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Scaling of T, in proximity-coupled superconducting/normal-metal multilayers
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The superconducting transition temperature T, has been measured in the multilayered system

Nb/CuX, where CuX represents Cu, Cul ~Mny or CUD 956eo 05. The advantage of this system is that
the superconductor layer thickness, normal-metal layer thickness, normal-metal magnetic concentration,
and normal-metal bulk resistivity can be independently varied. Our data show that the variation of T,
with changing superconductor-layer thickness d, exhibits scaling consistent with the equation

(T, —T, )/T, =(d, /do), where do is a fitting parameter and T, is T, for bulk Nb. %'e find the ex-

ponent p to increase systematically with increasing normal-metal layer thickness, and magnetic impurity
concentration, with 1 p (2, consistent with the limiting forms of two theoretical models.

I. INTRODUCTION

Superconductor/normal-metal (S/N) and supercon-
ductor/insulator (S/I) multilayers are of current interest
both because of their intrinsic physics and their ability to
simulate phenomena occurring in high-T, superconduc-
tors (HTSC's). ' The advantage of multilayers over HTSC
compounds is that the S and N layer thicknesses and S
and N materials can be independently varied, while in
HTSC's the layer thicknesses and materials are axed for
each compound. Another regime of study open to multi-
layers is the mutual coexistence of magnetic and super-
conducting order. Using ferromagnetic, antiferromag-
netic, or spin-glass N layers, it is possible to tune the
magnetic and superconducting ordering temperatures TI
and T„respectively, such that TI(T, or T&) T, . In
this manner a greater understanding of the interplay be-
tween magnetic and superconductive ordering is possible.

The superconducting properties of S/N multilayers are
dominated by a proximity-induced superconducting pair
density penetrating into the normal layer. This N layer
pair density leads to a renormalization of the pair density
in S and also mediates superconducting coupling between
S layers.

We have analyzed the behavior of T, for independent
variation of d„d„, the magnetic nature of N, and the
electric mean free path Z„of the N layer, in a single mul-

tilayer system Nb/CuX where CuX represents Cu,
CuMn, or CuGe. Due to the large local moment of Mn
in a Cu host (SM„=—,'), one can shift smoothly from the

nonmagnetic to the strongly magnetic limit by increasing

y in Cu& „Mn~ alloys. Increasing y, however, also leads
to a decrease in 8„. To correct for mean-free-path in-
duced changes in the T, 's of Nb/CuMn samples, our re-
sults are compared with T, 's obtained in Nb/CuGe sam-

ples. In a Cu host, Ge impurities are nonmagnetic and
lead to roughly the same decrease in 8„with impurity
concentration as occurs in CuMn alloys. Therefore
CuGe layers should correctly model changes in T, due to
changes in 8„.

We begin in Sec. II with a discussion of sample fabrica-
tion and characterization. Section III contains the exper-
imental results for the dependence of T, on d„, d„y, and
8„. These results are then compared with the predictions
of two theoretical models in Sec. IV. Finally, our results
are summarized in Sec. V.

II. SAMPLE PREPARATION
AND CHARAC WRRIZATION

Multilayer samples were prepared by dc sputtering
onto polished, oxidized, single-crystal (001)-oriented Si
substrates. Substr ates were placed on a computer-
controlled movable stage, and the nominal layer
thicknesses were determined by the measured deposition
rates and time the substrate spent over each sputtering
target. During deposition the substrate temperature was
maintained between —20' and +20'C at sputtering rates
of typically 0.8 nm/sec for Nb and 1.0 nm/sec for CuX.
Before sputtering the chamber was pumped to less than
2X 10 torr, then backfilled with ultra-high-purity Ar to
a pressure of -2.5 X 10 torr. Additional details of the
sputtering system are given elsewhere.

