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We present electrical transport and Raman measurements on individual single-wall carbon
nanotubes filled with the paramagnetic metallofullerene Sc@C82. We find nearly all devices to be
metallic p-type conductors, which we tentatively attribute to bandstructure modification of the
nanotubes by the encapsulated Sc@C82 molecules. At low temperatures the peapod devices behave
as quantum dots and transport is shown to be quantum coherent over distances of at least �100 nm.
Kondo features are observed at the lowest measurement temperatures of 50 mK. Our results are of
fundamental interest because of the long spin coherence times of the unpaired electrons on the
Sc@C82 molecules and the possibility this offers for studying one-dimensional spin chains in
carbon nanotubes. © 2008 American Institute of Physics. �DOI: 10.1063/1.3000443�

I. INTRODUCTION

Single-wall carbon nanotubes �SWNTs� possess unique
electronic and mechanical properties, which are of wide in-
terest from both an applied and fundamental physics view-
point. As is well established, as-grown carbon nanotubes are
either semiconducting or metallic depending on their exact
atomic arrangement. Of importance for applications in �op-
to�electronics is the bandgap of semiconducting nanotubes,
which is usually fixed by, and inversely proportionally to, the
nanotube diameter.1 An interesting approach toward modifi-
cation of the electronic structure of carbon nanotubes is the
insertion of �endohedral� fullerenes in the nanotubes, result-
ing in nanotube peapods.2,3 Several recent studies on nano-
tube peapod field effect transistors �FETs� demonstrated that
incorporating fullerenes such as C60, C78, and C90, as well as
metallofullerenes such as Dy@C82, Gd@C82, Ti2@C80, and
Ce2@C80 modify the bandgap of semiconducting nanotubes
in a stable and reproducible way.4,5 To date, however, there
has been limited work on the spin properties of paramagnetic
endohedral fullerenes in carbon nanotubes. Metallofullerenes
such as Sc@C82, Y@C82, and La@C82 have hybridized or-
bitals between the metal dopant and the fullerene cage and
this leads to an unpaired electron, primarily delocalized
across the C82 cage with a long spin coherence time as ob-
served in, e.g., pulsed electron spin resonance �ESR� experi-
ments on Sc@C82 material in deoxygenated deuterated
toluene.6 SWNTs encapsulating paramagnetic endohedral
fullerenes are also of fundamental interest for the possibility
to investigate one-dimensional spin chains, which might
have quantum information process �QIP� applications.7 Here
we present detailed transport and Raman experiments on in-

dividual Sc@C82@SWNT peapods. We show that there is a
marked difference between the room-temperature gate char-
acteristics of filled and unfilled nanotubes, which is tenta-
tively interpreted as the result of bandstructure modification
of the nanotube by the Sc@C82 molecules. Of importance
for QIP applications is our observation that despite the strong
effect on the room-temperature characteristics, the metallof-
ullerenes do not introduce strong backscattering in the nano-
tubes and at low temperatures, transport is found to be phase
coherent over extended distances. These measurements also
present a first step toward electrically detected magnetic
resonance experiments8 on Sc@C82@SWNT devices,
which will allow us to probe the spin properties of individual
Sc@C82 molecules, rather than an ensemble of �at least� 1012

molecular spins, as necessary for conventional ESR tech-
niques.

II. MATERIAL

SWNTs produced by arc discharge were purchased from
Aldrich and purified via the following steps:9 �1� microwave
for 5 min, �2� heat in the air at 325 °C for 1 h, �3� reflux in
37% hydrochloric acid for 2 h, �4� filter and wash with de-
ionized water, �5� reflux in hydrogen peroxide for 2 h, �6�
filter and wash with de-ionized water, and �7� dry at 200 °C
and store in a nitrogen dry-box. Sc@C82 was made using arc
discharge and purified by high performance liquid chroma-
tography �HPLC� according to methods described in the
literature.10 Nanotube peapods were made by taking a dry
mixture of Sc@C82 and SWNT in a quartz ampule, evacu-
ating and sealing at 10−4 Torr. The ampule was heated at
400 °C and after 4 days the mixture was washed and filtered
with carbon disulphide and toluene to remove any excess
fullerene molecules from the outside of the nanotubes.11

