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Coupling phenomena in superconducting Nb/Fe multilayers
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We measured the critical temperaturg and critical fieldH., of molecular-beam epitaxy-grown Nb/Fe
multilayers in which the layer thicknessgsg andty,, are systematically varied. For constag we observe a
continuous decrease @f, with increasingtg, up totpe=15 A. At highertg, values a sudden drop df, is
measured related to the onset of ferromagnetism in the Fe layers. Measurements of the shape and the angular
dependence oH.,(T) clearly show that the superconducting Nb layers are already decoupletifor
=12 A, magnetization measurements, however show that the Fe layers are ferromagnetic oy for
=16 A. For constante,=25 A, the observed strong decreaseTgfwith decreasing Nb thickness as well as
the temperature dependencettf, are well described by the theoretical model for decoupled superconductor/
ferromagnet multilayerd.50163-182@08)04110-1

INTRODUCTION when the Fe layers change from the nonmagnetic to the fer-
romagnetic regime with increasingg.. We show that for
The interaction between superconductivi§) and ferro- te.=12 A the Nb layers are already completely decoupled,
magnetism(F) has been intensively studied during the lastalthough the Fe remains nonmagnetic utgj=16 A. In the
decades through the proximity effect in superconductorsecond part we compare the theory of Radatial. for the
ferromagne(S/P multilayers. Theoretical investigation by special case of decoupled S/F multilayénsith the change
Radovicet al! and Buzdin and co-workefspased on the of T, and H,(T) in multilayers with varyingty,. The
Usadel equations, predicted the existence of the so-callestrong decrease of . with decreasing,, and the critical
m-phase state in S/F multilayers for specific thicknesses ofield curves are all well described by this model.
the F layer, assuming that the S layers are still coupled. In
this case the phase difference of the order parameter between
two neighboring S layers equats, and T, is predicted to
oscillate as a function of the thickness of the ferromag- The Nb/Fe multilayers were prepared in a Riber
netic layers. Although early experiments on V/feef. 3 molecular-beam epitaxy system(base pressure 2
suggested this oscillatory behavior, a more systematic study 10! mbap using electron beam evaporation hearths,
of the V/Fe system by Koorevaat al,* and on Nb/Gd triple  which were rate stabilized to within 1% by a homemade
layers by Strunlet al.® showed no evidence for an oscilla- feedback control system using Balzers quadrupole mass
tory behavior. FinallyT(tg) oscillations in Nb/Gd multilay-  spectrometers. The Nb and Féurity >99.9% and
ers with wedge-shaped Gd layers were reported by Jiang9.996% were evaporated at a typical rate of 1 A/s on
et al® Although the data showed a qualitative agreemenMgO(100) substrates held at 150 °C during deposition. The
with the theory of Radoviet al,! no quantitative agreement substrates were cleaned situ by rinsing in isopropyl alco-
was obtained. hol and drying in a dry Bflow, andin situ by annealing at
Recently, Kuboya and TakandkaalculatedT, for S/IF 600 °C during 15 min. The top and bottom layers of the
multilayers using the formalism developed by Takahashi andnultilayer are Fe, so that the superconducting layers are al-
Tachiki® For ferromagnetic layers with a sufficiently strong ways sandwiched between Fe. The top Fe layer is capped by
exchange field the existence ofTa(tg) minimum, without 20 A of Nb to prevent oxidation. The first set of analyzed
the appearance of @ (ty) maximum, is predicted. This multilayers has a constanty,=400A, with 2 A<tg,
might explain why several experiments on S/F multilayers<34 A, and 5 Nb/Fe repetitions, indicated as
failed to observeT, oscillations. On the other hand, Mge  [Nb(400 A)/Fe(tr)]s. The second set of films consists of
et al®' recently found a nonmonotonic behavior Bf i multilayers having a constang.=25 A, but withty, vary-
Fe/Nb/Fe trilayers. They attribute the appearance of This ing between 250 A and 670 A, and 3 Nb/Fe repetitions. The
oscillation to a changing interaction of the Cooper pairs withlatter set of samples was prepared in one evaporation run,
the Fe layers when Fe becomes ferromagnetic. making use of a movable shutter in front of the substrate
In order to elucidate the importance of the magnetic in-holder to vary the Nb thickness for the different samples.
terlayer on the coupling properties, we investigated the deThe set of multilayers having a variable Fe thickness was
pendence of the superconducting critical paramefers made in a similar way, by four consecutive runs of 5 or 6
Heo(T), andHg,, (T) ontee in Nb/Fe multilayers. Prelimi- samples, making sure to have an overlapthe grown Fe
nary results have been published in Ref. 11. We did nothicknessesof at least one sample from run to run. We did
observeT. oscillations, but a sudden drop @f. appears not observe any systematic differences in the structural prop-
when the Fe layers become ferromagnetitegt 15 A. This  erties and resistivity values between samples grown in a dif-
steplike feature is attributed to a larger pair breaking effecferent run.

