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Induced ferromagnetism due to superconductivity in superconductor-ferromagnet structures
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We consider a superconductor-ferromagi®#F) structure and assume that above the superconducting tran-
sition temperaturel . the magnetic moment exists only in F. In a simple model of the ferromaghet
exchange field is of the ferromagnetic type for all enerngves show by an explicit calculation that beloly
the magnetic moment may penetrate the superconductor. In this model its direction in S is opposite to the
magnetization of free electrons in the ferromagnet. The magnetization spreads over a large distance which is of
the order of the superconducting coherence ledgtAnd can much exceed the ferromagnet film thickness. At
the same time the magnetic moment in the ferromagnet is reduced. This inverse proximity effect may explain
the reduction in magnetization observed in recent experiments and may lead to a strong interaction between the
ferromagnetic layers in F/S/F structures.
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Penetration of the superconducting condensate into a nor- So, the penetration of the superconductivity into the nor-
mal metal in the superconduct@®)-normal metal(N) het-  mal metal or ferromagnet is by now a very well studied
erostructures is a well established proximity effect. The lattephenomenon. However, one can ask the same question about
is a long-range effect because the amplitude of the condefhe ferromagnetism: Can the ferromagnetic order penetrate
sate decays in the normal metal very slowly with a characthe normal metal or superconductor over long distances?
teristic length &y which in the dirty limit is equal toéy  Surprisingly, this question has hardly been addressed. Some
=D\/27T (Dy is the diffusion coefficient in the normal indications of the effect can be found in numerical wotks.
metal andT is the temperatuje At low temperatures this |n these works only the density of states for each spin direc-
length can be very large. At the same time, the order paramion as a function of the energy was presented, however, the
eter A in the superconductor near the S/N interface is supmagnetization was not calculated. In addition the induced
pressed. The magnitude of the suppression depends on theagnetization(magnetization leakagewas calculated in
parameters characterizing the system such as the S/N inteRef. 12. However, the results obtained in the latter paper
face transparency, the thickness of the S and N layers, etcgenerally speaking differ drastically from ours. They found a
The proximity effect arises also in superconductor-magnetization leakage that is the magnetic moment of free
ferromagnet(S/F structures. While the superconducting electronsM, spreads into the S region over a distance of the
condensate consists of paired electrons with opposite spingrder ¢5 changing its sign at some distance from the S/F
the exchange field in the ferromagnet tends to align them jnterface.
and break the Cooper pairs. The penetration leggtbf the We consider a simple model assuming a mean-field ap-
condensate into the ferromagnet is usually much smaller thagroximation for the ferromagnet and superconductor. The
&y and in the dirty limit is equal t&=+Dg/J (D is the  mean-field order parameter in S is the energy dam@nd in
diffusion coefficient in the ferromagnetSince the exchange F it is the exchange field which is assumed to be of the
energyJ is much larger tharT, we come to the inequality ferromagnetic type and small compared with the Fermi en-
ép<€y (in the clean limit when7J>1, the penetration ergy. In different limiting cases where analytical formulas
length & is determined by the mean-free-pathv e, can be obtained we find completely different behavior: For
wherev is the Fermi velocity ™). A strong exchange field temperatures below,, the magnetization of free electrons
suppresses also the superconducting order pararhetethe  in the F layerM . decreases and the induced magnetization in
superconductor. the S region imegative(that is, the magnetization variation

The situation changes when the magnetizatibrin the  has the same negative sign in both regjoi@ur analytical
ferromagnet is not homogeneous. In this case a triplet comeonsiderations show that no change of sign of the induced
ponent of the condensate with a nonzero spin projectiomagnetization takes place. This behavior is in agreement
arises and penetrates into the F region over a long distance wifith the reduction of magnetization observed in the experi-
the orderyDg/27T (see Refs. 5 and)6The effect of the ments of Refs. 13 and 14 and can be explained by the simple
penetration of the superconducting condensate into the ferrgghysical picture we present below.
magnet and the suppression of the superconductieitgie- In the case of F/N systems the ferromagnetic ordering
crease of the critical temperatufe of the superconducting penetrates over short distances since the exchange interaction
transition in S/F structures, i.e., the proximity effect, have is local. In this paper we show that the situation may be
been the subject of many works during the last decésies  different for S/F structures and present arguments that the
for example Refs. 7—9 and the revitMor more referencds ~ magnetic moment can penetrate into the superconductor over
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I . LR /Vm below T, in both layers of the S/F system shown in the inset

of Fig. 1. Hereug is an effective Bohr magneton. We as-
sume that the magnetic momet, is parallel to the inter-
face as it takes place in the experiméntf and is homoge-