Samples for electron microscopy were prepared by ultrasoni-a�Electronic mail: mrb51@cam.ac.uk.
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cation of dilute dispersions in methanol, which were dropped
onto lacey carbon coated copper grids and then analyzed
using a JEOL JEM-4000EX high resolution tunnel electron
microscope �TEM� operating at an accelerating voltage of
100 kV. Figure 1�a� shows a TEM image of a bundle of
repeatedly purified SWNTs filled with Sc@C82 metallof-
ullerenes to form peapods. A high degree of filling of the
interior of the SWNTs with the Sc@C82 can be seen from
this image. TEM analysis of several areas of the sample al-
lowed an estimation of �70%–90% filling of the nanotubes.
In the inset of Fig. 1�a� a high resolution transmission elec-
tron microscopy image is presented and shows a single
SWNT filled with fullerenes. The ultraviolet-visible-near in-
frared �UV-vis-NIR� optical absorption spectrum of the
Sc@C82 fullerenes in CS2 solution is shown in Fig. 1�b� and
two peaks are observed at 1190 and 760 nm. These are in-
dicative of the Sc2+ oxidation state of the metallofullerene
and confirm the formation of purified Sc@C82.

10 Figure 1�c�
shows the ESR spectrum of the Sc@C82 in CS2 solution
with eight hyperfine splitting �hfs� lines �hfs constant of 0.38
mT� that match the Sc@C82. The mass spectrum of the
Sc@C82 purified by HPLC and used in the peapod produc-
tion gives a single peak at 1029.85 m/z. This confirms the
high purity isolation of Sc@C82 using multistage recycling

HPLC. Overall, the characterization performed in Fig. 1
proves that a single isomer of the spin-active metallof-
ullerene Sc@C82 has been isolated with a high degree of
purity and then used to form peapod structures with an ex-
cellent filling ratio.

III. DEVICE FABRICATION

A crucial step in the fabrication of nanotube devices is
the deposition of tubes onto a substrate. Typically, the raw
material consists of nanotubes in the form of long, tangled
ropes. The goal is to deposit individual tubes a few microns
long with the desired density, but technical difficulties lie in
separating and cutting the tubes forming the ropes and de-
positing them uniformly onto the substrate. We achieved this
�see Fig. 2�a�� by placing �1 �g of tube material in a few
ml of dichloroethane and suspending it using an ultrasonic
bath. We found that the result depends critically on the agi-
tation time and efficiency.

Suspensions of single tubes and thin ropes are obtained
after �60 min of agitation, giving the solvent a light gray
color. Afterwards we dip our substrate �doped Si with 500
nm of SiO2 on top� in the suspension for a few seconds and
then rinse it with isopropanol �IPA�. The tubes stick by van
der Waals forces to the substrate, which is then blown dry
with air. Nanotube depositions have mostly been investigated
by atomic force microscopy �AFM� but occasionally using a
scanning electron microscope �SEM� and Raman spectros-
copy. The electron source of the SEM is a field emission gun
operated at 1 kV acceleration voltage.12 We find that most
individual nanotube peapods have a length of �1 �m
�which is much shorter than the raw nanotubes�, presumably
the result of the acid treatment necessary to remove �mag-
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FIG. 1. �a� TEM image of Sc@C82@SWNT peapods. The high resolution
image �inset� shows an individual peapod. �b� UV-vis-NIR absorption spec-
trum of Sc@C82 in CS2. The small peak appearing at 1700 nm is probably
due to trace amounts of toluene in the sample. �c� ESR measurement of
Sc@C82 in CS2.
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FIG. 2. �Color online� �a� AFM image of a dispersion of Sc@C82@SWNT
peapods. The alignment marks are used to locate the peapods on the sub-
strate. �b� AFM image of a single contacted peapod. The Pd source and drain
electrodes are separated by about 300 nm. The Si /SiO2 substrate is used as
a gate electrode.
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netic� impurities from the nanotube material and the subse-
quent sonication. Only nanotube peapods with apparent di-
ameters �1.5 nm, as determined by AFM, were selected for
electrical characterization.

