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Critical-temperature-oscillations dependence on Mn concentration
in superconducting Nb/CuMn multilayers
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We have measured, at different Mn concentrations, the superconducting critical tempggattiéb/CuMn
multilayers in the cases both where CuMn layer thickness was varied with fixed Nb layer thickness and, vice
versa, keeping constant CuMn and varying Nb layer thicknessesT Ttalues exhibit an oscillating behavior
strongly dependent upon the Mn concentration. Several models have been discussed to interpret our measure-
ments. The analysis of the experimental data seems to suggest the presencgpbése difference of the
superconducting order parameter across neighboring Nb layers driven by the magnetic nature of the CuMn
alloy. [S0163-182898)02822-7

INTRODUCTION presence of a time irreversible pair-breaking mechanism also
in the case of superconducting/spin-glass multilayers. In par-
The influence of magnetism on Superconductivity givesti(?l.l'al’, We considered two serigs of Nb/CuMn multilayers
rise to interesting phenomena that can be easily investigatetfith two different Mn concentrationf0.7% and 1.3% both

on artificially layered structures where superconductisy ( Y/v;tr?/ir?gﬁéﬁﬁ/lrll\lg ;gﬁgiétir‘:g;‘;fd(\s) :Ifl 'ilSeoeprRSngvr:'Egl
. - _ UM .
layers alternate with magnetidA) layers. Recently, the ob data were well explained in terms of the Radoetal.

servation of oscillations of the superconducting transitiontheoryg developed in the case of specular electronic scatter-
temperaturel ;. versus the thickness of the magnetic Iayersing at the Nb/CuMn interfaces.

has been reported on Nb/Gd multilayessiperconducting/ Nevertheless, to better check the applicability of this
ferromagnetic multilayef and on Nb/Gd/Nb trilayerSThe  theory to the superconducting/spin-glass case and to have an
T, oscillations have been explained in terms of a time irre-accurate comparison with previous data in Refs. 1, 2, and 6,
versible pair-breaking mechanism and the theoretical modeke have decided to perform measurements on different series
used deals with the spatial variation of the anomalous Greerof Nb/CuMn, with different Mn concentrations and different
function F, describing the condensate of pairs, in the presfixed Nb layers varyingl,u, On one side and with varying
ence of an exchange field A nontrivial superconducting Nb layer thickness keeping constaly,u, on the other side.
ground state is found: The phase differencef the super- In the series with varyinglc,y, at different Mn concentra-
conducting order parameter between two neighboBrdgy-  tions we have observed oscillations in thgdcwn) curves,
ers will no longer be only 0, but can take a value between Ovith the presence of several relative maxima and minima.
and 7, depending on theévl layer thickness. An intrinsic We discuss different possible interpretations of this effect.
phase difference= 7 was also proposed for junctions with Even though the agreement with the experimental data is
magnetic impurities in the tunnel barrier, the so-caled Worse at higher Mn concentrations, the model that predicts
junctions® and for weak links of superconductors with the presence of a phase difference in the superconducting
d-wave pairing® ord_er parameter between adjacent superc_onductmg Iay(_ars ex-
A nonmonotonic T, behavior was also observed by pla|n_s some of the ob_served f_eatures, W_lth t_he behavior of
Miihge et al. in Fe/Nb/Fe trilayer samples with varyirdy, the f|tt|ng parameters in the dlfferen_t series in good agree-
at fixedd,, .5 They attribute this behavior to the existence of MeNt with that expected on the basis of physical consider-
magnetically dead Fe layers at the interfaces and to th tions. For the sake of generality, Fhe theoretical analyses in
change of the effective electron-electron attractive interacthiS Work have been performed using the more general case

tion in these layers at the onset of ferromagnetismdey where a finite transparency electronic coefficient of &
=7A interfaces has been assumed.

