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We theoretically investigate the superconducting critical temperdiudependence on the relative orienta-
tion of the magnetizations ik/S/Ftrilayer structures, where F is a ferromagnet and S is a superconductor.
The values ofT; 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 oF /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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[. INTRODUCTION tation onT,; the best one could expect is a stronger suppres-
) ] sion of T in the F/S/Ftrilayer compared to the F/S bilayer
The obseryauon Qf_ a nonmonotonic dependence of thgye to the additional hostile interface. However in the pres-
superconductingS) critical temperaturd; on the ferromag- gnce of even one magnetic layer the nature of the Cooper
netic (F) layer thickness in F/S systefrisas generated much pairs in the S layer changes. The usual spin-singlet pairs are
work on ferromagnet-superconductor proximity effects. Thismodified and acquire an admixture of spin-triplet nature. In
and other novel phenomena were predicted and observeghe spin-triplet state the Cooper pairs have total spin equal to
most notably am-phase state irf5/F/S structures™® The  one and thus a direction in the spin space is selected. The
experimental situation is usually such that the mean free patimteraction of a spin-triplet pair with the F-layer Zeeman
in the F and S layers is small and superconductivity can bgield then does depend on the angle between the spin of the
described by the Usadel equations. Their solution and thgair and the magnetization of the F layer. Thus the effect
choice of appropriate boundary conditions at the S/F interdiscussed in this paper is made possible.
faces are the subject of much theoretical developrfént. Mathematically superconductivity with an arbitrary spin

Theoretical models also predict thathiS/FtrilayersT;  state of the pairs is described by &2 matrix anomalous
depends on the angiebetween the magnetizatiohd; and  Green’s function

M, of the F layerd®1® This type of effect for a structure

with insulating ferromagnets was predicted and observed

earlier!®17put no systematic studies followed. In the case of Fap(X @) =
all-metallic systems, the first experimental observation of

an orientation dependentT, was reported for In the purely spin-singlet state this matrix is antisymmetric
CuNiy_/Nb/CuNi,_,.* The alloy CyNi,  for x<0.6isa  F i In the generic cast can be decomposed as

weak ferromagnet that does not destroy superconductivity in

layers with thicknessdg~ &s, where &g is the coherence . - E+ &, A E- &,

length of the superconducting layer. F=slioy) + t(DT +1goy+ t('l)T'

In metallic F/S/F trilayers the overalll, is reduced by
the usual proximity effect with the adjacent ferromagnetic " A oA . . o . .
layers?® but the amount of reduction depends on the relative’N€€ . 0y, 0, are the Pauli matrices arilis an identity
magnetization orientation in the F layers. This magnetizatior{natr'x' The spm—smglet component an.d. three spin-triplet
orientation dependence occurs when the Cooper pairégize compor_lents are g!ve_n by complex goef_ﬁmesn'emdt(_l,w,
is comparable with or smaller than the thickness of the suf@Spectively. The indices of the spin-triplet component de-
perconducting layer, so that the pairs are influenced by botROte the projection of the Cooper pair spin on t#haxis. In
F layers simultaneously. the dirty I|m.|t superconductivity can only exist in the form of

The usual Cooper pairs are spin-singlets that are isotropig" S Wave in the momentum space. To respect the overall
in spin space. Their interaction with a ferromagnetic layersymmetry ofF, the spin-triplet components &f(x, w,) have
does not depend on the direction of the magnetization thab be odd functions of the Matsubara frequenay Such
sets the Zeeman field in the layer. A purely singlet pairingodd-in-omega pairing correlations were first discussed in
cannot explain the effect of the relative magnetization orienRef. 20.
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In the absence of ferromagnets all spin-triplet components 4
are equal to zero. For the F/S bilayers tgcomponent 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 tRéS/Ftrilayers
for the case of collinear magnetic configuration. As argued

above, the presence of tiig, component is responsible for H S B
the difference ofT, in parallel and antiparallel configura-
tions.