After having located the nanotube peapods with respect
to alignment marks �Fig. 2�a�� a polymethyl methacrylate
resist layer is spun onto the chip and baked for 30 min at
150 °C. The desired electrode pattern is then transferred
onto the chip using a LEICA VB6 UHR electron-beam li-
thography system operated at a 100 kV acceleration voltage.
The pattern is developed using a mixture of methyl ethyl
ketone �MEK�, methyl isobutyl ketone �MIBK�, and IPA in
the ratio MEK:MIBK:IPA 1:5:15 for about 25 s, followed by
thermal evaporation of 40 nm of palladium �Pd� and lift-off
in acetone. An example of a finished device is shown in Fig.
2�b�.

IV. RESULTS

A. Room temperature behavior

We performed room-temperature two-terminal dc trans-
port measurements on 36 Sc@C82@SWNT devices. In all
measurements we varied the electrochemical potential of the
nanotubes by applying a gate voltage Vg to the back of the Si
substrates. Figure 3 shows representative measurements of
the conductance versus gate voltage. Almost all devices �35
out of 36� followed the behavior shown in Fig. 3�a�, i.e.,
decreasing p-type conductance with increasing positive Vg.
With the exception of the one measurement shown in Fig.
3�b�, we were not able to deplete any Sc@C82@SWNT de-

vice completely of charge, going up to voltages of Vg

=40 V. This is in marked contrast to empty carbon nano-
tubes for which 2/3 are expected to be semiconducting.13

Indeed, we have measured many ��25� empty carbon nano-
tube devices, grown by chemical vapor deposition,14 of
which roughly 80% could be completely depleted of charge,
usually within 10 V gate bias. The precise ratio of semicon-
ducting to metallic tubes for the unfilled arc-discharge mate-
rial used here �i.e., before encapsulation of the Sc@C82 mol-
ecules� could not be determined precisely. Nevertheless,
optical absorption spectra �not shown� for the unfilled nano-
tubes show that both semiconducting and metallic tubes with
diameters between 1.3–1.5 nm are present. The presence of
both semiconducting and metallic tubes also follows from
transport and Raman experiments on the unfilled nanotube
material �see Sec. V below�.

The measurements on the device shown in Fig. 3�b�,
which has undergone the same treatment as all other peapod
devices, also show that our gate electrode is clearly effective
�a result which also follows from measurements shown in
Figs. 4 and 5, see below�. Based on our AFM measurements
and low-temperature transport experiments �see below� we
expect the majority of devices to consist of individual nano-
tube peapods rather than bundles or ropes of this material.
Note that, even for small bundles ��5 nanotubes� of empty
nanotubes one would expect a significantly larger number of
devices to be insulating at large positive gate voltages than
observed in our experiments. Overall, this is therefore a
strong indication that the unconventional room-temperature
transport characteristics of the peapods are the result of the
encapsulation of Sc@C82 in the nanotubes.

It is instructive to compare these results with experi-
ments on other �metallo�fullerene peapods. Recent studies of
nanotube peapod FETs have shown a strong dependence of
electronic transport on the size of the encapsulated
fullerenes. Little bandgap modification for semiconducting
peapods was found for encapsulation of C60, a reduced band-
gap for C78 and complete metallic behavior for C92.

4 The
electronic properties could be further tuned using metallof-
ullerenes: the more charge transfer occurring inside the met-
allofullerene, the smaller the bandgap of the nanotube
peapods.5 This bandgap modification has also been observed
in scanning tunneling microscopy experiments15 and has
been attributed to orbital hybridization between the SWNT
and fullerene states.16,17 It seems reasonable to assume that
this will also be the case in our experiments.