We point out that the model in Ref. 3 applies to symmet-
tg(;:c structures, while our multilayers always begin with a
Mn layer and terminate with a Nb layer. However this
asymmetry should not invalidate the applicability of the
eory to our data because all our samples are made of ten
ilayers and, moreover, the observed superconducting prop-
erties are related to the overall samglee are considering
trongly coupled bidimensional superconducting syst8ms

In a previous work, we have observed oscillationsTof
versus the thickness of the nonsuperconducting layers in N
CuMn multilayers’ where the nonsuperconducting material
CuMn is a well known metallic spin glads. The
superconducting/spin-glass systems allow us to investiga
the coexistence of superconductivity and magnetism in
wider range ofS and M thicknesses because of the weaker
pair-breaking effect of a spin glass when compared to a fer®
romagnet. Moreover, in the case of Nb/CuMn multilayers the
strength of the exchange field can be easily varied by
changing the Mn percentage in the magnetic layers. The samples were grown on($00 substrates by a dual-

In Ref. 7 we explained the observéd oscillations by the  source magnetically enhanced dc triode sputtering system,

MEASUREMENTS AND DISCUSSION
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FIG. 1. Reduced transition temperatufBs /T.s VS dcyun CUrves for the serieéa) M22295 (%Mn=0.7, dy,=250 A), (b) M16295
(%Mn=1.3,dy,=250 A), (c) M4696 (%Mn= 2.7, dy,=260 A), and(d) M191095(%Mn=4.5, dy,=250 A). The solid lines are the best
fit curves obtained with Eq1).

with a movable substrate holder. The deposition conditionsimilar explanation could be tried in the case of our Nb/
were similar to those of the multilayers described previouslyCuMn multilayers observing that, due to the finite-size
and the fabrication technique is the same with a completeffect? the spin-glass freezing temperattifg of our CuMn
series obtained in only one deposition ruM/e point out that layers is influenced by the thickness valdg,y,. At low

in the series with varyingic,y, there is always a single Nb g, values, one ha§.=>T, with the CuMn layers being in
sample from which we deduce the electrical and supercong paramagnetic state at the superconducting transition. In this
ductmg_ properties of the Nb layers present in the samples Orfegime T. should monotonically decrease withsyy,. -2

the series. , With increasingdcyuy values, T, drops belowT, and the

Energy dispersive spectroscopy and '°W'f’=‘”9'e XTaYCuMn layers are in the spin-glass state at the superconduct-
(LXR) analyses have been pe_rformed to_determlne the th'Clﬁ'ng transition. An increase or saturation of te(deyyr)
nesses and the samples quality. In particular, LXR analysesurve could be expected in this case. with a minimum fol-
have shown in our samples a typical interfacial roughness q(f >XP . »
~5A. o_wed by a maximum with a monotonic decreaseTgfat

The superconducting transitions of all the samples Weré‘"gmrdcm‘/In values.
measured resistively using a standard dc four-probe tech- N our samples, at lowcyyy values, thel(dcuwn) curves
nique. The ratiopy(300 K)/py(10 K), with py the normal present a down_vvard cu_rva'Fu('eerles W|tr_1 0.7%, 1.3%, and_
state resistivity, were in the range 1.5—2.0 for all the series#-5% of Mn). This behavior is well described by the Radovic
with a spread of values in the same series of less than 596t al. theory, while a paramagnetic pair-breaking
confirming the high uniformity of the transport properties in Mechanisrh-*? generally gives an upward curvature in this
samples obtained in the same deposition run. limit. Moreover, the Werthamer-Hauser thetirgannot ex-

