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T
he recent progress in the understand-
ing of the electronic transport proper-
ties of individual nanometer-sized

systems1 opens the way to new spintronics
devices, exploiting both the spin and charge
of electrons in low-dimensional systems. In
this context, carbon nanotubes are attract-
ing a considerable interest in nanoscale
electronics due to their rich transport prop-
erties, which have been used to implement
devices ranging from high-performance
field-effect transistors2 to quantum dots3

with well-defined spin and orbital struc-
tures.4,5 Besides, the robust and tunable
transport properties of nanotubes make
them promising candidates as building
blocks of hybrid spintronics devices aiming
at the manipulation and the detection
of electronic spins at the molecular scale.6

For example, experiments on carbon nano-
tubes bridging ferromagnetic nanoelec-
trodes7 have shown the spin-valve effect8

and a strong gate dependence of magneto-
resistance.9-13

The one-dimensional hollow nanostruc-
ture of SWNTs provides a unique model
system for coupling to nanometer-sized
magnetic objects (small magnetic clusters,
metallofullerenes, molecular magnets, etc.)
by surface functionalization or encapsula-
tion.6 An attractive way to achieve this goal
consists of detecting the magnetic flux var-
iations coming from the nanomagnet by
using a carbon nanotube SQUID device.14,15

The transport properties of a SWNT may be
influenced by the nanomagnet owing to
different mechanisms, permitting the read-
out of the magnetic spin states16,17 as a
sensitive local magnetometer. Other possi-
bilities imply the indirect detection of the
nanomagnet spin information through the
carbon nanotube used as an accurate
electrometer18 in a single quantum dot

regime to probe exchange-field interac-
tions, dipolar couplings, or magneto-
Coulomb effects19,20 induced by the na-
nomagnet magnetic moment.
The encapsulation of magnetic transition

metals inside SWNTs21 has been realized
experimentally22-25 in the past few years
and motivated many theoretical studies.
Yang et al.26 first proposed such metal-filled
carbon nanotubes as promising spin-polar-
ized transport devices with high spin polar-
ization at the Fermi level.27 On the other
hand, there have been other recent studies
on spin-polarized transport in nanotubes
with single Fe and Co impurities.28 The
hybrid nanotube structures were predicted
to exhibit substantial magnetic properties
despite the fact that a hybridization be-
tween Co and C orbitals29,30 showed clear
signatures of resonant backscattering of
one spin type (majority or minority spin).
Both spin-dependent channels become
quenched for several larger Co clusters (64
atoms in ref 29) randomly distributed along
the nanotube, so that the spin polarization
and total current are negligible.29 Despite
these theoretical investigations, very few
electrical transport measurements of car-
bon nanotube magnetic hybrids are re-
ported in the literature.31,32
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ABSTRACT We report on low-temperature electrical transport measurements of single-walled

carbon nanotubes (SWNTs) filled in their inner core with one-dimensional cobalt nanoparticles. The

electrical transport properties of the hybrid devices are strongly sensitive to the magnetization

reversal of isolated magnetic nanoparticles, resulting in strong hysteretic variations of the

magnetoconductance. The magnetic anisotropy of a one-dimensional encapsulated cobalt nano-

particle is investigated, establishing an unusually strong dominating contribution of magnetic

surface anisotropy.
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The first low-temperature electrical transport mea-
surements of SWNTs partially filled with cobalt nano-
particles are presented. We show that the current-
voltage characteristics of the hybrid device exhibit
large magnetoconductance signals, which can be
tuned in amplitude and sign by a gate voltage. We
then demonstrate that these signals are directly re-
lated to the magnetization reversal of encapsulated
nanoparticles of about 100 cobalt atoms.

RESULTS AND DISCUSSION

Hybrid Carbon Nanotube Devices. Figure 1a,b shows
transmission electron microscope (TEM) images of the
hybrid nanotubes. The SWNTs are first filled with CoI2
nanowires with a length of up to 100 nm (Figure 1a) and
then reduced in a second step under H2 stream into
cobalt nanoparticles inside the nanotube core (Figure 1b)
(also see the Methods section). Most of the carbon
nanotubes are not filled after the synthesis step, and only
a fraction of them (∼10%) are effectively partially filled
with chains (Figure 1b) or isolated cobalt nanoclusters.
The carbon shell creates low-dimensional33 elongated
well-defined particles constrained in a cross section in-
side the encapsulating carbon nanotubes23,34 (Figure 1a,
b). The particle lengths range from a few nanometers to
30-40 nm, with an average length of about 10 nm. The
carbon nanotubes also provide an effective protection
against oxidation of the ferromagnetic filling.

The resulting hybrid nanotubes are electrically con-
nected with source and drain Pd electrodes on top of
oxidized doped silicon substrates (serving as a back-
gate) (Figure 1c). Several devices were also fabricated

on thin SiO2membranes compatiblewith TEM imaging
(see Supporting Information) in order to observe di-
rectly the encapsulated material inside the connected
nanotube used for transport measurements. Never-
theless, it was difficult to include the electrostatic
gate needed for transport measurements, so we only
describe here the results of devices in the standard
geometry not compatible with TEM observations
(Figure 1c).

