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The surface impedance of Nb/CuMsuperconducting/spin-glasbilayers has been measured at 10 GHz
with the parallel plate resonator technique to obtain information about the exotic behavior of the order param-
eter in superconducting/magnetic proximity systems. The data strongly differ from the superconducting/
normal-metal case, showing the magnetic nature of the CuMn layer, which acts as a weak ferromagnet. The
results are described in the framework of two models for the electrodynamics of superconducting/
ferromagnetic(S/M) bilayers characterized by a proximity-coupling length scale which is independent of
temperature[S0163-18209)13205-3

[. INTRODUCTION compared to the homogeneous case. And going backwards,
analyzing the electrodynamic properties provides informa-

The issue of the interplay between superconductivity andion about the nature of the induced order parameter in the M
ferromagnetism has been an intriguing research opportunitiayers.
for many years:® Exotic phenomena are predicted for Here we present our results on the surface impedance of
superconducting/ferromagneti§/M) coupled layered struc- Nb/CuMn bilayers with identical Nb base layers and differ-
tures, such as critical temperature oscillations versus the Mnt CuMn layer thicknesses. In Sec. Il we describe the
layer thickness, or spontaneous persistent currents in ringg&mple fabrication and characterization. In Sec. Il we illus-
interrupted by an S/M/S junctioh.> All of these properties trate the experimental technique for the surface impedance
depend on the presence of a spatially dependent phase for theeasurements and we show the data for the bilayers and
order parameter in the M layer that, for suitable thicknesseg;ompare them to the bare Nb case and to previous results on
gives rise to ar shift between adjacent superconducting lay-conventional  superconductor/normal metal  proximity
ers. From the experimental point of view, observationg of ~coupled Nb/Cu bilayers! In Sec. IV we present some theo-
oscillations, seen as an indirect proof of thephase, has retical background on the S/M proximity effect and intro-
been reported for Nb/Gd multilaye?s,and Nb/Gd/Nb duce two models for the electrodynamics of S/M bilayers,
trilayers! and also for Nb/CuMn(superconducting/spin- and in Sec. V we apply the models to describe the penetra-
glass multilayers®® tion depth results. In Sec. VI we switch our attention to the

Among all the possible S/M proximity coupled layered surface resistance results, comparing them to the theoretical
structures, the superconducting/spin-glass systems are vepghavior extracted by applying the models introduced in Sec.
interesting. Because of the weaker macroscopic magnetisrty, and finally in Sec. VIl we summarize the results.
spin-glass systems offer a wider range of S and M thick-
nesses in which it is possibl_e_to study the influence of mag-;; saMPLE FABRICATION AND CHARACTERIZATION
netism on superconductivity, as compared to the
superconducting/ferromagnetic case. Moreover, when using In this work we have focused on Nb/CuMn bilayers with
a classical spin glass such as CuMn, different coupling rea Mn concentration of 2.7%. We have analyzed seven
gimes can be easily selected by changing the Mn concentrg&amples characterized by the same Nb layer thickndss (
tion, a parameter related to the effective exchange eniergy =1500A) and different CuMn layer thicknessedy(= 30,

A systematic study of the nonmonotoriig vs de v, be- 60, 90, 120, 150, 180, and 240 Avhere the Nb is the first
havior in Nb/CuMn multilayers has been previously per-layer on the substrate. The samples were grown all together
formed in different coupling regimes, by changing Mn con-in the same deposition rumaa 2 in. diameter $100 sub-
centration and relative thicknessesshowing that an strate(cut at the end of the procesky a dual source mag-
extension of the Radoviet al.theory for S/M multilayer&to netically enhanced dc triode sputtering system with a mov-
the superconducting/spin-glass case seems very plausible.able substrate holder. The bilayers were prepared in the same