In a noncollinear magnetic configuration thg, compo-
nents are generated as well. According to recent theoretical
work?1-??their decay length in a ferromagnet is much longer
than for the spin-singlet and thg, spin-triplet component
and their presence leads to very interesting phenomena of Wa-de 42 H G
long range proximity. In the problem of. dependence on
magnetic configuration the presencetgf, is not required
(but has to be taken into account if these components are
indeed preset

It was showrh®15 that the critical temperatur&.(6) is FIG. 1. F/S/Ftrilayer structure.
lowest in the paralle(P) stateT.(6=0) =Ty p; and highest in
the antiparallel(AP) state T.(6=m)=Tgap. This can be proximations and shows that numeric calculations are re-
qualitatively justified as follows. Since the triplet componentquired to describe the structures studied in Ref. 18. Section
is induced byM, it is natural that its value averaged over the IV presents our results for the difference betwdgnn par-
superconductor is larger for the P than for the AP configuraallel and antiparallel configurations for various parameters.
tion. Then the relationshiyp;<Tgap follows from the Finally we compare our calculation with experiments, and
fact that the presence of a triplet component is detrimental t@iscuss the insights gained.
the superconductivity.

In the temperature rangk;p;<T<Tgap 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- We adapt the method, developed in Refs. 24 and 25 in the
figuration. Therefore the system not only exhibits physicallycontext of F/S bilayers, for the colline&/S/F case. It is
interesting phenomena, but can be also used as a switchiggsumed that all quantities depend only on the coordixate
device for low-temperature applicatiofsIf the coercivity — perpendicular to the layers. We also specifically consider
of the F layers is sufficiently small, as is usually the case, theéymmetric structures with identical ferromagnets and F/S
switching field of the S layer can be much smaller than thedoundariegsee Fig. 1
critical field of the superconductor.

The predictions of a significant differend@gap— Tgp in
previous work!-3 are in sharp contrast with recent experi- ~ In general the system of Usadel equations involves prop-
ments which measured much smallAT, (the sign of erly averaged Matsubara Green's functior(x, wy),
Tyap~Tge) does correspond to the theoretical F(X,@n), ©n(T)=27T(n+1/2), and the self-consistent order
predictions.'® One must remember, however, that the calcu-ParameteA(x). However to find the critical temperature it is
lations 11—13were performed using approxima’[ions_either aSUfﬁCient to linearize these equationS with reSpeCt to shall
thin S layer approximation or a “single-mode” and useG of the normal metal staté. Then, starting from
approximation—to solve the Usadel equations in closedhe matrix Usadel equation df,(x,wy),?! it is possible to
form. The experimental parameters can often be out of th@rove that in the collinear case this matrix has the form

v

II. SOLUTION METHOD FOR THE TRILAYER
STRUCTURES

A. Equations and boundary conditions

validity range of those approximations. This, in particular, is 0 F(X, @)
true for the structures used in Ref. 18. In order to perform a Fop(X, @p) = . o
more meaningful comparison of the theory and experiment, - F (X, 0p) 0

it is necessary to solve the problem exactly. To achieve thathis means that the singlet componentsisRe F and the
we adagtgd the numerical method developed for the F/Siplet component igt =i Im F. Now the matrix equation
bilayerg*?°to the case oF /S/Ftrilayers. Numeric solution can be reduced to an equation on a scalar complex function

is valid in any range of parameters and thus can provide, we follow the notation of Ref
valuable guidance for experiments. We investigateTthde- (%, @) ( e

pendence of various parameters, such as the F- and S-layef(X) 7T (X, @) = (Jp| +IEe{X)SgNwy)) F(X, ) + A(X)

thickness. -0. (1)
The paper is organized as follows: Sec. Il explains the

adaptation of the method of Ref. 25 for trilayer structures.The order parameterA(x) obeys the self-consistency

Section Il discusses the regions of validity of common ap-conditior?®
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A(x)log( ) _ TZ AX) F(x o) system forFg and A on the interval-ds/2,dg/ 2]
n| géﬂ:rcsM — |wn|Fs(X,wp) + A(X) =0,
=27T >, A _ ReF(x,0p)}.  (2) dx
wy>0 | T
Here T is the temperature of the systeffi, is the critical A(x)ln( -F ) al %) (m - Re{Fg(x, wn)}> (4)

temperature of a stand-alone S layi@rour approximation it

is equal to the transition temperature of a bulk superconand boundary conditions
ducton, and parameter§(x) and E.(x) have constant, but )
different, values in the F and S layers. Coherence lengths éFsi=LiFsi, (5)

