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The possibility of magnetic exchange coupling between two ferroma@iReseparated by a superconductor
(9 spacer is analyzed using the functional integral method. For this coupling to occurpitimes facie
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, roughness of A8 interfaces must be small. Under these conditions,
when the superconductor is cooled to below its critical temperature, the magnetic coupling changes. The
appearance of the superconducting gap introduces a new lengthltheatmherence length of the supercon-
ductop and modifies the temperature dependence of the indirect exchange coupling existent in the normal state.
The magnetic coupling is oscillatory both above and below the the critical temperature of the superconductor,
as well as strongly temperature-dependent. However, at low temperatures the indirect exchange coupling decay
length is controlled by the coherence length of the superconductor, while at temperatures close to and above
the critical temperature of the superconductor the magnetic coupling decay length is controlled by the thermal
length.

[. INTRODUCTION a possible class of systems for the observation of such effects
may be the layered rutheno-cuprate faniily> where the

The problem of magnetic coupling in ferromagnetic interplay between superconductivity and magnetism is very
metal/normal-metal multilayers have received considerablénportant. If the number of cuprate planes can be systemati-
attention in recent years, both on the experimental'side cally changed then magnetic coupling between ruthenate
and on the theoretical side. The main features that have planes and its consequences can be systematically studied as
emerged from these experiments were associated with an ia function of the number of cuprate layers. Furthermore, if
direct exchange coupling between the ferromagnetic layerthe number of ruthenate layers can be systematically
via the normal-metal host. An oscillatory coupling as a func-changed, then the Josephson coupling between cuprate
tion of the thickness of the normal-metal spacer was ubiquiplanes and its consequences can be systematically studied as
tously observed in several multilayered systéms. a function of the number of ruthenate layers.

The prevailing experimental evidence indicates that the If the superconducting metal, in its normal state, allows
exchange coupling with metal spacers is short ranged, i.ean indirect exchange coupling between ferromagnetic layers,
the magnetic coupling can only be observed across a layer difis valid to ask the following questions. First, how does the
thickness 10 to 130 Ai.e., in the nanometer range. Thus, presence of ferromagnetic layers affect the superconductivity
the key question, for both theory and experiment, is the fol-of the spacer? Second, does anything dramatic happen to the
lowing. Can such a thin metallic layer survive pair breakingmagnetic coupling when the system is cooled through the
effects of the ferromagnetic layers from both sides and yesuperconducting transition temperature of the spacer? Third,
remain superconducting? It is the purpose of this paper tavhat happens to the magnetic coupling at very low tempera-
show that appropriate choices of superconductor and ferrdures when the superconductivity of the spacer is well estab-
magnet lead to the survival of superconductivity and to efdished? Fourth, what are the effects of interfacial roughness?
fects on the magnetic coupling. Presently there are no experFhese questions are the central topic of this paper, and they
mentally known multilayered systems that show magnetiare intended to establish the conditions under which mag-
coupling both above and below the critical temperafiyef  netic coupling inF/S/F multilayers should exist.
the superconductor. The main reasons for that are that the The recent published literature dfvS multilayers has
required conditions are difficult to achieve. The desirablefocused mostly on the changes of the critical temperafre
superconductor should have high critical temperature andf the superconductbt®as a function of thickness of the
short coherence length, while the desirable ferromagneferromagnetic layers. The experimental reports have been
should be metallic with not so large pair breaking effects.mixed. In the cases of Nb/Gd multilay&ts®the observation
Furthermore, the desirable/S interfaces should be atomi- of a nonmonotonid . has been attributted either to a change
cally flat and well lattice matched to avoid the effects ofin the underlying pair breaking mechanism with increasing
roughness and strafhThus, ideal systems to study may be thickness of the Gd lay&t or to evidence for the predicted
high-T, superconductor/colossal magnetoresistance ferror-phase couplinf*°as a function of thickness of the Gd
magnet multilayers such as Nd.Ce,CuQ,/La; -y Sr,MnO; layer’® More recently, there have been experimental
or Nd,_,CgCu O;/Lag_,Sr,Mn,0O; (for the swave casp attempts to observe magnetic couplingfinS/F multilayer
and YB3CwO;_s/La;_,SrMnO; or Y BaCuO;_ s/ systems FEN/NbN/FgN, Ni/Nb/Ni, and GdN/NbN/
Lag_,St,Mn,0; (for the d-wave casg® In addition to these, GdN?**'No magnetic coupling was observed even when the
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superconductor was in its normal state. Thus indicating that
the effects of interfacial roughness and strains in these sys-
tems may be strong, unlike in the more usual F-Layer d
multilayers!—>®"However, in GAN/W/NbN/W(100), coex- £
istence of superconductivity and magnetism was reported
down to layer thicknesses of 40 and 22 A of NbN and GdN, I
ds

respectively?? but again no magnetic interlayer coupling was S-Layer
observed. Very recently, however, oscillatory magnetic cou-

pling and magnetoresistive effects were observed in the ox-

ide based superlattice (TiN/E@,) (Ref. 23 and injected

new excitement into the question of magnetic coupling and F-Layer de
magnetotransport in oxide based layered materials.

On the theoretical side, the questions raised in this paper
have been only preliminarily addressed previously by the
author® The only other theoretical work relevant to these FIG. 1. lllustration of the trilayer system. The superconducting
questions that has been published so far, to the best knowtretal layer § layen is the spacer sandwiched between identical
edge of the author, is the pioneering work of Sipr andferromagnetic layersH layers. The thickness of th&layer isds,
Gyorffy.2* They analyzedumericallythe possibility of mag- ~ and the thickness of eadhlayer isdg>ds.
netic coupling through a superconductor at zero temperature,
without solving for the gap equation self-consistently. Thelayen, it is assumed that an indirect exchange coupling exists
work presented here distinguishes itself from the work oftetween the ferromagnetic layerg (ayers. It is further
S|pr and Gyorffy in the f0||owing ways. The present work assumed that the critical temperaturg of the supercon-
shines light on theéemperaturedependence of the magnetic ductor is much smaller than the Curie temperafliyef the
coupling through the superconductiroth atT~0 and T ferromagnet, such that fluctuation effects on the magnetism
~T,), and the results obtained here are moathalyticalin are negligible. Furthermore, titelayers are weak ferromag-
contrast with thenumericalwork of Sipr and Gyorffy?* In nets and good metals, the superconductor is assumed to be
addition, the spatially averaged self-consistent gap equatiofrwave BCS type and th&/S interface is assumed to be
is solved in the asymptotic limit of larger spacer thicknesssmooth, i.e., atomically flat.
and the spatially averaged order parameter is used to esti- Under all these assumptions, the Hamiltonian density is
mate the magnetic couplirfg-2’ written as

