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We have observed a nonmonotonic behavior of the superconducting critical temperatureTc versus the CuMn
layer thickness in multilayers of Nb/CuMn with fixed Nb layer thickness~;250 Å!. The results have been
interpreted assuming the presence of thep phase in the case of layered superconducting systems with weak
magnetic coupling, where the phasef of the superconducting order parameter can vary in the range 0,f,p
between adjacent superconducting layers.@S0163-1829~96!05721-9#

The coexistence of superconductivity and magnetism has
been largely studied in the last thirty years and lately, be-
cause of the role that it seems to play in many properties of
the high-temperature superconducting compounds,1 this is-
sue has gained even more interest.

Recently,2 nontrivial superconducting ground state has
been observed in Nb/Gd multilayers, where the local ex-
change field in the ferromagnetic layers is assumed3,4 to pro-
duce a phase shiftDf in the superconducting order param-
eter in adjacent Nb layers. Depending upon the magnetic
layer thickness, a state withDf5p, between neighboring
superconducting layers, can have a higher superconducting
critical temperatureTc than the ordinary state withDf50.
As a result,Tc shows a nonmonotonic behavior when the Gd
layer thickness is varied.

In recent years,5 many experiments on high-Tc supercon-
ducting junctions have been interpreted in terms of weak
links made from superconductors withd-wave pairing,6 in
the presence of the so-calledp junctions. The existence of
such p junctions was originally proposed by Bulaevskii,
Kuzii, and Sobyanin7 in the case of junctions with magnetic
impurities in the barrier and was related to spin flip assisted
coherent tunneling.

Although the p phase analyzed by Buzdin and
Kupriyanov,3 and by Radovicet al.4 neglects all the dynami-
cal spin processes, it is interesting to study its presence in
other multilayered superconducting and/or magnetic systems
to better clarify the nature of the superconducting ground
state in these conventional low-Tc materials with reduced
dimensionality which can be used as simple models to com-
pare different theories related to high-Tc superconductors.

The superconducting and/or spin-glass multilayers are an
interesting class of artificially layered materials and, due to
the reduced pair-breaking effect in the magnetic layers when
compared to the ferromagnetic case, allow to perform inves-
tigations of the simultaneous presence of superconductivity
and magnetism in a much wider range of relative thick-
nesses.

Among several superconducting–spin-glass systems we
have focused on Nb/CuMn multilayers because Nb is the
single element with the highest critical temperature,Tc59.2
K, CuMn is a well-known metallic spin-glass8 and in litera-
ture there is a large number of works about CuMn-based and
Nb/Cu multilayers.9,10 In the obtained samples we have ob-
servedTc oscillations with the CuMn layer thickness at a

fixed Nb layer thickness. These results give evidence of the
presence of thep phase on our multilayers.

The samples have been deposited by using a magnetically
enhanced dc triode sputtering system with a rotating sub-
strate holder alternately passing over the targets. Typically,
the deposition rates, controlled by quartz crystal monitors,
were;5 Å/s on the CuMn and;12 Å/s on the Nb target.
Two different Mn concentrations have been studied, 0.7 and
1.3 %. As was pointed out in Ref. 2, in order to make a
careful study of the dependence ofTc versus the magnetic
layer thickness, it is essential that the samples are deposited
under identical conditions. With this purpose, we have de-
veloped a technique allowing the realization of a complete
series of multilayers in only one deposition run. By using a
suitable shutter on the CuMn target we let a 2 inch~100! Si
substrate pass over the cathode in controlled steps to get
different thicknesses of CuMn along a diameter of the wafer.
After this phase, the substrate is brought to pass over the Nb
target with a continuous velocity to obtain the next supercon-
ducting layer. At the end of the deposition process, the Si
substrate is cut into strips about 3 mm wide and 1 cm long,
perpendicularly to the obtained wedge. The designed
Nb/CuMn multilayer series have constant Nb thickness
dNb~;250 Å! with CuMn thicknessesdCuMn increasing arith-
metically ~dCuMn, 2dCuMn, 3dCuMn,...!. By changing the
stopping times between successive steps on the CuMn target
we could suitably adjust the initial value ofdCuMn. Both the
Nb and the CuMn actual layer thicknesses were checked,
after the deposition, by low angle x-ray measurements and
electron dispersive spectroscopy~EDS! analyses. On certain
samples Rutherford back scattering~RBS! analyses were
also performed to measure both the thicknesses and the Mn
concentrations. A zone~;5 mm wide! of the substrate in
each deposition, was exposed only to the Nb target, in order
to get information about the electrical and superconducting
properties of the Nb layers present in the samples of the
series. The thickness of the Nb film in this zone was about
2500 Å.

In this article we present data of two Nb/CuMn series, one
~R22295! with 0.7% of Mn anddCuMn thicknesses in the
range 21–184 Å and the other~R16295! with 1.3% of Mn
anddCuMn values in the range 8–132 Å. A series of Nb/Cu
multilayers with similardCu values was also realized to com-
pare the behavior between the magnetic and nonmagnetic
case. In Fig. 1 are shown the superconducting transition
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curves for some of the samples of the series R16295, mea-
sured using a standard four probe technique. Some of the
curves are broadened as a probable result of damage when
the samples were cut.2 Similar behaviors were observed in
the transition curves of the Nb/Cu series. The ratiosrN~300
K!/rN~10 K!, with rN the normal state resistivity, were
around 1.4 for the series R16295 and 1.6 for the series
R22295.