&r=\Dy/(27Te) and &s=\Do/(27Tc) are expressed \yhere complex constants (i=1,2) are defined as
through corresponding diffusion coefficients. The band split-

ting parameteiE.(x)=E; in the F layer (i=1 for the left F - (- Y
layer andi=2 for the right F layerand zero in the S layer. Yw+B'
For the parallel configuratio®; =E,=E,, while for the anti-

parallel configurationE,=Eg,, E>;=-Eg,. The order param- 1

eter A(x) is zero in the F layer and has to be determined in B, =

the S layer. This is a consequence of the physical assumption &rke (i, wn)tan h(deke(i, wy))
of the absence of pairing interaction in the F layers. We also

used the symmetry property(-w,)=F (»,) to obtain the kel 00 = 1 [|wg| +iEisgniwy) ®)
last line. P T g 7T '

The anomalous functiof(x,w,) experiences jumps and «
derivative discontinuities at the boundaries between the lay-
ers and at the outer boundaries. We will denote the values ¢
F on the F and S sides of the boundanfasandF, respec-
tively. For a symmetric structure the boundary conditféns

The parallel case is characterized by=-L,=L, while for
pe antiparallel caslal——L2 L.
The order parameteXx(x) can be chosen to be real; this is
a consequence of the requirement of the absence of a current.
Then equations for th&,=2RgFg and F_=2Im{Fg} parts

are:
of the anomalous function separate into
dFe
— =0 dZF
dx §S7TTCS e |wn|F— (7)
on the outer boundaries of the F layers, and on th&F
boundaries are: and
dF dF o,
y§F< F) gs( dxs) gSWTcs e |(’-’n|F+ +2A(x) =0, (8
with
dF
1)+t ( F):F-—F-. 3 T
( ) bgF dx Si Fi ( ) A(x)ln( _F ) =T E (| | (X,a)n)>, (9)
wWn

The parametery and y, characterize the band-structure mis-
match and transparency of the boundary, respectively, an@ut the boundary conditions still conneet andF_:
can be expressed through resistivitigsand pr and bound- ,

ary resistivitypy, (in terms of boundary surface area and total 55( F+> - Re(ly) -Im(L)) <F+) _
boundary resistance p,=R,A):  y=psts/ (Prér), Yo Im(Ly) Re(l) [\F_/;
=pp/ (peé&e). Equationg1) and(2) with boundary conditions
(3) have nonzero solutions only far<T.. We determine the

F!

The general solution of Eq7) is

T. as the temperature at which the fifst* 0 solution ap- F_(x) = A cosl{ksx) + B sinh(kgx),
pears.
1
| | NUBESNA-S (10
B. Equations reduction &s V mles

The main difficulty in findingF and A is posed by the When the structure has identical properties of the F layers
integral self-consistency equati¢?). However, in the F lay- and F/S boundaries, one has a handy simplification follow-
ersA=0 and one can solve the equations analytically. Whering from the symmetry of the problem, i.eB=0 in the P
this is done, it turns out that, just like in Refs. 24 and 25,case andA=0 in the AP case. As a consequence one can
knowing F(X, w,) it is possible to express the boundary con-separate the bulk equation and the boundary conditions on
ditions throughFg only. As a result we obtain a simpler F, in the form
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EFL=(- 1)i+lW[P/AP](wn)F+i,

where the subscrip{$?] and[AP] specify the magnetic con-
figuration. Our calculations yield

(11

Im L2
Apiap + Rel
_ Arpiap(m + REB]) + y
- 7A[P/AP]| ¥+ B?+ ¥y, + R4B])’

Wipiap) = Rel +

(12)

where

Arp) = Kséstanhksdg/2),
Arap; = kséscoth(ksdg/2).

