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Thermodynamic properties of ferromagnefsuperconductovferromagnet nanostructures
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The theoretical description of the thermodynamic properties of ferromagnet/superconductor/ferromagnet
(F/SIF) systems of nanoscopic scale is proposed. Their superconducting characteristics strongly depend on
the mutual orientation of the ferromagnetic layers. In addition, depending on the transparesi€y infer-
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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. INTRODUCTION Usadel equatior8 in the superconducting layer and in the
layers. In the superconducting layer the Usadel Green func-
The peculiar character of the proximity effect in tionsF andG satisfy
superconducting/ferromagnes/F) systems is due to the
strong exchange field acting on the electrons in the ferromag- Ds_ > >
net and provoking the oscillatorylike behavior of the super- ~ 5 ¥ LE(X@)VF(X,0) =F(X,0)VG(X,0)]+ 0F (X, )
conducting order parameter. Several interesting phenomena
inherent to theS/F hybrid structures have been predicted and =A(X)G(X); (1)
subsequently observed in experiments: there is nonmono- :
tonic dependence of the critical temperatureSi struc- in F layers they verify*
tures on the thickness of the ferromagnetic layéralso see D
the reviewW on the competition between superconductivity (w+ih)F(x,w)—Jﬁ[G(x,w)ﬁF(x,w)
and magnetism in ferromagnet/superconductor heterostruc- 2
tures, them-junction realization inS/F/S systems? and
the local quasiparticle density of states oscillationSi
structures > , __and in both layers,
In recent years, great progress has been achieved in the
preparation of high-quality hybri®/F systems, especially 2 *(y _ o\
high-quality interfaces, which could be quite interesting for G (x)+FX 0)F* (X, ~0)=1, &
possible applications. In particular, a very promising systemvhereD andD; are the diffusion coefficients in tt@andF
is the F/S/F spin-valve sandwich, where spin-orientation- |ayers, respectivelyo=27T(n+ 1/2) are the Matsubara fre-
dependent superconductivity was predicted in Refs. 16—18quencies andh(x) is the exchange field in thE layers. In
In this paper, we present the results of detailed theoreticghe case of a parallel orientation of the magnetization of the
studies of the properties &f/S/F systems containing a thin  F |ayers, the exchange field [{x)=h for x<—d/2 and

superconducting laygicompared to the superconducting co- x>d /2 whereas in the antiparallel casgx)=h for x
herence length We analyze the influence of thie-layer

thickness and th&/F interface transparency on the spin-
valve superconductivity effect. The last part of the paper
is devoted to the thermodynamic properties of the spin
valve: we calculate the superconducting order parameter
and the superconducting condensation energy for parallel
and antiparallel spin orientations of the layers. We also
discuss the possibility of a spontaneous phase transition, by F S F
decreasing the temperature, from parallel to antiparallel spin
orientations.

—F(X,0)VG(X,0)]=0; 2)

Il. GENERAL EQUATIONS | | X
I —*

We will concentrate on studies of the properties of an -—=-d; Y > %ud,
F/SIF trilayer system with- layers of thicknessl; and anS
layer of thicknesdls; see Fig. 1. Assuming that dirty limit FIG. 1. Geometry of thé&/S/F sandwich. The thickness of the
conditions hold in all layers, we may use the complete set o6 layer isds, andd; is the thickness of th& layers.
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>d42 andh(x)=—h for x<—dg/2. The Usadel equations The coefficientsx and B in expressior(8) have to be found
are completed by the self-consistency equation in the¥rm by using the boundary conditions at théS interfaces. As
may be easily demonstrated from the boundary conditions,