In Fig. 1 we show the reduced transition temperatureglain the strong decrease of the critical temperature for small
Teo!/Tes versusdeyun (Teo is the temperature at which the deuvn- 1t On the other hand, direct measurements pfare
electrical resistancR of the sample becomes less thanvery difficult to perform on our multilayers, expecially in the
10"* Q andT.gis the single Nb sample transition tempera- low de,y, value region, due to the small amount of magnetic
ture) for the samples of the four series with Mn concentra-material in the samples.
tions 0.7%, 1.3%, 2.7%, and 4.5% atig,=250 A. Depend- Critical magnetic fieldH., measurements in all our
ing on the Nb layer thickness, thie.s values were generally sample$® performed in both the perpendicular and parallel
in the range 6.5—-8.0 K. An oscillatory behavior Bfy/T,s  directions with respect to the plane of the films, have never
vs deymn IS present in the measured series outside the expershown any sign that could be related to some magnetic tran-
mental error, with the presence of several minima andition when the sample is in the superconducting state. Only
maxima. the well known transition from a three-dimensioriihear)

Such an oscillating behavior of the critical temperaflige to a bidimensional(square-root-likg behavior of theH,
vs the thickness of the magnetic layekg is similar to that  versus temperature curves has been observed, when ex-
observed in Nb/Gd multilayers and Nb/Gd/Nb trilayers, pected, in the parallel cadé?!®
which has been interpreted in terms of the Radaial. The Radovicet al. theory® foresees the presence of mul-
theory. A nonmonotonic behavior in the.(dy) curves has tiple oscillations in thel; vs dy, curve and was successfully
also been reported by Migeet al® in the case of Fe/Nb/Fe used to explain the data with 0.7% and 1.3% of MFhere-
trilayers. The authors have related the minimumTinat  fore, we have tried to explain also our present experimental
dy~7 A to the onset of ferromagnetism in the Fe layers. Adata, taken at different Mn concentrations, using this model.
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TABLE I. Fabrication and fitting parameter values.

Series  M22295 M16295 M23596 M4696 M25996 M201095 M191095 M251095 M2596
Parameter\

dyp (A) 250 250 360 260 165 350 250 150 300
%Mn 0.7 1.3 2.7 2.7 2.7 4.5 45 45 7
&w (A) 50 38 19 19 19 14 14 14 11
nés (A?) 130 122 100 90 230 70 56 60 38
X2 0.79 4.19 12.59 9.51 0.29 1.17 2.17 12.88 2.15

The solid lines in Fig. 1 are the best fit curves obtainedthe T, suppression and the more rapid its drop with increas-

using the relation ing dcymn in the range of few angstroms. In particular, in the
5 series withdy,=150 A, no oscillations off, were observed
Te 7és down to the limit of our lowest obtainable temperature of 1.5
—=1-12Gy(x)

dyds’ @) K. The solid lines in Fig. 2 are the best fit curves obtained by

. ) the discussed model, which describes well also the case
whered'M,S are the'magnetlcl\(l) and SUDGFCOHdUCtIHQSQ where theT. oscillation was not observed. Similar results
layer thicknessesy is a phenomenological parameter relatedpaye been obtained in the series with 2.7% of Mn and in the
to the S/M interface transparency for the Cooper pa#s, series with 7% of Mn.

=.Dg27T g is the coherence length @& (Dg is the diffu- In Table | the values of

sion coefficient inS), and finally Gy(x) is the minimum of
Go(X,¢) with respect top e[0,7], wherex=d, /&, and
Eu=+4Dy /1 (D is the diffusion coefficient itM andl the

TcS

exchange energyThe expression of the functidBy(x, ¢) is ) 1 X
Xo=~ 2 2
® ® Vi=1 ( AT(:)
Go(X,¢)=2| sir? > S(x) +cog > T(X)|, Ts
with are reported, wherAT./Tg is the experimental error on the
] ) i ) measured T¢/Tg)exp Values, the T¢/Tg)y, values are ob-
X) =X sin 2+ sinh X T(x)=x —Sin 2+ sinh X tained by Eq(1), and is the number of degrees of freedom.

cosh X—cos X’ cos X+cosh X ° The agreement between the experimental data and the theo-
retical curves seems to be satisfactory in many series. The
model used is developed for the case of ferromagnetic mate-
rials, while CuMn is a well known metallic spin glass. More-
over, a change in the CuMn magnetic behavior is expected

with increasing Mn percentad@.

