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The superconducting properties of spin-glass superconducting multilayers made of Nb 
(superconducting) and CuMn (spin glass) have been studied. The superconducting critical 
temperature T, of the multilayers was strongly dependent on the thickness of the spin-glass layers. 
The Radovic et al. theory [Phys. Rev. B 44,759 (1991)], which foresees a phase difference O=~+rr 
between neighboring superconducting layers, has given a qualitative description of these 

experimental data. The parallel and perpendicular critical magnetic-field measurements have shown 
many interesting effects related to the reduced dimensional&y of the samples. 0 1995 American 

Institute of Physics. 

I. INTRODUCTION 

The coexistence between superconductivity and magne- 
tism has been an intriguing issue of study both for its prac- 
tical and fundamental consequences. Heavy fermions,’ 
Chevrel phase compounds,’ and rare-earth rhodium-borides3 
are examples of materials that show interesting physical 
properties due to the interplay of superconducting and mag- 
netic effects. While antiferromagnetic order truly coexists 

with superconductivity below the NCel temperature,4 ferro- 
magnetic order below the Curie temperature generally de- 

stroys Copper pairs, resulting, as in the case of ErRh,B4,” in 
reentrant superconductivity. A new class of materials, such as 

(Nd, -,ThX)Ru2, has also displayed, in a certain range of 
composition, multiple reentrant transitions between the nor- 
mal and the superconducting state due to interaction with a 
spin-glass order. Finally, in some high-T, compounds such as 
YBa(CuFe)0,7 coexistence of superconductivity with a spin- 
glass magnetic order has been observed by neutron- 
diffraction analysis. 

The realization of artificial multilayers with magnetic 
and superconducting phases gives the opportunity of study- 
ing the interplay in different situations by suitably choosing 
both the materials and the relative thicknesses.s Moreover, 
multilayers of superconducting materials have recently been 
used9 as test systems to check some effects observed on high 
critical temperature oxides, in order to discriminate if they 
were related to intrinsic properties of these new compounds 
or to the reduced dimensionality present in iayered supercon- 
ductors. 

In the present work we designed our multilayers to ob- 
tain superconductivity in the presence of spin-glass order and 
to study the effects of reduced diniensionality in a system 
with superconductor-normal-superconductor (SNS) coupling 
in the presence of magnetic impurities. 

We chose Nb as superconducting material and CuMn 
with two different Mn concentrations (7% and 14%) as spin 

‘JPennanent address: Radioengineering Institute, P. Brovka str. 6, 220600, 
Minsk, Bylelorussia, CIS. 

glass. The choice of Nb was related to its highest critical 
temperature, 9.2 K, among the superconducting elements, 
while that of CuMn was related to its well-known properties 
of metallic spin glass’O~ll and to the numerous works already 
present in literature about CuMn-based and Nb-Cu 
multilayers. “-I4 In all our multilayers we kept the Nb layer 
thickness fixed (-230 A) while varying the CuMn layer 
thickness in the range 3-50 A. 

The measured superconducting properties of the system 

were strongly influenced by the presence ‘of CuMIn layers. 
The reduced dimensionality of the system also played an 
important role in the temperature behavior of the critical 
magnetic field and showed similar effects to those observed 
in the resistive transition curves of high-T, materials in the 
presence of an externally applied magnetic field. 

II. EXPERIMENT 

A. Sample preparation and experimental techniques 

The multilayers were deposited on sapphire substrates 
using magnetically enhanced dc triode sputtering with a ro- 
tating substrate holder alternately passing over the targets.15 

The composition of the magnetic phase was determined 
by Rutherford backscattering (RBS) analysis which was also 
used to calibrate the sputtering rates. The exact composition 
of the CuMn was Cu(9.44)Mn(6.6) for the lower Mn concen- 
tration and Cu(85.6)Mn(14.4) for the higher. 

A series of Nb-Cu multilayers with Cu thicknesses in the 
range 4-50 A was also realized to compare the properties in 
the magnetic and nonmagnetic case. The layer periodicity 
was confirmed by small-angle x-ray analysis. All the samples 
prepared were made of 10 bilayers with a total thickness 
varying from -2250 to -2600 A. The first deposited layer 
was always CuMn or Cu while the top layer was made of 
Nb. 

