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Probing the Nonlinearities Arising in the
Microwave Response of Superconductors

by Intermodulation Distortion
A. Andreone, G. Cifariello, E. Di Gennaro, G. Lamura, N. Emery, C. Hérold, J. F. Marêché, P. Lagrange,

P. Orgiani, X. X. Xi, and J. C. Villégier

Abstract—We present a systematic study of microwave nonlin-
earity, undertaken on different types of superconductors (Nb, NbN,
MgB

2
, Y1Ba2Cu3O7 ), in thin film form. Experiments are

performed in a dielectrically loaded cavity operating at 7 GHz. The
dependence of the surface impedance and of the third order in-
termodulation (IMD) products on the power feeding the cavity is
analysed, with the aim of shedding a light on the primary mech-
anisms of nonlinearity. Data from different superconductors are
quantitatively compared.

Index Terms—Electrodynamics, intermodulation distortion, mi-
crowave measurements, superconducting materials.

I. INTRODUCTION

THE main limit to the performance of superconducting
devices and systems operating in the GHz region is the

nonlinear response to an applied r.f. field. This nonlinear be-
havior, besides being characterized by an increase of the surface
impedance , introduces harmonic generation and mixing of
high frequency signals at neighboring frequencies. Usually, fre-
quency transformation appears at much lower field values than
change in . All these effects are detrimental for applications
such as resonant cavities for particle accelerators or passive
filters in the field of telecommunications, and should be fully
understood. In fact, despite many efforts spent by a number
of researchers worldwide in the last several years, the nature
of microwave nonlinearities in superconductors is still under
debate. In particular, it should be determined unambiguously
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if and in which materials the intrinsic limit has been reached.
A clear answer to this question, besides its importance for a
better comprehension of the superconducting electrodynamics,
is a preliminary requisite to understand if any further improve-
ment in terms of performance is possible. The combination of
nonlinear surface impedance and intermodulation distortion
measurements is presently the most powerful probe to discern
among different sources of dissipation. Nonlinearities can be
roughly classified as having two possible origins: extrinsic,
due to the presence of grains and grain boundaries [1], and
intrinsic, because of the nonlinear Meissner effect [2], [3].
In the extrinsic case, the Josephson coupling between grains
lowers the first vortex penetration field, thus increasing the level
of nonlinearities [1], [4]. This effect is expected to not work
for single crystals and epitaxial thin films, where nonlinearities
might have only an intrinsic origin: the backflow of excited
quasiparticles at finite temperatures well deep in the Meissner
state. It has been shown [5] that at low temperatures and small
fields the presence of quasiparticles determines the temperature
behavior of the IMD amplitudes in a way that depends strictly
on the symmetry of the gap function . This behavior can be
affected also by the presence of multiple gaps, as in the case of
magnesium diboride [6], and/or by gap anisotropies and strong
coupling effects [7]. In particular, it has been found that the
IMD power arising from the surface of a superconductor
and being irradiated from a resonant structure can be described
using the general relation [8], [9]:

(1)

valid for weak input signals only.
Here (dB) is the insertion loss, is the loaded quality

factor, is a factor depending on the resonator parameters (type
of resonator, mode of excitation, power conversion factor, effec-
tive area covered by the superconducting surface), and is
the power circulating inside the cavity. The nonlinear contribu-
tion due to the quasiparticle backflow is represented by the pa-
rameter whose temperature behavior depends on the sym-
metry of . is a factor related exclusively to the parameters
of the material under test, strongly dependent for example on
the zero temperature penetration depth [7], [9]. Dividing
(1) by , the result becomes independent of the energy
level of the electromagnetic excitation feeding the cavity. If one
assumes that has the same dependence as the theoret-
ical model, it is possible to rescale the experimental data on the
theoretical curves. This procedure has been successfully used

1051-8223/$25.00 © 2007 IEEE
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to extract the experimental nonlinear function in the case
of thin films [10]. Therefore, looking at the temperature
behavior of IMD nonlinearities allows one to probe in a very
powerful way both the symmetry of the gap function and the
intrinsic limit to the microwave power excitation for the super-
conductor under test.

