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We study the possibility of a nonhomogeneous magnetic diatgptoferromagneti¢CF) statd in hetero-
structures consisting of a bulk superconductor and a ferromagnetic thin layer, due to the influence of the
superconductor. The exchange field in the ferromagnet may be strong and exceed the inverse mean free time.
An approach based on solving the Eilenberger equations in the ferromagnet and the Usadel equations in the
superconductor is developed. We derive a phase diagram between the cryptoferromagnetic and ferromagnetic
states and discuss the possibility of an experimental observation of the CF state in different materials.

[. INTRODUCTION netic moments both theoretically and experimentéity re-
view see, e.g., Ref. 12

Recently, the interest in experiments on superconducting- At the same time, any competition of the ferromagnetic
ferromagnet & F) hybrid structures has grown rapidly. Such ordering and superconductivity is hardly possible in a bulk
structures show the coexistence of these two competingaterial if the concentration of the magnetic moments is
types of ordering but their mutual influence is still a contro-high because in this case the superconductivity is immedi-
versial point:=® In these experiments, the multilayers con- ately destroyed. The effect of the magnetic moments should
tained strong ferromagnets such as Fe or Gd with the Curibe somewhat reduced if they are distributed not everywhere
temperature up to 1000 K and superconductors with transin the bulk but are concentrated in certain regions of the
tion temperatures not exceeding 10 K, such as Nb or V. sample. TheS/F multilayers can be an example of such a

Naturally, in most theoretical works only the influence of system.
the ferromagnet on the superconductivity ®fF systems In this paper, we investigate theoretically the possibility
was considered:® One may argue that a modification of the of a cryptoferromagneticlikéCF) state inS/F bilayers with
magnetic ordering would need energies of the order of thparameters corresponding to the structures used in the
Curie temperature, which is much larger than the supercorexperiments=®° The magnetic moments in the ferromag-
ducting transition temperatufg,. Therefore, any change of netic materials such as Fe or Gd used in these works are
the ferromagnetic order would be less energetically favorablguite strong and therefore one cannot apply directly ap-
than the destruction of the superconductivity in the vicinity proaches developed previousf/However, such a study is
of the ferromagnet. very important because it may allow to clarify the question

This simple argument was questioned in a recent experiabout the cryptoferromagnetic state in the experiffesd
mental work!® where Nb/Fe bilayers were studied using dif- to make predictions for othe®/F multilayers. The large
ferent experimental techniques. Direct measurements usingagnetic energies involved make the problem quite non-
the ferromagnetic resonance showed that in several sampl#iivial and demand development of new approaches.
with thin ferromagnetic layers (1015 A) the average mag- To the best of our knowledge, the possibility of a nonho-
netic moment started to decay at the superconducting trangitogeneous magnetic order in multilayers was considered
tion temperaturél,. The measurements were possible onlyonly in Ref. 13. However, although the authors of Ref. 13
in a limited range of the temperatures beldy and the —came to the conclusion that a first order phase transition from
decrease of the magnetic moment in this interval reacheth® homogeneous ferromagnetic state to the domainlike
10% without any sign of a saturation. As a possible exp|astructure(DS) state due to the interaction with the supercon-
nation of the effect, it was assumed in Ref. 10 that the suductor may occur, the results obtained can hardly be used for
perconductivity affected the magnetic order causing a doduantitative estimates. For example, they assumed that the
mainlike structure. period of the structurd had to be not only much smaller

A possibility of a domainlike magnetic structure in pres- than the size of the Cooper paft but also thané\T./h,
ence of superconductivity was first suggested by Andersowhereh is the energy of interaction of conduction electrons
and Suhl long agd* They argued that a weak ferromag- with the localized magnetic moments. These assumptions are
netism of localized electrons should not destroy the supemot suitable for strong ferromagnets such as Fe or Gd. In
conductivity in the conduction band. Instead, it may becomeaddition, the authors of Ref. 13 used as a boundary condition
more favorable energetically to build a domain structurethe continuity of the superconducting order paramatend
called the cryptoferromagnetic stdfeLater this state was of its derivative at theS/F boundary. In order to use this
investigated in detail for small concentrations of the mag-condition one had to assume that the electron-electron attrac-
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Z contains the one-particle electron enekyy (including inter-
action with impuritie$ and the interaction between the con-
duction electron$d;,,;. We assume thatl,,; has the form

F > Hint:_)\OL>O‘PZ(V)‘I';(V)‘I’ﬁ(r)q’a(r)dr (4)

which means that there is no interaction between the conduc-
4 0 X tion electrons in the ferromagnet. We assume thgt-0
such that without the ferromagnet one would have a conven-
tional superconductor witk pairing.