More insights into this problem may result from micro- way as the multilayers studied previou§fy.
wave surface impedance measurements, which have pro- After the surface impedance measurements, the top CuMn
vided valuable information about the inhomogeneous supetayer of one pair of sampleghe one withdc,y,= 150 A)
conducting properties of layered systethd! There are was removed with a chemical etching, by using a dilute
dramatic differences in the electrodynamic properties of suHNO; solution, in order to characterize the underlying Nb
perconducting systems with nonuniform order parameterayer. First of all we have measured the surface impedance of
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formation of local correlations and mainly ferromagnetic
clusters which gradually reduce the paramagnetic spin disor-
der scattering’~*°This means that even above the spin-glass
freezing temperaturg; the system cannot be described as a
simple paramagnet. Low-field ac susceptibility measure-
ments of T in bulk CuMn indicateT?"*=18K for a 2.7%
Mn compositior?® but a lower value is found for thin films
because of finite-size effect$??2A universal dependence
of the normalized freezing temperattfe/T? versus the
CuMn layer thickness has been observed while changing the
Mn concentratiort®?1?2Using the curve plotted in Ref. 22,
we can estimatél;=14 K for the thickest sampledtyun
J =240A) and lower values for the other samples until reach-
0 50 100 150 200 250 300 ing T¢=9 K for de,un=30A. Hence for all of our bilayers,
T (K) the freezing temperature is always larger than the supercon-
ducting critical temperature. However, even in the case
FIG. 1. Resistivity versus temperature curve for the 150 A thick<T. no changes are expected in the electrodynamic
CuMn sample. Similar behavior has been observed for CuMrbehavior?®
samples of different thickness.

p (Q cm)

this single Nb layer with the technique described in the next lll. SURFACE IMPEDANCE MEASUREMENTS

section, obtaining a zero-temperature penetration depth of Surface impedance measurements have been performed
\(0)=1200 A. Then we patterned one of the films to performon the Nb/CuMn bilayers and on the underlying Nb film at
a resistivity measurement with the standard four-probe techtg GHz by using the parallel plate resonat@®PR

nique. The film has a resistivi,= 7.3K,"? a 10 K resistivity  techniqué* with a 50 um thick Teflon dielectric spacer.
pnp(10K)=6 uQ) cm, and a residual resistivity ratio RRR
= pnp(300K)/ppnp(10K)=1.9. The low RRR and the high
residual resistivity are consistent with both the observed low
T, and high\(0) valuest*'#and are probably related to the ~ The resonator is formed from two nominally identical thin
presence of oxygen in the Nb film. Similar values for all flms clamped face-to-face on a dielectric spacer. The sand-
these parameters have been observed, for example, inwvéch is placed in a copper chamber in thermal contact with a
Nb-O alloy with a 2% oxygen conteft.However, the low small copper box in which liquid He can enter from the
quality of our Nb does not compromise our work because wexternal dewar through a needle valve. The sydigmmber
compare the behavior of bilayers prepared with identical Ntand He box is enclosed in a vacuum can, where we allow
base layers, so that they differ only in the CuMn layer thick-the presence of some He exchange das (0 xmHg), to
ness. TheT . values for the bilayers are slightly lower than stabilize the temperature. By pumping on the liquid He in the
the Nb film (around 7.1 K as confirmed by ac susceptibility box the minimum temperature of the sample which can be
measurements, and this is one indication that the Nb antkached is 1.7 K. During the measurement the temperature is
CuMn layers are proximity-coupled. gradually increased in discrete steps by means of a computer
We have also prepared a series of CuMn single layecontrolled heater which is in thermal contact with the reso-
samples with the same thicknesses as those appearing in thator enclosure.
bilayers. We have performed Rutherford backscattering Excitation of transverse electromagnefiEM) modes is
spectrometry(RBS) measurements on these samples to geaccomplished by using two 50 microstrip antennas, whose
the actual Mn concentration and the actual thicknesses. Rgosition can be sensitively varied by micrometers in order to
sistivity measurements have also been performed on some oftimize the coupling to the resonator.
the thickest samples giving a 10 K resistivity value of For each temperature, we measure, as a function of fre-
peumr(10K)=9 1 cm for the de,u,=240 A case, where quency, the complex transmission coeffici€pt (magnitude
this value is expected to be a function of the CuMn layerand phasgby using a vector network analyzé&ome mea-
thicknessdcyun (it increases upon reducind ), due to  surements have been done with an HP8510C and others with
finite-size effect$® Measurements on CuMn films of three an HP8722[). The PPR resonant frequenéy and quality
different thicknesses generally agree with this trend. ThdactorQ are extracted with an inverse mapping fitting routine
peumrn(T) curves for CuMn(Fig. 1) show an enhancement of in the complex plané&
the resistivity around 130 K often seen for spin-glass The resistive loss of the superconducting films gives a
materials’ Although this enhancement is not related to thecontribution to the measure@ of Q.= 7 uofod/Rg, where
spin glass transition, it identifies the two regions where thel is the spacer thickness aft; is the surface resistance of
transport electron—local spin interaction is dominait ( the films. There are, however, additional extrinsic losses,
>130K) and where the spin-spin interaction begins to presuch as the dielectric loss, which is independert,cdnd the
dominate T<130K). The reduction of the resistivity while radiation loss, which increases linearly with?* A calibra-
decreasing the temperature below the peak value, togeth&on can be performed by varying the dielectric spacer thick-
with the behavior of other physical properties such as theness, so that all these factors can be uniquely determined.
specific heat, is widely interpreted as an indication of theHowever, we found that the PPR modes sometimes lie too

