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We investigate the low-temperature electron transport through Cgo peapods, which are carbon nanotubes
encapsulating Cgo fullerenes. We find that the temperature dependence of the Coulomb blockade oscillations in
peapod quantum dots deviates from conventional Breit—Wigner behavior, showing signatures of the Franck—Condon

blockade of conductance.

This indicates the presence of a coupling between electronic states and vibrational

excitations. Unlike for suspended empty nanotubes, these are not intrinsic vibrational modes of the tube but
mechanical vibrations of the encapsulated fullerenes that affect the electronic transport. Fullerene peapods thus

emerge as a new class of nanoelectromechanical systems.

PACS: 73.63.Fg, 73.63.Kv, 73.23.Hk, 73.22.Lp, 71.38.-k

1. Introduction

Filling single wall carbon nanotubes with Cgg
fullerenes yields hybrid structures [1, 2], the so-called Cgo
fullerene peapods, whose potential nanoelectronic appli-
cations range from data storage devices [3] to spin-qubit
arrays for quantum computing [4]. However, the effect of
the entrapped fullerenes on the electronic properties of
peapods still remains unclear. Theoretical investigations
predict pronounced changes in the electronic band struc-
ture of the nanotube [5], which is supported by the scan-
ning tunneling microscopy [6] and photoluminescence [7]
experiments. On the other hand, no fundamental per-
turbation in the electron system has been found in the
photoemission [8] and electron transport [9] studies on
peapods.

Here, we investigate the effect of Cgo fullerenes on
the low-temperature electron transport through peapod
quantum dots operated in the regime of weak electronic
coupling I' between energy states of the dot and its elec-
trical leads [10]. We find that the temperature depen-
dence of the Coulomb blockade (CB) oscillations differs
from that for empty tubes, indicating the presence of a
nanoelectromechanical coupling between electronic states
of the nanotube and mechanical vibrations of fullerenes.
This provides a useful method to detect the Cgy pres-
ence and to probe the interplay between electrical and
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mechanical excitations in peapods, which thus emerge as
a new class of nanoelectromechanical systems. We note
that other types of devices for which a coupling to me-
chanical vibrations plays a crucial role in electrical trans-
port are suspended nanotubes [11], as well as molecular
conductors and transistors.

2. Experimental and results

To enable electrical measurements, Cgy peapods were
deposited onto a Si/SiOs substrate. Individual peapods
with a diameter of 1.3—2 nm were then located by atomic
force microscopy and contacted with Pd/Au electrodes
using e-beam lithography. See Ref. [10] for more de-
tails on devices. A 3He refrigerator with a base tem-
perature of T = 300 mK was used for measurements.
At low temperatures, peapods were dominated by single-
-electron charging (see CB oscillations in Fig. 1a), with
the charging energy U =~ 8-12 meV and the electronic
level spacing AE = 2-3 meV. These energy scales corre-
sponded well to a 400 nm wide gap between the source
and drain electrodes, suggesting the formation of single
peapod quantum dots.

For a quantum dot, the lineshape of the Coulomb
blockade peaks is commonly described by the Breit—
Wigner (BW) formula [12]:

G(E) = /(_ af(E/))GBW(E _ B)dE. (1)

OF'
At low temperatures kgT < I', the CB peak approaches

(839)
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Fig. 1. (a) Linear conductance G = dI/dV|v—=o as a
function of gate voltage V5, measured for a Cgo fullerene
peapod at 0.3 K. (b) Conductance amplitude Gmax vs.
temperature T', determined for the five Coulomb block-
ade peaks shown in (a). Peaks indicated with open
symbols behave as predicted by the conventional Breit—
Wigner model (the solid lines are fits to BW model),
while the others show an abnormal temperature depen-

dence. The inset shows a schematic layout of a peapod
device.

the Lorentzian form of Gpw (E) o 1/[(E—FEg)?+(I"/2)2].
Whereas at higher temperatures kg7 > I, it can be ap-
proximated by a negative derivative of the Fermi func-
tion G(F) x —df/0E. Correspondingly, the maximal
peak conductance G,y is nearly independent of tem-
perature at kgT < I', and shows the 1/T" dependence at
kgl > 1T.