Either of B; or L; from Eg. (6) can be used in this formula,

(13)

PHYSICAL REVIEW B 70, 014505(2004)

proximated by a constadap)~ 2&5/ dsif kg(wqx)ds<1, i.e.,
in the limit of a thin superconductor:

e s g
Tesés

For larger values o, functionAsp) joins the same asymp-
tote asArp;.

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

(15

Im L?
RelL +

16
A+ Re (16)

L

sinceW does not depend on the sign of the imaginary parfg negjigible compared to Re. The first case is realized for

of B.

C. Mapping on the F/S problem

With symmetric boundary conditior{¢1) the solutions of
Egs. (8) and (9) are symmetric functions,(x) and A(x).

Therefore, the problem is mapped back onto the F/S proby

a thin superconductor in the ABut not the B 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 indée dg (not
too thin superconductpcase. To keepVpapi(w,) constant
in this regime, one has to be able to either negkedh the
enominator of the second term of Ed6), or neglect the

lem with the superconducting layer occupying thegecond term altogether. The first possibility requitée,.)

[-ds/2,0] interval and a boundary conditioR.(0)=0, i.e.
on the problem treated in Ref. 25 with effective valltg
=dg/2. This conclusion is obvious for the P case, and indee

Wp is identical to the one found for the F/S bilayer. For the

AP case the only change occursApp. Any of the solution

methods discussed in Ref. 25 can now be utilized. In Sec. Nne also

we will present numeric results obtained with the method o

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 Eq®8) and(9), and justify
the necessity of a numeric approach.

I1l. ANALYSIS OF COMMON APPROXIMATIONS

A. Single-mode approximation

We start with the “single-mode” approximation. As ex-
plained in Sec. Il A of Ref. 25 this approximation is valid
when parameterdV,, are approximately independent of
Since the sum Eq2) is converging, it is enough to demand
n independence only up to a certain numimersuch that
oy > 7T, and the remainder of the sum can be neglected.

In a strong ferromagnet witk.,> o, the wave vector
ke, given by Eq.(6), can be considered constant fef, of

fixed sign:
[iEesgrwn)
T ’

cs

1
&

After that, the onlyn dependence d#V, comes fromA(wy,).
In the P caseA is never constant. It starts to grow linearly

ke =~ (14

<ReL. For the not too thin superconductkg w,«)ds>1,
gnd SOAp1(wn) = Apapi(wp:) = \wp«/ (7T The same con-
dition \w,«/ (7T, <ReL makes the single-mode approxi-
mation possible in both cases.

However, when the single mode approximation is valid,

get®\ip;=Wap) and the difference of critical tem-
fperatures cannot be studied this way. The same thing hap-
pens when the second term of Ed.6) 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 te< dg regime.

In pioneering work?® the F/S/Fproblem was studied on
the basis of a single-mode approximation and, contrary to
our statements, a finit€yap)— Top) 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 forT. in the limit ds<&s de/é&e
<\7T./Eey, 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 EpB). 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

A(X)

|wg| +2°

FoX, ) = (17)

Arp1~ oy for small values of the argument and then has anwith z being a complex number to be determined. Then Eq.

asymptoteA;p =~ \w,/(7Ty). In the AP caseA can be ap-

01450
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ErTeA"(X) + 2A(x) = 0. B N

But Usadel equation1l) with real A(x) implies F(-w,) — parallel
S N anti-paralel

=F"(w,) and ansatz17) does not satisfy this condition. At
best it could be rewritten as:

A(X) 0.8 |
Fs(X, wp) = |a)|—+Z w,>0,
n
|_O
= _ A(X) o
S(X,wn)_|w|—+2* wn<0, - 06
n 6|

which in turn would lead to a requirement fdrto satisfy
EnTA"(X) +ZA(X) =0.

