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The linear and nonlinear responses to a microwave electromagnetic field of two c-axis oriented
polycrystalline samples of the recently discovered superconductor CaC6 �TC�11.5 K� is studied in
the superconducting state down to 2 K. The surface resistance RS and the third order
intermodulation distortion, arising from a two-tone excitation, have been measured as a function of
temperature and microwave circulating power. Experiments are carried out using a dielectrically
loaded copper cavity operating at 7 GHz in a “hot finger” configuration. The results confirm recent
experimental findings that CaC6 behaves as a weakly coupled, fully gapped, superconductor.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2769763�

One of the main priorities following the discovery of a
superconductor, outside of a full comprehension of the mi-
croscopic mechanisms involved in the condensate state, is
the study of its electrodynamic properties, in order to under-
stand whether the material can be useful for practical appli-
cations. Amongst other parameters, the response of the su-
perconductor to an electromagnetic field at high frequencies
is an important test to determine its possible use in resonant
cavities for particle accelerators or in passive devices for
mobile and satellite communications. CaC6, setting a record
TC of 11.5 K in the family of graphite intercalated com-
pounds �GICs�,1,2 is potentially able to replace niobium for
the internal coating of accelerating cavities or in other niche
applications �such as extremely stable oscillators or highly
selective filters�, where performance requirements are more
stringent than cryogenic issues.

We report here a study of the linear and nonlinear mi-
crowave properties of bulk samples of this superconductor,
synthesized from highly oriented pyrolytic graphite.3 The re-
sults are then compared with measurements performed on
Nb. Data have been taken on two platelike c-axis oriented
polycrystals, having a roughly squared shape of maximum
size 2.5�2.5 mm2 and thickness of 0.1 mm. Because CaC6
is highly reactive when exposed to oxygen, the samples were
accurately cleaved in an inert atmosphere before each run.

For measuring the electrodynamic response of the
samples under test, we used an open-ended dielectric single-
crystal sapphire puck resonator operating at the resonant fre-
quency of 7 GHz in a “hot finger” configuration. The reso-
nator enclosure is made of oxygen-free high conductivity
copper, whereas the sample holder is a low loss sapphire rod,
placed at the center of the cavity in close proximity to the
puck dielectric crystal. The cavity is excited with a trans-
verse electric TE011 mode, which produces a magnetic field

oriented normally to the sample surface, therefore inducing
a-b plane screening currents in the material under test. By
using a micrometer screw, the position of the sample placed
on the sapphire rod, and therefore the puck-to-sample dis-
tance, can be changed in order to get the maximum sensitiv-
ity. A schematic view of the experimental apparatus is shown
as an inset in Fig. 1.

The experimental data are taken using two different cir-
cuital configurations. The first one is in a single-tone mode,
where the cavity is excited at its resonance, sweeping the
frequency of the microwave applied field, and the surface
resistance RS of the sample under test is extracted as a func-
tion of temperature T and microwave surface field Hrf, using
a standard perturbation method. Measurements are per-
formed via a vectorial network analyzer. Of course, in order
to ensure that the �virtually� zero field surface resistance is

a�Electronic mail: andreone@unina.it

FIG. 1. Microwave resistivity in the normal state for T��D �CaC6 sample
1� at 7 GHz. The dotted line is a numerical fit for the expression
�=a+bTn. In this graph, n=2.5. inset: a schematic drawing of the experi-
mental setup, consisting of a copper cavity loaded by a single crystal sap-
phire �1�, with the sample �2� placed in close proximity on the top of a
dielectric “hot finger” �3�, movable by using a micrometer screw �4�.
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being extracted, care must be taken to keep power at a suit-
ably low level. To study the behavior of RS�Hrf�, a linear
amplifier is used, allowing us to raise the power circulating
in the cavity up to some kilowatts. The second configuration
we used is in a two-tone mode, to study the third order in-
termodulation distortion �IMD� generated in the CaC6
samples, similar to the one reported in Ref. 4. Briefly, two
pure frequencies f1 and f2 ��f1� with equal amplitudes are
generated by two phase-locked synthesizers. The frequencies
are separated symmetrically around the center frequency and
spaced by 10 kHz, so that both f1 and f2 are well within the
3 dB bandwidth of the resonator. The two signals are com-
bined and applied to the resonant cavity where the sample
under test has been inserted, and the output signals �the two
main tones and the two third order IMDs at 2f1-f2 and
2f2-f1� are then monitored as a function of the input power
by using a spectrum analyzer. Further details can be found in
Refs. 5 and 6.