Sputtering targets of 3-9's Nb and 6-9's Cu were ob-
tained from Angstrom Sciences. We fabricated the
CuMn and CuGe alloy targets from starting materials
consisting of 6-9's Cu, 4-9's Mn and 6-9's Ge obtained
from Aesar. The materials were placed in a crucible of
boron-nitride-lined graphite and heated in an rf induction
furnance under -250 torr of a 90% Ar/10%%uo H2 gas mix-
ture.

The Mn or Ge concentrations in the Cux alloys were
determined by magnetization and energy dispersive x-ray
(EDX) measurements. Cu& Mn is a spin glass exhibit-
ing a peak in its temperature-dependent magnetization at
a spin-freezing transition temperature TI which is direct-
ly related to y. The nomina1 values of y in the CuMn al-
loys were obtained from TI's measured on 500 nm-thick
sputtered films.

EDX measures elemental compositions by exciting a
sample with a high-energy electron beam and comparing
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FIG. 1. X-ray diffraction scans for Nb/Cu0997Mn0003. (a)
70.0 nm/70. 0 nm and (b) 13.0 nm-10.0 nm multilayers.

the relative fluorescent x-ray line intensities from the host
Cu and impurity atoms Mn or Ge. These intensities are
suitably normalized and compared with those expected
from each pure material. For CuMn alloys with

y &0.010, magnetization and EDX measurements agree
to within 10%. Larger disagreements are observed at low

y due to the increased diSculty of quantitative x-ray peak
detection. For CuGe alloys, EDX data provide the only
measure of Ge concentration, which was 4.9+0.3 at. %
for the target used in these experiments. EDX data also
show no evidence for any other impurities present in our
films above the detection limit of the method (-0.1

at. %).
X-ray diffraction scans taken with the scattering vector

normal to the film plane were used to extract information
about the individual layer structure, the multilayer
periodicity, and rms deviations in the thickness of each
layer. The Nb and CuX layers crystallize in their bulk
structures, bcc Nb and fcc CuX with their densest packed
atomic planes, Nb(110) and CuX(111), parallel to the film

plane. For thick layers, first- and second-order Bragg
peaks are observed due to scattering from the Nb(110)
and CuX(111) planes, as shown in Fig. 1(a) for a
Nb/Cu0997Mn0003 70 nm/70 nm multilayer. As d, and
d„decrease, additional peaks appear due to the bilayer
periodicity, A=d, +d„. These new peaks appear as satel-
lites of the Brag g peaks and obey Brag g's law
[nA, =2A sin(8)] with characteristic distance A, as illus-
trated in Fig. 1(b) for a Nb/Cuo 997Mno DO3 13.0 nm/10. 0
nm multilayer. Satellites are typically observed for
A ~ 30 nm. Bilayer thicknesses determined from these sa-
tellites are within 5% of those calculated from the
sputtering conditions.

The Nb and CuX lattice parameters can be readily
measured by analyzing the peak positions of the Nb(110)
and CuX(111) peaks. No change in either lattice spacing
is observed for A & 15 nm (Fig. 1). As A decreases below
about 15 nm, the satellite structure begins to obscure the
Nb(110) and CuX(111) peaks, as shown in Fig. 2(a) for a
Nb/Cu 3.0 nm/2. 0 nm multilayer. However, for small A,
the second-order Nb and CuX Bragg peaks remain well
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FIG. 2. X-ray diffraction scans for Nb/Cu multilayers about
the (a) Srst- and (b) second-order Nb(110) and Cu(111) peaks for
a Nb/Cu 3.0 nm/2. 0 nm sample. Arrows and horizontal bars
denote the bulk Nb lattice spacing +1.5%%uo and the bulk Cu lat-
tice spacing +3%%uo.

resolved, allowing an accurate measure of the Nb and
CuX lattice spacings to be obtained [Fig. 2(b)]. Based
upon these peak positions, we find that the Nb lattice pa-
rameter remains within 1.5% of its bulk value for
d, &3.0 nm and that the CuX lattice parameter remains
within roughly 3% of its bulk value for d„&2.0 nm. In
addition, extended x-ray absorption fine structure (EX-
AFS) examinations of the Cu K-edge in Nb/CuX multi-
layers indicate no more than a 1% change in the CuX lat-
tice parameter down to 2.0 nm of CuX, ' in agreement
with the x-ray diffraction results.