In Fig. 2 we plot the values of the critical temperatureTc0
versus the CuMn layering~Tc0 is the temperature at which
the electrical resistanceR of the sample is less than 1024 V!
for the samples of the series R22295, Fig. 2~a!, and of the
series R16295, Fig. 2~b!. The definition ofTc0 and its use in
Fig. 2 are related to the coincidence, observed in Ref. 2,
between theTc values determined by susceptibility measure-
ments and the temperature whereR(T)50.1RN . An oscilla-
tory behavior ofTc0 vs dCuMn is present outside the experi-
mental error. A similar nonmonotonic behavior was also
present in theTc,onsetvs dCuMn and in theTc(R/2) vs dCuMn
curves, whereTc,onset is defined as the temperature at which
R(T)50.9RN and Tc(R/2) as the point at which
R(T)50.5RN . On the other hand, a monotonic behavior of
theTc0 versusdCu was observed in the Nb/Cu series, where
the experimental data could be well fitted by the de Gennes-
Werthamer theory.11

We have tried to explain the experimental data for the
Nb/CuMn series extending the Radovicet al. theory to the
case of superconducting–spin-glass multilayers. We point
out that all our samples were not grown symmetrically, the
first layer being always CuMn and the last Nb. Considering
that all samples were made of 10 bilayers of Nb and CuMn,
their asymmetry should not invalidate the applicability of the
theory to our data. Moreover, we would like to address that
previous measurements12 on similar Nb/CuMn multilayers
with higher Mn concentrations~7 and 14 %! have shown that
we were in the presence of strongly coupled~j'.dCuMn!,
where j' is the superconducting coherence length perpen-
dicular to the Nb layers, bidimensional~dNb, jNb,bulk! super-
conducting systems. The reduction of the Mn concentration,
increasingj' , should enhance the coupling between Nb lay-

ers so that, in our case, the observed superconducting prop-
erties are related to the overall sample and not only to the
topmost Nb layer. On the other hand, if only the top Nb layer
were superconducting, the critical temperature of the samples
in a series should be rather independent from the CuMn layer
thicknesses.

Following Ref. 13, we calculatedTc in the limit of small
values of the parameterg, given as

g5sNjS /sSjN , ~1!

wheresN,S are the normal state conductivities of the mag-
netic,N, and superconducting,S, layers andjN,S are defined
by

jN,S5~DN,S/2pTc* !1/2 ~2!

with DN,S the diffusion coefficient in the magnetic,N, and
superconducting,S, layers andTc* the critical temperature of
the bulk superconductor. As pointed out in Ref. 13, in the
case of Nb/rare earth multilayers the values ofg are in the
range 0.25–0.35 and the equations obtained in the limitg!1
well describe the experimental data. We have assumed this
limit to be also valid for our samples. Assuming a parallel
shunt resistor model,14 we have generally measured,
sN/sS;1, so that we havejS,jN if g,1. In the considered

FIG. 1. Superconducting transition curves for some representa-
tive samples of the series R16295. The numbers in the legend are
the CuMn layer thicknesses in Å. The curves are normalized to the
normal state resistance.

FIG. 2. Tc0 vs dCuMn curves for the series R22295~a! and
R16295~b!. The solid lines are the best fit curves obtained by using
Eq. ~3!.
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limit,13 the critical temperatureTc is a function ofTc* , jS ,
jN , g anda, wherea is a parameter inversely proportional to
the exchange energyI . We obtainedTc* directly by measur-
ing the critical temperature of the single Nb film deposited in
each series. These values were always in good agreement
with the universal curve of theTc vs rN behavior.15 The
relationjS;gjN reduces the actual free fit parameters toa,
g, andjN . The solid lines in Figs. 2~a! and 2~b! are the best
fit curves obtained using the relation13

dN
2

dS
2

~Tc*2Tc!

gjNjSTc*
53F~f,kNdN!, ~3!

where dN,S are the magnetic,N, and superconducting,S,
layer thicknesses,kN5(11 i )(I /DN)

1/2 andF is a function
defined in Ref. 13 depending upon the phasef of the super-
conducting order parameter. The values forTc are obtained
by minimizingF with respect tof. For both series we have
obtainedg50.4 and for the series R16295 we have obtained
a50.7 andjN527 Å ~jS511 Å!, while for the series R22295
we have hada50.85 andjN530 Å ~jS512 Å!. The obtained
jS values are of the same order of thejS values calculated
from the relation

jS5AjBCSl /3.4 ~4!

with jBCS50.18\vF /kBTc* . Our high resistivities values

~r;1027 V m! give rise to short mean free pathsl and then
to low jS values~jS;50 Å!. As shown in Fig. 2, the agree-
ment with the experimental data is good both in the part with
smalldCuMn values, where a fast decrease inTc0 is observed,
and in the part with largedCuMn values, where theTc0 oscil-
latory behavior starts to take place. In agreement with the
Radovicet al. theory the firstTc0 minimum shifts to lower
dCuMn values when increasing the Mn concentration~i.e., the
magnetic influence!. Moreover theTc0 /Tc* minimum values
are in the range 0.7–0.8, as it is expected in the case of large
dNb/jS values. From thea values,a5(2pTc* /I )

1/2, we obtain
the exchange energyI for the two series. We haveI.5.8
meV for the series with 0.7% of Mn andI.7.4 meV for the
series with 1.3% of Mn. These values scale in the right way
with the Mn concentration and are, as expected, about three
orders of magnitude lower than the values measured in the
case of superconducting–ferromagnetic multilayers. In fact,
in Nb/Gd/Nb trilayers16 a value of I.0.17 eV was found
while I.3.0 eV was estimated in V/Fe multilayers.17

In conclusion, we have observed an oscillatory behavior
of Tc0 versus the CuMn layer thicknesses in superconducting
~Nb!/ spin-glass~CuMn! multilayers. This effect is well ex-
plained in terms of the Radovicet al. theory, assuming the
presence of thep phase in layered systems with weak mag-
netic coupling between the superconducting layers.
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