The rest of the paper is divided as follows. In Sec. Il,
basic assumptions and model are described. In Sec. lll, the H=Hs*Hsr, @

functional integral method is discussed and the supression WhereHS contains kinetic and potential energy terms for the

the critical temperatur& of the superconductor is analyzed. trilayer system, and the attractive interaction term inside the
In Sec. IV, the formalism to calculate the magnetic couplingsuperconductor, i.e.,

is illustrated. In Sec. V, analytical results both closeTto

and atT=0 are presented and discussed. The limitations of HSZE (O{[K+U()]8, ) (1) +V, (2)
the approach and the effects of roughness are also men- “ “one

tioned. In Sec. VI, the main results are discussed and sun®ndHge is the part of the total Hamiltonian describing the
marized. In Sec. VII, final comments and new directions areeffects of the ferromagnetic boundaries,

pointed out. In Appendix A details about the formal deriva- _

tion of the magnetic coupling are given. In appendix B an Hse=W o (N{(H¢) ayp ¥ (1), 3

outline of the explicit evaluation of the magnetic coupling is. .
presented. Finally, in Appendix C an approximate form for'€: the _cogplmg betwee.n f(_arromagpets and superconductor.
the dependence of the averaged order parameter on spackerThe !nd[ceSO{ a.”d y indicate Spin components and re-
thickness is discussed. peated indices indicate summation. The kinetic energy term
is K=(iV)%2m—u, while the potential energy i&J(r)
=UgF(r), where F(r)=[0(x—d42)+0(—x—d4J2)].
Il. BASIC ASSUMPTIONS AND MODEL Here U, can be positive or negati’. The only exchange

For the purpose of answering the questions raised in Seg?teraction considered in the ferromagnetic layers is between

l, it is important to choose a physical system and outline thér'_he spins of itinerant_electro_ns, .bUt a ree_ll space representa-

underlying assumptions. The system chosen here is a trilay&n Of the exchange interaction is used given thatRh&/F

consisting of two identical ferromagnets of thickness systemlls inhomogeneous. Thgs, the exchange interaction

separated by a superconductor of thickndss The ferro-  (Hc)ay IS more transparently written as

magnetic layer is labeled tHelayer, and the trilayer system _

will be referred a$=/S/F, when the spacer is superconduct- (He)ay= [(UX)“VhX(r)+(Uy)‘”hy(r)Jr(UZ)“VhZ(r)]’m)

ing (S layen and F/N/F, when the spacer is in its normal

state (\ layern. In Fig. 1, the trilayer system is shown. where h(r)=fdr'J;(r,r')Si(r")F(r) is an effective ex-
The underlying assumptions are as follows. It is assumeghange field felt only within the boundaries of the ferromag-

thatde>d,, such the ferromagnetic layers can be treated aget. Here, the spin variabla(r’)=¢L(r’)(ai)w¢/xv(r’).29

semi-infinite. When the spacer is in its normal staté ( For T¢>T., and|h,|>max(hy,|h,), theF layers have neg-
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F(r) wherer=(r,7) and i=kg=1. The Hubbard-Stratonovich
a) pair field A(r, 7) is introduced and upon integration_over the

fermionic variables the partition functiod= DADA exp
(=S4l A,A]). The effective action is

, _
|A(r)] _ETHn'B(;*l[A(r),A(F)] :

B
)

SulA,A]= ffdr{

The inverse Nambu propagator is
a2 a2 r G1=—af—[K+U<r>+<Hc>a]oz+A<r>o++K<r>o(, )
s s 8

where o =(oy*ioy)/2, with ¢} being the Pauli matrices.
P(r) In a bulk superconductor the critical temperature is obtained

by solving simultaneously the gap equation and the number
b) equation. The gap equation is obtained frd8.;/5A =0
leading to

1/g= §k‘, tanh( £,/2T.)/2&, , (9)

where &,=¢,— u and e, =|k|?/2m. Using thes-wave scat-
tering lengthag defined by the two-body problem in vacuum
via m/4ras=—1/g+32,(2¢,) ! the gap equation may be
written as

ZE tanr(gkIZTc)_i.
k ka 28k

m
-dy/2 d /2 r (10

s 4

The number equation iN=—09Q0/du, where Q=S A
=0] in the weak coupling BCS limit, leading to=%,] 1
—tanh§/2T)], wheren=N/V is the electron density. Take
the volumeV=L,L,L,, and define the Fermi momentum via
the relation EF=k§s/2m=(3w2n)2’3/2m. Furthermore,

ligible magnetization fluctuations at lo® and an easy axis ChooseL,=ds and mirLy,L,}>d;, take the asymptotic limit
along thez axis. Thush,(r) can be replaced by its average kr.ds>1 and perform an expansion of the effective action
value(h,(r))=J(S,)F(r). The interaction energy in the su- (7) in powersA to obtain the static linearized Ginzburg-
perconductor is Landau equation

FIG. 2. (a) The functionF(r)=[0(x—d42)+ 0 (—x—d42)]
appearing in the single particle potentld(r) is shown.(b) The
function P(r)=1—F(r) appearing in the interaction enerdyis
illustrated.

_ — dz

V=—gW(r),W(r) ¥(r) ¥(r)P(r) (5) eA(X) = 3 g2 A0 =0, (11)
resulting from a delta function contact attraction, where o )
P(r)=[1—F(r)]. This attractive interaction leads to an "here the coefficiente=(T—T)/T., correspond to a di-
swave superconductor. In Fig. 2 the functidhg) entering  Mensionless deviation from, and

the single particle potentidl (r), and the functiorP(r) en- 2e-2Y [77(3)E
tering the interaction energy are illustrated. ke & _® /L)_F
FSGLT o 48 T,

. METHOD AND T, SUPPRESSION is the dimensionless coherence length of the superconductor.
otice thatkrség >1 when E>T., as expected in the
CS limit.

The boundary conditions to Eqg. (11) are
[dA(X)/dX]y=+qg2= FA(X)/b at the F/S interfaces. The
coefficientb is the extrapolation length

The functional integral method is used here to estimatn%‘
both the change iit. due to the proximity effect t& layers
and the indirect exchange coupling betweenRHayers. To
estimate the change iRy, of the superconductor one needs to
worry only about therestricted partition functionZ at tem-
perature T=8"1, which can be written as a functional Er 1+,

integraf® with action Ke b=\ — :
Fs 2T. o

(12

. fﬂde dr[\?a(r)&T\Ify(r) —Hs—Hsfl, 6) whereyq: V1-— UO_/EF charagterizes the nonmagnetic offset
0 of the single particle potential of the ferromagnets, and
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=1-[1/4](J(S)/A)?,  with  JS,)<A=min{27T,,(Er jofF T T
—Ug)} when Ec>U,, characterizes the magnetic offset of /ﬁ 1
the single particle potential of the ferromagnets. 0.8 i ," i
This estimate is a result of the assumptions that Ehe ~ 0.6 | ]
layer is a good metal, but a weak ferromagnet. Notice two % !
important features in the extrapolation length. The first fea- 0.4 ¢ ]
ture is thatb is independent of the sign of the magnetization 02} ! ]
(S,) in the F layers. And the second feature is tHatis 0.0 o
independent of the sign of the exchange coupling?hysi- . — ' : )
cally, this originates from the fact that an exchange field 0 40 80 120 160 200
coupled to electrons forming Cooper pairs is always pair k. d,
breaking irrespective to the sign of the coupling. s
The solution of Eq(11) is A(x) =Agcoskx) which leads FIG. 3. The suppression df, expressed as=T(ds)/To() is

to a correction to czritical tempera_ltu_re of the bulk superconqngicated for a weak ferromagnei§g<1) and for a strong ferro-
ductor e=—(kég)® where k satisfies the transcendental magnet apg~O(1)], i.e., A(x=*=d/2)=0. The solid line indi-
equation tarkd./2)= (1/kb) which in the Ilmltk,:sds>l, the  cates the weak ferromagnet, the dotted line indicates the strong