Expression(1) is a generalization of the equation deduced in
Ref. 15 and used in our previous repbithas been obtained
by using the boundary conditions for the Green functoat
S/M interfaces

dE dE The series with the same Mn concentration are character-
Fe=Fy, ——=g—2, ized by the samé,, value. We have obtainegl, =19 A for
dx dx the three series with 2.7% of Mn aigg,= 14 A for the three

where =0\ /og only in the specular scattering case and
11

oy s are the normal state conductivities df and S layers.
The parameter in Ref. 15y=oyés/oséy, IS substituted 10 = d, =350A
now by y= négléy (hereéy= D y/l2mTs=éVI/87 T 9). I o d,=250A
In the limit of small y, which is our case, as we will see 0.9 Ao d_=150A
. . . . . Nb
posteriori T. is given by expressior{l). Depending on -
which is larger betweeis(x) and T(x), the 0 phas¢S(x) @ 08
>T(x), ¢=0] or the 7 phase[S(x) <T(x), ¢=] will be 3 o7l Ll L)
present in the sample and this switch from one phase tor |
another gives rise to the oscillatofy, versusd,, behavior. 06 s
Expression(1) has two fitting parameter§y, and ngé,
while T.g is determined by measuring tfeversusT curve 05
of the single Nb sample of the series. The fabrication and I
fitting parameter values of all the series are collected in 0 2w w0 e 7o
Table I. d. (&)
In Fig. 2 we show thel .o/ T¢s VS deyun CUrves of three CuMn
different series with the same Mn concentratidnb% and FIG. 2. Teo/Tes VS deywn CUTVeEs for the series M20109%l,

with different fixed Nb layer thicknesse§ly,=150, 250, =350A), M191095 @ly,=250 A), and M251095 dy,= 150 A),
and 350 A. We observe that the thinner thg, the stronger  all with 4.5% of Mn. The solid lines are obtained with Ed).
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FIG. 3 Fit pgrametergM VS Mn' conpentration behavior. FIG. 4. Ty/Tes VS dy, curve for the series M211096
The solid line is a powerlaw fit with the dependence 4. . —30 A). The solid line is the best fit curve obtained with Eq.
gMoc(%Mn) T (1)

series with 4.5% of Mn. To do a comparison, a value of

éu=13 A was found in Nb/GdRef. 1) and of¢é,=6 A in  temperature Ginzburg-Landau coherence length in the direc-
VIFel It is difficult to estimate the error affecting the quan- tion parallel to the film plané® This measurement performed
tity £y . On the other hand, variations of a few angstroms inon the Nb sample of the series M4696 with 2.7% of Mn has
&w give fitting curves in strong disagreement with our data.given és=40 A, consistent with the high resistivity values
By this procedure, we have been able to estimate the relativiy=10"' 0 m). The same measurements done on all the
error on all the§y, values to be=7%. In addition to the samples of this series have givég values in the range
absolute value ofy , which depends also upon the diffusion 4070 A. Therefore, for this series, we can deduce from the
coefficient, it is interesting to observe g behavior with  yajye of the fitting parameter£2=90 A2 a value of 5

Mn concentration plotted in Fig. 3y decreases with in- _ 06. On the other hand, the resistivity measured values of
creasing Mn concentration. From the definition given abovesingle Nb and CuMn films give rise to a ratig, /o's of the

€w is proportional tol “* Knowing thel dependence on order of 1. Then, for this series we have obtained

the Mn concentration in the CuMn, we can compare directlyia /s, which implies a nonspecular scattering StM
M S

the observed),, dependence on the Mn percentage with that A L ] e
o : i . interfaces and justifies the initial assumption of a finite trans-
expected from the definition ofy given in the Radovic

et al. model parency electronic coefficient at ti8M interfaces.