All the temperature measurements were made using a 
sample holder with a Copper block in which the sample was 
held in close thermal contact with a Ge-doped thermometer 
suitably designed for magnetic measurements. A supercon- 
ducting solenoid with high uniformity of the field in the zone 
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TABLE I. Characteristics of the sample studied. For each sample we report the thickness of the niobium and of 

the normal layer (Cu or CuMn), the percentage of Mn, the critical temperature, the room-temperature electrical 
resistivity, the p ratio, and the electronic diffusion coefficient. M/m is the anisotropic Ginzburg-Landau mass 
ratio. 

Sample 

NC8 

NCMA3 

NCMA4 

NCMA6 
NCMAI 
NCMA16 
NCMA32 

NCMASO 
NCM4 

NCM6 

NCM8 
NCM16 
NCM32 

P3OOK D 

hit,@) & (A) %Mn Tc (K) (@cm) p “‘Yi 300K IOK (cm%.) Mlt?l 

237 7.1 ‘.. 8.15 26.35 2.35 1.80 *a- 

232 3.0 _ 14.4 7.23 28.13 2.17 1.76 3.7 

232 4.0 14.4 7.08 28.25 2.24 1.77 2.8 

232 5.9 14.4 7.00 22.57 2.76 1.90 2.9 
232 7.9 14.4 5.91 28.48 2.21 2.34 6.0 
232 15.9 14.4 4.57 29.92 2.25 2.66 15.7 
232 31.8 14.4 4.61 28.62 2.09 2.58 30.3 

232 49.8 14.4 4.79 28.34 2.15 2.38 36.0 
232 4.7 6.6 7.61 25.41 2.4 1.76 ... 

232 7.1 6.6 7.30 26.49 2.32 2.01 .-* 

232 9.4 6.6 6.90 25.04 2.46 2.12 3.8 
232 18.8 6.6 5.92 21.23 2.45 2.17 I.- 
232 37.7 6.6 5.81 22.12 2.32 . . . . . . 

where the samples were situated was used for the critical 
magnetic-field measurements. The experimental setup al- 
lowed measurements in the temperature range 2-300 K with 
externally applied magnetic fields up to 2 T. 

In Table I we have summarized some of the main prop- 
erties of the fabricated multilayers. 

6. Sample characterization: Results and discussion 

1. Eiectrical measurements 

We measured the electrical resistivity of our samples us- 
ing a four-contact Van de Pauw technique. The values ob- 
tained at room temperature and at 10 K are shown in Figs. 
l(a) and l(b). They are practicahy independent of the layer- 
ing and in the range 20-30 fl cm at room temperature and 
between 10 and 15 &I cm at 10 K. Assuming a parallel 
resistor model,r6 we have for our multilayers a resistivity p 
given by 

Ps Pn 

P=fnPs+fsP:,p, ' 

where pS is the resistivity of the Nb layers, pn is the resis- 
tivity of the CuMn (or Cu) and f, and f, are, respectively, 
the relative amounts of Nb and CuMn (or Cu) present in the 
system. Obviously f,+f,= 1. Using for ps and pn at 10 K 
values close to those measured in previous works’3,‘7 (re- 
spectively, p,-10 AI cm and ~~-19 ,&l cm) we get from 
E!q. (lj resistivity values in good agreement with the low- 
temperature experimental data. 

The values obtained in the Nb-Cu series are in the same 
range. This could be surprising assuming a Cu resistivity 
close to the bulk value but can be understood considering 
that the electronic mean free path of Cu is strongly reduced 
by the layering.‘3716 

2. Critical temperature measurements 

In Fig. 2 the resistively measured superconducting criti- 
cal temperatures, T, versus the nonsuperconducting layer 
thickness d,, are shown for the samples of the three series 

[Nb-Cu(93)Mn(‘7), Nb-Cu(86)Mn(14), Nb-Cu]. As can be 
seen, the behavior versus the thickness of the normal layers, 
d,, is significantly different when going from the nonmag- 
netic case (Nb-Cu) to the magnetic case (Nb-CuMnj. The 

decrease in T, with the increase of d, is stronger in the series 
with Cu(86)Mn(14). In the case of the Nb-Cu series the solid 
line obtained from the de Gennes-Werthamer theory,18 using 
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FIG. 1. (a) Room-temperature electrical resistivity vs CuMn (or Cu) 
layer thickness and (b) electrical resistivity vs CuMn (or Cu) layer thick- 
ness at T=lO K for our samples: (*) NbCu (NC); (0) 
NbCu(93)Mn(7)(NCM); and (e) NbCu(86)Mn(l4)(NCMA) multilayers. 
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FIG. 2. Superconducting critical temperature vs CuMn (or Cu) layer thick- 
ness. Symbols are the same as in Fig. 1. The solid line is obtained by using 
the de Gennes-Werthamer theory, using p,=10.8 fl cm, p,=18.8 @cm, 
and T,=8.28 K. 

p,=10.8 ,uXIcm, p,=18.8 flcm, and T,=8.28 K, de- 
scribes the experimental data with good agreement. 

