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The coupling efficiency of a Nb superconducting transmission line has been measured using a
Fourier transform spectrometer for different magnetic fields. It is found that the coupling decreases
with increasing magnetic field when the frequency is close to the gap of the Nb superconductor. This
is attributed to the changes of the surface impedance of the proximity-coupled superconductor/
normal-metal bilayers in the transmission line. © 2009 American Institute of Physics.
关doi:10.1063/1.3276076兴
The surface of a superconducting film plays a very important role in the low temperature properties of superconducting devices, in providing magnetic moments, a dielectric
surface layer, or a poorly superconducting layer with depressed gap.1–3 This raises the question to what extent the
electrodynamic properties of a superconducting film 共S兲 are
influenced by a thin normal metal 共N兲. Surface impedance
measurements on a Nb/Al bilayer have shown that there is
no difference between a Nb/Al bilayer and a Nb bare layer at
GHz frequencies if the Al thickness is less than 10 nm.4
However, our recent measurements have shown evidence
that close to THz frequencies the surface impedance of a
Nb/Al bilayer with Al thickness down to 6 nm is influenced
by the thin N layer.5 The experiment was trigged by the
introduction of high-current density AlN-barrier junctions for
Atacama Large Millimeter Array.6 Because of their smaller
areas higher magnetic fields are needed, which lead to a deterioration of the performance of the superconductorinsulator-superconductor 共SIS兲 quasiparticle mixer. Here we
demonstrate the effects of a S/N bilayer on the coupling efficiency of a Nb superconducting transmission line 共TL兲, using a SIS tunnel junction as a direct detector. The results are
analyzed in terms of the proximity effect theory.
The Nb-based TL and SIS junction have been fabricated
using the sputtering technology.7 Fig. 1 illustrates the crosssection and the equivalent circuit of the TL and the junction.
The TL is used to couple the rf radiation to the junction. The
radiation is collected by a horn antenna with a waveguide,
picked up at the probe point, and transmitted to the junction
via the TL. The antenna and waveguide are modeled as the
source impedance Zant, determined by the structure of the
horn and waveguide, the mounting position, and the substrate thickness.8 The junction is characterized by the normal
state resistance Rn and the geometric capacitance Cj 关with
junction impedance Zj = Rn / 共1 + jRnCj兲兴. The TL is represented as the inductance L and the impedance transformer
Ztran, which are used to tune out Cj and provide the match
between Zant and Zj. The radiation coupling is evaluated with
a兲
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a Fourier transform spectrometer 共FTS兲 measurement performed with a Michelson interferometer.9 The measured interferogram is the modulation of the junction current induced
by the broadband radiation source as a function of the position of the movable mirror. The Josephson current is suppressed by a magnetic field generated by a superconducting
coil 共coil current Im兲 connected to the soft iron pole shoes.
The dc I-V measurements 共Fig. 2兲 are used to determine
the value of Rn共=18 ⍀兲, which with the known value of
RnA-product determined from a 2 ⫻ 2 m2 junction gives
the area of the junction 共A = 0.4 m2兲. The specific capacitance Cs共=Cj / A兲 is assumed to be 60 fF/ m2.6 Normally, it
is assumed that the magnetic field needed to suppress the
Josephson current does not affect the sharp nonlinearity at
the gap and also not the TL properties. However, with the
present generation of high-current density junctions7 the
junction areas have become smaller to match the impedance
and therefore higher magnetic fields are needed to suppress
the Josephson-currents.
The inset of Fig. 3 shows the full FTS response at Im
= 6.0 mA 共about 0.022 Tesla as derived from the Fraunhofer
pattern for the diamond-shaped junction兲. The TL is designed
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FIG. 1. 共Color online兲 Upper: schematic cross-section of the TL and SIS
junction. The rf radiation is collected by a horn with a waveguide 共not
shown here兲 and picked up at the probe point. The Nb/Al groundplane forms
the proximity coupled bilayer. The Nb topwire on amorphous SiOx layer has
nonuniform properties 共see Ref. 8兲 turning it effectively into a bilayer.
Lower: equivalent circuit of the TL with the junction, as well as the antenna
and waveguide.