The second term in E@2) describes the interaction of the
conduction electrons with the exchange field of the magnetic

tion was the same in the superconductor and ferromagnefioments in the ferromagnet, wheyeis a constant that will
which is definitely not the case for Fe/Nb or Gd/Nb struc-be put to 1 at the endh is the exchange field andr
tures used in the experimert®:1° =(oy,0y,0,) is the vector containing the Pauli matrices as
In contrast, we present here a microscopic derivation ofomponents. According to the geometry described abdse
the phase diagram valid for realistic parameters of the probaonzero in the region-d<x<0. Writing Eq.(2) we neglect
lem involved. Our consideration is based on writing theinfluence of the localized moments on the orbital motion of
Eilenberger equatiofi$ for the ferromagnetic material and the conduction electrons since the exchange interaction is the
the UsadéP equations for the superconductor. Of course,dominant Cooper pair breaking mechanism for the problem
these equations are modified to include spin variables. Inteinvolved.
action of the magnetic moments with spins of electrons of This can be rather easily understood for the geometry
Cooper pairs is the most important in the case involved. Weised. If the magnet is in the ferromagnetic state and the
will consider here a CF state with a magnetic moment thaéxchange magnetic fiehlis directed along the interface, the
rotates in space. In the absence of a strong anisotropy thigrresponding vector potential in the superconducting re-
state is more favorable than the domain structure of Ref. 13gion is a constant and can be removed by a gauge transfor-
For such a cryptoferromagnetic state, spin variables do nonation of the superconducting order parameterAt the
separate in the Eilenberger and Usadel equations. The thickame time, in the ferromagnet one may consider the influ-
ness of the ferromagnet is assumed to be small and this a#nce of the exchange field on the electron spins only. The
lows us to perform calculations explicitly. We will show that situation cannot change if the cryptoferromagnetic state is
the phase transition between the CF and ferromagitElic formed unless the period of the oscillations of the magnetic
phases is of second order and the period of the strutture moment is very small.
goes to infinity at the critical point. The restrictions we use The last termH), in Eq. (2) describes the interaction be-
explicitly are consistent with the parameters in Ref. 10 andween the localized moments in the ferromagnet. Of course,

FIG. 1. Geometry of thé&/S system. The magnetization of the
F layer is parallel to theS/F interface, i.e., perpendicular to the
plane of the figure.

can be written as this interaction can be very complicated and to determine it
one should know a detailed band structure and different pa-
d<ér=vo/h, Tc<h<e, (1) rameters of interaction. Such calculations would be too com-

whered is the thickness of the ferromagnetic layep, and ~ Plicated for the present study and we write the tetiy

e, are the Fermi velocity and Fermi energy. Even in such &hénomenologically. ,
strong ferromagnet as irore is of the order 10 A. For Our aim is to obtain an expression for the free energy of

weaker ferromagnets such as G, is considerably larger the System for different magnetic structures in théayer.
and the inequalitieg1) can be fulfilled rather easily. The 10 determine the contribution of an inhomogeneous align-

phase diagram we derive below allows us to make definitd"€nt Of magnetic spins to the total energy we use the limit of
predictions about a possibility of the cryptoferromagneticaCom'nuougnate”a' and replace the spins by classical vec-

state in different materials. tors. We want to study here structures with magnetic mo-

ments directed parallel to the interface between the ferro-

magnet and superconductor. A perpendicular component of

the magnetization would induce strong Meissner currents in
We consider ar8/F bilayer assuming that the supercon- the superconductor, which would require greater additional

ductor occupies the half spage-0, while the ferromagnetic €energy.

film is located in the region-d<x<0, as shown in Fig. 1.~ Therefore, we write the energyy, of a nonhomogeneous

The Hamiltonian describing the system is chosen in the folstructure in the continuum limit as

lowing form:

Il. THE MODEL

HM:j JVSY?+(VS)*+(VS)?dV, ®)
H(7)=H’—7f dr J(n[h(r) o,z g(r)+Hy,
—d=x<0 where the magnetic stiffnesscharacterizes the strength of
2 the coupling between the localized moments in Eh&ayer
where andS’s are the components of a unit vector which is parallel
to the local direction of the magnetization. Writirg (O,
H'=Ho+Hiy (3)  —sin®,cos®) and minimizing the energil,, we obtain the
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equationA®=0. We consider only the solutions of this _ 1 5
equation that are of interest for us: Quis=—imTreX, fo va d°r(ho) ,5(9pato- (10)
(0=0, (b)®=Qy. (6)

Here v, is the density of states ar{@)o is the quasiclassical
The solution (a) in Eq. (6) corresponds to thé= state, Green function averaged over all directions of the Fermi ve-

whereas the solutiofb) describes a CF state with a homo- locity. Its definition will be given in the next section. Once
geneously rotating magnetic moment. The wave vector ofve knowg we can calculaté€ s using expressio(l10). In

this rotation is denoted b§. The magnetization is chosen to the next section we derive the equations for the Green func-
be parallel to the FS interface. With all these assumptions thtons.

magnetic energy),, (per unit surface areds given by

Qy=JdQ. (7)

In this section we derive from Eq2) the appropriate
The corresponding energy of tiestate equals zero. Assum- Eilenberger equation$ for the quasiclassical Green func-
ing thatT is close toT. one can determine the lowering of tions in the superconductor and the ferromagnet and their
the superconducting energy due to the suppression of th@atching conditions. In theé layer one can simplify the
superconductivity in tthIaler. Not very close to the inter- problem considering the “dirty limit’l <&, wherel is the
face, at distances exceedifg \/g_ol, whereé,=v/T.isthe  mean free path anéh=uv/T, is the coherence length of the
coherence length in the clean limit ahds the mean free superconductor in the clean limit, which allows to use more
path (the dirty limit is considered hejeone can use the simple Usadel equatiorts. The conditionl <&, is usually
Ginzburg-Landau equations. The proper solution for the orfulfilled for real superconductors and this allows to use the
der parameteA(r) describing the loss of the superconduct- final results for a quantitative description of a wide number

Ill. QUASICLASSICAL EQUATIONS

ing energy can be written in the foffir*® of experiments. If we assume thla| <1, r=(T—T.)/T,,
the Usadel equations can be linearized.
r( X ) Writing the Usadel equations in the ferromagnet is not
A(X)=A(T)tan +C|, (8) always a good approximation because the exchange ehergy
V2&(m) in realistic cases is not necessarily smaller tham, 1Avhere

_ BT 7, the mean free time, and so one should write in this region
where A(T) = V8m*/7{(3)| r|Tc=Ao7"" is the value of the o Filenberger equations. At the end one should match the

order parameter in the bulk superconductoé(T)  goiutions of all the equations using proper boundary condi-
= \/mD/8T|7| Y2 is the characteristic scale of the spatial tjgps. a 9 prop y

variation ofA(r), D is the diffusion coefficient in the super- st we introduce microscopic Green functions. Since

conductor, andC is a constant. The solutiof8) is valid at  \ye are dealing with a nonhomogeneous magnetic structure,

distances exceedingy At the distances of the order gfone  the spin flips cannot be excluded and therefore averages of

needs to solve quasiclassical equations, which we will derivene form (W (r,t) W, (r',t’)) or (Vi(r,t)¥_,(r',t")),

in the next section. wherea=1, |, are not necessarily zero. So, we introduce the
At the moment, we simply write the lowering of the SU- 4 4_matrix Green functiorts (r,r)

perconducting energy for a given constaiit Substituting @

A(x), Eq. (8), into the Ginzburg-Landau free energy func-

tional and integrating ovex we evaluate the decrease of the &

superconducting energy at tRéS interface per unit surface

area agRef. 17

G -F
I”:+ _é+

whereG andF are the normal and anomalous matrix Green
functions in spin space, respectively, i.e.,

. (G g [ F F
g—( 1 w>, f:< T u)'
G 9 Fip Fuy

_\/; 312 2
Qs—ﬁM (2+K)(1-K)*, €)

where K=tanhC. The influence of the ferromagnet on the
superconductivity is determined by the paramétehat will
be found by minimizing the total energy.