T A the term containingr is smaller by a factords/és)<<1 than
A InT_C+7TT§ (W_FS) =0, @ the term with 3; consequently this term can be neglected.
Thus, in our approximation of a thi® layer, the Usadel
and by the boundary conditions at tB& boundarieg?! equations take the simple form
dFg JF; DB
Y ox 075G, 0T AC0: ©
IF ¢ Fi+Gi=1, (10
Fs=Fi=&ye— (5)

where the coefficienj plays the role of a pair-breaking
wherey= o/, o (og) is the conductivity of theF layer parameter. The boundary conditions on the funckqn fol-
(the S layer aboveT,), &=D¢/2h, &=DJ2T, is the lowing from Eq.(6), are
superconducting coherence length of Slayer, and the pa- , _
rameteryg=Ryo¢ /&, whereR, is the S/F boundary resis- (Fs/Fs)—ayo=a=dspl2,
tance per unit area. In the second boundary condition, the
sign before the spatial derivative Bf depends on the rela-
tive orientation of the< axis and the normal of the ferromag-
net surface. If the normal is parallel to thexis x=d¢/2) a
minus sign is required; in the other case(—d¢/2), a plus
sign is required. The parameteg is directly related to the , _ _
transparency of the interfack=1/(1+ vg).22 The limit T and (FS/FS)dS,Z are directly related to the corresponding ra-
=0 (yg=%) corresponds to a vanishingly small boundarytios in the ferromagnet, using boundary conditigfs
transparency, and the limit=1 (yg=0) corresponds to a
perfectly transparent interface. At the interface between the y(Fil Ft)+dg2
vacuum and the ferromagnet, the boundary condition is sim- (FIFg)—qg2=7— ; :

* 15 &ye(Fi/Fe)+ag2

ply written asdF;/dx=0.%
In Sec. IV, we will determine the critical temperature of the
ll. USADEL EQUATIONS FOR A THIN Slayer under general transparency conditions atStie in-
SUPERCONDUCTING INTERLAYER terfaces. In a second part we will study the thermodynamics
of the F/S/F structure at an arbitrary temperature, in the
limit of high and low transparencies.

(Fé/FS)dS/2:a+dSﬁ/2. (11)

By adding and subtracting the previous equations we can
find the coefficientsx and 8 from the boundary conditions
on F. It is easy to demonstrate that the ratitﬁg/(Fs)_ds,z

(12

The mutual influence of the superconductivity and ferro-
magnetism reveals interesting effects forSlayer thickness
smaller than or of the order of magnitude of the supercon-
ducting coherence lengtfy; otherwise we have practically IV. SPIN ORIENTATION DEPENDENCE
independent bulk superconductor and ferromagnetic systems. OF THE CRITICAL TEMPERATURE
In addition, the casds<{s has an analytical solution; thatis  Close to the critical temperature and assuming that the
the reason Why we W|” Suppose thIS Condition to be Satisﬁe%xchange f|e|d in the ferromagnet is Sufﬁciently Strorhg (

in the following analysis. In this limit, the small spatial =T the Usadel equation in the ferromagnet can be sim-
variations of the Green functions in tigayer can be taken pjified as

into account by a simple expansion to the orgér
PF (X, w) . 2ih sgn )

F= F0(1+ax+ gxz), (6) Ix2 D¢

F{(X,0)=0 (13

Using the boundary condition at a vacuum interface, we
) readily find solutions for the Usadel Green functions in the
1+ax+ X ) () parallel casdthe upper scripP refers to the parallel case
for positive w (the casew<0 is obtained by making the
whereF, and G, are values of the anomalous and normalsubstitutionknﬂk:),
Green functions at the center of tldayer. Using Eqs(1)
and (3), we finally obtain an effective Usadel equation for FP(x>dg/2)=A coshk,[x— (d;+dg/2)],
thin superconducting layers:

Gs=Gog

FP(x<—dg2)=Bcoshk,[x+(d;+dg/2)], (14

Fo=AGy. (8) with k,=(1+1i)+h/D;. Analogously for the antiparallel case
(the upper scripi refers to the antiparallel case
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Ye=11.3 08 \ . ;
D\ T.(ds) behavior. The thickness of
06 06 % the F layer is normalized to the
T, /T, \ T, /T, % F-layer characteristic lengtfg; .
%1 S 04 AN The parameterr7,T. is chosen
0z - 5§ \\ to be constant and equal to 1. The
\ full line corresponds to the anti-
\Y .
00 00 \ parallel case, and the dashed line
00 02 2 06 08 o vop  uos  me s e s to the parallel case. One can dis-
4y V2l d,[\2¢ A isti
f f tinguish four characteristic types
10 10 of T¢(d;) behavior:(@) nonmono-
(b) . L
(d) tonic decay to a finite value df.,
%1 %=9.7 08 (b) reentrant behavior for the par-
- 05 1 allel orie_ntation, andc) and (_d)
T, /T, T./T., \ monotonic decay tol.=0 with
o4 04 - 1 (d) or without (c) switching to a
\ } first-order transition in the parallel
et 021 I case. In(d), the dotted line pre-
- M - 0o ! sents schematically the first order
000 025 0S0 075 100 125 0.0 204 o8 012 018 transition line.
d;[\2¢, dy[N2¢,
FR(x>dg/2)=C coshk,[x— (d¢+dg/2)], “magnetic scattering time’ may be complex in our system.

It is easy to verify that in the parallel case, the effective

FA(x<—dg2)=D coshk*[x+(d;+d¢2)], (15  magnetic scattering rate * is indeed complex and given by
. . . ) ~ the expression
These solutions immediately give the value of the ratios

(F;/Ff)ids,z and, consequentlysee Eq.(12)] the ratios (1+i)tanh(d)
(FUFD qp: P(d) =g (19
s 1+ ygtanh(dy)
(FLIFQ) 4= — Ykntanitkqdr) and 7~ ! in the antiparallel case is real,
TSI 14 kg ygtant(kody) |
(dy) " 1=Re 7P(d;) " 1]; (20)

(FUF9P o= —(FUF gz,
here d;=(1+i)(d¢/V2¢;), ye=(1+i)(78/V2), and ry*

vky tanh(ky d) =(yTeo/\2)(&/ds) (£5/€;). Note that for the parallel ori-
14 £k vetanh ke do) (16)  entation case, the critical temperature must be the same as

¢rkn yetanhky dr) for an S/F bilayer with anSlayer thickness equal td./2.
Then, with the help of Eq(11), we may easily obtain the The critical temperature &/F bilayers was recently studied
pair-breaking parameted. Close toT,, the Usadel equation in Ref. 24 and in the limids<&g the expression foll ¢ in
may be linearized ovef,, and the normal Green function is Ref. 24 is indeed the same as E#8), with 7= 7" andd,
Go=sgn(w); thus Eq.(8) is simply written in first order of replaced bydg/2. In the limit of infinite F layers @;— =)
Fo as and infinite transparency of the interfaceg(~0), expres-
sion (18) reproduces the results fdr, found previously in
Refs. 16 and 17. If the proximity effect is weak, the param-
eter 751 goes to zero. Expanding the Digamma function
about 1/2 yields the following result in this limit:

(FF92g =

DB
2

Using this relation and the self-consistency equatfifq.

(4)], we can write down the expression for the critical tem-

Fo=A. (17)

b

. 7T
perature of theS layer in the general form TA=TP=T— ETA(df)‘l. (22)
n—° —w| |- Rew| 18 imi i iti
nT_co_ > e §+ m , (18 Thus for a weak proximity effect, the shift of the transition