0003-6951/2009/95共25兲/253502/3/$25.00
95,is253502-1
© 2009 American InstituteDownloaded
of Physics to IP:
This article
is copyrighted as indicated in the article. Reuse of AIP content
subject to the terms at: http://scitation.aip.org/termsconditions.
131.215.10.13 On: Mon, 12 May 2014 15:55:56

253502-2

Appl. Phys. Lett. 95, 253502 共2009兲

Zhu et al.

= 冑 j0 /  coth共d冑 j0兲, where 共=1 − j2兲 is the complex conductivity of the superconductor, which is determined
from Nam’s expressions12
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FIG. 2. 共Color online兲 Typically measured 共symbols+ lines兲 and calculated
共lines兲 dc I-V curves of the junction at 4.2 K. A Dynes broadening parameter
共Ref. 16兲 of 10 eV is used for the top Nb electrode. The Josephson current
is not included in the fitting. Inset: theoretical predictions of FTS response
when only considering the influence of Nb/Al ground plane.

冕冋

to obtain the maximum FTS response between 600 and 720
GHz.6 The minima in the curves at 560 and 750 GHz are due
to water absorption occurring in the optical path. In order to
compare the FTS measurements with model calculations, we
subtract the atmospheric absorption from the data with an
estimated transmission of 60%.10 When the magnetic field is
applied, the FTS decreases monotonically between 630 and
730 GHz with a stronger effect at the upper side of the band
共the gap frequency of Nb is f gap ⬃ 680 GHz兲.
The coupling efficiency of the TL is calculated from
ⴱ
ⴱ
rf = 1 − 兩共Zm − Zant
兲 / 共Zm + Zant
兲兩2, where Zm is the impedance
combination of TL and junction. The characteristic impedance of TL is given by Z0 = 冑Z / Y, where Y = jw⑀r⑀0 / d and
Z = j2 f 0d / w + 共Zs1 + Zs2兲 / w are the shunt admittance and
series impedance, with ⑀r共=3.8兲 the permittivity, d the thickness of the SiOx layer, and w the width of topwire. Zs1 and
Zs2 are the surface impedances of superconducting topwire
and ground plane of the TL. Since the magnetic field has no
influence on the junction 共Rn and Cj兲 and the SiOx layer, the
magnetic field dependence of the FTS response should be
determined by Zs1 and Zs2 of the TL.
The surface impedance of a dirty superconductor
with finite thickness d is expressed as11 Zs
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Here the coherence factors g1,2 are given by
g1共1,2兲 = Re关N共1兲兴Re关N共2兲兴 + Re关P共1兲兴Re关P共2兲兴,

