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The low temperature microwave absorption anomaly reported

by Corzilius et al. [Phys. Rev. B 75, 235416 (2007)] in single-

wall carbon nanotubes (SWCNTs) is revisited. It was originally

reported that the microwave absorption of CVD grown

SWCNTs shows an unexpected increase below �20K (using

flow cryostats) which depends on the microwave power. The

original observation was made using the microwave cavity
perturbation method while sweeping themicrowave frequency.

We reproduced this effect on arc-discharge based SWCNTs,

using static cryogenic conditions with cooled microwave

cavities, and employing a stable frequency source locked to

the cavity resonance. Our observation shows that the micro-

wave absorption anomaly is robust against the tube type and the

experimental conditions.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Understanding the conductivity in
single-wall carbon nanotubes is one of the most intensively
studied subject of their research. The interest is driven by
the potential applications of SWCNTs as metallic inter-
connects [1] or as transistor elements [2]. Early on after
their discovery [3, 4] it became clear that SWCNTs are
quasi one-dimensional conductors [5] whose electronic
properties depend strongly on their geometry. It turned out
that SWCNTs can be either metallic or semiconducting in a
1:2 ratio of abundance of these respective species [6]. This
possibility of occuring as either metallic or semiconducting
(insulating)would potentially endow themwith an enormous
application potential.

It is now clarified that metallic SWCNTs with diameters
below �2 nm tend to form the so-called Tomonaga–
Luttinger liquid [7, 8] phase [9–15] while the semiconduct-
ing SWCNTs have a diameter dependent gap of about 0.5–
2 eV which is appropriate for transistor applications. In
addition to their underlying tubular structure (which we
shall call as ‘‘primary’’ structure), SWCNTs form a further
hexagonal arrangement, known as bundles (as a ‘‘secondary’’
structure), due to the van der Waals force [16]. In a
macroscopic sample, the bundles form a tertiary structure
which is better known as an SWCNT ‘‘spaghetti.’’ As a
result, for a macroscopic sample the conduction is mainly
limited by the bundle–bundle interaction in the tertiary
structure even when in the underlying metallic SWCNTs
would provide a percolating metallic network.

Kaiser et al. showed that resistivity for a macroscopic
SWCNT sample is characterized by a semiconductor-like
temperature dependence:
% / eTc=T (1)
with a small Tc¼ 10–100K (we use the original notation
from Ref. [17]). This is due to the bundle–bundle contacts
which act as finite barriers for the transport. Microwave
conductivity, based on the so-called microwave cavity
perturbation [18, 19], is a contactless method with
relatively large sensitivity to relative changes in the
conductivity but much more limited to yield the absolute
value of conductivity in materials. As a result, it proved
to be efficient for the characterization of air sensitive
fulleride conductors [20, 21], where the conventional
contacted methods proved impractical. The method relies
on the measurement of the quality factor, Q, change of a
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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microwave cavity when the sample is placed inside. For the
powder samples such as fullerides or SWCNTs, most
information is gained when the sample is placed into the
maximum of the microwave magnetic field and the node of
the electric one. Then, it turns out that Q / %, which allows
a measurement of the latter quantity. The microwave
conductivity essentially measures the DC value since the
employed microwave frequency (�10GHz) is much lower
than a typical plasma frequency value (a few 100THz).

SWCNTsare thought to be efficientmicrowave absorbing
materials (which may find applications in the defense
industry) due to their porous nature, large thermal stability,
and good heat conductivity. However, understanding of the
fundamental microwave absorption properties is necessary
before the successful applications. Corzilius et al. [22, 23]
presented a microwave conductivity measurement on
SWCNTs using the microwave cavity perturbation method.
In general, they observed a semiconducting-like temperature
dependence of %, that is, the temperature dependent Q was
monotonically increasing with decreasing temperature. A
surprising, low temperature anomaly, which was dependent
on the applied microwave power, was also observed: for
larger microwave powers the cavity quality factor had a
maximum followed by a decreasing Q on further lowering
the temperature. It was argued in the original work that the
anomalyoriginates froma true electronic effect,whichmaybe
caused by the occurrence of superconductivity in the samples.

Motivated by this yet unexplained but intriguing phenom-
enon,we revisit this problemhereinwith severalmodifications
in order to test its robustness against the experimental and
sample conditions. We use (i) arc-discharge grown sample
instead of the ‘‘super-growth’’ CVD samples in the previous
work, (ii) using a static cryostat rather than a flow-through
one in the previous work, and finally (iii) an automatic
Figure 1 (online color at: www.pss-b.com) Photograph of the disass
and its schematics (right). Arrows show the main elements; S, samp
the horizontal slit which suppresses the TM111 mode which is degene
tube and is sealed under 20mbar helium. It is located in the center of
node of the electric field.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
frequency control based method [24], which provides a well
defined microwave irradiation condition and also a large
precision measurement of the Q. We reproduce the effect
seen by Corzilius et al. which shows that it is ubiquituous
to the SWCNTs irrespective of the sample type and
experimental conditions.

2 Experimental ATE011microwave cavity operating
with a resonance frequency of�11.2GHz was constructed of
copper and is shown in Fig. 1. Microwaves are generated by a
HP83751B synthesized sweeper oscillator and were detected
with a HP8473D zero bias microwave power detector. Care
was taken to operate the detector with the same power level
which is attained using an attenuator immediately before it.
Two semi-rigid copper coaxial cables provide a transmission
configuration. Both cables are terminated by inductive
antennae which couple the coaxial microwave modes to the
free-space modes inside the cavity. The coupling is controlled
by the insertion of the antennae inside the cavity and also by
rotating the plane of the induction with respect to the radial
directionof the cavity.Both couplings are about 20%(i.e., only
a fifth of the incoming microwaves enters the cavity). The
cavity undercoupling increases the accuracy for small changes
in the cavity Q factor due to the sample.