The contribution() s of the second term in E¢2) to the
total energy has still to be determined. Differentiating the

The matrix Green functioks,(r,r') satisfies the Gorkov
equations that can be written in the spin particle-hole
space in the form

function Q(y)
H(y) [~ 730,— &)+ A(r) = YW(1) = Zimpl G(x,x") = 8(x—x"),
Q(y)=—TIn|Trex - | (11
where 7, i=1,2,3, are Pauli matrices in the particle-hole

whereH(y) is given by Eq.(2), one reduces the derivative S Sy .
of free energy to an averaged Green function. Then, recorpace,&(p)=p?2m—pu, A=7®ig A(r), V=Rdh(r)o]
structing the free energy one obtains the following expres®1+Im[h(r)o]® 73 and A is the pair potential, which
sion for Qys: should be determined self-consistently by
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whereh is the strength of the exchange field in thdayer
A(V)Z?\OT; Fqi(rro), (12 and Q denotes the wave vector of the cryptoferromagnetic
state.
where) is the constant of the electron-electron interaction.  For thin ferromagnetic layers, the functibrvaries slowly
As we have mentioned,,=0 and hencé\ =0 in the ferro- between the boundaries. Assuming thatv,/h we can re-
magnet. At the same timé=0 in the superconductor. The late the values of the functioi™ (v,,r) at the interface, i.e.,
termiZy, in Eq. (1) describes the scattering by impurities. at x=0" to the values at the boundary to the vacuunx at

Subtracting from Eq(11) its complex conjugate and us- = —d, using the Taylor expansion
ing the assumption that the quasiclassical Green funéion 2P (P (P
varies slowly as a function of ¢-r’)/2 one can derive in the F7(vo,ro=ra) ~1(vo,ro) =da,t™(vo,ro), (15

usual way the Eilenberger equattfthat can be written in a

matrix form as where ro=(0,y,z) and ry=(—d,y,z). Applying general

boundary condition$ to the problem involved we conclude

- .~ s . . that for a perfectly transparent interface the functioris
Homg—iA+iyV+iZin}, 9]+ VoV 9=0, (13 continuous at the interface. Assuming a specular reflection at
the boundary with the vacuunx € —d) we write the follow-

wherep, andv, are the momentum and velocity at the Fermi . L
boundary condition for the functioft

surface and is the quasiclassical Green function, defined bymg|
. . Oy, ro—r) =T (—v,,ro—ry). (16)

. g —f [ .
g(r,pF)=(f+ _§+) - ;f dEG(r,pe). Using Egs.(14)—(16) and the continuity off at r=r, the
problem is reduced to the solving of the Usadel equation in
For a short range interaction one can consider impurities ifhe superconductor with the following effective boundary
the self-consistent Born approximation, which gides, = condition at the interface between the superconductor and
’ p

. - . the ferromagnet
—i/27(g)q, where(- - - ), denotes averaging over the Fermi
veIgcny. Equatlc')r.\(lg)zshvould pe com'pllemented by the nor- 77D(f7x+d(?§)’fo(r0)+i sgr()d(— Vi, +Fov*), =0,
malization conditiong®=1. This condition follows as usual 0 (17)
from the fact thag? is also a solution of Eq(13). R

Although Eq.(13) contains all the information, its solu- Wherenzvg/vgandfo is the zero harmonics of the function
tion is rather complicated. At the same time, thef in the superconductor. When deriving E47) we used the
_expenme_n_t%" are performed not far from the superconduct-fact that the Usadel equation is applicable in Sayer at
ing transition temperaturg.. Moreover, calculations near distances down to the mean free pathnd extrapolated its
T, are considerably simpler and so we concentrate on thigolution to the interface. We also neglected the contribution
region. o of anglesf<dh/v, to the averagéf),, whered is the angle

NearT,, the anomalous functiorfsandf ™ are small and  petweenv, and thex axis, i.e.,v,=v, cosé. Only the first
gwsgn(w). This allows us to linearize equations fbrand  two spherical harmonicE®~f,+vf; were kept in the deri-
f* in the ferromagnetic regior d<x<<0 and in the region vation. With this assumption one can derive from Etp)
of the superconductor limited by the inequalities<®  the Usadel equation in the spimarticle-hole space

<&(T). Finding in this region the solution for and using

the self-consistency equati@f?2) we can find the order pa- —DV(goV:90) +[w73—iA(r) +iV(r),go(r,®)]=0,
rameterA (x) and match this functiolwith the expression for (18
A(x), Eq.(8), valid for distances>£. This allows the pos- N I

sibility to determine the coefficier€ and calculate the en- 9=~ 790V J0- (19

ergy Q, Egs.(9), (10).

