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Critical-temperature-oscillations dependence on Mn concentration
in superconducting Nb/CuMn multilayers

C. Attanasio, C. Coccorese, L. V. Mercaldo, S. L. Prischepa,* M. Salvato, and L. Maritato
Dipartimento di Fisica, Universita` degli Studi di Salerno, Baronissi, I-84081 Salerno, Italy

~Received 3 March 1997; revised manuscript received 21 July 1997!

We have measured, at different Mn concentrations, the superconducting critical temperatureTc of Nb/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 thicknesses. TheTc values 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 presence of ap phase difference of the
superconducting order parameter across neighboring Nb layers driven by the magnetic nature of the CuMn
alloy. @S0163-1829~98!02822-7#
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INTRODUCTION

The influence of magnetism on superconductivity giv
rise to interesting phenomena that can be easily investig
on artificially layered structures where superconductingS)
layers alternate with magnetic (M ) layers. Recently, the ob
servation of oscillations of the superconducting transit
temperatureTc versus the thickness of the magnetic laye
has been reported on Nb/Gd multilayers~superconducting/
ferromagnetic multilayers1! and on Nb/Gd/Nb trilayers.2 The
Tc oscillations have been explained in terms of a time ir
versible pair-breaking mechanism and the theoretical mo
used3 deals with the spatial variation of the anomalous Gre
function F, describing the condensate of pairs, in the pr
ence of an exchange fieldI . A nontrivial superconducting
ground state is found: The phase differencew of the super-
conducting order parameter between two neighboringS lay-
ers will no longer be only 0, but can take a value betwee
and p, depending on theM layer thickness. An intrinsic
phase differencew5p was also proposed for junctions wit
magnetic impurities in the tunnel barrier, the so-calledp
junctions,4 and for weak links of superconductors wi
d-wave pairing.5

A nonmonotonic Tc behavior was also observed b
Mühge et al. in Fe/Nb/Fe trilayer samples with varyingdFe
at fixeddNb .6 They attribute this behavior to the existence
magnetically dead Fe layers at the interfaces and to
change of the effective electron-electron attractive inter
tion in these layers at the onset of ferromagnetism fordFe
>7 Å.

In a previous work, we have observed oscillations ofTc
versus the thickness of the nonsuperconducting layers in
CuMn multilayers,7 where the nonsuperconducting mater
CuMn is a well known metallic spin glass.8,9 The
superconducting/spin-glass systems allow us to investi
the coexistence of superconductivity and magnetism i
wider range ofS and M thicknesses because of the weak
pair-breaking effect of a spin glass when compared to a
romagnet. Moreover, in the case of Nb/CuMn multilayers
strength of the exchange fieldI can be easily varied by
changing the Mn percentage in the magnetic layers.

In Ref. 7 we explained the observedTc oscillations by the
570163-1829/98/57~22!/14411~5!/$15.00
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presence of a time irreversible pair-breaking mechanism
in the case of superconducting/spin-glass multilayers. In p
ticular, we considered two series of Nb/CuMn multilaye
with two different Mn concentrations~0.7% and 1.3%!, both
with a fixed Nb layer thickness (dNb) of 250 Å and with
varying CuMn layer thickness (dCuMn). All the experimental
data were well explained in terms of the Radovicet al.
theory3 developed in the case of specular electronic scat
ing at the Nb/CuMn interfaces.

Nevertheless, to better check the applicability of th
theory to the superconducting/spin-glass case and to hav
accurate comparison with previous data in Refs. 1, 2, an
we have decided to perform measurements on different se
of Nb/CuMn, with different Mn concentrations and differe
fixed Nb layers varyingdCuMn on one side and with varying
Nb layer thickness keeping constantdCuMn on the other side.
In the series with varyingdCuMn at different Mn concentra-
tions we have observed oscillations in theTc(dCuMn) curves,
with the presence of several relative maxima and minim
We discuss different possible interpretations of this effe
Even though the agreement with the experimental data
worse at higher Mn concentrations, the model that pred
the presence of a phase difference in the superconduc
order parameter between adjacent superconducting layer
plains some of the observed features, with the behavio
the fitting parameters in the different series in good agr
ment with that expected on the basis of physical consid
ations. For the sake of generality, the theoretical analyse
this work have been performed using the more general c
where a finite transparency electronic coefficient of theS/M
interfaces has been assumed.