The Q measurement was essentially the method devel-
oped by Nebendahl et al. [24]. In brief, the microwave
frequency is continuously modulated with a radio-frequency
(e.g., 25 kHz) with a modulation magnitude comparable to
the width of the cavity resonance. The detector signal is
connected to two lock-in amplifiers which detect the 1st and
2nd/4th harmonics of the rf modulation frequency. The
magnitude of the 1st harmonic is used as a feedback to keep
the center of the microwave frequency on the cavity
resonance. This is known as the automatic frequency control
embled (left) and assembled (middle) microwave cavity probehead
le; A’s, coupling antennae; T, location of the thermometer. Note
rate with the working mode of TE011. The sample is inside a quartz
the cavity at the maximum of the microwave magnetic and in the
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(AFC)method [25]. It was shown in Ref. [24] that the ratio of
the 2nd and 4th harmonics are a measure of the cavity
resonance width without instrument dependent parameters
and thus yield the Q factor directly.

The advantage of this method over the usual frequency
swept method, which was used in Ref. [22], is twofold: first
its noise for themeasuredQ is about a factor 10 better, second
it provides a continuousmicrowave irradiation of the sample
and cavity and thus avoids transient effects.

The probehead shown in Fig. 1 was embedded in a closed
sample compartment which contains a constant pressure He
exchange gas (typically 10mbar) and is in thermal contact
with the variable temperature insert of a 9T superconducting
magnet (Oxford Instruments). Temperature was regulated to
0.05K accuracy with a Lakeshore 331 temperature controller
andaCX-1050 thermometer. The thermometer is embedded in
brass block and is placed as close as possible to the sample.

The sample was arc-discharge grown with mean diameter
of 1.4 nm (Nanocarblab, Russia, Moscow) and was from a
batch which was used for previous studies and has been
thoroughly characterized by a number ofmethods [26–28].A
fine powder of the sample was placed in a quartz tube, first
heated to 500 8C to remove contaminations and then sealed
under 20mbar helium exchange gas.

3 Results and discussion In Fig. 2, we show the
sample quality factor, Qs as obtained using
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where Qm and Q0 are the quality factors of the measured
and the unloaded cavity, respectively. Q0 has a weak
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re 2 (online color at: www.pss-b.com) The sample quality
or obtained from Eq. (2) for different values of the incident
rowave power on the cavity. The solid curve is an exponential
the resistivity using Eq. (1) with Tc¼ 45K.

.pss-b.com
temperature dependence and it was obtained in a reference
measurement without the sample. Figure 2 shows the Qs

data for different values of the microwave power incident on
the cavity, which also takes into account the undercoupling
of the cavity and losses in the coaxial cables. There is a clear
dependence of the data on the employed microwave power.
The lowest incident power on the sample is 1.6mW and
we could not perform meaningful measurements of Q for
even lower powers.

The Qs data for the lowest power shows an exponential
temperature dependence in the 20–150K temperature range.
This temperature dependence indicates that Qs is indeed
proportional to the resistivity which is expected for the
present measurement geometry and sample morphology.
Then,Qs / % is used to extract the transport barrier height of
Tc¼ 45K according to Eq. (1). This value compares well
with Tc¼ 65K found in Ref. [17].

Below about 20K, theQs data show a slight downturn for
the 1.6mW data, which is even more pronounced at higher
microwave powers. This observation is in agreement with
the previous observation of Corzilius et al.We underline that
the effect is not related to the detection system as the power
incident on the detector is constant for all values of the
employed power.

For higher microwave powers, the Qs data show a
downturn whose temperature onset is higher for higher power.
However, all data curves merge together around 60K.
Interestingly, even the merging of the curves is qualitatively
identical to that observed in Ref. [22] as therein the merging
was observed around 40–50K except for the highest power
(190mW) where a clear heating effect was observable.

We find it surprising that the nonlinear power dependent
microwave absorption (NLMWA), which was reported in
Ref. [22] is reproduced for a very different nanotube
sample, even when the experimental conditions in terms of
cryostat type, microwave resonator, and detection technique
are different. The most important difference in the sample
type stems from the growth conditions: the ‘‘super-growth’’
CVD is known to result in SWCNTs with diameters of 2–
3 nm [29] which are well isolated from one-another [30]
and which are catalyst free. In contrast, the arc-discharge
grownSWCNTs have amuch narrower diameter distribution
of 1.4� 0.1 nm with always a sizeable (up to 10wt%)
residual catalyst content. This suggest that the effect is
related to the SWCNTs and the residual catalyst content
does not play a role.

The diameter independence of the effect excludes that it
is related to a phase transition due to correlation effects. It
has been calculated for SWCNTs that the electron–phonon
coupling (which would lead to superconductivity) is
strongly nanotube diameter dependent [31, 32]. Similarly,
interactions which involve electron–electron coupling are
also strongly diameter dependent as the Coulomb interaction
depends on the electron confinement. The observations
rather suggest that the unique SWCNT structure, which
contains an interlinked network of metallic wires, separated
by small barriers, gives rise to this effect. A bolometric effect
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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as its possible origin cannot be excluded either but further
work is required to settle this issue.

4 Summary In summary, we reproduced the low
temperature microwave absorption anomaly in SWCNTs
which was observed previously in Ref. [22]. We used
different sample morphology and differing experimental
methods. The result indicates that the absorption anomaly is
a generic feature of SWCNTs, however its origin remains
unclear.
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