The experimental behavior of the freezing transition tem- !N all the measured samples tigg were in the range
peratureT, versus magnetic impurity concentrati¢see, for 40-180 A, giving values of; of the same order of magni-
example, Ref. Bcan give information about the qualitative tude as that_obtalned for the series M4§96. These vaIue; are
dependence on the spin-glass composition. The nearly linegenerally h!gher _than those fou_nd in %uperconductmg/
behavior ofT, vs the Mn percentage, at least for Mn con- ferromagnetic multilayers,=0.013 in V/Fg.
centrations lower than 8%, can be translated into a qualita- Once we know the values of, £s, andéy , we can check
tively linear behavior of vs the Mn concentration. a posteriorithat we are effectively in the smajiregime. For

Therefore, by fixing the Mn percentage, we fix the ex-example, in the series M4696 it ig¢s/ £y =0.12 and then it
change energy and this explains our result thatis the  will be y=nés/&y<0.12, with &, <&y (€y is the charac-
same for all the series with the same Mn concentration. Tderistic penetration length of Cooper pairs in magnetic layers
be more specific, we have tried to fit the datagf versus and &y is the corresponding length in a normal megtal
the Mn concentration with the dependenégx(%Mn)® Finally, we discuss the measurements performed on the
(solid line in Fig. 3, obtainingb=—0.67+0.07, a value series with fixeddc,u, and varyingdy,. Also these data are
close to the— 0.5 exponent expected in the case of the linearconsistent with the Radoviet al. scenario. In Fig. 4 we plot
behavior ofl vs the Mn percentage. T.o versusdyy, for the series with varyinglyy, fixed deyvn

The exchange enerdy(and then also the parametéy) =30A, and a Mn concentration of 2.79., decreases
depends on the magnetic material thickness because of tistrongly with decreasing Nb layer thickness. The solid line is
finite-size effec Therefore, thd value changes from one again obtained with EqJ). In the case of varyingcyw, and
sample to another in the same series, while in the Radoviixed dy,, with varying x=dy,/éy, we went from thee
et al. modell is assumed to be constant. This implies that the=0 to thegp= 7 state. Nowd), is fixed as well as the phase
value of £, we have used in a series is a kind of averagep for all the samples. We want to remark that from the best
parameter. fit curves we have again obtaingg,=19 A as for all the

As for the second fitting parametelgg, by measuring the series with 2.7% of Mn with varyindcym,. The value of the
temperature dependence of the critical magnetic field perpersecond fitting parameter isr;§§= 114 A?. Assuming 7
dicular to the film planeH,, (T), we can extract th&s  =0.06 also for this series, we obtaga=42 A, of the same
value, using the relatiofis=2¢,(0)/ar, with £,(0) the zero- order as for the M4696 series.



57 CRITICAL-TEMPERATURE-OSCILLATIONS . .. 14 415

CONCLUSIONS the T, versusdy, behavior was again fitted by the sa@g

We have observed an oscillating behaviorTof, versus ~ value obtained in the case of the series with the same Mn
deuun IN SUperconductingNb)/spin-glass(CuMn) multilay- ~ concentration but fixedy,. These observations seem to in-
ers with different Mn concentrations and differesy, val-  dicate as plausible the extension of the Radetial. theory
ues. This behavior, together with that ®f, versusdy,  © the case pfour Nb/CuMn r_nultllayers. A final confirmation
could be explained by means of a time irreversible pair—Of 'the validity qf this theory in thg case of supgrconductor{
breaking mechanism, assuming a finite electronic transpagPin-glass multilayers could be given by experiments sensi-
ency coefficient at th&/M interfaces. In fact, from the best 1€ to the phase of the superconducting order parameter,
fit curves of theT, vs deyy, data, we have obtained the same Similar to those probing the pairing symmetry in high-
value of the¢,, fitting parameter for all the series with the SuPerconductors.
same Mn concentration and with differeahy,, fixed values.
Moreover, the¢,, versus Mn concentration behavior was in
reasonable agreement with that expected on the basis of
simple physical assumptions. S.L.P. wishes to thank the International Association,
In the series wherdy,, was varied keepinglc,u, fixed,  Project No. 96-1783, for partial financial support.
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