A. Experimental technique
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FIG. 2. Changes in the effective penetration deptfq(T), FIG. 3. Effective surface resistanc®d) minus the residual

with respect to temperature for the bare Nb film and the Nb/CumMnvalue at the minimum temperatur®4) vs the normalized tem-
bilayers(open symbols and left agicompared to the Nb/Cu data peratureT/ T, for the Nb film (inverted trianglesand the Nb/CuMn
(solid symbols and right axisThe Nb/Cu data are shown with an bilayers, together with thRg(T) data for the Nb/Cu case correcte_d
arbitrary offset in the vertical direction for clarity. The data are fOr extrinsic losses. We have adopted the same symbols as in Fig. 2.
plotted versus the normalized temperatlif@, , where the critical ~FOr the CuMn layer thicknesses refer to Fig. 6 and for the Cu layer
temperature used here for our dé6a6 K) is lower than the resis- thicknesses to Fig. 2.
tive value measured for the Nb underlay@r3 K). The Cu layer . .
thicknesses in A are reported in the legend, while the CuMn layefND, but shows only an enhancement, while a strong linear-
thicknesses appear in Fig. 6 next to the symbols used in the figuré-temperature character was evidentiing«(T) for Nb/Cu.
Moreover there is no systematic dependenc@ pfq(T) on
close to package resonances, thus changingtialues to  the CuMn layer thickness, in striking contrast to the case of
varying extent depending upon the coupling between th&lb/Cu bilayers, where a strong dependenceag(T) on
PPR and these parasitic mod&®&ecause of this problem in  the normal layer thickness has been observed. Results similar
measuring the intrinsi€ values, we have only examined the to Nb/Cu have also been obtained for Nb/Al bilay&ts.
temperature dependence R§ and not its absolute value. Figure 3 shows the temperature dependence of the effec-
tive surface resistance, minus the residual valug& atfor
the Nb film and the bilayers. Again the Nb/Cu datagor-
rected for extrinsic losses, have been plotted for comparison.
Changes in the effective penetration depth have been exhe data have been extracted from the measured quality fac-
tracted from the measured resonant frequency by using th®r Q by using the relatiolRg= 7 u,f,d/Q,?* neglecting di-
expressiort:?’ electric and radiation losséSand then the low temperature
residual resistancRgy=Rg(T,) has been subtracted. From
df (fo(To)|? this point of view it is interesting to observe that as for
ANe(T) =Nef(T) = Nef(To) = 2\ fm ) ) AXg(T), also theRg(T) behavior is similar to the BCS be-
havior (Nb data are shown as inverted triangles on Fig. 3
whereT is the lowest temperature reached during the meaand again there is no systematic variation vdth,. These
surements(usually To~1.7 K). In proximity-coupled sys- results are in striking contrast to the results on Nb/Cu, where
tems o is an overall screening length which does not cor-also a low-temperature downturnR§(T) was observed that
respond to the individual screening lengths of theis missing here. Note, also, that the Nb/CuMn data fall into
constituents, because of the nonuniform nature of the supetwo groups: one composed of the thin CuMn layer films,
conductivity in the bilayers. Moreover, by using this expres-which are very close to the pure Nb film, and a second group
sion we are not removing the geometric correction due to theomposed of thicker filmgtogether with the 90 A CuMn
finite thickness of the sample, given by the factor cBd)( sample which show enhanceBs— Ry, .
for a homogeneous superconductor, wherés the film In Figs. 2 and 3 the changes in the effective penetration
thickness® In our case, where(0) is the order oft, this depth and the effective surface resistance for the Nb under-
correction is not negligible. Therefore, even in the single-ayer are reported together with the results for the bilayers. In
layer Nb film case, we are dealing with an effective penetraFig. 4 these quantitieésolid symbol$ are compared to the
tion depth. corresponding intrinsic on@pen symbols obtained by per-
Figure 2 shows the change in the effective penetratioforming a finite thickness correction, as given by Klein
depth for the Nb film and the Nb/CuMi$/M) bilayers, com- et al,?® in conjunction with the BCS-Mhuischlegef® fit. The
pared to previous results on Nb/C8/N) bilayers:* Surpris-  solid line in the figure is the BCS-Muschlegel fit to the
ingly the shape of th& \ .(T) curves for the S/M bilayers is intrinsic data, which give§.=7.7 K and\(0)=1200 A. In
not very different from the temperature dependence for théoth cases the effective quantity is strongly enhanced com-