Given the Sc2+ oxidation state of the Sc@C82 metallof-
ullerenes used in our experiments we would, following the
findings by Shimada et al.,5 expect a reduced but neverthe-
less finite bandgap for the Sc@C82@SWNT peapods. More-
over, recent density functional theory �DFT� calculations18

for Sc@C82@SWNT, using the semiconducting �7,14�
SWNT, also predict an observable band gap. This discrep-
ancy between our experiments and theory is not clear at
present. However, we note that the results might depend sen-
sitively on the nanotube diameter �and the corresponding
separation between the fullerenes and nanotube wall�. An-
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FIG. 3. �a� Conductance as a function of gate voltage for an individual
Sc@C82@SWNT peapod measured at room temperature. The peapod
shows only slight p-type behavior and no insulating state could be reached
�up to 30 V of gate�. These data are representative for 35 out of the 36
devices measured at room temperature. �b� Only one device out of the 36
showed clear semiconducting behavior. This curve has been offset by 5
�10−5 e2 /h for clarity.
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other consideration is that electron transfer between the Pd
electrodes and nanotube peapod is not accounted for in the
DFT calculation in Ref. 18.

B. Low-temperature behavior

Following the room-temperature experiments, we have
measured the differential conductance �dI /dV� as a function
of Vg and Vsd for twelve different devices at temperatures of
50 mK, 1.4, and 4.2 K. As is the case for unfilled carbon
nanotubes, the coupling between the electrodes and the nano-
tube peapods varies between devices, giving rise to different
physical phenomena. Figure 4 shows the results for two de-
vices of the geometry given in Fig. 2�b� that have a relatively
low conductance at low temperatures �of order 10−3e2 /h�.
Coulomb diamonds and excited states are clearly resolved in
the measurement of Fig. 4�a�. From the size of the Coulomb
diamonds we extract a charging energy UC�15 meV and a
zero-dimensional level spacing �E�4 meV. From the Cou-
lomb diamonds it is also possible to determine the total de-
vice capacitance C�=e2 /UC, which yields C��11 aF, and a
gate efficiency Cg /C��0.1, where Cg is the gate capaci-
tance.

These values are not uncommon for carbon nanotube
quantum dots of length 300 nm �the source-drain
separation�.19 Indeed, if we assume the conventional disper-
sion relation for an �unfilled� metallic carbon nanotube, this
implies a quantum dot of length L=hvF /4�E�200 nm,
where we have used vF=8�105 m /sec for the Fermi veloc-
ity. Note that for nanotube peapods, the dispersion relation is
not a priori clear since the encapsulated Sc@C82 is �given
our room-temperature results� expected to modify the nano-
tube band structure. Nevertheless, the good agreement with
the conventional dispersion relation indicates that the Fermi
velocity is similar to that of undoped metallic nanotubes for
this device. The fact that we observe quantum coherent trans-
port over extended distances is encouraging for future ex-
periments. Note that coherent transport has also been re-
ported for low-temperature experiments on individual
C60@SWNT peapods.20,21 However, given that Sc@C82 ap-
pears to have a much greater effect on the bandstructure than
C60, the similar behavior observed here is still surprising.

As is the case for empty carbon nanotubes, we have also
frequently observed transport characteristics as shown in Fig.
4�b�, which are much less regular in appearance. The sup-
pression of the linear-response conductance and frequent oc-
currence of negative differential conductance �arrows� are
indicative of multiple �two or three� quantum dots in series.
From the level spacing measured for six different devices,
we deduce �assuming the dispersion relation above� an aver-
age mean free path of �100 nm, i.e., still much longer than
the separation between individual Sc@C82 molecules. Note
that very similar results, i.e., both single dot20,21 and multidot
behavior22 have been reported for C60@SWNT. The cause
of disorder in our devices is not known but it is reasonable to
assume that the strong etching of the devices, not only short-
ens the carbon nanotubes but also introduces some disorder.
Nanotube growth free from magnetic impurities is now

available, which eliminates the need for strong etching.23

This will allow longer and less disordered nanotubes to be
studied in future experiments.