=2 -1 g 0 1 neous in the F layer. As we have found previously, Ref. 15,

0 in this case only the singlet component and the triplet one
FIG. 1. Spatial dependence of the magnetization in the wholgvith the zero-spin projection on the direction Mdf, exist in

system. Hereyg /ys=0.5, ye= v¢ &,=0.1 (§,= VDg2T,), J/T,  the system. Both components penetrate into the ferromagnet
=15, anddg/£&,=1. Inset: Schematic view of the inverse proxim- OVer the short distancg: . If the S/F interface transparency
ity effect in a S/F systendfor discussion see text is low or the conductivity of the S film is much higher than
the conductivity of the F film, the suppression of the order

long distances of the order of the superconducting coherend¥rameterd is not essential and the superconducting prop-
length. This effect can be called the inverse proximity effect &rti€s remain almost unchanged. The quandiyy can be
The reason why the magnetic moment aligned in the direcexprgssed in terms of the quasiclassical normal Green func-
tion opposite to the magnetization in the F fili,, pen- tion g:
etrates the superconductor can rather easily be understood
gualitatively. This effect is due to the fact that the Cooper B T T o ~ A
pairs have a large size of the orderéaf= D27 T.. Sup- 5NM_% ({Cp1Cpy ~CpyCp1)) = _'W”Tw;w Tr(o39),
pose that the F layer is thifsee inset of Fig. land let us 2)
assume that the Cooper pairs are rigid objects consisting of . ) )
electrons with opposite spins, such that the total magneti¥here v= pem/(27?) is the density of states at the Fermi
moment of a pair is equal to zero. Of course, the exchangkevel, o3 is the third Pauli matrix, andb=#T(2n+1) is the

field should not be very strong, otherwise the pairs wouldviatsubara frequency. The normal Green funcﬁp-ﬂ a ma-
break down. It is clear from this simple picture that pairstrix in the spin space. In the considered case of a uniform
located entirely in the superconductor cannot contribute t‘?nagnetization it has the forg=gqo- oo+ gs- 5. This ma-

the magnetic moment of the superconductor because thejf;y s related to the Gor'kov anomalous matrix Green func-
magnetic moment is simply zero. Nevertheless, some pairs

are located in space in a more complicated manner: one e
the electrons of the pair is in the superconductor, while the np 22
other moves in the ferromagnet. These are those pairs that g°—fo=1. ©)
create the magnetic moment in the superconductor. The djfh 2 . .

rection along the magnetic momewit, in the ferromagnet is € matr|?<f d_escrlbes the superconductm_g condensate_. In
preferable for the electron located in the ferromagnet and thigrder to w_suahze how our results are obtained, we Sqn&der
makes the spin of the other electron of the pair to be antiparirst the simplest case when the condensate functids

allel toM,. This means that all such pairs equally contributeSmall in F and is close to its bulk value in the supercon-
to the magnetic moment in the bulk of the superconductorductor. We analyze the dirty case when the Usadel equation
As a result, a ferromagnetic order is created in the supercorfan be applied. This means that s-wave superconductors are
ductor and the direction of the magnetic moment in this reconsidered. These are described by the standard BCS Hamil-
gion is opposite to the direction of the magnetic momdpt  tonian with account for the exchange field the ferromag-

in the ferromagnet. Moreover, the induced magnetic momenft€d acting on the spins of the free electrons. We write the
penetrates over the size of the Cooper pgiss From this ~Hamiltonian in the form

point of view it is difficult to understand the numerical re- L . .