EXPERIMENT
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For the simulation, an interface roughness of 6.5 A was used,

[Nb(5651’\)/Fe(25i\)]3 since this value reproduces best the angle at which the Bragg
peaks start to disappedaround X=3.4°). For higher
MgO(200) (@ roughness values, the Bragg peaks disappear already at

angles smaller than 3°, while for smaller interface roughness
the peaks above @=3.6° are too much pronounced com-
pared to the measured profile. Therefore we conclude from
the simulations that the interface roughness is about 6.5 A.
Magnetic measurements were performed by a supercon-
ducting quantum interference devi®QUID) magnetometer
enabling to determine the magnetic state of the Fe layers.
The superconducting critical parametdrs, H.,(T), and
He,, (T) were measured resistively using a standard four-
PN T | probe method in a HeOxford cryostat equipped wita 7 T
30 40 50 60 70 80 magnet. Thel . andH, values were defined as the tempera-
26 (degrees) ture or the field at the midpoint of the residual normal-state
resistance. The 10-90 % transition widthTatis about 50
, mK. For ty,=400 A, the resistivity of the multilayers is
[Nb(565A)/Fe(25A)], about 21.54.Q cm at room temperature and 4uf) cm at 10
K, independent ofr.. For the multilayers with constang,,
(b) p (300 K) decreases from 19.2 to 16.4) cm for ty, chang-
ing from 360 to 670 A, while (10 K) decreases from 2.5 to
1.6 w) cm. The value op (10 K) depends on the Nb thick-
ness as 1{,. The slope ofo(1/tyy) is too large to explain
this behavior by surface scattering according to the Fuchs-
Sondheimer theor}# These data can however be fitted by
the model of Mayadas and Shatzke$or grain-boundary
scattering, assuming that the grain size grows with the Nb
thickness.

Nb(110)

log(intensity)

Simulation

log(intensity)

RESULTS AND DISCUSSION
20 (degrees) A. Magnetic properties of the Fe layers

Magnetization measurements aff=10K>T, of
FIG. 1. (a High-angle diffraction profile of the [Nb(400 A)/Fe(tro) ]s multilayers show that the Fe layers are

Nb(565 A)/Fe(25 A) multilayer.(b) Measured and simulated low- MOt ferfomagnetl_c fOtFe_< 16 A. In parallel applied field, a
angle x-ray-diffraction profile of the same multilayer. The simula- Paramagnetic signal is observed whep<14 A. The
tion is calculated using theuprexprogram(Ref. 12 assuming an M (H;) data measured upot4 T for tre=6A and t,
interface roughness of 6.5 A. =12 A show that the magnetization increases linearly at low

fields, and is not saturated at 4 T. However, at low tempera-
The structural characterization was done by both low- andures an important contribution to the measured magnetiza-
high-angle x-ray-diffraction measurements using a Rigakution is caused by magnetic impurities in the MgO substrate.
rotating anode diffractometer with a wavelength of In order to substract the contribution of the substrate, we
1542 A (CK,). As can be seen in Fig. (& for afterwards removed the multilayer by chemical etching. Sub-
[Nb(565 A)/Fe25 A)];, the high-angled-260 measurements  straction of the magnetization of the pure substrate from the
clearly show the NE.10 and NK200) Bragg reflections at initial data, shows that within the experimental error there is
260=38.9° and 55.75°, respectively. The typical full width at no contribution of the Fe layers of that thickness to the mag-
half maximum of the rocking curve of these peaks is 4.0°netization.

and 1.0°, respectively. The intensity of the (880) peak is 5 For perpendicular fields, the field dependence of the mag-
to 10 times larger than the intensity of NL0). The material  netization for the multilayers withe.=6 A andtg.=12 A is
peaks of the Fe could not be observed. similar to that for parallel applied field. Therefore, we con-