Recently, Fullerton et al."developed a recursive x-ray
diffraction modeling program to study layer thickness
fluctuations in Nb/Cu multilayers. Their analysis of
sputtered Nb/Cu 2.6 nm/2. 0 nm multilayers shows that
experimental observation of satellites associated with the
Nb(220) and Cu(222) peaks places an upper limit of 0.3
nm on the rms fluctuations of the two layer thicknesses.
From the similarity in layer thicknesses and satelhte
structure of our Nb/Cu 3.0 nm/2. 0 nm multilayer and
those of Fullerton et al. , we infer that the rms fluctua-
tions of d, and d„ in our sample are less than or of order
0.3 nm. We have observed satellites near the Nb(220) and
CuX(222) peaks in samples with d, ~ 6.0 nm and d„~5.0
nm, indicating no serious difference in the magnitude of
layer thickness fluctuations for multilayers with d, and
d„ larger than those of the Nb/Cu 3.0 nm/2. 0 nm sam-
ple. This indicates very uniform layering with little vari-
ation in d„or d, throughout our samples.

To summarize, the samples consist of polycrystalline
bcc Nb and fcc CuX layers with the Nb(110) and
CuX(111) planes parallel to the substrate and lattice spac-
ings consistent with those of the separate bulk materials.
Bilayer thickness measurements agree with those expect-
ed from the sputtering conditions, while the small rms
thickness fluctuations imply that d, and d„are uniform
throughout our samples. %e conclude that, as d, and d„
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are reduced, no structural changes are observed that
might influence the superconducting properties.

III. EXPERIMENTAL RESULTS
AND INTj RPRETATION

1.0

0.9

0.8
T m

T, was determined from 4-probe resistive measure-
ments on patterned samples. Samples were patterned by
sputtering each multilayer through a stainless steel mask
in physical contact with the substrate. This procedure
produced samples with rather broad edges, however,
measurements on codeposited patterned and unpatterned
samples showed no difference in T, .

Measurements were made using a Quantum Design
MPMS2 both as a cryostat and for computer control of a
Keithley K181 nanovoltmeter and a K224 current
source. The temperature accuracy and stability of this
system is about S mK at temperatures near 6 K and
somewhat better below 4 K. T, was defined as the tem-
perature at which the resistivity had reached 50% of its
normal-state value. Typically, the widths of the resistive
transitions (measured from 90% to 10% of the normal-
state value) were less than 60 mK in a residual field of a
few gauss. The bulk transition temperature of Nb, T„
measured on 500 nm thick sputtered films, was 9.0 K
with a sample to sample variation of +0.10 K. Based on
the width, temperature accuracy, and sample reproduci-
bility, the error in T, was estimated to be +0. 1 K. Al-
though this error is small over most of the range of our
data, it leads to rather larger fractional errors in the devi-
ationof T, from T, when T, is very near T, .

The dependence of T, on d„ for fixed d, yields direct
information about the behavior of superconducting elec-
trons in the N layers. For small d„, the superconducting
pair density in N is large, leading to strong superconduc-
tive coupling between S layers and T, = T, . As d„ is in-
creased T, decreases monotonically due to a reduction in
the probability for paired electrons to traverse the N lay-
er. Eventually, for very large d„, the S layers are entirely
decoupled from one another and T, approaches a
minimum value, T, . Therefore, d„', the value of d„
beyond which T, = T, , is representative of the penetra-
tion depth of superconducting electrons into the N layer.