We point out that the model in Ref. 3 applies to symm
ric structures, while our multilayers always begin with
CuMn layer and terminate with a Nb layer. However th
asymmetry should not invalidate the applicability of th
theory to our data because all our samples are made o
bilayers and, moreover, the observed superconducting p
erties are related to the overall sample~we are considering
strongly coupled bidimensional superconducting systems10!.

MEASUREMENTS AND DISCUSSION

The samples were grown on Si~100! substrates by a dual
source magnetically enhanced dc triode sputtering syst
14 411 © 1998 The American Physical Society
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FIG. 1. Reduced transition temperaturesTc0 /TcS vs dCuMn curves for the series~a! M22295 ~%Mn50.7, dNb5250 Å!, ~b! M16295
~%Mn51.3, dNb5250 Å!, ~c! M4696 ~%Mn52.7, dNb5260 Å!, and~d! M191095~%Mn54.5, dNb5250 Å!. The solid lines are the bes
fit curves obtained with Eq.~1!.
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with a movable substrate holder. The deposition conditio
were similar to those of the multilayers described previou
and the fabrication technique is the same with a comp
series obtained in only one deposition run.7 We point out that
in the series with varyingdCuMn there is always a single Nb
sample from which we deduce the electrical and superc
ducting properties of the Nb layers present in the sample
the series.

Energy dispersive spectroscopy and low-angle x-
~LXR! analyses have been performed to determine the th
nesses and the samples quality. In particular, LXR analy
have shown in our samples a typical interfacial roughnes
;5 Å.

The superconducting transitions of all the samples w
measured resistively using a standard dc four-probe te
nique. The ratiosrN(300 K)/rN(10 K), with rN the normal
state resistivity, were in the range 1.5–2.0 for all the ser
with a spread of values in the same series of less than
confirming the high uniformity of the transport properties
samples obtained in the same deposition run.

In Fig. 1 we show the reduced transition temperatu
Tc0 /TcS versusdCuMn ~Tc0 is the temperature at which th
electrical resistanceR of the sample becomes less tha
1024 V andTcS is the single Nb sample transition temper
ture! for the samples of the four series with Mn concentr
tions 0.7%, 1.3%, 2.7%, and 4.5% anddNb.250 Å. Depend-
ing on the Nb layer thickness, theTcS values were generally
in the range 6.5–8.0 K. An oscillatory behavior ofTc0 /TcS
vs dCuMn is present in the measured series outside the exp
mental error, with the presence of several minima a
maxima.

Such an oscillating behavior of the critical temperatureTc
vs the thickness of the magnetic layersdM is similar to that
observed in Nb/Gd multilayers and Nb/Gd/Nb trilayer
which has been interpreted in terms of the Radovicet al.
theory. A nonmonotonic behavior in theTc(dM) curves has
also been reported by Mu¨hgeet al.6 in the case of Fe/Nb/Fe
trilayers. The authors have related the minimum inTc at
dM;7 Å to the onset of ferromagnetism in the Fe layers.
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similar explanation could be tried in the case of our N
CuMn multilayers observing that, due to the finite-siz
effect,9 the spin-glass freezing temperatureTg of our CuMn
layers is influenced by the thickness valuedCuMn. At low
dCuMn values, one hasTc>Tg with the CuMn layers being in
a paramagnetic state at the superconducting transition. In
regime Tc should monotonically decrease withdCuMn.11,12

With increasingdCuMn values,Tc drops belowTg and the
CuMn layers are in the spin-glass state at the supercond
ing transition. An increase or saturation of theTc(dCuMn)
curve could be expected in this case, with a minimum f
lowed by a maximum with a monotonic decrease ofTc at
higherdCuMn values.