The low-angle-diffraction profiles confirm good layering clude that fortre<14 A the Fe is nonmagnetic. This might
quality and show that the bilayer thicknesses are within 5%e due td(i) the proximity of the nonmagnetic Nb layefg)
of their nominal values. The final calibration of the thick- the presence of a discontinuous Fe film for very small thick-
nesses was based on the low-angle-diffraction results. Wieesses(iii) the admixture of Fe and Nb at the interfaces
have done simulations of the low-angle x-ray profile usingleading to the formation of a nonmagnetic FeNb aftdf¥he
the suPRExprogrant® to estimate the roughness at the Nb/Felatter was observed in Fe/Nb/Fe trilayers by ide et al°
interfaces. Figure (b) shows the measured and simulatedFrom the value for the roughness at the Nb/Fe interfaces,
low-angle profile for § Nb(565 A)/Fe(25 A); multilayer.  obtained from simulating the low-angle x-ray spectrum, we
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300 |- : zation. This means that a thin layer correspondingdo
i A BNV SV TR ~6.5A at each Nb/Fe interface is magnetically dead, in
200 100 0 100 200 agreement with the SQUID measurementstfQe=12 A.
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B. Critical temperature and dimensional crossover

FIG. 2. Magnetization vs applied field measured at10 K for Figure 4 shows the critical temperatufg as function of

the samples Withg= 14 A (a), andtp,=16 A (b). The data have the Fe thiCkneSS for the multil-ay-ers with flxeg’o= 400 A.
been corrected for the contribution of the substrate. The 10—-90% width of the resistive transition from the nor-

mal to the superconducting state is about 45 mK tigy

conclude that the absence of ferromagnetic order for smalk15 A, and 65 mK fortee>19 A. For the first two Fe thick-
Fe thicknesses must primarily be due to alloying effects ahesses which are ferromagnetic, the 10-90% width of the
the interfaces. transition is considerably larger: 630 mK fog.=16 A,

The nonmagnetic behavior of the Fe is most likely relatedand 360 mK fortr,=20 A. This might be due to fluctuations
to the formation of resonand-electron states, which are in the Fe thicknesses resulting in different magnetic proper-
strongly mixed with states in the Nb conduction band. Whenjes of the Fe at different places.
the width of these resonant states is large enough, the Fe
impurity is occupied with both spin-up and spin-down elec-

trons, which leads to the formation of a nonmagnetic state. 10
However, fluctuations at localized spins are still possible: [Nb(400A)/Fe(tre)]s
for a short time a magnetic moment might exist due to the 9Te couled
. . . pled;
time-dependent changes in the occupation numbers for the regime:  decoupled regime
electrons with spin-up and spin-down. Bl o i
Forte.=14 A ajump appears iN (H ) at approximately * :
+70 G[Fig. 2(a)] exhibiting a small hysteresis of about 20 Q r 'Y :
G. However the remanent magnetization is still practically ;o %
zero. This might indicate a tendency of the Fe magnetic mo- 6 e °
ment to lie perpendicular to the plane of the layers, although .
no macroscopic ferromagnetism is established yet. This un- 5 [ nonmagnetic Fe |  ferromagnetic Fe
usual behavior can be attributed to a gradual change from the T G
nonmagnetic to the ferromagnetic regime, sitge=14 A is ar ;I o o0°%,0
the largest Fe thickness for which no long-range ferromag-
netism is observed. 8 S —
The M(H) curves fortee=16 A are typical for a ferro- 0 10 20 30
magnet with its magnetization in the plane of the film, as tpe (A)
shown in Fig. 2b) for tre=16 A. In Fig. 3 we plot the value
of the magnetization per unit surface areaHat=200 G as FIG. 4. T, of Nb/Fe multilayers as function df-. The error

function oftg.. The solid line is the expected result for fer- pars denote the 10-90 % width of the resistive transition in case it

romagnetic Fe having the bulk magnetic mom@nR ug per s larger than the symbol size. The onset of the ferromagnetic state
atom. From the figure we can see that the saturation magef the Fe layers is based on SQUID measurements performed at 10
netization fortee=16 A and 34 A is consistent with the bulk K. The distinction coupled/decoupled regime is based on the analy-

