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The possibility of magnetic exchange coupling between two ferromagetsséparated by a
superconductorS) spacer is analyzed using the functional integral method. For this coupling to
happen three basic conditions need to be satisfied. First, an indirect exchange coupling between the
ferromagnets must exist when the superconductor is in its normal state. Second, superconductivity
must not be destroyed due to the proximity to ferromagnetic boundaries. Third, roughnessgfthe
interfaces must be small. The appearance of the superconducting gap causes a reduction of the indirect
exchange coupling existent in the normal state. This reduction is temperature dependent, being weaker
near the critical temperature and stronger at zero temperature. [S0031-9007(97)03941-0]

PACS numbers: 75.70.Cn

The problem of magnetic coupling in ferromagnetichow does the presence of ferromagnetic layers affect the
metal/normal metal multilayers has received considerablsuperconductivity of the spacer? Second, does anything
attention in recent years, both on the experimental side [1ramatic happen to the magnetic coupling when the
and on the theoretical side [2]. The main features thasystem is cooled through the superconducting transition
have emerged from these experiments were associated witbmperature of the spacer? Third, what happens to
an indirect exchange coupling between the ferromagnetithe magnetic coupling at very low temperatures when
layers via the normal metal host. An oscillatory couplingthe superconductivity of the spacer is well established?
as a function of the thickness of the normal metal spacefFourth, what are the effects of interfacial roughness?
was ubiquitously observed in several multilayered system$hese questions are the central topic of this paper and
[3]. The prevailing experimental evidence indicates thathey are intended to establish the conditions under which
the exchange coupling with metal spacers is short rangedjagnetic coupling irF/S/F multilayers should exist.

i.e., the magnetic coupling can be observed only across The recent published literature d@fy'S multilayers has

a layer of thicknesses 10 to 130 A [4]. Thus, the keyfocused mostly on the changes of the critical tempera-
question, for both theory and experiment, is the follow-ture T. of the superconductor [5,6] as a function of
ing. Can such a thin metallic layer survive pair breakingthickness of the ferromagnetic layers. The experimental
effects of the ferromagnetic layers from both sides and yeteports have been mixed. In the cases of/ Gt mul-
remain superconducting? It is the purpose of this paper ttlayers [7] the observation of a nonmonotorilc has
show that appropriate choices of superconductor and febeen attributed either to a change in the underlying pair
romagnet lead to the survival of superconductivity and tdoreaking mechanism with increasing thickness of the Gd
new effects on the magnetic coupling. Presently there arayer (Strunket al. [6]) or to evidence for the predicted
no experimentally known multilayered systems that showr-phase coupling [7] as a function of thickness of the
magnetic coupling both above and bel@y. The main Gd layer (Jianget al.[7]). More recently, there were
reasons for that are that the conditions that need to bexperimental attempts to observe magnetic coupling in
satisfied are difficult to achieve. The desirable superconF/S/F multilayer systems E&/NbN/FeN, Ni/Nb/Ni,
ductor should havaigh critical temperature anshortco-  and GAN'NbN/GdN [8]. Unfortunately these experimen-
herence length, while the desirable ferromagnet should bl attempts have failed. No magnetic coupling was ob-
metallic with not so largepair breaking effects. Further- served even when the superconductor was in its normal
more, the desirablé’/S interfaces should be atomically state, thus indicating that the effects of interfacial rough-
flat and well lattice matched to avoid the effects of rough-ness and strains in these systems may be strong, unlike in
ness and strain. Thus, ideal systems to study are higime more usual multilayers [1,3,4].