B. Results
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FIG. 4. Effective(solid symbol$ and intrinsic(open symbols FIG. 5. Comparison between the experimental changes in the

changes in the penetration defttiircles and left axisand surface  effective penetration depth for the Nb/CuMn bilayers and the theo-
resistanceésquares and right axief the Nb underlayer. The effec- retical curves obtained with the models described in the text. The
tive quantities have been altered by geometrical effects due to theumn layer thicknesses in A appear in Fig(wée are adopting the
finite thickness of the films. The solid line in the figure is the fit to same Symbobs Inset: S/M bilayer geometry with the magnetic-field

the BCS theory. boundary conditions and the schematic variation of order parameter
and penetration depth in model | and mode|iH model Il the M
pared to the intrinsic one, since(0)~t. ConcerningRg, layer does not screen at all, i.&.y(X)—].

again we are neglecting the dielectric and radiation losses,
which partly explains the high residual value shown in Fig.cally much smaller than the corresponding length in a normal

4. metal withDy=D),, that is given by&y=AD/2m7kgT.
Herev is the Fermi velocity antl, is the mean free path of
IV. MODELS FOR THE S/M BILAYER quasiparticles in the M layer. A temperature independent and
ELECTRODYNAMICS small penetration of Cooper pairs in M was already predicted

by the combination of the de Gennes-Werthamer theory for
To understand the origin of the different behavior in S/IMS/N proximity effect®3? and the Abrikosov and Gor’kov
and S/N proximity systems we need to analyze the ordeanalysis for the role of paramagnetic impurities in a
parameter that describes the extent of the proximitysuperconductot: as shown in Ref. 34.
coupling, given by the pair potential A(r) Even if Ay, =0, due to the Broxinjity effect the Cooper
=V(r){¢;(r)¢,(r)). HereV(r) is the electron-electron at- Pair probability amplitude(y(r)4(r))w is nonzero and
tractive interaction responsible for superconductivity andhas the same oscillating and damped behavidf pf If we

WT(F) lﬂl(F)) is the probability amplitude to find a Cooper call x the axis perpendicular to the interface and we identify

air in the positiorr. In the usual picture of the single fre- the interface position a&=0, so that the M layer extends
P P ' P 9 from x=0 to x=—dy, while the S layer extends from

guency approximation in S/N biIayezS(F) decreases from _q to x=ds (see inset of Fig. B in the bilayer case this
its bulk value in the vicinity of the S/N interface in the S gmplitude can be written as

material, while a nonzero order parameter is induced on the

N side, decaying exponentially as the free surface is -~
approached’ For the penetration depth, the widely accepted (#10091,00)mexptkix), - —du

approximatiod" X (r)«1/A(r) gives it an exponential depen- with k,, complex3® which means that the Cooper pairs ac-

dence in the Nnonmagnetig layer. quire a spatially dependent phase in the magnetic layer,
The magnetic case is more complicated and a new treafyhile their density, which is proportional to

ment is required. Based on our previous results Forvs |<‘/’T(X) ‘/’1(X)>M|2' decays exponentially. In this picture, as-

deywin Oscillations?® we want to apply the same Radovic suming oW Ay ()~ (¢ (X) ¢, (X) )| "> [a local inverse

et al. theory* to propose a spatial dependence )ﬁcQF). Ra-  proportionality betweemf,l(x) and the Cooper pair probabil-

dovic et al. show that in a magnetic metal, whefg,=0 ity density] we have again an exponential dependence for

because the BCS coupling is identically zero, the Greem,,, but with a characteristic length (Rg) 1~ &y that is

function F\, describing the condensate of pairs is nonzerofemperature-independent and smaller than that observed in

due to the proximity of S. Its real patand imaginary pajt the S/N case:

exhibits an oscillatory behavior damped by the exponential

decay usual in S/N systems. Moreover, in this theory, devel- \,,(x,T)=\(0,T)exgd — (Reky)x], —dy<x=<O0.