Additional evidence that transport in Sc@C82@SWNT
peapods is quantum coherent over extended distances comes
from transport experiment on devices in which the peapod is
strongly coupled to the Pd electrodes, as shown in Fig. 5.
The conductance in this devices is large, of order e2 /h. In
contrast to weakly coupled devices, conductance features ap-
pear at Vsd=0 mV at certain Coulomb diamonds, see Fig.
5�a�. These high-conductance ridges are a manifestation of
the Kondo effect occurring when the number of electrons on
the quantum dot is odd, as previously observed in unfilled
carbon nanotubes24,25 and C60@SWNT peapods.20,26 The to-
tal spin on the quantum dot is difficult to determine in this
measurement, which is complicated by additional sharp fea-
tures �at e.g., Vg=−15.5 V� that resemble Fano resonances
as also seen in empty nanotubes.27 Nevertheless, the high-
conductance Kondo ridges observed in Fig. 5�a� are direct
evidence that transport is quantum coherent over the entire
length between the electrodes �300 nm�, consistent with our
findings for the weakly coupled devices �Fig. 4�.

The magnetic field �B� dependence of the Kondo fea-
tures follows the expected behavior24 in which the high-
conductance ridges split into components at Vsd= �g�BB /e,
where g is the Landé factor and �B is the Bohr magneton,
see Fig. 5�b�. From the magnetic field dependence of the
Kondo features we obtain g=2.0�0.1.
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V. RAMAN SPECTROSCOPY

Raman spectroscopy is a fast and nondestructive method
for the characterization of carbon materials and nanotubes in
particular.28 In the 1550–1590 cm−1 region, the Raman
spectra of SWNTs are characterized by the presence of two
distinct features: the so-called G+ and G− peaks. These origi-
nate from the splitting of the E2g phonon of graphene in
modes tangential �TO� and longitudinal �LO�, with respect to
the tube axis. The G− is the LO mode in metallic tubes, while
it is the TO mode in semiconducting ones, and vice-versa for
the G+ peak.29–31 In semiconducting tubes, both peaks appear
as sharp Lorentzians. The G+ peak is usually more intense
than the G−, and its position is nearly independent on the
tube’s diameter, whereas the position of the G− peak de-
creases for decreasing diameter.29,31 On the other hand, in
metallic tubes, the G− peak is usually rather intense, very
broad, and downshifted with respect to its counterpart in
semiconducting tubes.29 Doping changes the peaks’ positions
and widths.32–34 In the 1300–1400 cm−1 range the D peak
can be present. This is common to all carbon materials and is
an indication of disorder.30,35–37 While this requires a defect
for its activation, the second order, 2D peak, is always
present in all carbons.38,39 The other prominent features in
the Raman spectrum of SWNTs are the radial breathing
modes,40–43 which allow the determination of the SWNT di-
ameter.

Raman spectra are measured at 514, 633, and 785 nm
excitations in backscattering geometry, using a Renishaw
micro-Raman 1000 spectrometer and a 100X objective. The
finite number of wavelengths does not guarantee we can al-
ways be resonant with the individual tubes we measure. The

spectral resolution is �3 cm−1. In order to avoid damage,
the power on the sample is kept below 0.5 mW. The posi-
tioning of the tubes under the laser spot is achieved and
maintained using a piezoelectric stage. The incident light is
linearly polarized. The angle between the tube axis �deter-
mined by AFM measurements� and the light polarization is
always kept as close as possible to zero. This is done by
rotating the sample or by using a Fresnel Rhomb polarizer.
No analysis of the polarization of the scattered light is per-
formed. For simplicity, the spectra are fitted by using Lorent-
zians for all peaks.