T. superconductor/colossal magnetoresistance ferromag- The only theoretical work relevant to these ques-
net multilayers likeNd,,Ce,CuO4/La;—,Sr,MnO3 or  tions that has been published so far, to the best knowl-
Nd,,Ce,Cu0O4/Las,SryMnO; (for the swave case) edge of the author, is the pioneering work of Sipr and
andYBa,Cu307-5/La;—,SryMnO3 or YBa,Cu307-5/ Gyorffy [9]. They have analyzedumerically the pos-
Laz—,Sr,Mn,0O;7 (for thed-wave case). sibility of magnetic coupling through a superconductor

If the superconducting metal, in its normal state, allowsat zero temperature without solving for the gap equation
an indirect exchange coupling between ferromagneticelf-consistently. The work presented here distinguishes
layers, it is valid to ask the following questions. First, itself from the work of Sipr and Gyorffy in the following
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ways. The present work shines light on tieenperature Z at temperaturel’ = 8~!, which can be written as a
dependence of the magnetic coupling through the supefunctional integral [10] with actionS = f("f dr [ dr X
conductor (both aI' = 0 andT = T.), while solving the  [¥,,(r)3, ¥, (r) — Hs — Hsz], where r = (r,7) and
gap equation self-consistently in the asymptotic limit ofs = kz = 1. The Hubbard-Stratonovich pair fielr, )
large spacer thicknesses. The results obtained here &g introduced and upon integration over the fermionic
mostly analytical in contrast with thenumericalwork of  variables the partition function Z = [DADA X

Sipr and Gyorffy [9]. exp(—Ser[A,A]) is obtained. The effective action is
For the purpose of answering the questions above, thg,.. — f(/f dr{BIA(r)|*/g — Trin BG~'}/B and the in-
system chosen here is a trilayer consisting of two identicajerse Nambu propagator@™' = —d, — [K + U(r) +

ferromagnets of thicknes# separated by a superconduc- (5,),]o, + A(r)oc* + A(r)o~, where ¢* = (o, *
tor of thicknessd;. The ferromagnetic layer is labeled ;o )/2, with o; being the Pauli matrices. '

the F layer, and the trilayer system will be referred to as |n the limit kr.ds > 1, take the volume/ = L,L,L.,
F/S/F, when the spacer is superconductiggayer) and  and define the Fermi momentum via the relatibp =
F/N/F, when the spacer is in its normal stal¢ layer). k%‘ /2m = (37w2n)*3/2m. Thus, chooselL, = d; and
The underlying assumptions are as follows. Itis assumeghin{L,,L.} > d, take the asymptotic limikg ds > 1,
thatd; > ds, such the ferromagnetic layers can be treatetind perform an expansion &t in powersA to obtain

as semi-infinite. When the spacer is in its normal sthite ( the static linearized Ginzburg-Landau equation
layer), it is assumed that an indirect exchange coupling

exists between the ferromagnetic layefsldyers). It is _ 2 d_2 —
further assumed that the critical temperat@ireof the su- €Al) — &or dx? Al) =0 @

perconductor is much smaller than the Curie temperature . " _ =
Ty of the ferromagnet, such that fluctuation effects on thegl |thaf)ol;r:\gag/gonﬂlgleor?aﬁéleé(x)/ #ﬁ]é‘:tcdgé zfﬁcie;?b(x)ié

magnetism are negligible. Furthermore, thdayers are . -

ferromagnetic metals, the superconductor is assumed to l%\%e — SXt/?p]o/l?/tiOE Ult/eggth v]f/i : \ )‘_[EIF /_ Zﬁ‘]/gl] ;
swave BCS type, and thg/S interface is assumed to be (s )/AO)2 F when EO >F’U and I_J<S < A =
smooth, i.e., atomically flat. z , F 0 z =

; I o .min{27T,, (Er — Up)}.
Under all these assumptions, the Hamiltonian density i The coefficients appearing in (2) ate= [T — T.]/T.

written as e H O andkr £ = a[Er/T.], where the numerical coefficient
) = Hs + HF, is a =[2¢727/w]/7(3)/48. The solution of (2) is

where Hg = W, (r){{K + U(r)]8a,}¥y(r) + V, and  A(x) = Aycodkx) inside the superconductor. In the