parametek~ 7/d¢ implies a correction ferromagnet. The parameters used &g ~5 and T./Ef
=0.05.
6:_(7T§GL)2 13
dest La; -y SryMnO; with T¢=~300 K andJ~10 K (Ref. 33 to

further emphasize the need for weak pair breaking ferromag-
nets. Ignoring anisotropy of the superconductor and complex
spin structure effects of the ferromagnet, the pair breaking

to the critical temperature of the bulk supercondudtg=).
Here,d.= (dst+ 2b) is theeffectivelength of the supercon-

ductor, and the new critical temperature i§.(dg) : :

a , . parameter isvpg~0.027, and thus Eq13) can still be used
_TC(OO)(lTLf)' The supression dl irom the bulk valug IS" {0 estimate the reduction of ;. due to the ferromagnetic
sma!l provided thatrrfGL<deﬁ_, and thus superconductivity boundaries. A mode€Er~10* K with kg 1~0.38 A leads
survives. A strong suppression 8t happens whemrés, 4, extrapolation length~60 A. The effective length of

~dgs- Notice that the choices of the superconductor and th .
ferromagnetic metal are very important in order to have a?he superconductor becomets=ds+2b, and for ds

weak suppression df;. The choice of the spacer should be :n}o éo/ tsqe#?l?: Ct;g? ;nTgcfé?Th::;Sk:gslz Viﬁluti?(;%;
a superconductor with high bulk T, and ashortcoherence y ©70. ' P S

Lo =10 A andd,=130 A (where magnetic coupling is ob-
length szgeL. For the ferromagnet, it is important to be a served in many systerfs the suppression of, is even

metal (Eg>Uo), with T¢>T, but with not so strongpair  gmajler and superconductivity survives. Therefore, multilay-
breaking effects, i.e.ape=|J(S,)|/27Tc<1. Hereapg IS grg of highT /colossal magnetoresistan@MR) ferromag-
the pair breaking parameter. It is important to emphasize tha{gg may be quite attractive to study experimentally. In ad-
the pair breaking parameterpg=|J(S;)|/27Tc and the pa- gition to highT/CMR ferromagnets, another system
rameterao=JN(Eg) that determines the Curie temperatureneresting to study experimentally are the newly discovered
of the ferromagnet are distinct quantiti@slt is possible to layered rutheno cuprates (RySd CwOg_ 5), where super-
haveT>T, at the same time that the pair breaking effects;onqyctivity and ferromagnetism coexist. These systems, un-
are not so dramatic. A strong ferromagnet would producgixe almost all other cases of coexisting superconductivity
strong suppression G by bringing the order parameter to 54 ferromagnetism, becomes ferromagnetic first Tat
zero at theF/S interface due to strong pair breaking effects. — 132 K where the ruthenium ions order, and at a lower
In Fig. 3, it is shown the suppress_ion of the critical tem'temperaturél'c~35— 40 K superconductivity appeafsiost
perature of the superconductor from its bulk value. The plo‘ikely at the cuprate plangsThese materials are very differ-
if of Te(ds)/Te()=(1+¢€) versuske ds. The supercon-  en¢ from previously known ferromagnetic superconductors,
ductor is considered to have a short coherence lengtivhere theT; and T, were usually very close, and strong
(ke £cL~5) and a not so small ratib, /Er~0.05 which can  competition between superconductivity and magnetism lead

be achieved with 4igh T, or low Ex . The solid line corre- to a very small coexistence regidh.
sponds to the weak metallic ferromagnet discussed here, Now that the suppression df; as a function ok ds has
while the dotted line describes a strong ferromagnet whiclbeen estimated, it is important to analyze the possibility of
has the boundary conditions(x) =0 at theF/S interfaces, magnetic coupling between the two weak ferromagnets
i.e., strong pair breaking effect. Notice that for a weak fer-through the superconducting spacer. This is discussed next.
romagnetT,. is not as strongly suppressed at smaller values
of ke ds, and thus chances of preserving superconductivity
at smaller thickness of the spacer are more favorable. This is
expected since weak ferromagnets have weaker pair breaking Provided that the transition temperature of the supercon-
effects in comparison to strong ferromagnets. ducting film is not strongly supressed by the ferromagnetic
Take the ideal case of Nd,CeCu O;/La; ySrMnO; boundaries, the exchange coupliHg appearing in Eq(3)
multilayers, where the bulkl; of Nd,_,CeCuQ, is T, may be treated as a perturbation. For the purpose of calcu-
~30 K, and &g ~10 A¥ and the ferromagnet lating the magnetic coupling across a superconductor, it is

IV. MAGNETIC COUPLING: FORMALISM
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important to analyze the effective actién) in terms of the
inverse Nambu propagator

G =G '+ (Hc),0y, (14

MAGNETIC EXCHANGE COUPLING THROUGH . ..
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contains the coherence factef™=[p, p, +p, P, _]° the
thermal factor Tp,=[f(en) —f(en)l/[em—€n] In  the
quasiparticle-quasihole channel, and the coherence factor
Cp"=[pu Py, —Pu_ Py 1% the thermal facto,=[f(ey)

where an explicit separation between the inverse propagatof f(e.)—1]/[e,+€,] in the quasiparticle-quasiparticle

G 1= — .~ [K+U(r)]o,+ Aot +A(Ho~ (15

(in the absence of ferromagnetic boundariasd the ex-

channel. The coefficients, andp, defined, respectively,
by [py |*=[1+ & /€n]/2 and [p, [*=[1-¢,/€,]/2, reflect
the simplificatior{ A(x))~A (see Appendix A thus leading

change contribution H.),o, (due to the ferromagnetic to the approximate eigenenergiq% §ﬁ+A2. The averaged
boundariesis made. This separation is used to treat the exorder parameter is dependent dnthe thickness of the su-
change contribution as a perturbation. As a result, the effeggerconducting spacésee Appendix €

tive action(7) can now be conveniently written as

B [lam 1 _
seﬁzf dr g —=TrinBG *—Het. (16
0

B

Minimization of the effective action withouH, i.e.,

8Sei(He=0)/8A* (r)=0 leads to the saddle point gap
equationA(r)/g=Tr[Go ™ ]/ B, which can be used to com-

pute the effective Hamiltonian to second ordeHg,

1 2
Her~— ETV[(HC)UUZQ] -

The effective magnetic HamiltoniaRl .4 contains various

17

V. MAGNETIC COUPLING: ANALYTICAL RESULTS

Under the assumptions used to derive E@), the mag-
netic coupling can be obtained analytically only for large
spacer thickneskFSdS>1 both at very low temperatures
~0 and near the critical temperatufiesT,. Recall that
sz= V2mEg is the Fermi momentum, and assume tRat
>maxA,T}. In the asymptotic limikg ds>1, the single par-
ticle wave functionsv,(x) are standing wavesvhich can be
decomposed into plane wayethe discrete quantum number
n becomes a continuoumsomentunindex, and the sums over
the indices (,m) become integrals. Notice that the momen-

terms, but the interest here is focused only on the magnetigim Kk, is conserved across the interface. An outline of the

coupling across the superconductor, which leads to
E,
Her=— Nom > f J dx1AdXaXnmk (X1,X2),
3D nmKk; aQXI’XZ
(18)

where the energy scale;=3J,J (S,).(S,) N3V, con-
tains the density of states of the bulk supercondustey ,
and the domain of integratiorﬁiQXl,X2 includes the entire

sample. The details of the derivation of E@.8) can be
found in Appendix A. The indicest refer to theF layers.
The matrix element