temperature is a linear function of,* (here we find the
where T, is the critical temperature of th® layer without  same result as in the study of a superconducting alloy with
any proximity effect. This type of expression reminds one ofmagnetic impuritiesand the difference between the critical
the corresponding formula for the critical temperature of atemperatures of parallel and antiparallel orientation appears
superconductor with magnetic impuriti&s, though the only at the orderra3.
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The different kinds of obtained.(ds) curves, depending spin-valve effect is the transparency of the interface. For
on the parameters of the trilayers, are presented in Fig. 2 foralues of yg of around 1 the effect can be easily observed,
illustration. We plot several curves for various valuesygf ~ whereas, ifyg is an order of magnitude stronger, the effect
assuming that the parametefl o7, is constant and equals almost disappears.
to 1. We may notice four characteristic typesTofd;) be- In our case, bottF layers have the same thickness. The
havior. The first one Fig. (@), at a small interface transpar- 9eneralization to the case 6flayers of arbitrary thickness
encyT,, decays slightly nonmonotonically to a finite value, dr1 (for x<0) anddy, (for x>0) is straightforward using
and the critical temperature difference between both orienta=9: (19' In_tlhe pgrallel_ci‘asepwe hf“l’e to make the substitu-
tions is very small. The decay presents a minimum at a pation 7 (df) " “—7"(ds1) "+ 7 (dsz) , and in the antipar-
ticular value ofd; of the order of magnitude of;. The allel PC&SG_\{\IE haF\>/e to_lmake the substitutief(dy)
second onéFig. 2(b)], at a moderate interface transparency L7 (dr) 1" 7 (dr2) "~
T. exhibits a reentrant behavior; this means that the super-
conductivity vanishes in a certain interval @f. For special V. THERMODYNAMIC PROPERTIES
values of the parameteyg the reentrant behavior can be OF THE STRUCTURE
observed only for the parallel orientation. The reentrance of |, this section, we will consider the temperature depen-

the superconductivity was been observed recently in Fe/VIFgance of the superconducting order parameter and the super-
trilayers a with parallel orientation of the ferromagnetic MO-conducting condensation energyRtS/F systems. For sim-
H 25 ; .. .
ments by Tagiro\et al* The experimentS were performed piicity, we concentrate on the case Bflayers of thickness
for rather thick S-layersds=¢;), so a quantitative compari- ¢ s ¢, which corresponds in practice th=50 A. Using
son with our theory is impossible. Unfortunately, even thethe classical parametrization of the Usadel equationFby

qualitative comparison is difficult due to the absence of ex-—sjn g9 and G = cos6, we may easily find the complex angle
perimental data in Ref. 25 on tH&F boundary resistance, g(x) in our limit of infinite F layers for a parallel

which could provide the estimate of the important parametegientatiort*

vg . We may, however, state that the characteristic thickness

which corresponds to the minimum @, is of the order of 6P (x>dy/2) = 4 arctaftan( 65/4)ex —k,(x—dg/2)1},
magnitude of¢; and only slightly depends on the boundary
transparency when the oscillatory behavior Bf(d;) is
present. In the third modé¢Fig. 2(c)], at a moderately high
interface transparency, the critical temperature decays mono-
tonically and vanishes at finite value df . The last type of 54 for the antiparallel one,

T.(ds) behavior Fig. 2d) is observed at an extremely high

interface transparency and rather tiidayers with parallel A _ A

orientations. UFr)lder th):ase conditions thg phase trgnsition be- 0 (x>dg/2)=4 arctajtan fo/4)ex —kn(x—ds/2) I},
tween the normal and superconducting a states presents a , A .

triple point at which the transition switch to a first-order one.  ff (X< —ds/2) =4 arctaftan 6p/4)exf k, (x+dg/2) ]},
This behavior is similar to th&@.(h) dependance in bulk (23
superconductoKsee, for example, Ref. 26where at low
temperature theS/N transition becomes first order. Sche-
matically, the line of the first order transition is presented in
Fig. 2 by a dotted line.

In order to observe a significant spin-valve effect experi-_} K*). These solutions give us immediately the ratios
mentally, it is crucial to choose the right materials and thick-, ~, 7" ) . .
nesses of superconductor aRdlayers to maximizeAT, (Fi/F)ay> and so via boundary conditiort§2) the ratios
=TP—TA. Equation(18) shows that the important param- (Fs/Fs)-a . determining the pair-breaking parameter in the
eters areyg, df, and 7,*. The value ofr, ! is directly ~ Usadel equations for th8 layer:
related to the choice of the superconductor and of the ferro-