In our samples, at lowdCuMn values, theTc(dCuMn) curves
present a downward curvature~series with 0.7%, 1.3%, and
4.5% of Mn!. This behavior is well described by the Radov
et al. theory, while a paramagnetic pair-breakin
mechanism11,12 generally gives an upward curvature in th
limit. Moreover, the Werthamer-Hauser theory12 cannot ex-
plain the strong decrease of the critical temperature for sm
dCuMn.11 On the other hand, direct measurements ofTg are
very difficult to perform on our multilayers, expecially in th
low dCuMn value region, due to the small amount of magne
material in the samples.

Critical magnetic field Hc2 measurements in all ou
samples13 performed in both the perpendicular and paral
directions with respect to the plane of the films, have ne
shown any sign that could be related to some magnetic tr
sition when the sample is in the superconducting state. O
the well known transition from a three-dimensional~linear!
to a bidimensional~square-root-like! behavior of theHc2
versus temperature curves has been observed, when
pected, in the parallel case.14,13

The Radovicet al. theory3 foresees the presence of mu
tiple oscillations in theTc vs dM curve and was successfull
used to explain the data with 0.7% and 1.3% of Mn.7 There-
fore, we have tried to explain also our present experimen
data, taken at different Mn concentrations, using this mod
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TABLE I. Fabrication and fitting parameter values.

Parameter\ Series M22295 M16295 M23596 M4696 M25996 M201095 M191095 M251095 M25

dNb ~Å! 250 250 360 260 165 350 250 150 300
%Mn 0.7 1.3 2.7 2.7 2.7 4.5 4.5 4.5 7

jM ~Å! 50 38 19 19 19 14 14 14 11
hjS

2 (Å 2) 130 122 100 90 230 70 56 60 38
x0

2 0.79 4.19 12.59 9.51 0.29 1.17 2.17 12.88 2.1
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The solid lines in Fig. 1 are the best fit curves obtain
using the relation

Tc

TcS
51212G0~x!

hjS
2

dMdS
, ~1!

wheredM ,S are the magnetic (M ) and superconducting (S)
layer thicknesses,h is a phenomenological parameter relat
to the S/M interface transparency for the Cooper pairs,jS

5ADS/2pTcS is the coherence length inS ~DS is the diffu-
sion coefficient inS!, and finallyG0(x) is the minimum of
G0(x,w) with respect towP@0,p#, wherex5dM /jM and
jM5A4DM /I ~DM is the diffusion coefficient inM andI the
exchange energy!. The expression of the functionG0(x,w) is

G0~x,w!52Fsin2
w

2
S~x!1cos2

w

2
T~x!G ,

with

S~x!5x
sin 2x1sinh 2x

cosh 2x2cos 2x
, T~x!5x

2sin 2x1sinh 2x

cos 2x1cosh 2x
.

Expression~1! is a generalization of the equation deduced
Ref. 15 and used in our previous report.7 It has been obtained
by using the boundary conditions for the Green functionF at
S/M interfaces

FS5FM ,
dFS

dx
5h

dFM

dx
,

where h5sM /sS only in the specular scattering case a
sM ,S are the normal state conductivities ofM andS layers.
The parameter in Ref. 15,g5sMjS /sSjN , is substituted
now by g5hjS /jN ~herejN5ADM/2pTcS5jMAI /8pTcS!.
In the limit of small g, which is our case, as we will seea
posteriori, Tc is given by expression~1!. Depending on
which is larger betweenS(x) and T(x), the 0 phase@S(x)
.T(x), w50# or thep phase@S(x),T(x), w5p# will be
present in the sample and this switch from one phase
another gives rise to the oscillatoryTc versusdM behavior.

Expression~1! has two fitting parametersjM and hjS
2,

while TcS is determined by measuring theR versusT curve
of the single Nb sample of the series. The fabrication a
fitting parameter values of all the series are collected
Table I.