Xnmkl(xlaxz):2Dnm(X1:X2)Qnm(kL) (19

defines thenonlocal “susceptibility” of the system which
appears under the double integration oxgrand x,. The
weighting factor

Dnm(X1,X2) :Wnki(xl)Wnkl(X2)kai(X1)kai(X2)

(20)

contains the eigenstatm,kl(x), ie.,
He(X, K ) Wi (X)= &n(K ), Wnk (X) (21

of the one-dimensional Hamiltonian
He(X, k) =—[1/2m]0% 9x>— peg+ U(X), (22

where theeffectivechemical potentiake= p— kf /2m with
k? =kj+KkZ . The additional term

Qnm(k, )= C$m(kL KO Tam(ky Ky )

+CpM(ky k) Pam(ky Ky, (23

procedure used to evaluate the effective coupling is given in
Appendix B. At low temperaturesA(T>1) the form of the
coupling is

F cos{ZkFSdS)

Ej— ——————exp(—kg dA/EF), (24
J2772 (ZszdS)Z q FS S F) ( )

Hef= —

while at temperatures close M., (A/T<1) the magnetic
coupling becomes
F C05{2k,:sd5){ 2 (A)T
Hei=—Ej— —————|1—- =| =—
2w (2K d9)? 37| Er

X exq - WszdSTC/EF) . (25)

The averaged order parameterdepends weakly on the su-
perconductor thicknesds in the asymptotic limitkg ds>1,

and a discussion of this dependence can be found in Appen-
dix C. In Fig. 4, two plots ofH are shown, the dotted
curves correspond to temperatures neay the solid curves

to temperatures near zero, while the dashed curves corre-
spond toT =0 in the absence of superconductivity. Formulas
(24) and(25) are used to plot the curves appearing in Fig. 4,
with the following parametert)/E=0.1 andkpngL=5.
Notice that the coupling in the superconducting sia@ieT

=0) is small at large values & ds.

It is important to analyze the qualitative features of the
previous expressions. First, notice that the period of oscilla-
tion /p= w/sz of the magnetic coupling across the super-
conductor is entirely controlled by the Fermi momentum of
the superconductd«FS. The appearance of superconductivity

does not introduce any new periods. This is expected since
no new momentum modulation in the spin degrees of free-
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FIG. 4. The magnetic coupling=H/E, is plotted as a func-
tion of kFSdS, for kFSdS>1. (a) Plot onversuskFSdS from szdS
=0 to ke ds=40. (b) Plot of Y versuskg ds from kg ds=40 to
kFSdS: 100. The dotted curves correspond to the lifik=T,,
while the solid curves correspond T6~=0. The dashed line indi-
cates what the coupling would have bee at0 in the absence of
superconductivity.
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decay length foT~T, andT>T, is controlled by the ther-
mal IengthkFS)\T= Er /7T, and the magnetic coupling pref-

actor is controlled by A/Ep=0.26(1-T/Tc)" ke &L,

which vanishes aff=T_, leading to a Ruderman-Kittel-
Kasuya-YoshiddRKKY )-type coupling forT=T,. This be-
havior is consistent with the temperature dependence ob-
served by Zhangt al®® in nonsuperconducting multilayers,
and suggested by Edwares al* The interesting aspect is
that there is an enhancement of the magnetic coupling at low
temperature3 ~0 in comparison with values &=T_, but

a reduction of the coupling in comparison with a normal-
state system af=0. So notice in Fig. 4 the differences in
magnetic coupling whef~0 in the presence or absence of
superconductivity, and wheh~T,.. Second, notice that the
asymptotic decay is proportional tdi;(sds)‘2 instead of the

usual RKKY decay ker) 2 for magnetic impurities. The
change in the form of the decay can be viewed as a geometri-
cal effect since the magnetic “impurities” are now two
semi-infinite ferromagnets and as a result the magnetic cou-
pling has to be more effective. This behavior was already
theoretically suggested in the context of nonsuperconducting
spacer$;®® and experimentally observ&dThird, the mag-
netic coupling is strongly dependent on the type of ferromag-
net, similar to the situation encountered experimentally when
the spacer is in its normal metallic st&t&his dependence
on the ferromagnet is present khey via the magnetic ex-
changel and the potentidl ;. The dependence &f.; on Uy

is explicit in Egs.(24) and(25), since

F=yol(yo+1)?, (26)

where yo=+1—Uy/Er. The amplitude of the coupling is
gradually reduced from its maximal value @p=0 until it
vanishes al,=Eg . This reduction can be interpreted as the
disapperance of spin-dependent states at the Fermi energy of
the ferromagnets dd,/Ex<1 increases t&J,/Eg~1, thus

it is essentially a density of states effect. Furthermore, the
dependence dfl o on the exchange couplingis explicit in

the energy scal&;, which is proportional to the product
J,J_(S,)(S,)_, and thus depends both on the strength of
the coupling of the itinerant electrond (,J_) and on the

dom occurs, through the appearance of the superconductiqgagnetization of the ferromagnet$Sy), ,(S,)_). Notice
gap, at length scales comparablek(gl. At low temperatures thatH e O(J(S,))?, thus ifJ(S,) is too small, the magnetic
(A/T>1) there is an energy cost to be paid. Almost all of coupling may be hard to measure even in the normal state of
the electrons that were easily polarized in the normal state dhe spacer. However, for ferromagnets with mode®,)

the superconductor are now paired into singlets. As a resultalues and high critical temperature superconductors such
the spin polarization of the superconductor is costly, i.e.that the pair breaking parametep,=J(S,)/27 T, is small

when summing over all intermediate statestual quasipar-

favors the observation of magnetic coupling accross the su-

ticle stateg there is a minimum energy required: the super-perconductor spacer. Thus suggesting, that ideal systems for

conducting gap’ The gap introduces a new length scélg
which controls the decay of the couplifigee Fig. 4. Notice
thatA/Ep~ O.15kFS§GL in the asymptotic Iimikpsds> 1. At

the observation of such effect may be high-
superconductor/colossal magnetoresistance ferromagnet mul-
tilayers such as Nd,CeCuQ/La; ySrMnO; or

temperatures close ., when (A/T<1), there is no decay Nd2-xC8Cu0,/Lag_,SyMn,O; (for the swave casp
caused by the superconducting gap. The gap is so small thafd YBaCu;0;_s/La;,SyMnO; or Y BaCu0;- 5/
intermediate quasiparticle states are strongly thermally popu-2s-ySt,Mn,O; (for the d-wave casg Other possible can-

lated. NearT., these intermediate quasiparticle states redidates

include the newly discovered family of

. . =12 4; H
semble the normal state eigenfunctions, except for the pregutheno-cupratés'? discussed in Sec. I.

ence of a small superfluid density controlled Ay As a

result, the temperature dependence of the magnetic coupling
is purely controlled by thermal effects, and only an overall