67 (x< — dg/2) =4 arctaftan 65 /4)exd kn(x+dg/2)]},
(22

where 6, is the complex angle describing the superconduct-
ing order parameter in ar layer at theS/F boundary. Note
that we have assumed in the previous equations ¢hat
positive (the casew<O is obtained by the substitutiok,

magnet since it is proportional tp the ratio of the conduc- ) vK,C0sb,
tivities. This parameter does not play a crucial role in the (F/Fs)ago=— ~ ,
€0S6y/2+ ygCosh,

spin-valve effect, and a choice of,* of around 1 should
permit an easy observation of the effect. The choice of the , b ,
thickness of thé layer can be rather important, as shown by (Fs/F9)Zq o=~ (Fs/Fs)aya,
the curvesT.(ds). Indeed, due to the additional boundary

condition at the interface between the ferromagnet and the " A

. 7 . vk, cosé
vacuum, there are some interferences between incoming and (FUFQA 4 o= - ) (24)
reflected Copper pairs in tHelayer. Depending on the value J c030§/2+ Ve cos&é

of d;, these interferences can be destructive or constructive,
leading to a maximum or minimum oAT.. Finally, the  Using Eq.(11), we can deduce the coefficiegtfor the ef-
curvesT.(d) (see Fig. 2 show that the key factor of the fective Usadel equations for both orientatidias>0):
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o 2yK,cos6h wherer; L is given by (/Teo/v2) (£5/ds) (£5/£&;), and®P is
p=- Pioy N (25  the solution of equation
ds(coséy/2+ ygcosby)
YkyCOSOA APcosh®=47o*(1+i)sin(6%/2). (31)
n
ph=- tec. (26)  In the absence df layers and at zero temperature, the order

A2+ Yacosdh g Lo :
ds(Cosbp/2+ yeCosty) parameter), verifies Eq.(30) with 7,1=0, i.e.,

Equation(9) combined with Eqs(25) and (26) gives in an

implicit form the angle# (and so the Usadel Green func- , w2 Ay Ao
tions as a function of the Matsubara frequencies and theto=2AN(0) Ao,stinad‘Q_2)‘N(0)A0 —In tanzwD :
superconducting order parameter Together with the self- (32

consistency equatiofiEq. (4)], this permits one, in principle

to find the dependence of the superconducting order param- Combining Eqs(30) and(32), we may eliminate the di-
eter on the temperature and all the thermodynamics of theerging terms wherg goes to zero and, finally, performing
F/S/IF system. Below, we will discuss two limiting cases the remaining integration, we obtain the following explicit
which can be handled analytically: the low-temperature limitrelation for the raticAP/A:

and temperatures close TQ.

P . (14D
A. Low-temperature behavior In A_o =Re Intan(6"/2) + 47, G
When the temperature goes to zero, we may substitute the _
integration by a summation over Matsubara frequencies o+ . ~p
(7T2Z— [dw) in the Usadel self-consistency equation for X|Inta 4 —sin(g/2) | . (33)

order parametefd),
Performing the same kind of calculation in the antiparallel

® ® inA
A=)\N(0)f D F(w)dw=)\N(0)j ® singdw, (27)  Case we have, for the ratin®/Ao,
~®p ~®p

-1
47'0

AA

A DA
wherewp of the order of magnitude of the Debye frequency |n A_) =Intan(9*/2) + Intar( ot 77) —sin(6*/2)
is the usual cutoff in the BCS modét will not enter in the Ag 4
final expressions and\ is the BCS coupling constant. The (34
integration over the Matsubara frequencies can be performed ~p i
analytically when the transparency of tiSéF interface is Where¢" is the solution of
small and when it goes to infinity.