Consequently, ansati7) works only whenz is a real num-

ber. However, with reat one cannot satisfy conditiors) on 0'40'0 015 110 115 50
the boundary with a ferromagnet.
Note, that in the approach of Ref. 25, which we use in the d,_JﬁF

present paper, only the real partBfhas the form Eq(17)

with realz. The imaginary part is then determined from Us-  FIG. 2. Typical normalized superconducting critical temperature
adel's equations. This is why the difficulty discussed abovelependence on the thickness of the ferromagnetic layers iS4
does not arise. However, the conditions of the validity of thelrilayer structure for parallel and antiparallel magnetic configura-

S|ng|e mode appr0X|mat|on turn out to be more St”ngent thaﬁons of the two ferromagnetic Iayers. NOte, that a S“ght violation of
those given in Ref. 27. the propertyT,— T¢s asdz— 0 of Egs.(4) and (11) is due to the

decrease of the accuracy of numeric procedure for sdrallt was
B. Limit of a thin superconductor checked that the discrepancy vanishes as the spatial resolution of

Finally we compare the thin superconducthy< és re- the calculation is increased. Parameters values1ar0.15, v,
=0.3, andds/ £s=2.47.

sults of Refs. 25 and 28. A more quantitative definition of
this limit is given by the requiremerkg(w,:)ds<1, or Eq.
15. 02= 5 Rel

For the P case one compares Ed8) and(19) of Ref. 28 Oseff '
with Eq. (A2) of Ref. 25. Taking into account different defi-

nitions of coherence lengthé , és and boundary parameters Which yields
Y, Y, and using Eq(A2) at dg.;~=ds/2, One sees that these Tes 1 T & 1
formulas are identical. In terms of parameters introduced in InT_ = (E + T_d_Re L) - 1/;(§> (19
Eq. (6) they read clAP] clAP]S
T 1 T, ¢ 1 This is exactly the same result as given by Ed8) and(20)
|nﬁ:Re{¢<—+i—sL)} - w(—) (18) of Ref. 28.
c[P] 2 Tgp s The actual experiments of Ref. 18 were performed on a

The AP case is not treated in Ref. 25, so we have to use ogtructure withds>&s. Thus neither of the approximations is
previous section, in the thin superconductor limit the Aprecalls that the F layers were deliberately fabricated from

case can be treated in the single-mode approximation. PA€ak ferromagnet; so the criterion thag,> w,. may not be
rameterW is valid either. To study the behavior of the experimental

) samples we performed numeric calculations as explained in
mL Sec. Il C
~ Re L eC- .
2¢4ds+ Rel

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

W=RelL +
IV. NUMERIC RESULTS

In this section, we show results for various material pa-
R rameters and layer thicknesses. Material parameters are taken
InT—°S= Re{ lﬁ(l N T_CSQ_)} B (}) from pul_)hshe_d data for Nlps=7.5uf) cm,Es=8.9 nm
T, 2 T, 2 2)’ and CyNiy_y with x=0.43(pg=60 u€) cm, &-=7.6 nm.2%29
We plot typical behavior ofT, of the trilayer system as a
dsefr function ofdg for ds=22 nm,y,=0.3 andE,,/kg~ 130 K for
Qtan Q—— | =RelL. the P and AP cases in Fig. 2. Here the parameters are chosen
S so that we can compare with the bilayer result of Ref. 25
In the second equation the argument of the tangent is smallyith dges=11 nm. Indeed, we find the sani¥ in the P
SO configuration.
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0.025 . . . . - T
— Parallel @
008 Antiparallel, 1
0.020
0.015 006 i
” =)
8 L
E° 0.010 2 oosl K S F o
< .
0.005 b
0.02
0.000
0.0 0.5 1.0 15 2.0 0.00
d/ (b)
F éF ----------------
0.01 .
FIG. 3. TheAT =Tgap—T¢p) dependence on the thickness of
the ferromagnetic layers in B/S/F trilayer structure plotted for
y=0.15, %,=0.3, andds/ £s=2.47. =~
I .
As shown in Fig. 2,T. of the trilayer depends on the :- 0.00
relative magnetization orientation of the two F layers. The =7 /—\
difference of theT, values between the P and AP configura-  u?
tions, AT =Teap~ Tgp) iS shown in Fig. 3 for the same ma-
terials parameters. Adi increasesA T, goes through a maxi-
mum and finally reaches a limiting value ds— . -0.01 -\/
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 7
Fx,7=0) =T, F(X,0,) =T >, F.(X ).
wp wp>0

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

(20)

F.)=T > F_(Xw, (21)

>0
to characterize the imaginary part Bf As discussed above,
F_(x) is an even function ok in the P configuration and an
odd function in the AP configuration.