Such a procedure is simple conceptually but in practic ; .
very complicated. We did not manage to carry out the calfunctiong=go+veg;.
culations for an arbitrary thickness of the ferromagnet. How- Using the fact that-=(T.—T)/T.<1 one can linearize
ever, one can expect the cryptoferromagnetic state in thifhe Usadel equation. The off-diagonal componér@) in the
layers only @<&g), where, fortunately, one can find the particle-hole space of E¢18) can be written in the standard
solution explicitly. form

In the limit T,<h, the off-diagonal component,2) in . .
the particle-hole space of E€L3) in the region—d<x<O0 is DV?fo—2|w|fo—2A(x)0y=0. (20)
written as

é—|ere§o andv,g; are the first two spherical harmonics of the

Equation(20) is sufficiently simple that one can find the
solution using the boundary condition, E47). This allows
(FP— (1P, us to calculate the total energy and find the coeffici@n
Eqg. (8). Minimizing the energy inQ we can determine the
. boundary in parameter space of the cryptoferromagnetic
V=h(x)o,expiQyay), (14 state. Such calculations will be performed in the next section.

sgnw)

VoV = —iViF +if Ay — .
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IV. CRYPTOFERROMAGNETIC STATE an=m(2n+1) andvg is the density of states in the ferro-

With the above preparation we are in a position to find th¢"adnet.
solution of the equations derived in the previous section and The total energy is given b=y + Qs+ Oy, Egs.
calculate the energy. The general solution of ) with  (7), (9), (25 and is a function of two parametets,andg,
the boundary condition, Eq17), and using Eq(14) for v that should be determined from the conditioa§)/JK
can be written as =0d8/9q=0. The parameten is in fact the order parameter
for the cryptoferromagnetic state. Close to the Efansi-
tion this parameter is small and one can expand the energy
Qus, Eq. (25, in g% As concerns the valu&, at the
minimum, it can be found near the transition minimizing
QM,S atg=0. As a result, the first terms of the expansion of
the energy() in g2 near the CFF transition can be written as

fo(r,0)=a,(x) 0@ D+ B, (X)ioy,

a,(x)=C exy{—\/Q2+Mx)
w w D ?
p( \/T) 0~0y(Ko)+Os(Ko,a=0)
q2

n
Y §F3/2,2Kg| 7|+ \/EFz,zKo(l_ K§)| %2

(21)

where

Bw(X)—I

Equation(21) is applicable at distances much smaller than
&(T), where the solution foA can be approximated by a
linear function[see Eq.(8)]. Substituting Eq(21) into Eq.
(12) one can find a rather complicated dependence of the q=0
order parameteA(x) on X. Matching this solution with the
function determined by Eq(8) is generally speaking not

4

+ g A1 K§)2|T|2—2>\} +q—

™ 2
7 — HgKgl 7|

2

simple.

Fortunately, the exponentially decaying part of the solu-
tion given by Eq.(21) does not give a considerable contri-
bution to A(x). One can check using the self- con3|stency

equation, Eq(12), that the relative correction ta(x) com-
ing from the exponentially decaying part of Eg1) is of the
order (Inwp /T,
ing its neglect. The coefficiens, andB, can be now de-
termined from Eq(17) and we obtain

7°DA’(0)/D(DQ?+2|w|) — 4h%d?A(0)

|
B,=1—

“ ol %?D\2]0|(DQ%+2|w|)+ 4h%d?
(22)
A 2| A
2hdyD O\ +470
C,= )

©  7°D\2|w|(DQ?*+2|w|)+4h%d?

The conditiong?=1 allows us to find the functiog which
gives, on substitution into Eq10) finally the energyQs.
Introducing the dimensionless parameters

, 2h*d* DQ? 5o /2T 24
a = y = , =
DT.%? a 2T, Vg AZ
and using Eq(8) we obtain
~ a
QM/S:EF3/2,1K2|T|+\/EFZ,lK(l_KZ)|T|3/2
+ 7 Fgpa(1-K?)?| 72, (25

where

432
_ —m 2 271
Fri =7 2 agen(anta?)+a%]™!, (26)

~1, wherewp, is the Debye frequency, allow-

+2F Ko(1= K| 7%+ 7 gl 1= K§)? 2],

(27)
where we have defined
4a? 1 1 1
=— — +
"M S0 ol | (aptad)?  2(aptad)’
Since 0<K,<1 the term proportional tay* is positive,

which means that the CF-transition is of the second order.
This is in contrast to the conclusion of Ref. 13, where a
domain structure appeared with a finite period, which corre-
sponded to a first order transition. The parameaten Eq.