sults of Ref. 12 where the induced magnetization in the S H=H,+Hs+Hg. (4)
region near the S/F interface has the same sign as in the . . o o

ferromagnet. The magnetic moment in the ferromagnet i§lereHo is the (_)ne—partlcle Hamiltonian which includes the
decreased because the density of states in F is reduced dudfpurity scattering terntip,, ,

the proximity effect. This occurs in a way similar to a sup-

pression of the Pauli paramagnetism in superconductioes N + _

exchange field plays the role of a strong magnetic field act- Ho {%} {8l Epdpp + Uimpdss Jasrprhs ®

ing on sping. At the same time the concentrations of free 5 . o

electrons with spin up and down in F remain unchangedWhereé,=p“/2m— e is the kinetic energy counted from the
when we are saying about the penetration of Cooper pairSermi energyeg . The second term in E@4) is the standard

into the ferromagnet F, we mean that superconducting corré3CS Hamiltonian for the superconductor written in the
lations are established in F due to the proximity effect. Hav-nean-field approximation,

ing presented the qualitative picture, we calculate now the

magneti;ation variation due to free electronghe |2|S: — E {Aaia+ +c.c}, (6)
conduction-band electrops {p.s} spep

w=—+w

n f via the normalization condition
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wheres= —s (s= =1) andp= —p. The last term in Eq(4) 9,0t 5= (QPcs Tr—Opedpesgm- o3)lvs,  (11)
describes the ferromagnetic interaction in F. We accept the
simplest form of this part of the Hamiltonigthe mean-field tﬁpz —(1/7;:)%3 (12)

approximation,
where yse=Rposk, Rp is the S/F interface resistance per

~ unit area, is the conductivity of the S or F region, and
HF:_ E J{a;pn'a'ss/asrp/}, (7) ~ O.S'E y g
{ps} Oscs=0gcs 0p- The BCS functions have the well-known

where the exchange energy is assumed to be positive for d‘ﬁrm (see, for example, Ref. 18

energiegthe ferromagnetic type of interactipm is the unit — VPt A2 fore=Ali Vit A2 13
vector parallel to the magnetization of the ferromagnet. The scs™ @@ 1 BCS @ - 3
magnetizationM of the ferromagnet is proportional to the
exchange energyl. If the contribution of free electrons
strongly dominategan itinerant ferromagngt one hasM
=M,.

If the polarization of the conduction electrons is due to the
interaction with localized magnetic moments, the Hamil-for both regions. The componerit describes the singlet
tonian |3|F may be written in the fordf17:1° condensate, where#g stands for the triplet component with

the zero projection of the total spin of the pair on the direc-
N tion of the magnetic momemil. These functions are related
_ +
He= ‘31{2 {agpS ossaspr}y ®) o f. through: fos(X)=(L/2)[f,(X)=f_(x)]. The other
P.s} = 0,3\ % * . .
_ _ _ . components of the triplet condensate arise onlyliiin the

WhereS:EaSa(s(r - ra), Sa is the spin of a partlcular ion. A ferromagnet is inhomogeneous_
constantJ, is related toJ via the equation:=J;ny S, Solving Egs.(9) and (10) with the boundary conditions,
whereny is the concentration of magnetic ions afglis a  Egs.(11) and(12), we find easily
maximum value ofS, (we consider these spins as classical

The matrix function of the superconducting condengate
can be represented in the form

’f\=f3(}3+f0(}0 (14)

vectors; see Ref. 16In this case the magnetization is a sum: fre(X)=b_exp(— k+X), (15
M=M.t+ Mg, and the magnetizatioM, may be aligned
parallel @,>0, the ferromagnetic type of the exchange fgo(X) = —agexp(kgX). (16