Hgp = Wo(r){(Hc)ay}¥y(r). Theindicesy andy indi-  |imit kz d, > 1, the parametek =~ 7 /d. This leads

cate spin components and repeated indices indicate Sufy a correction to the critical temperature of the bulk
mation. The kinetic energy term i = (iV)?/2m — p, superconductor

while the potential energy id/(r) = UyF(r), where

F(r) =[O — d,/2) + O(—x — d,/2)]. HerelU, can B _<w§GL>2
be positive or negative. The only exchange interaction € dett /)~
considered in the ferromagnetic layers is between the . .
spins of itinerant electrons, but a real space representaticyﬁheredeff = (d; + 2b) is theeffectivelength of the su-
of the exchange interaction is used given that Ey / F perconductor. The suppressionTffrom the bulk value

system is inhomogeneous. Thus, the exchange interactid smgll provi_ded thatr 6. << derr and' thus supercon-
(H.).., is more transparently written as uctivity survives. A strong suppression &f happens
Y (Hay = —[(0)ayhs(r) + (03)ayhy(r) whenmégr ~ degr. Notice that the choices of the super-

conductor and the ferromagnetic metal are very important
+ (0 )ayh (r)], in order to have a weak suppressionTof The choice
where h;(r) = [ dr' J;(r,r)S;(r')F(r) is an effective of the spacer should be a superconductor wittigi bulk
exchange field felt only within the boundaries of theT. and ashort coherence lengtliy £c.. For the ferro-
ferromagnet. Here the spin variab$e(r’) = ‘i’,u(r') X magnet, it is important to be metal (Er > U,), with
(01)uy ¥, (r'). ForTy > T., and|h;| > max(|h,l, |h|), T > T., but with not so strongpair breaking effects,
the F layers have negligible magnetization fluctuations at.e., ap,, = [J(S;)|/27T. < 1. To illustrate this point,
low T and an easy axis along tlzeaxis. Thusj.(r) can take the ideal case dfd, ,Ce,CuO4/La;_,Sr,MnOs;
be replaced by its average valde,(r)) = J(S,;)F(r).  multilayers, where the bulkl, of Nd,_,Ce,CuQ, is
The potential energy isV = —gW(r)W(r)V(r) X T.=30K, and &; =~ 10 A [11], and the ferromag-
W(rk[1 — F(r)] resulting from a delta function contact net La;_,Sr,MnO3 with Ty = 300 K and J = 10 K
attraction. This attractive interaction leads tosawave [12]. Ignoring anisotropy and complex spin structure
superconductor. effects, the pair breaking parametet, ~ 0.027, and
To estimate the change . of the superconductor one thus Eg. (3) can still be used to estimate the reduction
needs to worry only about tirestrictedpartition function  of 7. due to the ferromagnetic boundaries. A modest
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Er =~ 10* K with kz' = 0.38 A leads to an extrapola-  Assume thaE; > maxA,T}. In the asymptotic limit
tion lengthb =~ 60 A. The effective length of the super- kr d; > 1, the single particle wave functions,(x)
conductor becomes,s; = d; + 2b, and ford, = 10 A, are standing waves, the discrete quantum numier
the reduction inT. from its bulk valueT.(«) is only  becomes a continuousiomentumindex, and the sums
6%. Thus, for spacer thickness in the ranfje= 10 A over the indicegn, m) become integrals. Notice that the
andd, = 130 A (where magnetic coupling is observed in momentumk , is conserved across the interface. At low
many systems [4]), the suppressionTofis even smaller temperaturesA/T > 1) the form of the coupling is
and superconductivity survives.

In this case, the exchange coupliify appearing in Hyr = —E; F_ cod2kr,ds) exp(—kr.d;A/Er). (6)
(1) may be treated as a perturbation. Define the inverse 272 (2kp,dy)?
Nambu propagatolG~! = G~! + (H.),0., where an
explicit separation between the inverse propaggtot =

—[K + U)]o, + A(r)o™ + A(r)o (in the ab-

sence of ferromagnetic boundaries) and the exchange con- F cod2kp,ds) 5
tribution (H.), o, (due to the ferromagnetic boundaries) et = ~Ey 272 (2kpdy)? [1 32 (A/EF) }
is made. This separation is very useful because the effec- T @)
tive actionSce[A, A] can now be written as