oped in the dirty limit, the characteristic penetration length

of the Cooper pairs in M, defined a@g,=+4%#Dy/|1|, de-  All the temperature dependence Xf, enters in the coeffi-

pends on the diffusion coefficie®,,=3vely and on the cient \,(0,T) for which the BCS temperature dependence

exchange energl but is temperature independent and typi- can be assumed.

=x=0,
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Therefore, on the basis of this simple theory, we concludeet in the screening process. And through model | we can do
that the oscillating behavior of the induced pair amplitudea more direct comparison with the S/N case, in particular by
cannot be detected in our experiment, since we are only seiloking at the proximity length scake ! value and its tem-
sitive to its modulus. However we can check to see if ourperature dependence.
experimental results are consistent with a picture in which
Aw(X,T) has a strong exponential behavior with a character-
istic length which is not dependent on temperature. This also
means that we can use existing models for the electrodynam- In the S/N case, it was crucial to use a proximity length
ics of S/N bilayer system3§%®with minor changes. scalek ! which was temperature dependent to get a good fit

We shall now summarize the two leading models of theto the data. In this way in the loW region Ao«(T) is a
electrodynamics of S/N bilayers. In the first mo@slodel )  strongly increasing function of temperature and the shape of
we assume that the nonsuperconducting layer is active ithe curves depends ah. In particular,k ™ *(T)~T Y2 was
screening the applied magnetic field and, on the other siddéound for Nb/AIX° and k= *(T)~T~2 for Nb/Cu! In con-
the S layer is unaffected by the presence of the nonsupercotrast, withk independent ofr, A «(T) is flat at lowT (below
ducting layer, so thats is uniform across all the S layer and T/T.=1/4, with thek ! value used here, that is reported
its temperature dependence is that given by thébelow independent ofly,, and A\ 4(T) is essentially zero
BCS theory’® In the M layer we take A\y(x,T)  for all the nonsuperconducting layer thicknesses. At higher
=Mm(0.T)expkX) (see inset of Fig. b Because of the small temperatures the curves increase together in a manner which
value we expect fok ! in the magnetic case, which means is independent ofly, . This is just the temperature behavior
almost no screening of the magnetic field by the M layerswe have observed in the S/M case. Thus the Nb/CuMn ex-
we also consider a second modeiodel Il) in which the M perimental results are qualitatively consistent withég
layer does no screening at &Ny (x)—],%” while the su-  which is independent of temperature.
perconducting properties of the S layer are suppressed near The solid curve in Fig. 5, which describes well all the
the interface. Following de Genn&in model Il we assume A\ .4(T) data on the Nb/CuMn bilayers, has been obtained
in particular that the order parameter in S decreases, upamsing reasonable values for all the parameters, as shown in
approaching the interface, adg(x,T)=Agtani(x—xy)/  Table I. However, even though the agreement with the model
J2&5(T)] (x>0), which means that the penetration depthlooks good, model | is not really appropriate to describe S/M
is enhanced following the dependence\g(x,T) bilayers, where the proximity length scéte? is very short
= A go(T) COt (X—Xo)/\2£5(T)] (x>0), wherehg(T) isthe [k~ 1<<\(0,0)].3! Indeed, in model | the assumption
bulk penetration depths is the superconducting coherence Ay (X) ~ [{(x) zﬂl(x)>M|‘1 forces the screening length to
length, Xo=— (&s/\/2)In(\2b/ &5 + ‘/2b2/§25+ 1) andb is  be regulated by the proximity length sc&lel. In the SIM
the extrapolation length, proportional to the coherence lengtase this implies huge current densities in a narrow region
of the adjacent nonsuperconducting laysee inset of Fig. (~&w) near the interface, while there is a small screening
5). activity in the S layer, which is not a physically reasonable