In this paper, we present a systematic study of the nonlinear
properties in the microwave region of different types of super-
conductors, both -wave and -wave (Nb, NbN, , and

), in thin film form.

II. SAMPLE PREPARATION AND PROPERTIES

films having thickness ranging between 150 and 400
nm were grown on 5 5 and (0001)4H-SiC sub-
strates. A detailed description of the HPCVD technique has been
reported elsewhere [11]. X ray diffraction shows that the films
grow epitaxially, with the -axis oriented normal to the substrate
and the -axis parallel to the -axis of SiC. The critical temper-
ature values of these samples are higher than those reported for
the bulk materials ( , ), because of co-
herent strain induced by the epitaxial growth [12]. The residual
resistivity of these samples is extremely low (minimum value
0.26 ), and residual resistivity ratio values are as high
as 10.

Two highly -axis oriented commercial
films ( , , thickness 700 nm)
have been grown by thermal evaporation on (100)
substrates at Theva GmbH. Epitaxial Nb ( ,

, thickness 200 nm) and NbN films
( , , thickness 100 nm) de-
posited by dc magnetron sputtering [13], [14], have been also
measured for comparison.

III. EXPERIMENTAL SET UP

We used an open-ended dielectric single-crystal sapphire
puck resonator [10], excited with a transverse electric mode

and operating at the resonant frequency of 7 GHz. The
resonator enclosure is made of Oxygen Free High Conductivity
(OFHC) Copper, as well as the sample holder, placed in the
center of the cavity in close proximity with the dielectric crystal.
The puck-to-sample distance can be changed, depending on the
material under test, in order to get the maximum sensitivity,
thus allowing the measurement of surface resistance values
ranging between Ohms and tenths of , depending on the
sample dimensions. The cavity is taken under vacuum using a
copper can, which includes a double layer -metal shield, and
inserted in a liquid helium cryostat. It is worth to mention that,
differently from techniques based on microstrips [15], [16], this
method probes the microwave properties of unpatterned films,
therefore minimizing the effect of edges, that in principle can
be an additional and extrinsic source of nonlinearity.

For the measurement of IMD products, two CW signals with
frequencies and of equal amplitudes are generated by two
phase-locked synthesizers, combined and applied to the reso-
nant cavity. From here the output signals are sent to a Spec-
trum Analyzer. and are symmetrically separated around
the center frequency of the cavity by an amount ,
much smaller than the cavity 3 dB bandwidth at all temperatures

Fig. 1. P and R as a function of the circulating power for a
Y Ba Cu O film at T = 72 K.

below . In the following we will show data concerning IMD
arising from third order products ( and ) only.
Typical noise floor for these measurements are below 140 dBm.
Further details are given elsewhere [10].

Power dependence measurements of the surface impedance,
using a Vectorial Network Analyzer, have been also performed,
in some cases with the aid of a microwave amplifier.

IV. RESULT AND DISCUSSION

To probe the intrinsic nonlinear properties of the supercon-
ductors under test, all measurements have been performed for
values of microwave power where the Meissner regime can be
safely considered as valid, i.e. the applied surface magnetic field
is much lower than the first vortex penetration field.

For , in this power range a small quadratic variation of
the surface resistance as a function of the applied microwave
field can be observed at all working temperatures below ,
consistently with the response predicted in the Meissner state
[2], [3].

In the other superconducting materials under test (Nb, NbN,
), the response to a microwave field is basically

flat, and if any dependence exists it is certainly below the limit
of resolution for our technique.

In all cases, IMD third order products show on the contrary
a significant increase, as it can be observed in Fig. 1 for a

film. Here both the IMD power and
the surface resistance are plotted at the same temperature
(72 K) as a function of the power circulating in the cavity. In
the range of powers where the Meissner regime applies,
versus show the intrinsic cubic dependence (slope 3)
predicted by (1), whereas stays practically constant. Only
at the highest powers, the surface resistance starts to increase
significantly. Moreover, a change in the response of the IMD
signal can be observed too, in the form of a smooth transition
from slope 3 to slope 2. For such values of temperature, this is
normally ascribed to extrinsic effects [4].