A. Limitations of approach

It is also important to mention the limitations of the re-

reduction of the prefactor of the oscillations appears. Thesults obtained here. The magnetic coupling is calculated only
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perturbatively under the assumption of a weak ferromagnetuperconducting spacers. However, lattice effects were not
(app<<1), given that one does not want superconductivity toconsidered in this manuscript, since the ferromagnets and the
be destroyed by the proximity to the ferromagnet. A strongspacer were treated in the continuum approximation.
ferromagnet] apg~ O(1) or apg>1] could destroy super- In addition, this work cannot be directly applied to high-
conductivity and wash out completely the effects just dis-Tc/colossal magnetoresistance multilayers. For these sys-
cussed. In this case the superconductor would remain in ims, one should include the effects of anisotrgpgth in
normal metallic state all the way down To=0, and thus no  the band structure and in the order parameftr the super-
modification to the RKKY-like coupling would occur. This conductors, and the effects of complex spin structioeal-

is certainly not an interesting situation. The perturbativeIzed and ftinerant spinsfor the CMR materials. Further-
method used in this paper does not permit a nontrivial analy.r-nore’ the inevitable effects of VOUQhUeSS havg not yet heen
sis of the dependence of the magnetic couplifig on the included and need to be analyzed. This analysis is done next.

exchange coupling of the ferromagnet, since it was explic-
itly assumed that the ferromagnets produce small pair break-
ing effects @pg<<1) in the superconductor. Small pair  The effects of roughness on the critical temperature of the
breaking effects can be achieved either by having smalsuperconductor are negligible provided that the length scale
J(S,) or large 27 T.. A very smallJ(S,) could seriously of the roughness fluctuations,<&g . On the other hand,
jeopardize the experimental observation of the magnetic couhe effects of roughness on the magnetic coupling are very
pling across the spacer either in its normal or in its superimportant, since’, can be easily of the order of the magnetic
conducting state, sinceH 4<O(J(S,))2. However, the oscillation period”’,= 7/kg, and thus average out the oscil-
choice of ferromagnets with moderate valuesJ¢s,) and  latory behavior. These studies have been performed experi-

high critical temperature superconductors should facilitatanentally in Fe/Cr/Fe multélga%efzg’,and also theoretically for
experimental observation. severalF/N/F multilayers?“>*The case oF/S/F multi-

Another limitation is that only the asymptotic limit layers is not so different, i.e., roughness is also expected to

(ke d3>1) can be obtained analytically, the |imikp($ds affect the magnetic coupling in two basic ways. The first one
S is that the magnetic coupling must be averaged over thick-

;rﬁ():hcg?e c;\r;lty p?gsgr?taetgdhet?eml']r%rsjsnLiLneergl)(rzglsecrilcrglsasll?sns.rr]gss fluctuations of_ the sup_ercgnductor film. The second way
: , T . . € that the magnetic coupling is affected by lateral fluctua-
valid only whends> /', /r, where/, = m/ke is the per|0(il&of tions, which break translational invariance, and thus conser-
oscillation of the_ magnetic pouphng. Thus, Afp:lo. . vation of momentum parallel to the/S interface. Only the
then the calculations are valid only fdg>3.18 A. This is first case is discussed here. Assuming that the thickness fluc-

not such a serious limitation, since as a general dye . G . d th | hicka
>5/ 1 is practically already in the asymptotic limit. tuations are Gaussian around the mean value thickagss

The dependences ¢f.;, and of T, on thicknessdg of ~ With varianceo, then in the limit thatd> o the only modi-
the ferromagnet are important experimental issues, whicfications in Eqs.(24) and (25) consist in replacing the
have not been addressed here. Only a trilayer structure wakickness dg by the average thicknessdy, and

discussed, where the ferromagnets were considered to Bgplacing cos(®-d) by exg—(2ke 0_)2/2]{005(%55)

semi-infinite, and thus the expressions obtainedHgg do — — .
not contain any nontrivial dependence on the thickrmkssf +2(2szU)(‘7/dS)S'n(2(Fsd5)}' Thus, provided thavr<o*

the ferromagnetic layers. The most favorable experimentar/»/m\/2, the magnetic coupling is not dramatically re-
situation may be that of a multilayered structirestead of ~duced. For instance, if/,=10 A, then for o<o*

the trilayer case discussed heveth thin ferromagnetic lay- =2.25 A magnetic coupling should still be observed. But if
ers (instead of semi-infiniteto further reduce detrimental /=3 A, then only fore<o* =0.68 A magnetic coupling
effects to the superconductivity of the spacer. For instance, i$hould be observed. This last condition is very stringent.
the ferromagnetic layers are thin enough, neighboring superthis means that the overall effect of roughness is to suppress
conducting layers may couple and the superconductivity beshort period oscillations in much the same way asiN/F
comes more three-dimensional. In this case, the supercomultilayers.

ductivity of the spacer layers may be less harmed by the

ferromagnetic layers. This situation will be discussed in a VI. SUMMARY AND DISCUSSION

future publication.

It is also important to point out that lattice effects on both  In this paper, the functional integral method was used to
the spacer and the ferromagnet were not included in th&tudy the possibility of magnetic exchange coupling between
present calculation of the magnetic coupling. For instancefwo ferromagnetsF) separated by a superconductor. The
the coupling is very sensitive to the lattice structure of non-System of choice was a trilayer made of two identical semi-
superconducting spacet$=° The inclusion of such effects infinite ferromagnets separated by a supeconductor spacer of
are important since it is also known experimentally that thethicknessds. Provided that threerima facieconditions are
magnetic coupling depends strongly on the type of ferromagsatisfied, magnetic exchange coupling is predicted to exist at
net and on the type of spacer ugéuthe case of nonsuper- large spacer thickneskg ds>1). These important condi-
conducting spacey$ In particular, the lattice structure is tions are as follows. First, an indirect exchange coupling
quite important because the magnetic coupling with nonsubetween the ferromagnets must exist when the supercon-
perconducting spacers occurs at the nanometer §ftale a  ductor is in its normal state . Second, superconductivity must
few A to hundred A or sp’ and a similar range applies for not be destroyed due to the proximity to ferromagnetic

B. Roughness effects



12 310 C. A. R. SAde MELO PRB 62

boundaries. Third, roughness of tRéS interfaces must be face. Thus, for a system witf ~10 A andb~60 A,
small. Under these conditions, when the superconductor isuperconductivity is expected to survive all the way down to
cooled off below its critical temperature, the magnetic cou-spacer thicknesds=10 A. The need for a short coherence
pling is expected to change. The appearance of the supercolength superconductor and a weak ferromagnetic metal are
ducting gap causes a reduction of the indirect exchange cowrucial for the survival of superconductivity down to small
pling existent in a correspondin§=0 normal state. This thickness.
reduction was predicted to occur within a length scale con- The answer to the second question is that nothing dra-
trolled by the coherence length of the superconductor. Furmatic happens to the magnetic couplingTat NearT, (A
thermore, the coupling was predicted to be temperature de<T.) spin polarization is easily accessible at nearly zero
pendent, i.e., the reduction of the coupling amplitude wasnergy costalmost zero gajp thus the magnetic coupling is
smaller at zero temperature and larger near the critical tenessentially controlled by the normal-state properties of the
perature due to thermal effects. superconductor. The intermediate quasiparticle states re-
It was emphasized that the prevailing experimental evisemble the normal-state eigenfunctions, except for the pres-
dence indicates that the exchange coupling with metal spa@nce of small superfluid density controlled Ay This leads
ers is short ranged, i.e., the magnetic coupling can only b& a small reduction of the amplitude of the coupling con-
observed across a layer of thickness 10 to 130 Thus, the  trolled by A/Eg~0.26(1—T/T)¥¥(ke £c1). Therefore, the
key question, for both theory and experiment, was the folmagnetic coupling just crosses over from the RKKY-like
lowing. Could such a thin metallic layer survive pair break- oscillatory coupling in the normal state to a similar behavior
ing effects of the ferromagnetic layers from both sides anqust belowT,, with a slight reduction in the amplitude, but
yet remain superconducting? This question poses an impoith an additional temperature dependence. Such an addi-
tant experimental challenge, given that presently there are ngonal temperature dependence is absent when the supercon-
known multilayered systems that show magnetic couplingjucting spacer is in its normal state, sinkevanishes. The
both above and below,. The main reason for the inexis- only temperature dependence left in the normal state is due
tence of such an experimental system is that the conditiong the thermal lengttk: \r=Er/7T. Furthermore, the ap-