AAcosh* =41y, 1sin(64/2). (35)
1. High transparency limit
The density of states for one direction of spin is given by

1 . >
acterizing superconductivity in th®layer, is the same as at 2‘;5}‘;’1_3{\] é?gtEQEiﬁeHA$HAI v;/‘?aetree ’\Cl:(oon)s'nljsér'tse tLoéall'm't
the S/IF interface, i.e.fy; see Eq(5). Thus the Usadel equa- 1y i _' L iaering o imi
tions, for parallel and antiparallel cases, beconae-Q) =0, ~th|s relation becomeQ\lT(S))z 2N(0)Re(cos*P),
where 8 is given by Eq.(31) and 6" by Eq. (35). An ana-
lytical study of Egs(31) and(35) shows that the real part of
the solutions#*P always exists; thubl, () is finite atw=0.
As a result, at low temperatures and in both configurations,
(141)7 the superconductivity ifr/S/F systems should be a gapless
0 LA A one. Note however that all our calculations correspond to the
(w+ cosdy/2 +C'C') Sinfp =4 cosfy @9 case of strong ferromagnete* T.). In the case of a weak
exchange field{<T.), the gap in the density of states will
Note that these equations are quite different from the correpe restored.
sponding expressions found in the case of a superconductor |n Fig. 3, we plot the order parameter in both parallel and
with magnetic impurities® and the analogy which worked anti-parallel case as a function of the pair-breaking parameter
for T¢ is no longer applicable. Let us first consider the par-(A,7,) ~*. At a small exchange field or at a small conduc-
allel case. Integral27) can be performed analytically by tivity ratio, there is almost no difference betwed® and
changing the integration oves by integration over, A*, and their evolution with&,7,) ~* is linear as in the case
of superconducting alloys containing magnetic impurities;

In the high transparency limityg—0), the angled, char-

( 2(1+i) g
0t ————

sindF = A coséf, 28
cos6f/2 ) 0 0 28

AP—AN(O)f?)P AP L2140 sin /2 sinodo however, the overall behavior in the whole temperature re-
N APlwp| SIM? 0 7o co20/2 gion is different. Naturally, the superconducting order pa-
rameter is always larger in the antiparallel case due to the

+c.c., (30 partial compensation of the exchange field effect.
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The thermodynamic potentigber unit areafor both ori- A2 A2
entations can be found by integrating E(®3) and(34) QA(h,A)zdSN(O)(TInE— 70 2E(XAY |, (37)
2 2 0
Qp(h,A)=dSN(0)(7In—2—752Re[if(XP)] ., (36)
eAg where the functiorf(X) is defined by
|
1 {—(x+ 1)2(2X—1)2In(1+X)— (X—1)2(2X+ 1)2In(1—X)} -

2(2(X)2—1)2 +2X2In X+ 6X%(2X2—1)

and whileX*P=sin(#""/2). Minimizing Egs.(36) and (37) 2. Low transparency limit

in respect to the order parameter at fixed exchange field gives |n this limit, an expansion of Eq925) and (26) with
back the self-consistency equatiof3) and (34) determin-  respect to 1y5 can be made. In the limit of low transparency
ing A(h). Keeping in mind the fact that the free enefgpf  (y5—x), the order parameter in the layer almost com-
the system is equal to the thermodynamic potential when thgjetely disappears; thus the anglgdescribing the supercon-
order parameter is minimized, we have determined the difducting order parameter in tielayer at theS/F boundary is
ference of the free energy between the parallel and antipagmall (9,<1). So, with the help of boundary conditiott),
allel configurationsF”—F*=QF(h,A”)—0A(h,A%). The e find that the angl®, characterizing superconductivity in
analysis of Eq(18) in the case of infinité= layers and a high  the Slayer, is given in this limit by sif=6,75/2. With this

transparency of the interfaces immediately shows that thgelation and Eq(11), we can easily find the expression of the
Superconductlng transition temperature IS going to zero for Coefﬁcientﬁ in both Configurations:

(Ag7o) "1=0.25 in the parallel case, (39

Y ~_ ~_
sz—m(l—m L+ 2979, (41)
S
(Ag7o) 1=0.175 inthe antiparallel case. (40)
BAP=(B"+ )2 (42)

These values naturally correspond to the order parameter
vanishing in Fig. 3. As a result=" is equal to zero for
(Ag7o) “1>0.25 andFA for (Ag7) ~1>0.175. In Fig. 4, we The stability of both parallel and anti-parallel configura-
plot the normalized expression df {—F*), by the free en- tions of theFSF trilayer in the low transparency limit can
ergy in the antiparallel configuration, as a function of thealso be studied by performing the integration owein the
parameter £,7,) 1. The expressionR"—F*) is always Usadel self-consistency equati(@¥). Here we only give the
positive, and, in conclusion, the antiparallel configuration isresults of the corresponding calculations:
always more stable than the parallel configuration.