Figure 3 shows the dependence of T, on d„ for a series
of multilayers with fixed Nb thickness (28.0 nm) and Cu,
Cup 95Gep p5 ol Cu

~ Mn„ interlayers with 2
nm ~ d„600 nm, and 0.003 &y 0.022. All samples ex-
hibit a decrease of T, with increasing d„consistent with
decreasing superconductive coupling. For thin nonmag-
netic layers, T, is independent of whether Cu or
Cup 95Gep p5 layers are used, while for thick nonmagnetic
layers (d„)20 nm), T, increases on changing to
Cup 95Gep pz layers from Cu layers. Associated with this
increase in T, is a decrease in d„. Nb/Cu& Mn rnulti-

layers exhibit the same trend of decreasing T, with in-
creasing d„; however, in Nb/CuMn, T, drops sharply on
changing from Cu to Cup»7Mnp pp3 layers, but does not
change significantly with further increases in y.

These trends yield qualitative information about the
dominant scattering processes occurring in each of our
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FIG. 3. Normalized superconducting transition temperature

T, /T, as a function of the CuX layer thickness dc„& for
Nb/CuX mu1tilayers having d, =28.0 nm. CuX materials are Q,
Cuo»Geoo„g, Cu; o, Cuooo, Mnooo„O, Cuo»Mnoo, ;
Cup 978Mnp p22. d and T, for the Nb/CuGe series are shown.
Solid lines are to guide the eye.

where 8„ is the bulk mean free path of N:

(p&)„
pp

Pn
(2)

p„ is the bulk resistivity of N, (pE)„ is the finite-size
correction to the resistivity, and P is a constant of order
3/8 for thin films. ' For suSciently small d„ interfacial
scattering will always dominate the mean free path and
T, wi11 become independent of 8„.

Mn impurities, which can scatter elastically and
inelastically, increase both the elastic back-scattering
rate, and the probability that pairs are destroyed in ¹

When magnetic pair breaking dominates, T, and the su-
perconductive coupling strength will decrease with in-
creasing y due to an increase in the probability that su-

three N-layer materials. In a bulk superconductor, in-
creasing the concentration of scatterers, decreases F„in-

creasing the rate at which superconducting electrons are
scattered. For scattering from nonmagnetic impurities,
these events are predominantly elastic and are non-pair-
breaking. In a multilayered system, increasing the elastic
scattering in N increases the probability that supercon-
ducting electrons are randomly scattered back into the S
layer. This increased back-scattering rate reduces d„',
weakening the coupling strength between S layers while
increasing the pair density in S, thereby increasing T, .
This is precisely the behavior observed for changing the
1V layer from Cu to Cup 95Gep p5.

For thin nonmagnetic N layers, however, T, shows no
increase on adding Ge. In thin films 8„ is limited by
scattering from the S-N interfaces rather than by the irn-

purity concentration. For these thin N layers, 8„ is ap-
proximately

1 + 1

p~0
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t =(1,/1 }o (3)

with 1 (p (2. We find that all Nb/CuX series studied to
date can be fit to this relation. Values for p and the scale
factor dn for the series in Fig. 5 and others are listed in
Table I.

Thin, nonmagnetic N interlayer series (2.0 nm of Cu or
CuGe) are best fit to p =1. As the nonmagnetic N-layer
thickness is increased, p increases systematically reaching
an average of 1.24 for samples with decoupled S layers.
dn, however, is always smaller when using thick CuGe in-
terlayers since T, is enhanced in Nb/CuGe multilayers.
Thin Cu, Mn layered samples show p increasing sys-

perconducting pairs are destroyed as they enter N. For
small d„, T, is observed to decrease rapidly with increas-
ing y, hence pair breaking is the dominant scattering
mechanism in these thin N layers. However, for d„)d„'
and y )0.003, T, becomes nearly independent of y. This
saturation of T, in Nb/CuMn multilayers is still being
investigated.