that need to b.e satisfied are difficult to ach|§ve. It was th earance of superconductivity does not introduce any new
purpose of this paper to show that appropriate choices eriods, since no new momentum modulation in the spin

supercondgc_tor and ferromagnet lead to the sur_vwal Of_ Sudegrees of freedom occurs at length scales comparable with
perconductivity and to new effects on the magnetic coupllngkfl

The desirable superconductor should hhigh critical tem- Fs” . .

perature anahort coherence length, while the desirable fer- ~ The answer to the third question is that at low tempera-
romagnet should bmetallic with not so largepair breaking ~Ures @/T>1) there is an energy cost to be paid, since
effects. Furthermore, the desirabi#éS interfaces should be almost all electrons that were easily polarized in the normal
atomically flat and well lattice matched to avoid the effectsState of the superconductor are now paired into singlets. As a
of roughness and strain. Thus, ideal systems to study thed€Sult the spin polarization of the superconductor is costly,
retically and experimentally are highs superconductor/ -€-» When summing over all intermediate stateistual qua-
colossal magnetoresistance ferromagnet multilayers sucHParticle statgsthere is a minimum energy required: the
as Ng_,CgCuQ,/La; ,SrMnO; or Nd, ,CeCuQ,/ supercqnductmg gap. The gap introduces a new Ienth scale
Lag_,SK,Mn,0; (for = the swave casp  and &L Which cpntrols the decay _of the cogpllng amplitude.
YBa,Cu;0;_ 5/La; ,St,MnO; or YBa,Cu0, 5/ However, this I(_ength scaletg,) is respor_15|ble for a Iarger_
Las_,St,Mn,0; (for the d-wave casg In addition to these magnetic coupl!ng at low temperature in comparison with
systems, the newly discovered layered rutheno cupratd§€ Same coupling close . (which is controlled byar).
(Rul213 are also good candidates of magnetic coupling The answer to th_e_ fourth question is that the effects of
across the superconducting layers, since the superconductifig’ghness on the critical temperature of the superconductor
state is not destroyed by the proximity to the FM layers ancd®'® not so |m_portant provided that the length scale for rough-
the ferromagnet/superconductor interface is atomically*flat. Ness fluctuations’,<g, . But the effects of roughness on

Four basic questions were the central topic of this papetth® magnetic coupling are very important, since can be
First, how does the presence of ferromagnetic layers affe@@sily of the order of the magnetic oscillation perigg
the superconductivity of the spacer? Second, does anything 7/Kr and average out the oscillatory behavior. Thus, pro-
dramatic happens to the magnetic coupling when the systerYided that the variance of thICkneSE fluctuatiangs much
is cooled through the superconducting transition temperaturemaller than the mean value thicknelgs and thaio is small
of the spacer? Third, what happens to the magnetic couplingn comparison with the period,, magnetic coupling should
at very low temperatures when the superconductivity of thestill be observed, both in the normal state and in the super-
spacer is well established? Fourth, what are the effects afonducting state of the spacer.
interfacial roughness?

The answer to the first question is that weak ferromagnets
do not strongly suppress the critical temperattigeof the
short coherence lengthé¢,) superconductor, because pair  Here, only isotropics-wave supercondutors with short co-
breaking effects are not largexgg<<1). Thus, the supercon- herence lengths have been discussed. But, allowing for an-
ducting state is expected to survive down to moderatelysotropy in the superconductor, and allowing for the exis-
small spacer thickness provided thafg <dgs=ds+2b), tence of nodes in the gap functiofsay d-wave order
whereb is the extrapolation length defined at théS inter-  parameter seems to be the next natur@xperimental and

VII. FINAL COMMENTS
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theoretical steps to investigate magnetic coupling across suMaterials Sciences, under Contract No. w-31-109-ENG-38,
perconductors. Specially because the conditions for the obNSF Grant No. DMR-9803111, and NATO Grant No. CRG-
servation of magnetic couplingvhich includehightempera- 972291. Also, | would like to thank the Aspen Center for
ture andshort coherence length superconducjomse easily Physics and Professor Peter Littlewo@hambridge Univer-
met by highT . copper-oxide superconductors. In particular, sity) for their hospitality.

multilayers of weak ferromagnets separated by high-

T.-short-coherence length copper-oxide superconductors are APPENDIX A

very natural candidates. After the discovery of colossal mag- _ o ) o

netoresistance materials which have a similar perovskite This appendix is dedicated to the derivation of Ef),
structure to the copper oxide superconductors, it may be po§arting from equatior{17) and from the saddle point gap
sible to grow high T,/CMR multilayers, such as €quation
Nd,_,CgCuQ,/La; _,Sr,MnO; or Nd,_,CeCuQ,/
Lag_,SyMn,O;  (for the swave casp and

YBa;Cus0; 5/Lay -, SyMNnOs or YB&,CU;07- 5/ The effective Hamiltonian to second order, that involves
Lag_,Sr,Mn,0O; (for the d-wave casg The advantage of us- coupling across the superconductor, is

ing these multilayers over more conventional materials is
clear.(a) The critical temperatures of these superconductors 1 dry [ dr,
_ﬁg fvf v [lkatlel,  (A2)

A(r)/lg=Tr[Gao™ ]/B. (A1)

is one order of magnitude higher than conventional super- Hef~
conductors, the coherence lengths are extremely short, and
superconductivity survives down to a single monolayby.  where
High-T, and CMR materials are perovskites with nearly

matched lattices, which should reduce roughness and strains TI'=J.J (S,).(S,) [0 (X;—d42)O(—Xx,—d4/2)
at their interfaces(c) CMR materials have higfiz (between

120 and 300 K and may be weak ferromagnets, i.epg +0 (X2~ ds/2)O(—x,~dy/2)]

<1. Additional complications do occur, however: hifh-  represents theoupling of the exchange fields from the two
superconductors are layered, their gap functionthe hole  ferromagnets and

doped superconductgrss anisotropic and has nodes at the

Fermi surface, i.ed wave®” The gap anisotropy makes the La=G1(r1,r2;i0)Gy1(rp,r1si0)

problem of magnetic coupling through these systems more . i

complex, but also more interesting, since nodes may lead to G111, r251w)G(ra,ryiw), (A3)
quite nontrivial spatial, directional, and temperature depen- ) ]

dences oH . Lastly the newly discovered rutheno cuprates Lg=0 | (r1,r2;i0)G) (rz,r15iw)