1.0

1.0

0.8 1

0.8

0.6
AlA,

s,
o

Anti-parallel phase

FP_F4
FA

0.6

0.4

Parallel phase
0.4 1
0.2 4

021 ~, 0.0 " T T T T T
"',‘ 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.176
q -1

0.0 T T T T (AOTO)

0.00 0.05 0.10 0.15 0.20 0.25 . .
(zoAo )" FIG. 4. Normalized value of the difference of free energy be-

tween the parallel and antiparallel configurations plotted as a func-
tion of the parameterrAy) 1. For (roA) ~1=0.175, the super-
conducting transition temperature is equal to zero in the parallel
configuration.

FIG. 3. The order parameteéxr normalized by its value in the
absence of a proximity effeck, in both parallel and antiparallel
cases as a function of the pair-breaking parameitgh ¢ ~*.
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AP where for the parallel case= ep(w)=[2(1+i)7-gl] while
In X, in the parallel case=e*(w)=[€"(w)+ " (w)*]/2. Thus,
using expressioid7) and the self-consistency equation, we
2 / 1 a 1 may directly obtain the dependance of the order parameter
=— = 1- +— 1- ,  with the temperature. In the antiparallel case we have
A TOYB\ 2\/575 4A 10y \/E?’B ,
T 1 1 1 A 1
43— =w|= B 7Y () P _
In Teo v 2+ 71T v 2 * 27T 9 71T’
(AA) [ 2 | 1 1 ) (48)
Inf —|=- 1- - ;
Ao AATWB\ 2\2ys 1692 and in the parallel case
= (1 ! (44) _'”(l)
4AA707’B \/575 . Teo
Following the method presented in the previous paragraph, :Re‘y(1+(l+|) — 1 +(i) Reg; Sl )
we obtain the expression for the thermodynamic potential, 2wl 2 2mT mToT
) , (49
O*P(h,A)=d;N(0) 7|n$+aA’PA3/2— bAPA |, where the functiong;(x)=—$¥@)($+x)+ (x/48)¥®)(%
0 +x). It is important to note that the functiay (x) is posi-
(45) : -1 :
tive for all values of r7oT) -, so the superconducting
where the coefficients phase transition is always a second-order onedfor &; .
The transition temperature of the superconductor in contact
o 4 [ 2 / 1 with the F layers is determined by putting=0 in the pre-
a — 1_ , . . .
3 To?’s\ 2\/573 vious equations, and gives back the results of Sec. IV and of

Refs. 16 and 17 in the limit of a large layer and a large
transparency of the interfaces. Simplifying Ed48) and

aA:f | 2 (1 1 1 ) (49) using Eq.(18), and defining the functiory,(x)=1
7078

3 - N - 16y3 —x¥D(}+x), we obtain
and Ay -1
[(mroT) ] T
Af\z(zﬂfg)z(‘%;;_l 1-—|. (60
s 1 gl[(WTOTc) ] Tc
AP= 1- )
270Y8 2
2. A ” AZ=(2 TP)ZRGQZ[(W"TE)_l] -]
Lo . - =2 - .
The term containingyg © in @™ contributes to the stabiliza- P c Rega[(m7oTH) 1] TP

tion of the antiparallel configuration compared to the parallel
configuration. Although, as follows from Eq&l3)—(45), the  This shows that the order parameters increases as (1
orientation dependent relative variation of the order param—T/T.)Y?> when the temperature is sufficiently low. The free

