg=0.15 anddS/jS=2.47.

FIG. 9. Tc andDTc (inset) for the trilayers taken from Ref. 18.
Experimental data are shown as symbols and theoretical fit is shown
as a dashed curve(dotted curve on the inset). Theoretical curves are
calculated using parameters valuesg=0.135, gb=0.3, dS=19 nm,
jS=8.9 nm,jF=7.6 nm, andEex/kB=110 K.
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mum values ofDTc are found for various materials and
thicknesses of the ferromagnetic and superconducting layers.
Comparing our results with experimental data we find that by
fitting two unknown parameters,Eex and gb, a quantitative
agreement withTc can be reached. It is however impossible
to obtain quantitative agreement forDTc at the same time.
Thus, thejS&dS case differs from thedS!jS case. Possible
reasons for this discrepancy between theory and experiment
are discussed.

Note added in proof.Recently, the work of Fominovet
al.35 that also treats the critical temperature ofF/S/F trilay-
ers appeared in print. This paper considers a symmetric sys-
tem with an arbitrary angle between the magnetization of F
layers. For parallel and antiparallel collinear configurations

both the present paper and Ref. 35 obtain the same equations
(8), (9), and(11)–(13) to be solved numerically.
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