(Rul212 are also good candidates of magnetic coupling i r
across the superconducting layers, since the superconducting TO(rrzile)6y (2. M), (A4)
state is not destroyed by the proximity to the FM layers andepresent the propagatoi@reen’s functionsthat carry the
the ferromagnet/superconductor interface is atomically*lat. spin information across the superconductor. The Green’s
If the number of cuprate planes can be systematicallfunction matrixG has elements

changed then magnetic coupling between ruthenate planes

and its consequences can be systematically studied as a func- _ Ur(ro)un(ry)  vp(ra)vi(ry)
tion of the number of cuprate layers. gﬁ(rlh?'w):; ot e, o—e |’
Note added in proofNikolaev et al*® have observed os- (A5)

cillatory exchange coupling in epitaxial oxide heterostruc-

tures consisting of layers of the CMR material

Lay;sBaysMnO3 separated by the paramagnetic metal nick- gu(rl,rz;iw):E {
elate LaNiQ. Although LaNiQ; is not superconducting at n
low temperatures, the observed magnetic oscillatory cou- (A6)
pling was damped and resembled the normal-state magnetic . N
coupling plotted in Fig. 4 of this paper. Their damping coef- rityio) =S Un (r2)un(ry)  wn(rp)uq(ra)
ficient may be due to thermal and/or interfacial roughness ~'1% 172 n o+ e, ivo—e, |’
effects, as discussed here in Sec. V. The experimental results (A7)
of Ref. 46 indicate that the possibility of making oxide het-

erostructures consisting of CMR materials and cuprate ox- _ vn(ro)vn(ry)  Up(ra)un(ry)
ides is very real and that the possible observation of mag- gu(rl,rz;lw)=2 e e ,
netic coupling through superconductors is very near. " " . (AB)

v:(rz)un(r1)<_ un(rZ)U:(rl)}

o+ e, iw—€p

wheree, are the eigenvalues of the Bogoliubov—de Gennes
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Notice that these Bogoliubov—de Gennes equations do nathere the coherence factors, expressed in terms of the eigen-
carry spin indices since the ferromagnetic layers are treatefdinctionsu,(r) andv,(r), are
as a perturbation. This fact simplifies the problem dramati-

caly in comparison to theumericalcalculations of Sipr and An(1,2=ug (rz)uy(ry), (A21)

Gyorffy,2* where the spin dependent Bogoliubov—de Gennes

equations have been us¥d® Bn(1,2=vn(rz)vp(ra), (A22)
These Bogoliubov—de Gennes equation has to be solved

together with the gap equatidAl), which can be expressed Cn(1,2)=up (r)vn(ry). (A23)

as
1
A(N==2 G(rriie), (A11)

leading finally to

—)=2un<r>v:<r>[1—2f<en>]. (A12)

The expressions for Eq$A3) and (A4) can be rewritten
after summation over frequency as

LA=% AT o+ AN Pk, (A13)
Lg= Z NOOT A 0mp (A14)

where T,, and P,, are just thermal factors for the
guasiparticle-quasihole and quasiparticle-quasiparticle chan-

nels given by

1 1 ~ flem)—Tf(en)
T”m_E% (ivre)(io*en)  en—€,
(A15)
1 1 _fem fle) -1
an:EEw (iote)ioFey emt €n
(Al16)

The \ coefficients are products of coherence factars,
and C defined below, i.e.,

A =[AL(1,2An(2,0) +Bn(1,2By(2,1)
+Cn(1,2C%(1,2+Cp(2,)CE(2,D)],
(A17)
A =[AL(1,2Bn(2,2) +Bn(1,2 An(2,1)
(A18)
AV =[Bn(2,D)B(1,2+As(2,DAK(1,2)
+CX(2,)Cr(2,)+CX(1,2Cr(1,2)],
(A19)
APV =[Bn(2,)An(1,2+As(2,)B (1,2
—C}(2,)C,(1,2—-Cr(1,2Cr(2,1)],
(A20)

The calculation of the exchange coupling defined in Eg.
(A2) is very difficult, because it involves the knowledge of
the eigenvalues and eingenvectors of the Bogoliubov—de
Gennes(BdG) equations(A9) and (A10), a sum over all
these intermediate states at finite temperatures and a double
integration in real space. Thus, the general results can only
be obtained through heavy numerical computations. Here,
though, this path is not chosen. First, an understanding of a
simplified version of the problem is attempted.

The solutions of the BAG equations are quite generally
written as

un(r)=hy (x)exdi(kyy+k;z)], (A24)

va(r=h, (x)exdi(kyy+kz)], (A25)

where the translational invariance of the system along/the
was taken into account. The BdG equation reduces to the
form

€nN(X) = He(X) 0,h(x) + A(X) ayh(x) = Qh(x),
(A26)

where the eigenvector h(x) has components
[hun(x),hvn(x)]. Here the single particle Hamiltonian is

He(X)=— - &22 MeitU(X), (A27)
2m ax
with an effectivechemical potential
k2
Mef= K~ 5 (A28)

wherek? =k +kZ . It is important to notice that the operator

Q is not positive definite, i.eg, and — €, are simultaneous

eigenvalues of). To circumvent this difficulty, it is useful to
square the operat(fh to obtain

02(x) = H2(x) + A2(x) +i[He(x), A(X) ]y, (A29)
and it is also useful to write the corresponding eigenvector
h(x) as

h(X)=Wn(X)pn(X) (A30)

where p,(x) is a spinor state with components
[pun(x),pvn(x)] andw,(x) is a scalar function satisfying the

eigenvalue equation

He(X, K )Wn(X) = &n(k; JWn(X), (A31)

in the normal state of the superconductor. In addition, notice
that the eigenfunctionti(x) can be classified in terms of
even and odd solutions about the paxst 0, given that the
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single particle potentidl (x) and the pair potential (x) are Cr(&,& M) =[py(&,M)py(€,A)+p,(&,A)p,(£',A)]?
even functions ok. In addition, the squared eigenergies can (B4)

be written as N N
and quasiparticle-quasiparticle sector

Cp(£,€",0)=[pu(&,0)p,(£',0)=p,(£,4)p,(¢',0)]%

and since the operatd is Hermitian and haveeal eigen- (BS)
valuese,, the squared eigenergie must be real and posi- The quasiparticle-quasihole thermal factor
tive definite. ,

With these simplifications it is easy to obtain the eigen- T(£,¢ A)= fle')—f(e) (B6)
functions w,(x), but it is still very difficult to obtain the = e—e
spinor p(x). If we assume thap(x) is a spinor with real ) i ) ) i
elements, then the last term §A32) vanishes. This can be and the quasiparticle-quasiparticle thermal factor is
assumed without loss of generality. If, in additiga(x) is ,

f(e')+f(e)—1

€5=(HZ(x)) +(A2(x) +i{[He(X),A(x)]ay), (A32)

nearly independent of a dramatic simplification occurs, i.e., P(&£,EA)= - ’ (B7)
€ €
1
|pun|2:§[1+ Enlen], (A33)  wheree= &2+ AZ. Using the definitions
1
1 N
[Py 2= 511~ & el (A34) Pule) =5 VI &O), (B9
where the eigenvalues are 1
2_ 22, A2 P, (&)= —= V(1-¢&le), (B9)
en=EntAZ, (A35) V2
with A=(A(x)). This simplification is justified only when the coherence factors can be rewritten as
A(x) can be approximated by its spatially averaged value 1 e A?
A CT(f.f’,A)ZE 1+¥ | (B10)
(AX))=92 (WA(x) {1-2f[en(ky)T}-
nk, 26n(kL) ’ 2
(A36) Cp(&,EA)= 1 1— &A% (B11)
PR&S 2 ee’ €€'|