Whereas the dependence of T, on d„yielded informa-
tion about coupling strength between layers and about
N-layer scattering mechanisms, an examination of the
dependence of T, on d, for fixed d„enables us to study
changes in the properties of the superconducting material
(density of states, gap parameter, etc.) as its thickness is
reduced.

The normalized transition temperature T, /T, is
shown in Fig. 4 plotted against the superconducting layer
thickness d, for two strongly coupled (1„=2.0 nm

Cuo»Geo 05 and Cuo»7Mno Oo3} and two weakly coupled
(d„=300 nm Cuo ssGen ns and 70 nm Cue»7Mnn o03) mul-

tilayered series. From this data we observe that T, de-
creases with decreasing proximity effect coupling
strength (i.e., increased d„or y) for all 1,. Based on this
graph, however, it is difficult to see if the various series
conform to a universal functional form. In Fig. 5 we plot
the deviation of T, from T„ t —=(T, T, )/T„—as a func-
tion of d, for these four series. This graph shows that all
four series can be scaled as
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FIG. 5. Dependence of the reduced temperature
t =(T, —T, )/T, on d, in Nb/Cu& „Mn„multilayers. The solid
lines are fits to Eq. (3).

TABLE I. Parameters obtained from Stting data to
t =(d, /do ) with t = ( T, —T, )/T, . The parameters for V/Fe
and Fe/V/Fe were obtained from Stting to data by Wong et al.
(Refs. 2 and 13).

tematically with increasing y and d„. Sample series hav-
ing thick CuMn layers, however, show that do and p are
roughly independent of y. This shows that T, in the
decoupled limit in Nb/CuMn multilayers is roughly in-
dependent of Mn concentration at all Nb thicknesses.

To provide a check of Eq. (3) in the extremely magnet-
ic limit we have reanalyzed data published by Wong
et al.2 on T, in V/Fe multilayers and Fe/V/Fe
sandwiches. We find that their data also scale according
to relation (3).'3 In V/Fe multilayers, p increases rapidly
with increasing ferromagnetic Fe thickness (i.e., de-
creased coupling), the data in Fe/V/Fe sandwiches, how-
ever, do not agree with either the V/Fe multilayer data
or our Nb/CuX data. Wong et al. noted that for multi-
layers with thick Fe layers (approximately equal to those
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FIG. 4. Dependence of T, /T, on the Nb layer thickness 1,
in Nb/Cu, «Mn multilayers. The solid lines are fits to Eq. (3).
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V/Fe
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9.4+0.2
20.0+0.5

13.1%0.1
21.8+0.3
12.5+0.6

1.42+0.03

1.45+0.04
1.64+0.10

1.26+0.02
1.42+0.05
1.10%0.04
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used in the sandwich films} T, deviated from the trends
observed using thin Fe layers. They proposed that the
observed deviations at large d„, may be driven by a
structural change but were unable to validate this propo-
sal.

IV. THEORY

Most proximity effect models are derived using the dir-
ty superconducting limit approximation: 8, «g, , where

8; is the bulk mean free path and g; is the clean limit
value of the Pippard coherence length in material i. Two
such models, valid for super conducting/magnetic-
normal-metal multilayers, are those of Hauser, Theuerer,
and Werthamer (HTW}, ' and Kaiser and Zuckermann
(KZ). ' In addition to the dirty limit, KZ also require
that both layers be thin: 8, & d; «g.

Before applying these theories, the validity of using the
dirty limit approximation must be established for our Nb
and CuX layers, hence 8; and g; must be determined. To
determine 8; we use the measured bulk resistivities of
sputtered Nb and CuX samples in conjuction with Eq.
(2)—these values are listed in Table II. gb is determined
from the temperature dependence of the superconducting
upper critical field near T, in bulk sputtered Nb films-
gb is also listed in Table II.