moment of Fe assuming that every Fe layer contains a sulsis of the critical field data.
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2 with tee<10A. T* gradually approaches the critical tem-
[ [Nb(400A)/Fe(5.7A)]s perature asr, increases, coinciding witi; for tee>10 A.
[t e, T.,=6.87K By using the Ginzburg-Landai&L) formulas for anisotropic
15 “ee,, @) superconductors we can determine the perpendicular and
< i te., parallel coherence length, (T) and &(T) and hence the
g b Tea e dimensionality. AtT* and fortge=5.7 A we find & (T*)
<= ‘e., e T =280 A and&(T*)=640A. ForT>T*, £ (T) becomes
3 . R . SLA
] H."- .. soon larger than the thickness of an individual Nb layer
05 F 2L e, ", (=400 A), showing that the Nb layers are coupled. Since in
[ Te o, % this region&;(T) is smaller than or comparable to the total
03 e %o thickness 2000 A), the behavior is three-dimensional
o b o [Nb(400A)/Fe(12A)), (3D) as can be seen from the linear dependendd gf(T).
i T,=5.86K At lower temperaturesT<T*, & <ty, and the Nb layers
[ (b) become decoupled, leading to 2D behavior due to the limited
s WOF Nb thickness.
% - Heon
K i The crossover temperaturds can be well reproduced
= 'F . . assuming that the crossover appears wkefil) becomes
T I o f’cﬂ equal to a fixed thickness, =301 A for all the multilayers
05 F * . . that are coupled close .. The value fott, is very close to
[ — ~(1-TT)%8 L the effective superconducting thickness of the Nb layers,
ol— 4 e which equals 310 A or about of the real Nb thickness, as
0.2 0.4 0.6 0.8 1 deduced from the samples in the decoupled regime.
VT, In contrast to the multilayers with-<10A, the ob-

served temperature dependenceHgf, for te.=12 A [Fig.
5(b)] is well described by the relation valid for a 2D film in
FIG. 5. H.y andH,, for the multilayers withtee=5.7 A () a parallel field the solid line in Fig. )],
andte=12 A (b). The solid line in(b) shows the fitted temperature
dependence using E(). Hea(T)=Hg(0)(1—T/To) Y2 (1)

A smooth decrease df. as function oft, is observed up The good agreement between theory and experiment Tp to
to tee=14 A. After a sharp drop of . attr~15A, theT, is a clear sign that the Nb layers are decoupled, since the
value becomes independent of the Fe thickness, which i©tal sample thicknes@bout 2000 Ais too large to have 2D
typical for decoupled Nb layers. The drop T cannot be beha_\wor over the whole temperature range if the supercon-
explained due to different sample preparation conditionsdUcting layers were not decoupled. Moreover the angular

since the samples with 8&t,<18 A are grown in the dependence ofH., is also correctly described by the
same run. The origin of the steplike feature TR(tgy) is

Tinkham formula for an individual thin fildY throughout the
probably related to the onset of long-range ferromagneti

whole temperature rande,

order in the Fe layers producing a larger pair-breaking effect. .
A similar step has been observed in Nb/Gd/Nb trilayers Hea(0)[Sin(0)|/H ez, + [Hea(0)cod )/ Hez1*= 1. (2)
when the Gd layer becomes ferromagnétitle did not ob-  The valuety,=12 A is substantially smaller than the typical
serve an increase di. for te, slightly larger than the value  thickness needed to decouple the S layers in superconductor/
necessary for the onset of ferromagnetism, as recently rgnsylator multilayers, which is about 30—50%3.
ported for Fe/Nb/Fe layefS. _ In the decoupled regimei .,,(0) andH_,, (0) should be

The strong decrease &t for small Fe thicknesses can be jndependent of the Fe thickness. Indeed, for the multilayers
explained by the presence of the nonmagnetic Fe resonagfih ferromagnetic Fe layers with 16te.<34 A, a maxi-
states. Experiments by Boato and co-workeshowed that um difference of 10% was found iH.,(0), showing no
nonmagnetic resonaul states, formed when Fe-group tran- systematic dependence tiy. We would also like to remark
sition impurities are added into Al, depress the critical temM- 4t fort. =12 A the effective superconducting thickness of
perature much faster than nontransition metal impurities. Théhe Nb layers, determined from the critical fields, is for the
origin of this reducedT is a weakened attraction of the samples both in the ferromagnetic and the nonmagnetic re-
electrons in a Cooper pair. When such a pair is scattered yjimes equal to 310 A. This value is substantially smaller
a resonant level, the paired electrons, having opposite spingyan, the reaty,=400 A, proving that the suppression of the

feel a strong repulsion due to the Coulomb interactfon. superconducting order parameter does not start at the Nb/Fe
To determine at which Fe film thickness the superconipierface but well inside the Nb layers.