Supposing that the electrodynamic response of CaC6 in
the normal state is local—consistently with the experimental
observation that the screening response in the superconduct-
ing state lies in the dirty limit7—from the surface resistance
measurement, we can calculate the microwave resistivity
�n using the formula for the classical skin depth:
�RS= ���0f�n�0.5�, where �0 is the vacuum permeability and
f is the resonance frequency. The residual term �n0, defined
as the onset of the superconducting transition, is close to
5 �� cm, consistent with values reported in literature for the
dc resistivity measured on samples from the same source.8

The low temperature �T��D�600 K,9 where �D is the De-
bye temperature� dependence of �n is shown in Fig. 1 to
follow a power law Tn �continuous line�, with the exponent n
ranging between 2 and 3 �in the graph n=2.5�. Assuming that
electron-phonon scattering is the dominant contribution de-
termining the resistivity of CaC6, the observed power law
behavior shows some deviation as to the universal ��n0, 	�
graph of all metals,10 	 being the coupling constant. Accord-
ing to this phenomenological plot, there are two reasonably
well separated regions of �eph�T� behavior at low tempera-
tures T3–5 and T2, respectively, depending on the values of
�n0 and 	. The n=3 to n=2 transition usually takes place,
increasing both the electron-phonon coupling 	 and the dis-
order �n0. Metals with 	
0.9 should never enter nor be
close to the T2 region, independent of the amount of disorder.
The observed discrepancy can be an indication that the
strong coupling constant of CaC6 might be a bit larger than
previously calculated �	�0.85�.9,11

The microwave surface resistance RS�T� of bulk CaC6 in
the superconducting state is plotted in Fig. 2, showing the
expected sharp transition at TC and a rapid drop as T de-
creases. At temperature well below TC, RS tends to saturate,
reaching a high residual value more or less below 3 K. In
spite of the good quality of the sample, the data cannot be
consistently fitted in the overall temperature range within a
BCS framework, since extrinsic surface effects are dominant
at the lowest temperatures. These residual losses come very
likely from the presence of calcium oxides and hydroxides
on the CaC6 surface, in spite of the care taken in keeping the
sample in a controlled environment during each run. For
comparison, in the same figure, we show data taken on a
high quality Nb commercial sample �Goodfellow� having a
similar size as CaC6. In this last case, RS values are well
below the limit of sensitivity �evidenced by the hatched re-

gion in the graph� already at 6 K. For T less than TC /2, in
conventional superconductors the surface resistance behavior
can be phenomenologically described using the standard
BCS exponential dependence, after subtracting from the data
a residual term Rres related to the extrinsic losses. This is
done in the inset of Fig. 2, where the quantity RS−Rres is
displayed as a function of TC /T at low temperatures, and
Rres=1.1 m� is chosen. Once this residual value is sub-
tracted, the low temperature data do show an exponential
temperature dependence, according to RS�exp− ���0� /kBT�.
A linear dependence on the semilog scale is clearly seen at
low T, that is, an unambiguous and direct signature of the
superconducting gap. The behavior does not change if
slightly different values for Rres are taken. A number of best
fits has been also performed, allowing Rres to vary within
10% �range imposed by the experimental uncertainty�, and
for TC /T ranging between 2 and 4 only �that is, approxi-
mately from 6 to 3 K�, because of the large scattering of data
at the lowest temperatures. The critical temperature TC
=11.5 K has been independently determined using an induc-
tive technique7 and well agrees with the value obtained from
the RS�T� measurement. From the fit procedure, we yield a
strong coupling ratio 2��0� /kBTC= �3.1±0.6�. The resulting
gap ��0�=1.5±0.3 meV is compatible with the results ob-
tained from penetration depth �1.8 meV� �Ref. 7� and scan-
ning tunneling microscopy �1.6 meV� measurements.12 The
slightly depressed values are possibly related to the fact that
microwave impedance measurements are more sensitive to
the surface properties than other spectroscopic techniques.