To investigate the effect of the Sc@C82 molecules inside
the nanotubes on the Raman spectroscopy, we first discuss
Raman measurements on unfilled carbon nanotubes for com-
parison. Apart from the filling procedure, the unfilled nano-
tubes have been exposed to the same processing steps, as
described in Secs. II and III. We measured eight unfilled, but
contacted, SWNTs. The AFM measurements of the diameters
��1.5 nm� would in principle indicate the presence of only
a single nanotube for the majority of devices. Of these, five
gave a significant Raman intensity for at least one of the used
wavelengths, but only one of them had a clear metallic G
peak Raman signature. Figures 6�a� and 6�b� show two rep-
resentative cases. Figure 6�a� is a measurement on a single
individual semiconducting tube, as validated by direct trans-
port measurements, see Fig. 6�d�. It shows the typical sharp
G peak expected in this case.29,31 On the other hand, the
Raman spectra in Fig. 6�b� change with excitation wave-
length. While the 514 nm spectrum is indicative of a semi-
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conducting tube, that at 633 nm has a typical metallic
shape.29,31 A variation from an apparently metallic to an ap-
parently semiconducting shape for changing excitation
wavelength was previously observed,44 and assigned to an
effect of the double resonance of the G peak.44 Alternatively,
such spectral change is expected when a single metallic tube
is measured away from single resonance.29,31 However, in
this sample the conductance drops rapidly when the gate
voltage is increased from negative values to about 0 V and
then stays roughly constant �see Fig. 6�e�� as would be ex-
pected from a combination of semiconducting and metallic
tubes. Thus, even though AFM measurements would point to
the presence of a single nanotube, transport data indicate the
sample in Fig. 6�b� to be more consistent with a small
bundle, including at least one metallic and one semiconduct-
ing tube. We believe that the variation in the Raman spec-
trum observed in Fig. 6�b� reflects this mixed composition,
rather than a single nanotube with changing spectral shape as
a function of excitation wavelength.44 Thus, the results of
Ref. 44 should be reconsidered.

A total of 13 Sc@C82@SWNT samples was also inves-
tigated. Unfortunately, in this case we could not indepen-
dently measure both Raman and transport on the same de-
vices. Of these, 11 tubes were detected for at least one of the
available excitation wavelengths. In particular, most nano-
tubes were detected at 514 and 633 nm and only one tube or
small bundle was seen for all three wavelengths. We could
not measure clear radial breathing modes at these excitation
energies. Figure 7 plots the Raman spectra measured on the
sample detected at all three wavelengths. A weak D peak is
seen at 785 and 633 nm, indicative of the presence of de-
fects. The shape of the G peak changes with the excitation
wavelength. The G− is broad at 785 and 633 nm. This broad
G− indicates the presence of a metallic tube.31,34,44 The same
was observed on most of the tubes: six tubes over eight show
a broad G− peak at 633 nm, while at 514 nm, eight tubes
over nine show a sharp G−. At 785 nm only five tubes are
detected, two of them with a broad G−. In total, eight of the
11 samples show a metallic character for at least one excita-
tion wavelength, in agreement with transport measurements

on similar peapods. Again, the change in shape at different
excitation wavelengths can be explained either as a single
tube going slightly off-resonance31,44 or by the presence of
more than one tube in the sample �but, given the AFM mea-
surements, the sample would at most consist of two or three
tubes�.

From the measured Raman spectra it is unclear if the
metallic behavior is intrinsic �the empty tube was already
metallic� or due to a band-gap closure as a consequence of
the metallofullerene. However, compared to the empty tubes,
we find significantly more metallic lineshapes, for at least
one excitation wavelength, in the case of the filled tubes,
which supports the latter scenario.

VI. CONCLUSIONS

In conclusion, we have measured the electrical transport
properties of SWNTs filled with the paramagnetic metallof-
ullerene Sc@C82. Nearly all devices behave as metallic
p-type conductors, consistent with Raman spectroscopy mea-
surements. Low-temperature measurements show that trans-
port in the nanotube peapods is quantum coherent over dis-
tances of at least �100 nm. More experimental and
theoretical work is necessary for a detailed understanding of
the effect of the Sc@C82 molecules on the bandstructure of
the nanotubes.
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