field) to M or antiparallel §,<<0, the antiferromagnetic type
of the exchange field In the following we will assume a
ferromagnetic exchange interactioM § andM are oriented ;
in the same direction The case of antiferromagnetic cou- &€ small provided thaRg/Ry<1 and Re/Rpy)(Rs/Ry)
pling will be briefly discussed below. In principle one can <1, WhereRe s=& s/og s are the resistanceper unit
add to Eq(8) the termX , ,y{ Sk S,} which describes a direct areg of the KS) of lengthsée s. In order to calculate the
interaction between localized magnetic moméhtSput this ~ Magnetization we have to find the functign=Tr(o39/2)
term does not affect the final results. [see Eq(2)]. The latter is related to the functioffig ; in the
Starting from the Hamiltoniart4) and using a standard F and S region through the normalization condition, &3,
approach? one can derive the Usadel equation. In the cas@nd is given by
of a low S/F interface transparency this equation can be lin-

earized. Then, the functiohis obtained from the linearized

Hereb. =+ fgcs/(vek-) andag=ghcsfro(0)/(¥sks). As
follows from Eqs.(15) and(16) the functionsf .. andf gy(x)

Or3=frofF3SOMw, 0ss=fgcsdfsn/gesc-  (17)

Usadel equatiorisee e.g. Ref. 15 As it has been discussed in Ref. 15, the functibgsandfg,
5 ) ) corresponding to the triplet component of the condensate are
Ffe—rifL=0 inthe Flayer (9 odd functions ofw while the singlet componentiscs and

frs are even functions. Thus, according to E@k7) the
functionsgr3 andgsz are even functions ob (ggscis odd
a>2<x5fs_ K?ﬁfs: K(x)os inthe Slayer.  (10) in w‘). This means that the sum over the frequencies in Eq.
(2) is not zero and the proximity effect leads to a change
Here x2=2(|w|FiJsgrw)/Dg, «k3=2\w?’+A%Dg and &M, of the magnetization in both F and S layéaboveT,
5fs is a deviation of the functiorfs from its bulk (BCS)  the r;agr;]etlzatl?n inS Olls zeno A .
; F _F % : - After the qualitative discussion we have come to the con-
valuefgcs, i.e., 6fs=fs—Tfgecs, fees=fres 03. The func- ) o . X
. fBCS h SI S Bcls 8552 ZBCfS g?’ " clusion that the net magnetization due to the inverse proxim-
tons T are the e emef‘t@' ) and(2, ) of the matrixte. ity effect must be negative. The explicit calculation based on
The functionK(x) contains the correctiodA(x) to the or-

: > . h Egs.(2) and(15)—(17) confirms this result which is shown in
der parameteA. This term is not relevant in our calculations Fig. 1 for some values of the parameters. We seedNat is

since only the component dfproportional too, contributes  negative, i.e., the magnetization of the ferromagnet is re-
to the magnetizatiofsee below, Eq(17)]. Equationg9) and  duced and the superconductor acquires a finite magnetization
(10) should be complemented by the boundary conditionsn the opposite direction. The change of the magnetization
that can be written for smafis  as 6M(x) extends over the Iengths‘l, which may be much

and
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larger than the thickness of the F layer. This effect is another 0

manifestation of the existence of the triplet component.of

The inverse proximity effect considered here may be rel-
evant for several experiments on the measurements of the
magnetization in the S/F structurEs:*In these experiments -0.1}
it was found that the magnetization started to decrease when
crossing the superconducting critical temperatlirefrom
above. The authors of these experiments compared the data
with the theoretical results of Refs. 19 and 20 that were
obtained under the assumption that the ferromagnetic order
in the F thin layer might be modified due to the proximity
effect leading to the so-called cryptoferromagnetic state. In _ 04
these works only the contribution of localized moments to TiTc
the magnetization was taken into account. Our calculations
show that the conduction electrons can give an additionaéur
contribution. The inverse proximity effect leads to an addi-
tional reduction of the magnetizatial and may serve as
an alternative explanation for the reduction of the magneti
zation observed experimentaffy!*