We consider models | and Il to be two extreme cases irffcenario.
which the altered screening in either the M or S layer domi- In summary, using model I, we found a temperature inde-
nates the proximity screening. Actually in general the reapendent proximity effect correlation lengths expected on
process involves both kinds of physics, although we expect ithe basis of the Radoviet al. picture for S/M multilayer$),
to be dominated by one or the other. Moreover, in both of theand we learned that almost all the screening activity happens
models we are not explicitly taking into account the trans-in the superconducting layer. These results confirm that the
parency of the S/M interface for Cooper pairs, that is anCuMn layer is acting as a ferromagnet in the screening pro-
important parameter in these systetfispwever, the behav- cess. However, the screening activity picture given by model
ior at the interface is hidden in the parameter values. | is unphysical. The main reason is that the spatial variation

The details about the calculations of the tangential magof A s in the superconductor is not taken into account and this
netic fieldH(x), the supercurrent densitlg(x) and the ef- can be a good approximation in the S/N case but not in the
fective penetration depthe; may be found in Refs. 27 and S/M case. These problems are addressed in model II.

35. These expressions have been used, with appropriate
modifications for the S/M case, in the discussion below.

A. Model |

B. Model Il

In model Il we are assuming that the penetration depth is
infinitely large in M and a decreasing function gfin S
We found previously that in the S/N bilayer case, modelgoing from the interface X=0) to the opposite edgex(
Il could not describe thé\ \ .«(T) data, because the theoret- =dg), and the extrapolation length~ &, dictates the be-
ical behavior is not very different from a BCSwave tem-  havior at the interfacésee inset of Fig. b As with k=1in
perature dependenéé3 Model I, instead, was found to de- model I, this parameteib) is temperature independent in the
scribe theA\ o«(T) data very well®!! Here we report the S/M case. As in model | we again do not obtain any depen-
analysis of the Nb/CuMn data with both of the models intro-dence ofAN(T) on the M layer thickness.
duced in the previous section. Actually in the S/M case we The parameters in model Il are the Nb critical temperature
do not expect much screening in the M layer, in which casd ., the extrapolation lengtb, the zero-temperature super-
model Il may be more appropriate. However, in principle weconducting coherence leng#g(0), and thezero temperature
do not knowa priori if CuMn is really acting as a ferromag- penetration depth g far from the interface. In model Il only

V. COMPARISON OF DATA AND MODELS
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TABLE I. Summary of the values of all the parameters appearing in this work. The fitting parameter
values obtained in th& A (T) and Rg(T) analyses in both model | and model Il are compared with the
corresponding measured or otherwise determined values. In parficulasrs, andoy, have been resistively
measured) 5(0) was determined by fitting the frequency shift data for the bare Nb to the BCS tfimory
parentheses we also show fRigobtained with this procedureég(0) is the predicted dirty limit value with
the BCS-determined,, and fork~! andb we report here thé,, value obtained in the previous work on the
T, oscillations in Nb/CuMn multilayers with the same Mn concentratigef. 9.

From A\ ¢4(T) fit From Rg(T) fit
Parameter “Measured” Model | Model I Model | Model Il
T. (K) 7.3(1.7) 7.7 7.7 7.7 7.7
k™1 (A) ~éu=19 19 19
b (A) ~En=19 0 to 100 0 to 100
£5(0) (A) 93 150 150
As(0) (A) 1200 1200 1200 1200 1200
Am(0,0) (A) ~120 ~120
o(107/Q m) 1.7 5to 10 0.7t0 1.2
ow(10°7Q m) 1 1

parameters characteristic of the S layer appear, except, for are dealing with an effective surface resistance, not only be-
which is the only parameter directly dependent upon the nacause of the nonuniformity of the magnetic screening, but
ture of the nonsuperconducting layer. We have u3gd also because of the finite sample thickness.

=7.7K and\g,=1200A, as obtained from the analysis of  To obtain an estimate fdRg(T) in the bilayers, in a first
the single layer Nb filmpb=&,=19 A, which comes from approximation we have used the current density calculated
the previous work on theT. oscillations vs dc,  before with model Il to geh ¢, even though it was derived
multilayers (however, a value between 0 and 100 A still neglecting the normal currents. As for the local conductivity,
describes the data wglland £5(0)=150A (Table ). The  we have takenr,(x,T) =[ wuoh?(x,T)] "%, where we have
£45(0) value has been chosen as close as possible to the dingged the model Il spatial dependencengk,T), while for