27 is

Jd  7(3)

v2T.D3 272

According to the Landau theory of phase transitions the
transition from the ferromagnetic statg=€0) to the crypto-
ferromagnetic stateg# 0) should occur when the coefficient
in the second-order term turns to zero. The phase diagram for
the variables andJ, Egs.(24), (28), is represented in Fig. 2.
The curves are plotted for different values|ef. The func-

tion 0(q) has only one minimum aj, continuously going

to zero as the system approaches the transition point. This
demonstrates that the transition is of second order. Not close
to the transition point the characteristic values of the wave

number of the structure are of the order@f ¢ 1. Figure 2
gives a possibility to determine explicitly the boundary of the
cryptoferromagnetic state for any materials forming the mul-
tilayers.

A (29)

V. DISCUSSION

In the previous sections we studied a possibility of the
cryptoferromagnetic state in a ferromagnet-superconductor
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0.015

7\' 0.01

FIG. 2. Phase diagrams\(a) for different
values of|7|=(T.—T)/T.. The area abovébe-

0.005 low) the curves corresponds to the(CF) state.

bilayer. Matching the solutions of quasiclassical equations imonmagnetic “dead” layer$,and can affect the parameters
the ferromagnet and superconductor we determined thef the ferromagnetic layers, too. If the cryptoferromagnetic
phase diagram in the vicinity of the superconducting transistate were realized only on the islands, the average magnetic
tion for given parameters of the materials forming the sys-moment would be reduced but remain finite, which would
tem. It is clear from our solution that the transition betweencorrelate with the experimeff.One can also imagine is-
the ferromagnetic and the cryptoferromagnetic states is dfnds very weakly connected to the rest of the layer, which
second order. At the transition point, the wave num@er would lead to smaller energies of a nonhomogeneous state.
characterizing the magnetic structure is equal to zero. The Another possibility to observe the cryptoferromagnetic
paramete grows smoothly when going into the cryptofer- state would be to use multilayers with a weaker ferromagnet.
romagnetic state and its typical value can be of the order oA good candidate for this purpose might be Gd/Nb. The
the inverse size of the Cooper pair . exchange energ in Gd ish~10° K and the Curie tem-

Let us make estimates for the materials used in the experPerature and, hence, the stiffnelsis 3 times smaller than in
ment of Ref. 10. The stiffneskfor materials such as Fe and Fe. So, one can expeat=2.5 and\ ~2x 10~ 3. Using Fig. 2
Ni is ~60 K/A. The parameters characterizing Nb can bewe see that the cryptoferromagnetic phase is possible for
estimated as followsT,=10 A, vp=1,37x10°® cm/s, and these parameters. One can also considerably reduce the ex-
=100 A. The thickness of the magnetic layer is of orderchange energj in V,_,Fe/V multilayers’ by varying the
d=10 A, and the exchange field=10" K, which is proper alloy composition. Hopefully, the measurements that would
for iron. Assuming that the Fermi velocities and energies oftllow us to check the existence of the cryptoferromagnetic
the ferromagnet and superconductor are close to each othepase in these multilayers will be performed in the near fu-
we obtaina~25 and\ ~6x 10" 2. Itis clear from Fig. 2 that ture.
the cryptoferromagnetic state is hardly possible in the Fe/Nb
structure studied in Ref. 10.

How can one explain the decay of the average magnetic
moment belowT . observed in that work? In reality, samples  We are grateful to I.A. Garifullin for numerous discus-
analyzed in Ref. 10 show a quite rough interface between thsions of experiments and to D. Taras-Semchuk and F.W.J.
Nb and Fe layers. Thus, one can expect that there were “igslekking for helpful discussions. F.S.B. and K.B.E. thank
lands” in the magnetic layers with smaller valueslaind/or ~SFB 491 Magnetische Heterostrukturefor support. The
h. A reduction of these parameters in the Fe/Nb bilayers isvork of A.l.L. was supported by NSF Grant No. DMR-
not unrealistic because proximity to Nb leads to formation 0f9812340 and the A.v. Humboldt Foundation.
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