The analysis described in this appendix applied to &)

leads to effective magnetic coupling indicated in ) of  Using the fact that'>— e°=¢'%~ £ (s-wave case, whera

Sec. IV. is independent of), the effective Hamiltonian can be writ-
ten as a sum of two contributions:

APPENDIX B

m__ =37

In this appendix, the procedure to calculate the effective Hei N3p f_#dge(e)gl 1(8), (B12)
Hamiltonian is outlined. The effective Hamiltonian of Eg.
(18) can be written as

H - 3)J J‘ﬁ!! d d N( ,)Q( 1 ! A)
€ N ' é g é;g é é l 1

where the auxiliary function is given by

Bl
(B1) G(e)=tanh €/2T)/e (B14)
where S
and the auxiliary integrals are of the form
NEE) =2 3 [ [ axdDym (%) - N
nie, 0, 1472 nmk 171,72 |1(§):J dg/%, (B15)
u _
X &= &n(k )] E" — Em(k,)] (B2)
plays the role of a spatially averaged two-particle density of 1(&)= Jm dg,M_ (B16)
states, WithD . (X1,X) being the weighting factor defined - e
in Eq. (20). The function The dominant contribution td.4 in the asymptotic limit
, , : > K.
QU&EE M) =Crl£,6 MT(EE ) krsds>1 comes fromHe , where
+Cp(£,£",80)P(£,€",4) (B3) FN3p 2m
_ _ o o h(§=——ds sin2dsv2m(&+u)].
contains the coherence factors in the quasiparticle-quasihole 4772(2Kpgdg)? E+u

sector (B17)
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The evaluation oHeﬁwHé}f) proceeds as follows. Defining o A
7= €/2T, integrating by parts over the variakjén H(?) , and (A(X)>:9J7 d&(N1(£,x)) 5 G(e), (CY
making the variable substitutiof= 7?/2m— . leads to .

whereG(e) is the same function as in EB14), and

e O

Hei~ —
o (Ny(£20)= 3 (Wi00)oLé—£alki)]  (CD)
Ky
with is the spatially averaged normal density of states. In the
1 w _ asymptotic limitkg ds>1, and forUg/Ep<1,
F(ds)sze . dnnexp(2i ndg)

N _am 1 Si(ady) c3
tanh(z) . d tanf{z)) (B19 (N1(£:x))= 272 adg |’ €3
z d¢ z ’ where a=+2m(¢é+u) and Sid,) is the complementary
where Re indicates real part. Using the series representatigii€ integral defined by
. ads sin(y)
tanh(z) 1 Si(ad )=f dy——
- y : (C4)
z ; w2 (2n+1)%+4z% (820 > Jo y

Since the main contribution to the integral in EG.1) comes
from contributions close to the Fermi energy, one can ap-
proximate{A(x)) by

wheren is a positive integer, setting=1/T and u=Eg,
one can write

4
b i[a/\(a,ds)]lazl, (B21) (N1(0x))

r(dy)= -2 =
(=03 (M@)*WA@AT)- (C5)

where the auxiliary functiom\ («,ds) can be represented by

the integral Using the asymptotic forms of Sif one obtains

A(a,dg=Re> fwdr 7 X2 7% (A= ()| 1 T 32T | S )
e v Jo w2+ 1)%+ BPAT+ a?BAE ” Akeds  (2ked9?  (2kedo)® |
(B22 (6
The poles of the integrand occur aj==* p,exp(*i6,) : . . :
2 [ 4 PRI This result relies heavily on the assumption that the en-
where “B””_/ZT_ VBTEE Y Y= (20 1)TH BTAT s spectrum can be approximated by EA35), it is in-
and tan(@,) =y;/(BEg). Integration over the first quadrant yingically perturbative in nature, and represents an average

of the complex plane leads to over the spacer thicknesh,. This result should be con-
- 1 trasted with more realistic calculations of Valls and
. 6,27 H
Ala,d)=— > | = exf —27,dssin(6,,)] collaboratorg; where changes in the order parameter near
aB “q n a superconductor-insulator interface and in superconducting

films were calculated self-consistently for both short and
X cog 2 7, dscog gn)]) _ (823  long coherence length superconductors. Since the estimate of

Eq. (C6) is perturbative and involves the assumption of weak
metallic ferromagnets, it is not clear how to compare the
present results with those of Valls and collaboratss,
where superconductor-insulator interfaces are considered.
The same method employed in their nice work should be
applied here for a more realistic estimate, however, this cal-
culation is beyond the scope of the present manuscript.

The results of this appendix differ subtantially from the
GL results with boundary conditions presented in Sec. lll,
exp( — ke dsT/E). where the intrinsic assumption that the only length scale rel-

(B25) evant to the spatial variation of the order parametéx)
was the coherence lengtly, . In the present appendix, this
Combining Eqs(B24), (B25), and(B18) leads to Eqs(24)  assumption is relaxed by considering that the spatial varia-
and(25) of Sec. V. tions of the order parameter are controlled by the averaged
changes normal state density of sta{&(£,x)), thus by
changes of the order of the Fermi wavelenyth=2m/kg .
This approximation seems to be consistent with the limit

The averaged gap equation indicated in Eq. A36 can b&herekcég ~O(1), andindicates that the averaged order

recast in the form parameter{A(x)) approaches the bulk value from below.

This expression can be estimated in the lii:-T leading
to

I'(dy)=2 cos2ke ds)exp—ke dA/Ep),  (B24)

and in the limitA<T leading to

2 (A2
F(ds):2 COQZkFSdS) 1_W E_F
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Within the same aproximation to obtain E.1), the critical
temperature can be calculated to be

Te(ds)=Tc(e0)exp(— 7/gNsp), (C7)
where the parameter
- cod 2k ds)  sin(2ke ds)
T kg (kedy
Since <1, the critical temperature takes the form
Te(ds)=Te(0)[1—7/gNsp], (C9

which varies very little as a function af for large kFSdS,
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conductors in a slab geometry with insulating
boundarie$®?’ Thus, all this suggests that the approximation
used in this appendix is valid fd: £g ~O(1).

The reason for the difference between the Ginzburg-
Landau results of Sec. Il and the approximation discussed in
this appendix is the following. In the derivation of the
Ginzburg-Landau theory it was implicitily assumed that the
variation of the order parameter is very small over a range
much larger than the interatomic distance, which means that
the first derivative terms of the order parameter do not con-
tribute to the free energy functional even near the surface.
This seems to be microscopically correct for the case of long
coherence length superconductors, but for short coherence
length superconductors a significant variation of the order

and thus superconductivity is not strongly suppressed. Thiparameter near the boundaries is expected, as it is also the
seems also to be the case for short coherence length supease near superconductor/insulator interf&€és.
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