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Critical temperature of superconducting bilayers: Theory and experiment
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A generalized model for the critical temperatureTC of superconducting bilayers is presented, which
is valid with no restrictions to film thicknesses,TC of the layers, and interface resistivity. The model
is verified experimentally on a series of Nb–Al and Ta–Al bilayers with Nb, Ta layer thicknesses of
100 nm and Al layer thicknesses ranging from 5 to 200 nm. Excellent agreement between theory and
experiment was found for the energy gap and theTC of bilayers. The results are important for
designing practical superconducting devices. ©2002 American Institute of Physics.
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There is presently a growing interest in the developm
of superconducting bilayers S1– S2 for a number of practica
applications, like tunnel junctions for x-ray detection,1–4

transition edge sensors,1,2,5 and Josephson junctions.6 When
designing such devices, it is often necessary to adjust
predict the bilayer transition temperatureTC . Although the
proximity effect theory has been extensively developed d
ing the last decade, there was certainly a lack of practic
oriented studies ofTC in bilayers. In early work on the prox
imity effect,7–10 the approximate methods for the determin
tion of TC were developed. However, the boundary con
tions used do not follow from the microscopic theory
superconductivity,~see also the review in Ref. 11!. More
recently, the microscopic theory in the dirty limit based
the Usadel equations12 was used to calculateTC of bi- and
multilayered systems, but only limiting cases were studi
high transparency of S1– S2 interface,13,14finite transparency
of S1– S2 interface but thin or thick S2 layers, and zero
TCS2

,15,16 or the limit of very thin S1 and S2 layers.17,18

In this letter, the generalized model forTC of supercon-
ducting bilayers is presented without restriction to the S1 and
S2 layer thicknesses,TCS1S2

values, material parameters, an

resistivity of the S1– S2 interface. The model is verified ex
perimentally on a series of Nb–Al and Ta–Al bilayers.

We consider a bilayer structure consisting of S1 and S2

layers of thicknessdS1
anddS2

, respectively. Finite transpar
ency of the S1– S2 boundary can result either from a diffe
ence in Fermi velocities of the materials or from the ex
tence of a potential barrier at the interface. In general, the2

material is also superconducting with a transition tempe
ture TCS2

,TCS1
. Our assumption is that the materials a

either in the dirty limit or in the clean limit with, in that cas

a!Electronic mail: guy.brammertz@esa.int
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only, the additional condition of diffusive scattering at th
film interfaces. Under these assumptions and in the vicin
of the transition temperatureTC , the proximity effect is de-
scribed by the linearized set of Usadel equations12 in mate-
rial i 51,2:
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8 #, ~1!
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FSi
and GSi

5vn /(vn
21FSi

2 )1/2 are the normal and anoma

lous Green’s functions,DSi
is the order parameter, andDSi

is
the diffusion coefficient in the S1 and S2 layers, respectively.
vn5pT(2n11) is the Matsubara frequency. Equations~1!
and~2! are supplemented with the boundary conditions at
free surfaces,F8S1

50 at x5dS1
, FS2

8 50 at x52dS2
, and

at theS1–S2 interface19 (x50):

DS1

1/2GS1

2 FS1
8 5gDS2

1/2GS2

2 FS2
8 , ~3!

and

gBNjS2
* GS2

2 FS2
8 5GS1

~FS1
2FS2

!, ~4!

where jS2
* 5jS2

ATCS2
/TCS1

is the normalized coherenc

length in the S2 layer, jSi
5(DSi

/2pTCSi
)1/2. Here, the di-

mensionless parametersg andgBN describe the nature of th
interface between the two materials. They are defined by

g5
rS1

jS1

rS2
jS2
*

, gBN5
RB

rS2
jS2
*

, ~5!

whererS1
andrS2

are the normal state resistivities andRB is
the product of the resistance of the S1– S2 boundary and its
5 © 2002 American Institute of Physics
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area. Replacing the coherence length in the films by the d
limit expressionj5Aj0l /3, wherej0 is the coherence lengt
in the bulk material andl is the mean free path in the film
yields

g5CgAl S2

l S1

,

with

Cg5
rS1

l S1

rS2
l S2

Aj0S1
TCS1

j0S2
TCS2

, ~6!

gBN5CgBN
Al S2

,

with

CgBN
5

RB

rS2
l S2

A 3TCS1

j0S2
TCS2

. ~7!