In Fig. 3, the behavior of RS as a function of the micro-
wave surface field Hrf is reported at six different tempera-
tures. Hrf refers to the peak value on the sample surface,
evaluated using the CST MWS electromagnetic simulation
code. The RS�Hrf� dependence is extremely flat for tempera-
tures as high as 8 K, which is quite encouraging, taking into
account the polycrystalline nature of the samples. Above
8 K, the dependence of RS on the field is more pronounced,
with a steeper slope but with no evidence of a sharp transi-
tion related to some threshold field.5 One must note, how-
ever, that measurements carried out at 4 K on the Nb bulk
sample of similar size used for comparison show no depen-
dence at all up to the maximum available circulating power

FIG. 2. RS vs T for CaC6 sample 1 ��� at 7 GHz. Data obtained for a Nb
bulk sample at the same frequency are shown for comparison���. The
hatched region indicates the sensitivity limit of the experimental setup. In
the inset, �RS−Rres� vs TC /T is plotted below TC /2 on a semilog scale for the
same sample. The continuous line represents the exponential behavior pre-
dicted by the BCS theory with a strong coupling ratio 2��0� /kBTC=3.1.
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Pcirc �above 1 kW�. In the extremely low power region—
where the surface resistance of CaC6 shows no detectable
variation with the microwave field at all—the IMD response
follows the theoretical cubic dependence on Pcirc.

4 This can
be observed in the inset of Fig. 3, where the output power
due to the third order IMD PIMD is plotted as a function of
Pcirc. The dotted line represents the expected slope of 3. The
surface resistance RS dependence is also shown for compari-
son. This graph clearly shows that we are looking at very
tiny effects arising well below any change can be detected in
the first order response, likely due to intrinsic mechanisms of
nonlinearity. According to the theory first set by Dahm and
Scalapino,13,14 the nonlinear response of a superconductor
measured by PIMD can be used as a very sensitive probe of
the superconducting gap function symmetry by means of a
nonlinear parameter b�T�. This is done explicitly deriving the
relation between PIMD and b2 for the case of a microstrip
resonator. After this original work, the validity of the expres-
sion has been extended15 to other resonant structures, includ-
ing dielectrically loaded cavities, the only difference being
the introduction of an additional factor , strong function of
the cavity parameters. In particular,  depends on the reso-
nant mode and on the effective area covered by the super-
conducting surface. Since these quantities do not change
with T, we can extend the procedure used for measurements
in microstrips and striplines16,17 to the case of our dielectric
resonator.

The next step is to extract the nonlinear parameter b2 as
a function of temperature for a fixed value of the circulating
power Pcirc. Since the proportionality term between PIMD and
b2 has never been derived explicitly, we have to use an em-
pirical procedure to compare the experimental points with
the expected theoretical behaviors. The results are shown in
Fig. 4. In the case of CaC6, the dependence that best ac-
counts for our data is the one expected for a superconductor
with s-wave symmetry,18 since most of the data lie on that
theoretical curve �solid line�. To better clarify this point, we
plotted in Fig. 4 the temperature dependence for a d-wave
case �dashed line� too.13

In summary, we have presented a study of the electrody-
namic response of bulk CaC6 samples at 7 GHz as a function
of temperature and microwave power. In spite of the fact that
the surface properties of this GIC in the microwave region

are far from being optimized, the temperature dependence of
its surface resistance, cleared of extrinsic effects, can be well
explained within the conventional BCS theory. A single-
valued and finite gap can be extracted from the data, consis-
tent with recent measurements of the superfluid density per-
formed on samples from the same source. In a similar way,
data from IMD measurements indicate that the observed
nonlinearity follows the temperature dependence expected
for an s-wave superconductor. Finally, the power dependence
of RS is encouraging, in spite of the polycrystalline nature of
the samples under test.
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FIG. 3. RS�Hrf� is shown at various temperatures for CaC6 sample 1 at
7 GHz. In the inset, the IMD power PIMD and the surface resistance at 4 K
as a function of the power circulating in the cavity are plotted for
comparison.

FIG. 4. Nonlinear parameter b2 �proportional to the IMD power� vs the
reduced temperature t=T /TC for CaC6 sample 2. Continuous and dashed
line represents the temperature behavior for the nonlinear coefficient ex-
pected in the case of the standard s-wave and d-wave models respectively.

072512-3 Andreone et al. Appl. Phys. Lett. 91, 072512 �2007�

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.248.155.225 On: Sat, 22 Nov 2014 19:05:57