In Fig. 2 we try to compare the intrinsic microwave nonlin-
earity for all superconductors analysed in this work, showing the
normalized intermodulation power at the same reduced
temperature as a function of . All
samples have the same size and have been placed at the same
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Fig. 2. The normalized output power of the IMD products as a function of
P for two MgB samples ( ; ), a Nb sample (+), a NbN sample ( ),
two Y Ba Cu O samples (�; �) all in thin film form and at the same re-
duced temperature (t = T=T � 0:3). In the same plot the normalized power
coming out from the main tones (see text) is also shown. Dotted and dashed
lines illustrate slope 1 and 3 respectively.

distance from the dielectric puck resonator. The IMD signals
are normalized using the factor , since this
allows the removal of the dependence of the experimental re-
sults on the external conditions (see (1)). In the same graph, the
normalized output power with slope 1 coming from the main
tones ( and ) is also shown. Since data from various mate-
rials equal within a few dB, for the sake of clarity we show the
fundamental frequency signal of a film only.

The normalization procedure allows one to highlight the dif-
ference in the intrinsic nonlinear microwave response of the su-
perconducting materials under test. NbN and shows a
higher level of intrinsic nonlinearities at low temperature and
low circulating power in comparison with the other supercon-
ductors under test.

To be more quantitative, another approach to look at these
data is to extract from the same figure the third order intercept
points for all superconducting materials. Here is
conventionally defined as the circulating power at which a curve
of slope 3 (dashed line) extrapolating the behavior of third order
products intercepts the curve of slope 1 (dotted line) from the
main tone. Using this procedure, one can easily see that, at the
same operation conditions, Nb can handle at least 20 dB more
power than , and about 40 dB more power than
both NbN and . Of course, represents a fictitious
power level since, due to extrinsic effects, both the output signal
of the fundamental frequencies and of the third order IMD prod-
ucts will start to depart from the ideal response well before the
circulating power approaches the intercept point. Nevertheless,
it is an important figure of merit for passive devices since it de-
fines, for a given quality factor, the incident power at which the
measured IMD response would become equal in magnitude to
the fundamental signal.

To extract and compare the non linear coefficient as a func-
tion of we have first to collect all the IMD signals that lie in the
slope 3 region at different temperatures for a fixed value of the
circulating power. The data are then normalized using (1) and
rescaled on the theoretical curves [5]–[7], following the proce-
dure explained in the introduction and in [10]. In Fig. 3 the result

Fig. 3. The behavior of b versus the reduced temperature t = T=T at a
fixed circulating power. The dotted line represents the theoretical behavior for
the d-wave case, the solid line for the s-wave one-band case, and the dash-dotted
line for the s-wave two-band case with � =� = 2. Points represent the ex-
perimental results for Y Ba Cu O (�;�),Nb(+),NbN( ), MgB ( ).

of this procedure is shown for all samples under test. Together
with the experimental data, all presently available theoretical
models are plotted (solid line, one-band -wave; dash-dotted
line, dirty two-band -wave; dotted line, -wave).

In the case of thin films, the nonlinear
parameter increases as with decreasing temperature,
following the prediction for the gap function of a -wave super-
conductor. In NbN as well as in Nb, decreases monotonically
with , indicating in these materials an -wave behavior.

For no feature in the temperature behavior is observed
that could be ascribed to the two different and bands, im-
plying that in high quality samples there is a moderately large
value of interband coupling [7]. If we consider the analytical
formulas reported in [6], the experimental data seems to match
very well the theoretical curve assuming a finite intraband scat-
tering rate for both and , i.e. a ratio .

V. CONCLUSION

To summarize, we have presented a study of the nonlinear
microwave response of a set of different superconductors with
both and -wave pairing symmetry as a function of tempera-
ture and microwave power. In particular, we have compared the
nonlinear electrodynamic response of the new superconductor

to the well known Nb, NbN, and mate-
rials. We think that data from IMD measurements indicate that
the observed nonlinearity has an intrinsic origin in all samples
under test.

We speculate also that the use of substitutional doping in
could improve the power handling capability of this

system, in view of its potential application for the development
of passive superconducting devices in alternative to Nb.

The temperature dependence of the nonlinear parameter
well matches the behavior expected from the theory.
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