共2a兲

g2共1,2兲 = Im关N共1兲兴Re关N共2兲兴 + Im关P共1兲兴Re关P共2兲兴,

共2b兲

where N共=cos 兲 and P共=sin 兲 are generalized densities of
states 共DOS兲 of the superconductor.  is a measure of the
strength of superconducting state. The arguments 1 and 2
represent the quasiparticle energy ⑀ and ⑀ + ប.
The proximity-effect of the S/N bilayer can be described
by the Usadel equations for the parameter  共Ref. 13兲
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with boundary conditions at the S-N interface
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and at the free surfaces x 共x兲 = 0 共x = −dN and dS兲. The parameter  is a function of the position x and quasiparticle
energy ⑀, ⴱ is the effective coherence length defined as
ⴱ
S,N
= 冑បDS,N / 2kBTc,S 共D = levF / 3 the diffusion coefficient,
le the mean-free path and vF the Fermi velocity兲. ␥ and ␥B
are the interface parameters to be determined. Details of
other parameters can be found in Ref. 13. The quasiparticle
DOS is defined as n共⑀兲 = Re关cos 兴. When a weak magnetic
field is applied, the quasiparticle energy is changed to ⑀
+ j⌫ cos关共x兲兴. Here, ⌫ = 共HSⴱ W / ⌽0兲21/3 is the effective
pair-breaking rate, in which H is the magnetic field, W the
thickness of the bilayer, and ⌽0 the flux quantum.14
From Eq. 共4a兲, ␥ can be determined if either  or le is
FIG. 3. 共Color online兲 Measured 共symbols+ lines兲 and calculated 共lines兲
known. For the thin Al layer le is assumed to be equal to the
FTS responses of the TL at 4.2 K, both of which are normalized to the
film thickness. Using the parameters listed in Table I, ␥ is
maximum value of the curve at I = 6 mA and ⌫ = 0.001, respectively. The
found to be 0.35 for the Nb/Al bilayer. Based on a fit to the
atmospheric absorption has been removed from the measured data. The inset
= 0 mA兲 around the gap voltage ␥Downloaded
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TABLE I. Parameters of Al and Nb films. Nb films are deposited on the amorphous SiOx layer.  and le are
interrelated by the intrinsic value of  · le.

Al
Nb
Nbⴱ

d
共nm兲

Tc
共K兲

 · le
共⍀ cm2兲


共⍀ cm兲

le
共nm兲

vF
共m s−1兲

ⴱ
共nm兲

6
200
20

1.3
9.25
7.5

4.0⫻ 10−6
3.7⫻ 10−6
3.7⫻ 10−6

6.7
4.2
10.0

6.0
8.8
3.7

1.34⫻ 106
0.28⫻ 106
0.28⫻ 106

18.7
10.4
6.8

1.0 共consistent with Ref. 15兲. The pair-breaking rate ⌫ is
determined from the I-V curves for finite Im values 共Fig. 2兲
and the same values of ⌫ are used to fit the FTS response
shown in Fig. 3. By solving Eqs. 共1兲 and 共3兲, DOS and  of
the Nb/Al bilayer are determined 共Fig. 4兲. In order to calculate Zs of the bilayer we take the value of  at x = −dN and
assume the same value over the whole thickness of the bilayer. The Nb topwire is initially treated as a normal BCS
superconductor with Vg = 2.8 mV and  = 4.2 ⍀ cm2. The
predicted FTS responses are shown in the inset of Fig. 2.
They show the trend in the direction observed in the experiments 共Fig. 3兲 but with a weaker dependence.
This led us to further consider the film quality of the 500
nm Nb topwire on the amorphous SiOx layer. Independent
measurements have shown that both Tc and N of the Nb
film with thickness less than 20 nm decrease.8 Therefore, we
use the additional conjecture that the Nb topwire forms a
proximity bilayer consisting of Nb共480 nm兲 / Nbⴱ 共20 nm兲
bilayer. Using the measured data on 20 nm Nb film, ␥ is
calculated to be 0.64 and ␥B is simply taken as 1.0. The
procedures of the calculation are the same as the ones for the
Nb/Al bilayer.
Using the calculated Zs of both Nb/Al and Nb/ Nbⴱ bilayers, the FTS responses of the TL are calculated. The re-

FIG. 4. 共Color online兲 共a兲 DOS at the surfaces and interfaces of the Nb/Al
bilayer. ⌬0 is the calculated gap energy of bulk Nb. 共b兲 Complex conductivities  / N at the surface of Al layer 共x = −dN兲.

sults are shown in Fig. 3. It is seen that the measurements
can be well understood by this theoretical analysis. We conclude that the observed decrease of the coupling around f gap
is due to the increase of Zs of the inhomogeneous Nb topwire
and the Nb/Al ground plane. The results demonstrate that at
high frequencies the proximitised superconducting properties
are deteriorated by the application of a magnetic field. An
obvious solution at these frequencies is to avoid the use of
bilayers.17
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