Let us analyze now an interesting case that may be rel-
evant to the experimental situation of Ref. 14. We assume
that the thickness of the F layef is small compared tgr ample, in the simplest model of the ferromagnet with a con-
and that the Green functioms; and f are close to the bulk Stant and positive] we have for an itinerant ferromagnet
valuesggscandfgcs. The latter assumptions are valid if the Mro =gugrJ (see Ref. 21 To simplify the expressions for
coefficient yg / ys= o /o's is small enough. In this case all Tsg We assume also thatl<e,r~(Dg/df)(R:/Ry)
functions in the F region are not necessarily small but they<(dg/&g) (this limit may correspond to the experim&ht
are almost constant in space. Therefore we can average the this case we obtain
exact Usadel equation over taking into account exact
boundary conditions. Proceeding in this way, we get for the

diagonal elementg. andf. of the matricegy andf,

SM/MF()_-

—02] "

FIG. 2. Temperature dependence &Mg(0)/Mg, (lower

ves and M (0)/M ¢, (upper curvesfor the following values
of ye=vel& (é0=vDg2To): v=0.1 (solid line), y£=0.3

(dashed ling and v=0.5 (dot-dashed line Here yg/ys=0.5,

J/T.=20 anddg/£,=0.1.

re~—1.67JAdZ/Dg, (19

Ors=0sllys, fre=*epfpcs/loe, (18 re~—mAl2€p. (20

where w.=w+eyrdscstid, (o-= Vi —(epefacd?  For estimations of the parameters one can take experimental
epr=Dr/(27y¢dg). One can see that in the limiting cases of values from Ref. 14 where a “weak” ferromagnet Pd, Fe,
small and large energy,r the functionsge. , fe. describe  was used. One gef:/dZ=1000 K fordz=20 A. The Cu-

a superconducting state with the energy gap equaltof  rie temperature which may be of the orderJofaried from
€,r<<A (a subgap in the excitation spectruend toA inthe 90 to 250 K. The barriefinterface resistanceR,, is not
opposite case. In both cases the position of the energy gap iown, but one can give a crude estimation noting that
shifted with respect te=0 (the Matsubara frequencies are (R /R,)(dg/é)~T,, , whereT,, is the transmission coeffi-

related toe via w=—i¢). It can be easily shown that the cient which varies from very small values to a value of the
function gg5 that determines the magnetization, E@.and  order 1.
(17), equals zero foe,=0 (very small S/F interface trans-  In conclusion, we have demonstrated the existence of the

parency and for very large values oé,r (a perfect S/F inverse proximity effect in S/F structures. Due to the pres-
contacj. This dependence ofMg on R, leads to a non- ence of the superconductor the magnetization in the ferro-
monotonic behavior of the change of the magnetizatiormagnet with the ferromagnetic type of the exchange interac-
6Mg s. In Fig. 2 we show the temperature dependence ofion is reduced and a magnetic moment is induced in the
J6MEg 5(0) for values of the parameters similar to those ofsuperconductor below . Its direction is opposite to the
Ref. 14. We see that the decrease of the magnetization majirection of the magnetic moment in the ferromagnet and
be of the order of 10% and larger. This result correlates witlspreads over the superconducting coherence lefagtihis
the experimental data of Ref. 14ee Ref. 21 We have distance can be much larger than the F film thickness. The
checked thatf | <1 for the parameters in Fig. 2. effect discussed may be the reason for a reduced magnetiza-
We also present here analytical formulas for the ratiotion observed in S/F structures leading to a frequency shift of
rsp=06Mgr(0)/Mgo using Eq.(18) and considering the the magnetic resonanc&This conclusion is changed in the
case of low temperatureJ €A); 6Mg are the magnetiza- case of ferromagnets with the antiferromagnetic interaction
tion variations in the S and F films aM, is the magneti- between free electrons and localized moménegativeJ;
zation in the F film abové@ . The relation betweeN g and  in Eq.(8)]. If a contribution of localized moments to the total
J depends on a particular model of the ferromagnet. For exmagnetization in such ferromagnets dominate .
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>M,), the magnetizatioi , is opposite taVl and therefore culated for a ballistic S/F structure. In this case the magne-
the induced magnetization variation in the superconductofiZation penetrates the S layer over distances of the order of
oM will be parallel toM, the Fermi wavelength. We are not interested in small scales

We recently became aware of the paper Ref. 22 where th%f this order.

magnetization leakage into the S layer was numerically cal- We would like to thank SFB 491 for financial support.
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