The normal metal coherence length cannot be directly
measured, rather, it is estimated using the form of Ko-
gan '

b

2e'T y„(p~)„

Here, kb is Boltzman's constant, A' is Plank's constant, y„
is the coefficient of the linear term in the specific heat,
and (p/)„ is the finite-size correction to the resistivity.
The temperature T used in estimating g is the highest
temperature of physical interest, in our case T, for Nb.
To evaluate gz~ we assume there is no change in either

y or (pP) due to the addition of the small Mn or Ge con-
centrations used in this study. With this assumption, and
yc„=96.75 J/m K (Ref. 17) and (p/)C„=6. 60X10
Qm, ' we find gz~ -—160 nm.

For all layer materials except pure Cu, the dirty super-
conducting limit approximation is valid at all layer
thicknesses. For Cu layers, as dc„ is reduced, Ec„be-
comes limited by interfacial scattering [Eq. (1)]. Hence,
su%ciently thin Cu layers will also be governed by the
dirty limit.

In terms of applicability to our data, the principal lim-
its of interest are for thin nonmagnetic interlayers, where
experimentally p is 1, and for thick strongly magnetic

normal layers, where p increases to 1.64. In the thin,
weakly magnetic limit, the HTW and KZ models collapse
to

Q N„(0) r()
HTw 4 N (0) r n s

and

N„(0) n'2 b'b 1
itz

N, (0) 4 k Tbg +
2

dnds (6)

where N;(0) is the density of states at the Fermi level in i,
b, b is the bulk gap parameter of S, ~ls( —,

'
) is the digamma

function of —,
' [~II(—,')= —1.964], so=A/2nkbT„r, is the

magnetic scattering time used by HTW, and g is the mag-
netic factor used by KZ.

These forms show that in the thin nonmagnetic limit,
T, should scale according to Eq. (3) with an exponent of—1. Values for do predicted by these models, however,
do not agree with those found experimentally. For the
series having 2.0-nm-thick Cuo 956eo 05 layers,
do ——1.17 nm, do ——0.93 nm, and do" ' =1.70+0.03

18

For thick strongly magnetic N layers, KZ's model is
not valid, however, HTW remains valid and collapses to

6kb —2

4 6' T, y,p,
(7)

This leads to an effective value for do of 40.2 nm. In this
case, HTW predicts values for p and do significantly
larger than those found experimentally.

Previous work on Nb/Cu multilayers' ' and Nb
films ' have found that the data were best fit by the
theories if the effective bulk T, of Nb was depressed with
decreased Nb thickness. This depression was related to
lifetime broadening of the density of states caused by /Nb
decreasing significantly with decreasing Nb thickness.
Using these ideas, T, is predicted to scale as

[Tb, rrue Tb(d )]
Tb, true s

C

where T, ""' is the true bulk T, of Nb and T, (d, ) is the
thickness dependent T, . Using this expression for T, in

Eq. (3) leads to an apparent reduction in the experimental
values for do, with no significant change in p. Hence this
process may explain the difference between the experi-
mental and theoretical values for do.

TABLE II. Resistivities, mean free paths, and coherence lengths in Nb and CuX materials.

pt
gp

k

Nb

7.2
4.4

33

CU

0.5
130
160

CUp 997Mnp pp3

3.4
19

160

CUp 978Mnp op2

9.4
7.0

160

Q. 95Geo.os

19.4
3.4

160

Units

10 Qm
nm
nm
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V. CONCLUSIONS

The superconducting transition temperature in prox-
imity coupled S/N multilayers displays a power-law
dependence on the S-layer thickness. This form is found
to hold for all W-layer thicknesses, mean free paths, and
magnetic ion concentrations studied. In addition, the ob-
served scaling law is predicted by the limiting forms of
the HTW and KZ models. While the models appropri-
ately predict the behavior of the scaling exponent, an
effective depression of the bulk Nb T, with decreasing

d Nb [consistent with lifetime broadening of NNb(co)] is re-
quired for the models to adequately predict values for the
scale factor do.
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