PHYSICAL REVIEW B 70, 014505(2004)

X (arb. unit)

FIG. 4. (a) F(x,7=0) Eq.(20) and(b) F_(x) Eq.(21) for parallel
and antiparallel configurations. Heng=0.15,y,=0.3,ds/ é5=2.47,
and d|:/§|::1.0.

where theAT, has a maximum is slightly smaller than tte
value wher€rl has its minimum. For largats the proximity
effect becomes smaller, so it can be easily measured, but in
this regimeAT, is small as well.

In Figs. &a) and Gb), we plot normalized values dfp,
Tqap @andAT, as a function ofls for dz/ £-=0.7. This plot is
analogous to Fig. 2 of Buzdiet al,'>'2 except that in the
previous paper$; 2 Tp and Tyap) Were plotted as a func-

Now, we explore thelT, dependence on various param- tion of 1/dg which might make them less easy to use. We

eters. First we plot a family offgpi(dg), Tyapi(de), and
AT.(dg) curves for various values afs. They are shown in

plot Tgpy andTap @s a function of the normalized thickness
of the S layer. As shown in Fig.(8), the region where the

Figs. 5a) and %b) (other parameters are the same as statedP configuration is superconducting while the P configura-

above. The critical temperatures obeY ap;> Tqp), as
shown in Fig. %a). The decrease of. compared toT.
(proximity effech and the value oAT, are large for thindg
in agreement with Ref. 11. However in that cases often

tion is normal is very narrow. In that regiofyap) is also
small. In Fig. &b) there is a maximum\T,, however, the
maximum usually corresponds to a minimumTin We plot
curves for only one value di, because the functional be-

too small to measure experimentally without a dilution re-havior of Tpap @and AT, is very similar for variousdg

frigerator. The behavior is also very sensitiveda In the
inset of Fig. %b), we plot the thindg case again to show
more detail. From Fig. @®), we find that the region of large
AT, is very narrow within the third: range. Thedr value

values.

The proximity effect depends on many parameters, and
some of them(diffusion coefficients, conductivities, ang
are readily obtained from the literature or supplemental mea-
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1.0

— Parallel 4 (@ | 0.8 | —— Parallel 7
--------- Anti-parallel

............... Anti-parallel

0.15 ]

[53]
© 010} i

cs

AT /T
AT /T

0.05 4

0.00
1 2 3 4 5 6

. . 2.0
d/E dy/&s

FIG. 6. (8) Tgqp) and Tyap) and(b) AT, dependence ods for
de/ & =0.7. Surface parameters are taken to13€0.15 andvy,
=0.3.

FIG. 5. (@) NormalizedTyp; and Teap. (b) AT, dependence on
de for various dg/ &5 values as noted. Inset @b) shows the full
range ofAT. values. Calculated foy=0.15 andy,=0.3.

proximity effect becomes small causidd. to decrease. In

surements. However, it is not easy to find the valu€gf  Fig. 8, we plotAT, on a logarithmic scale for various values
and y, from other experiments. Physically, is related to  of 4,. Although the magnitude oAT, changes dramatically
the Curie temperature of the F layer, but it is not a straightwith 4, the overall behavior is similar for aj, values. Note
forward dependence. It can be extracted from the measuregain, thaty, is affected by not only intrinsic materials pa-
ments by matching the position of tfig(dg) minimum. The  rameters but also by the interface quality which depends on
parametety, is defined agR,A)/ (peér) and depends on both the sample preparation conditions.
bulk properties, such as the band mismatch between the two The overall behavior of théT. dependence on various
materials?® and microstructural parameters, such as the S/fparameters can be summarized as follows: whgis small,
interfacial roughness. We present normali2eld values as a AT./T,is large. This is natural, becaudd, exists due to the
function of di for variousEg, and y, in Figs. 7 and 8. As interference of the proximity effects, and thus strong prox-
shown in Fig. 7, for largé&,, (strong ferromagngthe maxi-  imity effect implies a strong magnetization direction depen-
mum AT, is large, but in that case thE. is small and the dence. However, from an experimental viewpoint, too strong
maximum ofAT; happens for a very thit~1 nm) F layer. It a proximity effect can make it difficult to measuife.
is not even clear whether an F layer of such thickness will Finally we try to fit the experimental data for tikd S/F
order ferromagneticall§?31so such conditions are not favor- structure studied in Ref. 18. The best theoretical fit is shown
able experimentally. For a weak ferromagenall E,,), the  in Fig. 9. Hereds=19 nm(i.e., ds> &) and the values of the
proximity effect becomes smaller, ad,. is also reduced. other parameters are taken #s0.135,y,=0.3, andE.,/kg