The same is not true for the T, behavior of the other two 
series. For these data the Hauser, Theurer, and Werthamer 
theory,‘g*20 developed in the case of a pair-breaking mecha- 
nism related to both the proximity effect and to the presence 
of randomly distributed magnetic impurities in the normal 
layers, does not describe at all the observed behavior. We 
would like to point out, in particular, that for values of the 
normal layer thickness larger than 40 A, we observed a non- 
montonic behavior of T, which is not foreseen in the Hauser 
and co-workers theory. 

Similar experimental data. have been observed in the 
case of V/Fe multilayers,“’ and have been explained using 
the Bulaevkii, Kuzii, and Sobyanin r-phase theory”” applied 
to the case of magnetic layered superconductors by Radovic 
et aLs 

The dashed line in Fig. 3 is the best-fit curve to the 
critical temperature measurements, reported as a function of 

l.Oc . L I*...I, I I1111.., . * I.II “ , 

---& 

\ 

0.8 - 

EJ 

0.6 - 

’ Atomic Planed ’ 

the number of the CuMn atomic planes, for the Nb- 
Cu(86)Mn(14) series, obtained using the Radovic et al. 
theory,‘3 in which the superconducting order parameter is 
allowed to have phase difference in the range O+$S~ when 
going from one superconducting layer to another. In passing 
we want to say that even though our samples were all asym- 
metric (in contrast to the case analyzed in Ref. 23), this 
should not completely invalidate a comparison to the Ra- 
dovic et al. theory. The best-fit curve is obtained by fixing, as 
input parameters, d,l&=4.4 and 8,/T,==35 for our Nb, 
and by using as a fitting parameter ~=6, with E being in the 
Radovic et al. theory a measure of the influence of the mag- 
netic layers on the critical temperature T, of the entire 
sample. The distance between the atomic planes of the CuMn 
has been taken equal to that of the Cu (2.08 A) and EM, the 
characteristic penetration length of Cooper pairs in normal 
layers, was assumed equal to ten atomic planes. The value 
for & has been deduced by measuring the electronic diffu- 
sion constant (see following section) and the critical tem- 
perature T, of a single Nb film of 230 A, by means of the. 
relation ,$z=fiD/2vkBTc. 

As is clearly seen the comparison gives only a qualita- 
tive agreement, but some considerations can be inferred from 
these data. The value e=6 indicates, in fact, a very weak 
magnetic strength of the CuMn layers (in comparison to the 
value e=2 used to fit the data of the strong magnetic V/Fe 
multilayers in Ref. 21). 

Moreover, the theory is able to explain the quite fast 
decrease of the critical temperatures in the range of lo-50 
atomic planes not explained by the Hauser and co-workers 
theory. On the other hand there is only some qualitative in- 
dication of the normronotonicity in the T, versus atomic 
planes curve. 

Probably, it could be argued that in the presence of a 
spin-glass order a pair breaking parameter which takes into 
account the peculiarity of this magnetic system should be 
used. Stephan and Carbotte% suggested for a spin-glass su- 
perconducting system a temperature-dependent pair breaking 
parameter a given by 

c 

4T)= 2T n nmp2’;Jz?[~x(~) + Q(T)]. 

Here n is the concentration of magnetic atoms, m is the 
electronic mass, pF is the Fermi momentum, J is the ex- 
change integral, x(T) is the magnetic susceptibility, and 
Q(T> is the spin-glass-order parameter proportional to 
( 1 - T/Tf), where Tf is the spin-glass freezing temperature. 
Preliminary measurements of the magnetic susceptibility, us- 
ing a superconducting quantum interference device magne- 
tometer, have indicated a hysteretic behavior with tempera- 
ture of the zero-field and field cooled magnetization curves 
when the external field is applied parallel to the plane of the 
films. More experimental work to check the validity of this 
model is in progress. 

FIG. 3. Reduced superconducting critical temperature (normalized with re- 
spect to the Nb single-layer value) vs the number of atomic planes for the 
NbCu(86)Mn(14) multilayers. The dashed line is calculated by using the 
Radovio et al. theory by putting dJ&=4.4 and 8,1Tc=35. We obtain l =6 
as a fitting parameter. 