¢ ]B p [ A2 1 It is important to analyze the qualitative features of the

eff —

While at temperatures close ®.(A/T < 1), the mag-
netic coupling becomes

—TrinBG ' — He!. previous expressions. First, notice that the period of oscil-
B lation of the magnetic coupling across the superconductor
(4) s entirely controlled by th@seudeFermi momentum of
Minimization of the effective action without.;;,  the superconductokr defined above. The appearance
i.e., 8Se(Herr = 0)/8A™(r) = 0 leads to the saddle of superconductivity does not introduce any new periods.
point gap equationA(r)/¢g = Tr[Go~]/B, which can This is expected since no new momentum modulation

be used to compute the effective Hamiltoniaghy; =~  in the spin degrees of freedom occurs, through the
—Tr{(H), .G /2. The effective magnetic Hamilton- appearance of the superconducting gap, at length scales
ian Hegr across the superconductor is comparable tokz'. At low temperatureA/T > 1)
. there is an energy cost to be paid. Almost all of the
Hetr = «’Nw S f ] dxidxoxmk1). () glectrons that were easily polarized in the normal state of

the superconductor are now paired into singlets. As a re-
sult the spin polarlzatlon of the superconductor is costly,
e., when summing over all intermediate states (virtual
quasiparticle states) there is a minimum energy required:
indices = refer to theF layers. T_he matrix element o superconducting gap [13]. The gap introduces a
X (k1) = 2Dy (x1, %2)Qun (k1) ~defines thenonlocal ey ength scaless; which controls the decay of the
susceptlblllty of the system which appears undercoupling. Notice thatA/Ey = 0.15/kr.£c. in the
Fhe double integration ovex; and x,. The weight- asymptotic limit kr d; > 1. At temperatures close
ing  factor Dy, (x1,x2) = wu(x)wy(x)wm(x)wm(x2) 14 T., when (A/T < 1), there is nearly no additional
contains the eigenstates, (x), i.e., He(x.k )wa(x) = gecay caused by the superconducting gap. The gap is so
Enlk)wy(x),  Of the2 one dimensional Hamiltonian gpa 1" that intermediate quasiparticle states are strongly
H(o, ko) = —[1/2m]0°/0x" = perr + U(xg' where the thermally populated. Nedf,, these intermediate quasi-
e;fectlvg Chegnlcal pOte_n_t'aI'“eff = p — Ki/2m with particle states resemble the normal state eigenfunctions,
ki = kj + k7. The additional term except for the presence of a small superfluid density
Qumk) = C7"Tym + Cp"Pun controlled byA. As a result, only an overall reduction of
contains the coherence factorC;" = [p, p., +  the prefactor of the oscillations appears. This reduction
Pu,Pv,)* and thermal factorT,,, = [ f(en) — f(e€,)]/ is controlled by A/Er = 0.26(1 — T/T.)"?/kr £c1,
le, — €,] in the quasiparticle-quasihole channel, and thewhich vanishes atT = T,.. Second, notice that the
coherence factorCy"™ = [p, p., — pu,Pv,]> and the asymptotic decay is proportional té@r d;)~? instead of
thermal factorP,,, = [ f(e,) + f(€,) — 1]/[en + €,]  the usual RKKY decaykyr)~> for magnetic impurities.
in the quasiparticle-quasiparticle channel. The coeffi-The change in the form of the decay can be viewed as
cients p,, and p, defined, respectively, byp, |> = a geometrical effect since the magnetic “impurities” are
[1 + &./€,]/2 and | p, |2 = [1 — &,/€,]/2, reflect the now two semi-infinite ferromagnets and as a result the
simplification A = (A(x)). This simplification occurs magnetic coupling has to be more effective. Third, since
only whenA(x) can be approximated by its spatially av- the potentialU, labels the different types of ferromag-
eraged valugA(x)) = g, ki(wz(x»{l — 2fle.(k )]}, nets, it is important to analyze the dependencé&/ gf on
thus leading to the approximate eigenenergigs~ Uo/Er. In Egs. (6) and (7)F = yo/(yo + 1)?, where

A% Yo = +/1 — Up/Ep. The amplitude of the coupling is
1935

where the energy scalg; = 2J+J (S)+(S;)-N3pV;
contains the density of states of the bulk superconductqr
Nip. The domaing ) includes both ferromagnets. The
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