ducting sheets become decoupled, we measured the upper
critical fieldH.»(T) as shown in Fig. 5. A typical example of
the upper critical field curves for the samples in the regime
where the superconducting layers are not completely decou- In order to investigate the influence of the Nb thickness
pled, is shown in Fig. &) for t.=5.7 A. At the temperature on the superconducting properties of the multilayer in the
T*, indicated by the arrow in the figure, there is an upturn ofdecoupled regime, we measur&d and H.,(T) for struc-
He(T). A similar upturn was observed in all the samplestures with a constarti.=25 A and varyingty,. As shown

C. Critical temperature and field in the decoupled regime



57 COUPLING PHENOMENA IN SUPERCONDUCTING Nb#&-. . . 6033

In the dirty limit for specular scatteringz= ox/og, the ratio
of the normal-state conductivities.

The parallel and perpendicular upper critical fields can
0.6 F then be calculated in a similar way by introducing a proper

0.8

% modification ofp*. For a perpendicular applied field
E 0.4
£ ’ mH e,
£ p*=p*(To)+ ¢° £. (6)
B 0
0.2 | N L
. In the presence of a parallel applied field, the assumption is
[Nb(ty,)/Fe(25A)]; made that the individual S layers are thin enough, so that the
0 L nucleation of superconductivity starts in the middle of the
300 400 500 600 700 film. In this case the equation for the pair-breaking parameter
tyy (A) in a parallel applied field becomes
. i _ x 9(¢o) 5
FIG. 6. The normalized critical temperatuFe/T(bulk Nb) vs p*=p*(T)+ Y (27H o tapés) (7
tnp for decoupled Nb/Fe multilayers. As explained in the text, the 4o

dashed line is a one parameter fit to the theory of Ref. 12 using
=3.77 and taking:s=82.0 A as for a 2000-A-thick single Nb film.
The solid line is a two-parameter fit resulting ér=3.36 andég
=77.76 A.

with g a function that is only dependent @r,. We remark
that for the calculation of the critical fieldso additional
parametersare introduced.

To fit the T.(ty,) data to the model of Radovic, using

in Fig. 6, T, decreases rapidly with decreasing Nb thicknessE9S-(3) and(4), there is in principle only one free parameter

; ; " , Si T and ég can be obtained in an independent way
For the sample with the largest Nb thickness, the critical SINCE Teo ANG &s X .
temperature is still considerably lower than for bulk Nb, al-flfonlg t1h5ICpl<( smglel\lgzﬁ'l&m.Uqu a ZhOOO A Nblﬁlm r\:vegoung
though the thickness is much larger th&0) (=130 A for O an gs_, ol sing these re:.;uk;;,gt;; eﬁt it
bulk Nb, as determined from a 2000 A-thick single Nb film O € measured critical temperatures yieids 3.77, the

For comparison, a single Nb film of 300 A thickness has adashed line in .F'ig. 6 Since there are no free parameters
T,=8.7K. anymore the critical fields can now be calculated. The ob-

tained values foH.,, andH., are however systematically
ower than the measured ones.

To get a better agreement between the model and the data,
we therefore used and¢g as fit parameters, but still keeping
T.0=9.15 K. The solid line in Fig. 6, which is the best fit to

— o1y 1, the measured critical temperatures, was obtained by using
In(Te/Teo) = 9(z) ~Re Yz +p Teo/ To), ® £=3.36 and¢és=77.8 A, a value which is not far off from
where ¢ is the digamma function anil., the bulk critical  the previously mentioned 82 A for Nb. This value féx is
temperature. The pair-breaking parametérat T, can be also the same as the one reported by Steiréd > for Nb/Gd
calculated using Usadel’'s equations for the pair amplittigle trilayers and multilayers. There is a very good agreement
in the superconductor. As a result it is found tdtis de-  betweenT.(ty,) and the model, with the two-parameter fit