3. Magnetic measurements 

Due to the anisotropic nature of our samples we will 
separate this subsection in two subsections a and b dedi- 

J. Appl. Phys., Vol. 77, No. 5, 1 March 1995 Attanasio et al. 2083 

Downloaded 26 Nov 2007 to 193.205.70.123. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



4.0 4.4 4.8 5.2 5.6 6.0 
'I' 6) 

FIG. 4. Resistive transition curves of the sample with 4 %, of Cu(86)Mn(14) FIG. 6. Arrhenius plot of the R(T) of the sample of Fig. 4 for different 
at different values of externally applied perpendicular magnetic fields. values of perpendicular magnetic field. 

cated, respectively, to the measurements in the direction per- 
pendicular and parallel to the plane of the films. 

a. Perpendicular magnetic measurements. The transi- 
tion curves. at different values of the externally applied mag- 
netic field are shown in Fig. 4 for a sample with 4 %, of 
Cu(86)Mn(14). It is easily seen that the onset critical tem- 
peratures (the temperatures at which the normal resistance 
drops by 10% of its value) decrease with the increasing field, 
while the shape of the curves does not change at least in the 
higher-temperature part. With increasing magnetic fields the 
lower-temperature part of the transition curves develops a 
tail as has been also observed in the case of high-T, oxides.” 
We extensively discuss this effect later. 

In Fig. 5 we show the Hcxl vs T curves for the series 
with Cu(86)Mn(14). In all the sampIes the HczL temperature 
behavior is linear as expected for an anisotropic supercon- 
ductor, in which Hczl is given byz6 

H = 
40 

c21 24(T) ’ 

where $a is the flux quantum and En(T) is the anisotropic 
superconducting coherence length in the direction parallel to 
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FIG. 5. Perpendicular critical magnetic fields as a function of temperature 
for different samples. Solid lines represent the best linear fits. N refers to the 
single Nb film of 230 A. 
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the plane of the film. We did not observe any appreciable 
deviation from the linear behavior of these curves, as should 
be in the case of the presence of a magnetic ordering starting 
at temperatures lower than T, . Moreover, in the dirty super- 
conducting limit we can write 

- ckB 

dT =- 
T=Tc 

1.08eD ’ (4) 

where k, is the Boltzmann constant and D is the electronic 
diffusion coefficient of the multilayer, defined as D = v ,113, 

with uF being the Fermi velocity and 1 the electronic mean 
free path.27 From the measured data we obtained D values 
increasing with increasing CuMn layer thicknesses up to 16 
A and decreasing for larger thicknesses. We point out that 
our D values took into account the transport properties of 
each component material and the electron scattering at the 
interfaces between layers. It is then worth mentioning that in 
the limit of decoupled layers (larger CuMn thicknesses) the 
measured D values tended toward the value D = 1.7 6 cm*/s 
measured for the electronic diffusion constant in the case of 
a single Nb film of 230 A. 

Interesting results were also obtained by the analysis of 
the resistance tails present in the lower part of the transition 
curves. In Fig. 6 we have replotted the data of Fig. 4 in 
Arrhenius fashion. In each curve is then clearly visible a 
sharp downward kink at a field-dependent temperature 
T*(H) . The presence of such kinks was observed for CuMn 
thicknesses up to 16 A. Starting from dCuM,=32 I%, the 

downward kink disappeared. As an example, in Fig. 7 we 
have shown the Arrhenius plots of the transition curves for 
the sample with 50 A of Cu(86)Mn(14) in the presence of 
perpendicular magnetic fields up to about 1 T. The absence 
of any kinks is evident. Similar results, with no kinks, were 
obtained in the case of parallel external magnetic fields for 
all the CuMn thicknesses, in the case of a single Nb film of 
230 A and in the case of nonmagnetic Nb-Cu multilayers 
with Cu thicknesses up to 10 A. 

The same kinds of Arrhenius plots were obtained for 
high-T, oxides and MoGe/Ge multilayers.g’25 In this last 
case, the authors observed that above T* the resistance of 
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FIG. 7. Arrhenius plot of the R(T) of the sample with 49.8 8, 
Cu(86)Mn( 14) for different values of perpendicular magnetic field. 

of 

each multilayer normalized to the number of layers is equal 
to the resistance of a single layer. Below T* the resistance 
has a higher thermally activation energy. Hence, a crossover 
was supposed from a regime where the vortex motion in a 
given layer is coupled, via a Josephson-like interaction, to 
the vortex motion in other layers (TCT”), to a regime 
where the vortices, due to thermal fluctuations, display no 
interlayer coupling (T> T”). 