Next, consider the effect of the transparency paramgfer =110 K. The behavior off, shows agreement between ex-
at the interface. When,,— 0, the interface becomes trans- periment and theoretical calculations. Theoretical results also
parent, and the proximity effect is enhanced. For lasgehe  show correct qualitative trends of the experimental data.
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FIG. 7. AT, dependence ol for various E.,/kg as noted. . .
Calculated for parameters valueg=0.15, 1,=0.3, and dg/£s FIQ. 9. T, and AT, (inse) for the trilayers taken frqm R_ef_. 18.
=247 Experimental data are shown as symbols and theoretical fit is shown

as a dashed curye@otted curve on the insefTheoretical curves are

However, there is a large discrepancy in the magnitude ogal_cglgted USi_ng garamaiés ‘/’E“?lsl%llfaybzo'& ds=19 nm,

AT,. Varying two unknown parameterg, and E., we were = °S™% nm, &= 7.6 nm, andEe,/ke= '

not able to fit bothT, andAT.. We would like to contrast this .

result with the case of a thin superconductdg<ég), in  Might be ascribed to an extra permalloy layer. Second, asym-

which it is always possible to fit given dafa andAT,32but ~ Metry pl_ays a role. In the experiments, the bottom C(ibk

tal situation of Ref. 18. loy whose structure is fcc with lattice constant 3.569 A.
Possible reasons for the disagreement between theory aftpwever, the top CuNi layer was grown on Nb whose crystal

structure is not a simple trilayer. Extra ferromagnetic pinninginterface quality and magnetic properties at the interface be-

layers were used to stabilize the AP configurafidkivhen — tween Nb and the top CuNi are different from the interface

the thickness of the CuNi layer is small, the effect of thePetween Nb and the bottom CuNi layer. Since the portion of

tion. Therefore, the shift of the thickness dependencaTp ~ Metry at the interface can cause large effects. Skiteex-
ists due to the interference of proximity effects, if there is

. ; . - . ; ] asymmetry between the two F layers, it might decresgg

] dramatically. Therefore removing asymmetry should be one
way to increasé\T.. Furthermore, in our calculation we ig-
nored the spin-orbit scattering, which was considered by
Demleret al 22 and Ohet al3* 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 dependentg of
in F/S/Fstructures withés=<ds. To find T p/apy in this case
we extend the numeric method developed for F/S bildjers
to the symmetrid=/S/Ftrilayer case and we explore the .

0.0 0.5 1.0 1.5 2.0

dependence on various parameters. Our results are valid for
d./g arbitrary material parameters as long as the dirty limit con-
dition is satisfied.
FIG. 8. AT, dependence od for variousy, as noted. Calcu- The differenceAT, generally reaches its maximum value
lated for y=0.15 anddg/ é5=2.47. whenT, is near its minimum. The parameters that give maxi-
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mum values ofAT. are found for various materials and

PHYSICAL REVIEW B 70, 014505(2004)

both the present paper and Ref. 35 obtain the same equations

thicknesses of the ferromagnetic and superconducting layer€8), (9), and(11)—(13) to be solved numerically.
Comparing our results with experimental data we find that by

fitting two unknown parameterg,, and vy, a quantitative

agreement withT, can be reached. It is however impossible

to obtain quantitative agreement fAT. at the same time.
Thus, theés=dg case differs from thelg<< &5 case. Possible
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