However, unlike for empty nanotubes, Gpax(T) for
fullerene peapods often deviates from the Breit—Wigner
model, see Fig. 1b. The anomaly typically occurs around
few kelvin, i.e. at an energy scale (= 0.1 meV) much
smaller than that for electronic excitations (= 1 meV)
but relevant for fullerene vibrations within a longitudi-
nal harmonic potential inside the nanotube. We note
here that vibrations in transverse direction would have
higher characteristic energies (= 1 meV) as compared to
the longitudinal ones, due to the low diameter of our
peapods.

We therefore model the peapod as a multilevel quan-
tum dot for which each quantized electronic level is se-
lectively coupled to a single vibrational mode, as in the
local Holstein model [13]. If the resonant tunneling elec-
trons spend sufficiently long time in the dot, vibrational
excitations lead to the formation of real electron—vibron

hybrids — the Holstein polarons. Since the electron dwell
time in the quantum dot scales as 7 o« 1/I, the pola-
ronic effects become more apparent for weak electronic
coupling I'. See Refs. [10] and [14] for more details on
the model.

Fig. 2.
Gmax = Gmaxfiwo/y vs. reduced temperature T =
ksT/hwo calculated for three values of the electron—
vibron coupling A using the polaronic model described
in the main text.

Behavior of the renormalized peak conductance

Our model simulations show good correspondence to
the experimental traces deviating from the Breit-Wigner
behavior, see Fig. 2. At low temperatures kg1 < fwy,
the conductance becomes suppressed for strong electron—
vibron coupling A 2 1, where fiwg is the vibrational quan-
tum. Such a polaronic (Franck—Condon) blockade of the
conductance [15] results from the reduced probability for
an electron to tunnel from a pure electronic state in the
lead to a polaronic state in the dot. When the tempera-
ture is increased, the competition between the thermally
generated vibronic levels and the polarons gives rise to
a non-monotonic behavior. This is particularly apparent
for kgT < A2hwg, where A2hwy is the characteristic en-
ergy of a polaron. At higher temperature kg7 > A?fwg,
the polaronic blockade is completely overcome and the
conductance follows the Breit-Wigner scaling 1/7.

We have also performed numerical fits to the experi-
mental data (Fig. 3), with A, hwg, and v = I'LIr/(I'L +
I'r) as fit parameters. Here, I, g is the electronic cou-
pling to the left/right electrical lead and I = I, + I'g.
The determined parameters are listed in the inset to
Fig. 3. The large values of A = 1.6-1.9 are consistent
with the Franck—Condon blockade observed at low tem-
perature. They are also of the same order as the na-
noelectromechanical coupling constants determined for
suspended empty nanotubes [11].

A simple estimation of the longitudinal confining po-
tential gives a further insight on fullerene vibrations in-
side the nanotube. We start from Girifalco’s universal
potential for graphitic structures [16], assuming interac-
tion of a Cgp molecule with its nearest-neighbor molecule
on either side. The resulting potential can be approx-
imated by a harmonic potential with a force constant
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Fig. 3. Gmax vs. T for conductance peaks deviating
from the Breit-Wigner model. Solid and open symbols
indicate data points measured for two different peapod
devices, whereas solid lines are fits to the experimental
data calculated using the polaronic model described in
the text. The inset gathers the determined values of the
fitting parameters.

k = 22 N m~'. To match the experimentally deter-
mined Awg = 0.25 meV, a mass of 1.2 x 10723 kg (about
ten times larger than that of a single Cgo molecule) is
thus required. This indicates that the relevant vibrations
may involve clusters of about ten Cgg fullerenes vibrat-
ing in phase. For densely packed peapods, such clusters
could result from, e.g., local tube corrugations or defects
(openings) on the nanotube’s side wall.

3. Conclusion

We have studied the low-temperature electron trans-
port through fullerene peapods and demonstrated the
presence of a nanoelectromechanical coupling in these
devices. Peapods could thus be used as novel nanoelec-
tromechanical systems (NEMS). Apart from that, the
presented experimental approach provides a method to
detect in situ the presence of fullerenes (or other mobile
molecules) inside an individual nanotube embedded into
an electronic device.
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