eter and condensation energy is very small: energy of the system is simply given lisee Ref. 2D
AP—AA FEP_FA 755/2 1
A TTE T . (46) rA2 A N
0 0 VAoTo Fe—Fn=AF=— —d)\lzf Af———dA;. (52
02 o ~dag
B. Free energy, entropy, and specific heat Using the relations(1/\) = —N(0)8T/Teo (see Ref. 21
of the trilayer close to T and Eqs(50) and(51), we obtain
At the transition temperature, the order paramétayoes
to zero, and the Green functioRsandG go, respectively, to d\™Y)  AN(0) -1
0 and sgng). In the limit of high S/F interface transpar- dA 27272 9al (770Te) 1.
Cc

ency, we may use Eq$28) and (29 and develop all the

guantities around . to obtain an expansion df in powers  Thus the calculation of the free energy is straightforward

of A, [Eq. (52)]:

e A A3 Ade(w)
o[+ e(®) 2[|o|+e(w)]® 8[|w|+e(w)]*

+0(A%) AFA=—2N<0>WZ<TQ>ZM( : )21

gl (mroTH 1|7 T2
(53
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for the most interesting case of a thin superconducting layer.
/ The spin-valve effect occurs to be very strongly dependent
0.8 ’ on the S/F interface transparency. So, to observe it in an
’ experiment, it is necessary to choose superconductor-
0.6 1 s ferromagnet systems with a low barrier at the interface. The
AC(T,)/ACT,y) ”’ oscillatorylike T, dependence on thE-layer thicknessd;
041 s gives the optimum condition for spin-valve observation for
. d;~ &; but the situation also remains qualitatively the same
0z g for higher thicknesses. The characteristic len§thcan be
- estimated in some ferromagnetic compounds: for example, in
00 |mmezz== ' ' ' cobalt, usingus~2.1F m.s'* andh~120 meV, & should
0.0 02 04 p /T 0.6 08 1.0 be around 17 A, in gadoliniur'f?, Uf~2.1(f m.s * andh
el7e ~250 meV, & should be around 18 A.

FIG. 5. Discontinuity of the specific heat at the critical tempera-  The maximum gain in the superconducting energy corre-
ture vsT./Teo. The full line corresponds to the antiparallel case, sponds to the antiparallel configuration, and this gain may be
and the dashed line to the parallel case. of the same order of magnitude as the superconducting con-

densation energy itself. So we may expect that, without an
{Regg[(WTOTE)l]}2< T )2 external applied fielq, the parallel configuration will be un-
- — stable. Therefore, with the decrease of the temperature below
Regs[(moTe) 1] L T., the transition from parallel to antiparallel configurations
(549 may be observed. Since it would depend on the magnetic
From the above equations, the entropy and the heat capgohercitivity force, thinF layers would bea priori more
city are obtained using S=—(dF/dT), and C  Suitable to observe such an effect. Avery interesting situation
=—T[(?FI3T?)],. We present the results obtained for the ¢@n be also observed when the Curie temperature is lower
heat capacity only: than the superconducting critical temperature. In such a case
we may expect the spontaneous appearance of an antiparallel
{Reg,[ (77oTE) " 1}? configuration by decreasing the temperature. It is worth not-
Reg(77eT®) 1 (559 ing that in the case when the domain wall energy is small,
1 0'c the formation of short length-scale magnetic domains could
2 (rreTA) 1] occur at tShZ% contact of the ferromagnet and the super-
ACA(T?)=4772N(0)T’C‘92 0 o) (56) conductor® . . .
gl (m7oTH) 1] In conclusionF/S/F trilayer systems reveal strong inter-
) . N ferences between superconducting and magnetic effects.
The jump of the specific heat at the transition decreaseghey could be quite interesting for applications, as a very
monotonically asT. decreasesi.e., as the pair-breaking ef- small magnetic field may strongly influence the supercon-
fect of theF layers increasesThe corresponding results are ducting characteristics via the spin-valve effect.
plotted in Fig. 5, where the jump of the specific heaTl ais
normalized by the jump of the specific heaflgg the critical ACKNOWLEDGMENT
temperature without any proximity effect.

AFP=—2N(0)7(T{)?

ACP(TD)=4m2N(0)T?
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