In Fig. 2 we show theTc0 /TcS vs dCuMn curves of three
different series with the same Mn concentration~4.5%! and
with different fixed Nb layer thicknesses~dNb5150, 250,
and 350 Å!. We observe that the thinner thedNb the stronger
d

to

d
n

the Tc suppression and the more rapid its drop with incre
ing dCuMn in the range of few angstroms. In particular, in th
series withdNb5150 Å, no oscillations ofTc were observed
down to the limit of our lowest obtainable temperature of 1
K. The solid lines in Fig. 2 are the best fit curves obtained
the discussed model, which describes well also the c
where theTc oscillation was not observed. Similar resul
have been obtained in the series with 2.7% of Mn and in
series with 7% of Mn.

In Table I the values of

x0
25

1

n
(
i 51

N F S Tc

TS
D

expt

2S Tc

TS
D

th
G 2

S DTc

TS
D 2

are reported, whereDTc /TS is the experimental error on th
measured (Tc /TS)expt values, the (Tc /TS) th values are ob-
tained by Eq.~1!, andn is the number of degrees of freedom
The agreement between the experimental data and the t
retical curves seems to be satisfactory in many series.
model used is developed for the case of ferromagnetic m
rials, while CuMn is a well known metallic spin glass. Mor
over, a change in the CuMn magnetic behavior is expec
with increasing Mn percentage.16

The series with the same Mn concentration are charac
ized by the samejM value. We have obtainedjM519 Å for
the three series with 2.7% of Mn andjM514 Å for the three

FIG. 2. Tc0 /TcS vs dCuMn curves for the series M201095 (dNb

5350 Å), M191095 (dNb5250 Å), and M251095 (dNb5150 Å),
all with 4.5% of Mn. The solid lines are obtained with Eq.~1!.
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14 414 57C. ATTANASIO et al.
series with 4.5% of Mn. To do a comparison, a value
jM513 Å was found in Nb/Gd~Ref. 1! and ofjM56 Å in
V/Fe.17 It is difficult to estimate the error affecting the qua
tity jM . On the other hand, variations of a few angstroms
jM give fitting curves in strong disagreement with our da
By this procedure, we have been able to estimate the rela
error on all thejM values to be67%. In addition to the
absolute value ofjM , which depends also upon the diffusio
coefficient, it is interesting to observe thejM behavior with
Mn concentration plotted in Fig. 3:jM decreases with in-
creasing Mn concentration. From the definition given abo
jM is proportional toI 21/2. Knowing the I dependence on
the Mn concentration in the CuMn, we can compare direc
the observedjM dependence on the Mn percentage with t
expected from the definition ofjM given in the Radovic
et al. model.

The experimental behavior of the freezing transition te
peratureTg versus magnetic impurity concentration~see, for
example, Ref. 8! can give information about the qualitativeI
dependence on the spin-glass composition. The nearly li
behavior ofTg vs the Mn percentage, at least for Mn co
centrations lower than 8%, can be translated into a qua
tively linear behavior ofI vs the Mn concentration.

Therefore, by fixing the Mn percentage, we fix the e
change energy and this explains our result thatjM is the
same for all the series with the same Mn concentration.
be more specific, we have tried to fit the data ofjM versus
the Mn concentration with the dependencejM}(%Mn)b

~solid line in Fig. 3!, obtaining b520.6760.07, a value
close to the20.5 exponent expected in the case of the lin
behavior ofI vs the Mn percentage.

The exchange energyI ~and then also the parameterjM!
depends on the magnetic material thickness because o
finite-size effect.9 Therefore, theI value changes from on
sample to another in the same series, while in the Rad
et al.modelI is assumed to be constant. This implies that
value of jM we have used in a series is a kind of avera
parameter.