The reduction ofT . with decreasindyy, is well described
by the model for decoupled S/F multilayers developed b
Radovicet al!? In the framework of this model the critical
temperature is given by

termined by the following set of equations: describing the experimental data slightly better. By extrapo-
lating both fits toT.,=0 we see that the critical thickness for
00 tan o) = (1+1) tnb/és superconductivity is about 315 A, explaining why a
0 0 e multilayer withty,=250 A did not become superconducting.
In Figs. 7 and 8 we compare our data for, respectively,
_ Kstnb Heo, (T) andH,(T) with the model calculations using Egs.
o= (6) and(7), and using the result of the two-parameter fit to
=T T(tny), i.€., e=3.36 andés=77.8 A. There is a good
2 o w2 agreement between the modeashed or solid lingsand the
ks=2p*/&5. 4)

experimental data points, especially faf=360 A andty,

This means thal, depends ony,, the coherence lengtfy ~ =456 A. The deviations irH ., (T) for ty,=566 A at low

[that is related to the GL coherence length W  temperatures are due to a crossover of the Nb layers from 2D

=2&6.(0)/7r] and the material parameter=&-/nés. Here  to 3D behavior. This crossover, appearing when vortex

& is the penetration depth of the Cooper pairs into the fernucleation takes place, cannot be reproduced by the model

romagnet andy has its origin in the generalized de Gennes-since the S layers were assumed to be 2D.

Werthamer boundary condition that has to be fulfilled at the An attempt to fitT, andH, using for the different mul-

S/F interface folFg andF g, the pair amplitude in the S and tilayers the valugg based on the resistivity values failed. In

F layer, respectively: this approachég was determined from the BCS GL-
coherence length taking for the electron mean-free pdth

5) the values obtained from the producpioul=3.75

J J
ax M Fs=n zoIn Fe. X107 18 Om? for Nb.2? It was however impossible to fit
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1.2 15 -
® 4,=360A| } e . ® ty,=360A
P, D ohe=aS6A | T . B ty=456A
%A ¢ 1y,=566A R ¢ ty,=566A
A 1y,=669A A 1,=669A
08} " 1} "
3 tr,=25A a3 tr, = 25A
s [ETTV 3
e o6 - g
7 S, 3
i i
04 F 05 |
02 F
0 i 0 | 1 L o L
0 0.2 04 0.6 0.8 0 0.2 0.4 0.6 0.8
T/T (bulk Nb) T/T,(bulk Nb)

FIG. 7. HCzL(T).for the.same samples as in Fig. 5. The Iir.1es are  F|G. 8. Hy(T) for the samples of Fig. 5. The lines are the
the model calculations using=3.36 andés=77.76 A as explained  model calculations using=3.36 andég=77.76 A.
in the text.
that the superconducting Nb layers become decoupled by Fe
layers of only 12 A thickness. Magnetization measurements
f revealed that for this thickness the Fe layers are still not

the interface parametey. Since a Fe layer of 12 A com- ferromagnetic. Long-range ferromagnetism occurs only for

pletely decouples the Nb layer& must be of the order of 6 tee>15A, resulting in a steplike drop ofc(teg at this

A, assuming that the decay of superconductivity into the F&ickness. Since we did not obserVg oscillations vstg a
layers starts at the S/F interface. From the equatipn superconductingr-phase state is not present in our multilay-
— &-Isés we then find thaty should be about 0.023. Whether ers. This is due to the nonmagnetic behavior of the Fe layers
this value is plausible can be checked from the resistivitied” Smalltreand the decoupling of the Nb layers when the Fe
for Fe and Nb. The measured residual resistivity for a 40015 ferromagnetic. Finally we showed that bathandH_, as
A-thick single Nb film equalgy,=2.7 #Q cm. The value 2 function of Nb thickness are very well described by the
7=0.023 then impliesre.= 11540 cm. This value is not theory of Radovicet al. for the decoupled multilayers.

unreasonable, since the resistivity at 4.2 K of a single Fe film
of 20 A, covered with Srfto prevent oxidation, was found ACKNOWLEDGMENTS
to be 30u) cm.

T.(tgd uUsing a constant value. Aneg value, varying with
thickness, did not allow to fit the observed critical fields.
From the obtained value ferwe can make an estimate o
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