Here, the quantitiesCg and CgBN
are independent of the

thickness of the S1 and S2 films, becauser l is a material
constant. The constantCg depends only on the nature of th
two materials involved, whereasCgBN

also depends on th
quality of the interface between the two films. For bilaye
deposited under similar conditions and having only differ
film thickness, the same values ofCg and CgBN

can be
assumed. The dependence of the interface parameters o
film thickness can be determined by substituting the fi
thickness dependence of the mean free path into Eqs.~6! and
~7!. For complete electron scattering at the film surfaces,
following equation for the mean free path 1 as a function
film thicknessd holds:20

FIG. 1. Interface parametersg ~solid line, left-hand side scale! and gBN

~dashed line, right-hand side scale! as a function of Al film thickness for~a!
Ta–Al and~b! Nb–Al bilayers. Squares~g, left-scale! and diamonds~gBN ,
right-hand side scale! indicate the points for which calculations of the e
ergy gap andTC were made.
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where the exponential integrals are defined byEn(x)
5*1

`t2ne2xtdt and l 0 is the mean free path in the bulk ma
terial.

Analytical solutions forTC are possible only under cer
tain limitations on layer thicknesses and interface parame
g and gBN , as discussed earlier literature.7–18 In order to
calculateTC in the general case, we have solved the se
Eqs.~1! and~2! numerically.TC is defined as the maximum
temperature for which nontrivial solutions for the pair pote
tials DS1

andDS2
exist.

The devices studied in this work are symmetric
S1S2IS2S1 junctions, where every electrode is made out o
superconducting bilayer S1S2 . Two different kinds of de-
vices are available, Ta–Al and Nb–Al based devices. T
layers are deposited in an ultrahigh vacuum system. Fir
100 nm thick layer of epitaxial Nb or Ta is laid down. With
out breaking the vacuum, a polycrystalline Al film is the
deposited on which a 10 Å Al–oxide barrier is grown. Th
another polycrystalline Nb–Al or Ta–Al bilayer having th
same film thickness as the base electrode is deposited o
of this oxide barrier. The thickness of the Al film depends
the sample and is varied between 5 and 200 nm. Details
material characteristics like bulk mean free path, resid
resistance ratio, and bulk coherence length of the differ
films can be found in Ref. 21. All values given in the follow
ing are averages between the values for the top and
electrodes.

FIG. 2. Energy gap at 300 mK andTC as a function of Al film thickness for
~a! Ta–Al and ~b! Nb–Al bilayers. The Ta and Nb film thickness has
constant value of 100 nm. Squares~Dg , left-hand side scale! and diamonds
~TC , right-hand side scale! represent the calculated values from our mod
The solid~Dg , left-hand side scale! and dashed~TC , right-hand side scale!
lines are a guide for the eye between the calculated points. Crosses
error bars represent the corresponding experimental values. The dotted
represent the bulk energy gap of Nb, Ta, Al, and the bulkTC of Nb and Ta.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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For every series of depositions~Ta or Nb based! the
values ofCg and CgBN

are determined experimentally. Th
determination is based on a comparison between experim
tal and simulated values of the energy gap at 300 mK and
TC of the bilayer. For the devices with 30 nm of Al from
deposition series, a number of simulations of the energy
at 300 mK and theTC with different values ofg andgBN are
made. The model for the calculation of the energy gap o
superconducting bilayer is presented in Ref. 22. To a sin
pair of g andgBN values corresponds a single pair of valu
of the gap at 300 mK andTC .21 By applying Eqs.~6! and
~7!, the interface constantsCg andCgBN

can be determined
These were found to be equal toCg50.4806, CgBN

50.6754 nm21/2 for the Ta–Al bilayers andCg51.372,
CgBN

50.642 nm21/2 for the Nb–Al bilayers. Knowing the
values ofCg andCgBN

and using Eq.~8!, we can now deter-
mine the interface parameters for the whole Al thickne
range, leaving the Ta and Nb thickness constant at 100
The results are shown in Fig. 1.

With the interface parameters from Fig. 1 as input p
rameters to our model, we can calculate the gap at 300
and theTC of all different bilayers. The results of our simu
lations are shown in Fig. 2~a! for the Ta–Al bilayers and Fig
2~b! for the Nb–Al bilayers. The agreement between the
and experiment is very good.

A model for the determination of theTC of supercon-
ducting bilayers was presented. The model is valid in
dirty and in the clean limit with the condition of diffusiv
scattering at the film boundaries, with no restrictions to fi
thicknesses, TC of the layers and resistivity of the
superconductor–superconductor interface. Taking a layu
100 nm of Ta or Nb topped with 30 nm of Al as a startin
point in order to determine the interface parameters, we w
able to predict the energy gap and theTC of a whole range of
Downloaded 27 Feb 2007 to 130.206.1.2. Redistribution subject to AIP
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bilayers with different Al film thicknesses. The calculate
values were compared to experimental values from Ta
and Nb–Al bilayers with Al film thicknesses ranging from
to 200 nm. The agreement between theory and experime
very good for both the energy gap and theTC .
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