As for the second fitting parameterhjS
2, by measuring the

temperature dependence of the critical magnetic field perp
dicular to the film plane,Hc2'(T), we can extract thejS
value, using the relationjS52j i(0)/p, with j i(0) the zero-

FIG. 3. Fit parameterjM vs Mn concentration behavior
The solid line is a power-law fit with the dependen
jM}(%Mn)20.67.
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temperature Ginzburg-Landau coherence length in the di
tion parallel to the film plane.18 This measurement performe
on the Nb sample of the series M4696 with 2.7% of Mn h
given jS.40 Å, consistent with the high resistivity value
(r.1027 V m). The same measurements done on all
samples of this series have givenjS values in the range
40–70 Å. Therefore, for this series, we can deduce from
value of the fitting parameterhjS

2590 Å2 a value of h
.0.06. On the other hand, the resistivity measured value
single Nb and CuMn films give rise to a ratiosM /sS of the
order of 1. Then, for this series we have obtainedh
ÞsM /sS , which implies a nonspecular scattering atS/M
interfaces and justifies the initial assumption of a finite tra
parency electronic coefficient at theS/M interfaces.

In all the measured samples thejS were in the range
40–180 Å, giving values ofh of the same order of magni
tude as that obtained for the series M4696. These values
generally higher than those found in superconducti
ferromagnetic multilayers~h50.013 in V/Fe!.17

Once we know the values ofh, jS , andjM , we can check
a posteriorithat we are effectively in the smallg regime. For
example, in the series M4696 it ishjS /jM.0.12 and then it
will be g5hjS /jN,0.12, with jM,jN ~jM is the charac-
teristic penetration length of Cooper pairs in magnetic lay
andjN is the corresponding length in a normal metal!.

Finally, we discuss the measurements performed on
series with fixeddCuMn and varyingdNb . Also these data are
consistent with the Radovicet al. scenario. In Fig. 4 we plot
Tc0 versusdNb for the series with varyingdNb , fixed dCuMn
530 Å, and a Mn concentration of 2.7%.Tc0 decreases
strongly with decreasing Nb layer thickness. The solid line
again obtained with Eq.~1!. In the case of varyingdCuMn and
fixed dNb , with varying x5dM /jM , we went from thew
50 to thew5p state. Now,dM is fixed as well as the phas
w for all the samples. We want to remark that from the b
fit curves we have again obtainedjM519 Å as for all the
series with 2.7% of Mn with varyingdCuMn. The value of the
second fitting parameter ishjS

25114 Å2. Assuming h
.0.06 also for this series, we obtainjS.42 Å, of the same
order as for the M4696 series.

FIG. 4. Tc0 /TcS vs dNb curve for the series M211096
(dCuMn530 Å!. The solid line is the best fit curve obtained with E
~1!.
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CONCLUSIONS

We have observed an oscillating behavior ofTc0 versus
dCuMn in superconducting~Nb!/spin-glass~CuMn! multilay-
ers with different Mn concentrations and differentdNb val-
ues. This behavior, together with that ofTc0 versusdNb,
could be explained by means of a time irreversible pa
breaking mechanism, assuming a finite electronic trans
ency coefficient at theS/M interfaces. In fact, from the bes
fit curves of theTc vs dCuMn data, we have obtained the sam
value of thejM fitting parameter for all the series with th
same Mn concentration and with differentdNb fixed values.
Moreover, thejM versus Mn concentration behavior was
reasonable agreement with that expected on the basi
simple physical assumptions.

In the series wheredNb was varied keepingdCuMn fixed,
,

L
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ir-
ar-

e

of

theTc0 versusdNb behavior was again fitted by the samejM

value obtained in the case of the series with the same
concentration but fixeddNb . These observations seem to in
dicate as plausible the extension of the Radovicet al. theory
to the case of our Nb/CuMn multilayers. A final confirmatio
of the validity of this theory in the case of superconducto
spin-glass multilayers could be given by experiments sen
tive to the phase of the superconducting order parame
similar to those probing the pairing symmetry in high-Tc
superconductors.
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