limit coherence length és=\AiDg2mkgT.,* with Dg  o1(x,T) we have used a generalized Mattis-Bard@esx-
=vel 43 the diffusion coefficient in S ank the mean-free  pression in which the local BCS gayps(x, T) used in model
path in S. From the measured low temperature resistivityl (the expression is reported in Sec.)Ixeplaces the spa-
value we gets=63 A, which givesés=93 A. The curve for tially uniform one found in homogeneous superconductors.
the model Il prediction ofANg4(T) is shown in Fig. 5 Model Il only calculates the contribution tBy coming
(dashed ling This model does an excellent job of fitting the from S; the contribution from M is only an additive constant
data, and moreover addresses the problems encounteredt@im. Therefore we obtain fdRs(T) something that goes to
model I. In particular it takes into account the suppression ogero at low temperature, so to compare with the experimental
the superconducting properties in the S layer at the interfacdehavior we subtracted the lowest temperature residual resis-
which is not negligible in the S/M case. Indeed, due to thelanceRsy=Rs(Ty) from the dataas in Figs. 3 and 6

very small b value b~0 to 100 A, we observed here

Ag(x=0)/Ag puk~0 to 0.4 forT—0 for all the Nb/CuMn P I e ——— ' .
bilayers(in particular forb= 19 A this ratio is~0.09, where ! (3)0 .Z <
this ratio is even smaller at higher temperatures. 10007 60 ' v \
In conclusion model Il captures the essence of the elec- ° 90 ! Nb
trodynamics of S/M bilayergscreening dominated by the S % 800 - . }§8 i
layer which has a strongly suppressed order parameter near ~_ s 180
the interface and the fit is done with independently deter- o 0T 240 1
mined parameters. & 400l — Model |
_ . Model IT
VI. SURFACE RESISTANCE IN MODEL II 200 e
In this section we want to extend model Il to describe also
the surface resistance data. The surface resistRgoan be 0 2 3 1 5 é 2
calculated by using the relatith?’
T (K)
Ry(T)= ’M_Sfds a1(x.T) JZ(X T)dx FIG. 6. Surface resistance minus the residual_value at the mini-
Hg —dy ai(x,T)Jrag(x,T) ' ' mum temperature for all the bilayers together with the theoretical

curves obtained with the models presented in the text. The theoret-
whereo(X,T) ando,(x,T) are the real and imaginary parts ical curves describing the lowds— Rg, data group are character-
of the local conductivityH is the applied field and is the  ized by a lower Nb 10 K conductivity valuesg). The legend
total current density. Again, we have to remember that wehows the CuMn layer thicknesses in A.
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The theoretical curves in Fig. 6 have been obtained withspin-glass proximity-coupled bilayers. Both\.«(T) and
the same parameter values used for the.(T) analysis  R¢(T) results are very different from the Nb/Cu case, show-
[ie. Te, Asp, €5(0), b]. The gap value has been chosening that the superconducting properties of the Nb layer are
equal to the BCS valud,=1.7&T., and a complete free- strongly suppressed near the interface and the CuMn layer
dom has been left for the low temperature normal state congpes not participate too much in the screening of the applied
ductivity o5 in S. Theos values found with the fit procedure i magnetic field. These are exactly the results we expect for

are only slightly lower than that measured. Table | summa-, roximity effect between a superconductor and a ferromag-

r'izes 'the parameter values, and the fits are shown as daShﬁ . Therefore they confirm that the CuMn layer is acting as
lines in Fig. 6. a weak ferromagnet. Moreover, these measurements can be

. In Fig. 6 we also show fits obtained using mpdéistbhd ._described with a proximity effect correlation length which
lines). In this case, to evaluate the generalized Mattis-

Bardeenc(x,T) in M, for simplicity we did not take into does not depe_nd on temperature, consigtent with previous
account any effect due to the spatial dependence of the phaggta O_nTC oscnlatlon_s Vs (_ZuMn layer thickness, anc_i the
of the order parameter in M and we used a decaying regradovic et al. theoretical p_|cture_for S/IM sy_sten‘ﬁs?l'ms
exponential dependence far,(x,T), as for the S/N bilayer work sets also the stag_e tp investigate more directly the pres-
case' With model | unreasonably larges values had to be  €NCe of am-phase shift in superconductlng/ferromagnetlc
used to get close to the dafthe fit parameters are reported (SPin-glasslayered structures with the Nb/CuMn system.
in Table ).

In summary, the theoretical treatment of the surface resis-
tance with model 1l gives a satisfactory understanding of the ACKNOWLEDGMENTS
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