Our data, even though related to a SNS-like coupling in 
the presence of magnetic impurities, strongly support this 
model. In fact, we observed a crossover temperature T* only 
in Nb-Cu(86)Mn(14) multilayers with thicknesses below 32 
A. At larger thicknesses the Nb layers are completely decou- 
pled at every temperature and the vortices cannot interact 
between layers. On the other hand, the fact we did not ob- 
serve any crossover temperature’ T” for Nb-Cu multilayers 
with Cu thicknesses up to IQ %, could be also explained in 
terms of a stronger coupling between layers due to the 
weaker pair breaking mechanism. 

Moreover, as shown in Fig. 8, the relation 

T*(H)IT,o”Set(H)decreases with increasing fields, so that the 
interlayer coupled vortex motion occurs increasingly far 

NCMA4 

^I A 

A 

FIG. 8. The relation T*/yt vs magnetic field. T* corresponds to the 
temperature of the sharp downward kink. 
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FIG. 9. Parallel critical magnetic field as a function of the reduced tempera- 
ture for the sample of Fig. 7. The solid line corresponds to the 2D behavior, 
i.e., H,, -( I-tj”‘ . The dashed line is the best fit in the 3D case. 

from yt at higher fields, confirming a vortex reconnection 

or related picture in which the important scale of vortex mo- 
tion is the distance between them. 

b. Parallel magnetic measurements. In Fig. 9 is shown 
the parallel critical magnetic field versus temperature curve 
for the sample of the series Nb-Cu(86)Mn(14) with 
d CuMn =50 A. Close to T, , the H,,ll(T) curve behaves lin- 
early while at lower temperatures the behavior is no longer 
linear, starting to be square-root-like as indicated by the solid 
line (square-root fit) and by the dashed line (linear fit). This 
effect has been already seen in many different superconduct- 
ing multilayers, and it is essentially related to a 3D-2D cross- 
over due to the layering and to the temperature dependence 
of the perpendicular superconducting coherence length 
e1 (T) present in the equation for Hc21$ T) :6 

(5) 

According to the theoretical model of Josephson-coupled 
layered superconductors,28 the jump in Hc211 should happen 
when c,(T)ld,-0.7. In our samples we always observed 
this jump to happen for &(T)ld, values higher than 1. This 
can be related to the different coupling mechanism between 
layers or to surface effects influencing the values of &‘I( T) 

calculated from the H,,llIH,,, ratio. In fact, for samples of 
the series with Cu(86)Mn( 14) we obtained H,2111H,,, values 
of 1.7 for thicknesses smaller than 16 A, indicating that the 
measured H,zll corresponds to H,,. At larger thicknesses the 

Hcz~~IHc,, ratio increases, giving increasing values of the 
Ginzburg-Landau mass ratio.“’ 

On the other hand, it seems difficult to ascribe the effect 
seen in the H,,II vs T curves to something related to magnetic 
phase ordering. Moreover, we did not observe any crossover 
of H,,II and Hc21 near T,, as foreseen in the case of the 
presence of magnetism in the spacer layer.“’ The same kind 
of measurements made on samples of the series with 
Cu(93)Mn(7) did not show any sign of this jump. The freez- 
ing temperatures of a multilayer of this series should be 
lower than that of the sample with equal CuMn thickness of 
the series with Cu(86)Mn(14), so that if the jump were re- 
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lated to spin-glass ordering at TGT, it should be more 
clearly present in the curves of the lower Mn concentration 
samples. The Ginzburg-Landau mass ratio values for the 
series with Cu(93)Mn(7) are lower than those of the more 
magnetic series, and this is again an indication of the dimen- 
sional character of the effect. 

HI. CONCLUSIONS 

We have fabricated spin-glass superconducting multilay- 
ers of Nb and CuMn. The decrease of T, with the increasing 
of the CuMn layer thicknesses can be qualitatively explained 
in terms of models that take into account the possibility that 
the superconducting order parameter changes its phase in the 
range OS&ST when going from one superconducting layer 
to another. 

The magnetic measurements with the external field in 
the direction perpendicular to the plane of the film have al- 
lowed us to study the behavior of the electronic diffusion 
coefficient of our multilayers and have shown at tempera- 
tures below T, a crossover between two different kinds of 

vortex motion which was already observed in 
superconductor-insulator-superconductor multilayers and in 
high-T, compounds. 

When, the magnetic~ field was applied’ parallel to the 
plane of the tilm, the measurements in the series with higher 
Mn concentration have shown the typical 3D-2D crossover 
related to the temperature dependence of &(T) . 
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