Gate Dependence of Magnetoconductance. The transport
of electrons in the nanotube hybrids is investigated by
measuring the differential conductance G = dI/dV, as a
function of the source-drain current I, gate voltage Vg,
and applied magnetic field μ0H. We report here mea-
surements of a representative device that shows re-
producible gate-controlled hysteretic loops of con-
ductance. We have observed similar hysteretic beha-
vior in eight comparable devices of cobalt-filled
SWNTs. We report here measurements of small hybrid
carbon nanotube bundles instead of single hybrid
nanotubes where no such hysteretic features were
observed.

Figure 2 shows single traces of G measured at a
temperature of T = 40mK as a function of Vg and μ0H, by
ramping the magnetic field at a constant rate from-2.5
toþ2.5 T (sweep up) and subsequently decreasing from
þ2.5 to-2.5 T (sweep down). As the field is ramped, the
conductance changes in a quasi-continuous manner
until a sudden jump, ΔGsw, is observed for both sweep
directions (Figure 2a-c) at μ0H = (μ0Hsw = (1.28
T (where the þ and - signs correspond to the up
and down sweep, respectively). This results in a pro-
nounced hysteresis, which is symmetric with respect to

Figure 1. Images of cobalt-filled carbon nanotube samples. (a,b) TEM micrographs showing portions of individually filled
SWNTs. The host material consists of continuous short nanowires of CoIx (a), subsequently transformed in discrete elongated
nanoparticles of Co (b) (see Methods section). (c) Atomic force microscope (AFM) image of a typical device, consisting of a
bundle containing a few SWNTs (d ∼ 3.5 nm) connected to Pd electrodes.
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H = 0. The discontinuities in G occur at the same field
(μ0Hsw = (1.28 T), but the sign and amplitude of the
conductance jumps depend strongly on Vg (for both up
and downfield sweep directions). For example, at Vg =
-4.295V (Figure 2a),G changes abruptly atμ0Hsw fromG

= 3.2e2/h to a lower conductance of G = 3.1e2/h, yielding
to anegative jumpΔGsw≈-0.1e2/h (ΔGsw/G≈-3%). In
contrast, at Vg =-3.865 V (Figure 2b), G jumps from G =
3.41e2/h toG=3.48e2/h, yielding to a positive jumpΔGsw

≈ þ0.07e2/h (ΔGsw/G ≈ þ2%). The magnitude of ΔGsw

depends also strongly on Vg. For example, at Vg =-2.7 V
(Figure 2c), its magnitude is much more important and
reaches ΔGsw ≈ þ0.6e2/h (ΔGsw/G ≈ þ15.3%). We also
note that the conductancemaximumatH=0 (G≈ 4.3e2/
h) exceeds themaximumconductance (4e2/h) carried by
a single nanotube, suggesting that our sample is a
bundle of a few SWNTs in parallel. The full set of data

measured for a large Vg window ranging from -4.4 to
-0.5 V is presented in Figure 2d, where the hysteresis of
conductance (the difference of conductance between
up and downfield sweeps) is color-plotted as a function
of Vg and μ0H. We observe that μ0Hsw is independent of
Vg and that there is no magnetic hysteresis at H = 0. The
strong gate dependence of both contrast and magni-
tude of the conductance jumps is seen for many
different Vg (Figure 2d). The hysteresis temperature
dependence of one conductance jump is presented in
Figure 2e (Vg =-3.84 V). Themagnitudes ofΔG and Hsw

decrease rapidly as the temperature is raised from
50 mK, while the overall conductance increases. The
conductance jump amplitude is strongly correlated to
the device conductance and amplified at lower tem-
peratureswhere theonset ofCoulombblockade reduces
the overall conductance. Above 4.4 K, the overall

Figure 2. Conductance hysteresis loops of cobalt-filled carbon nanotubes. (a-c) Differential conductance dI/dVmeasured at
temperature T = 40mK as a function of in-planemagnetic field μ0H applied at an angle 25�with respect to the nanotube axis
for different gate voltages. The red (blue) arrow in (a-c) indicates the up (down) magnetic field sweep direction. The strong
dependence of both amplitude and sign of the jumps is observed in a large window of Vg in (d). We note the different
conductance color scale for Vg = -4.4 to -3.5 V and for Vg = -3.5 to -0.5 V. (e) Temperature dependence of conductance
hysteresis loops at Vg = -3.84 V.
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conductance increases up to 4.1e2/h, suggesting that
electronic transport is carried by another nanotube,
becoming conducting as Coulomb interactions are
reduced.

The conductance hysteresis is very reproducible over
many Vg and μ0H sweeps and is superposed to other
conductance variations35 dependingonbothμ0H andVg.
The SWNTs before the filling procedure also show this
quasi-continuous dependence of the conductance with
magnetic field (see Supporting Information). Neverthe-
less, the abrupt conductance jumps and hysteresis de-
picted in Figure 2 are only observed in cobalt-filled
nanotubes. In the following, we show that these jumps
are correlated to the magnetization reversal of single
encapsulated nanoparticles.

Magnetization Reversal Detection of Single Magnetic Nano-
particle. In order to demonstrate that conductance
jumps (Figure 2) are due to the magnetization reversal
of a single encapsulated cobalt nanoparticle, we study
their dependence as a function of the applied field
direction36 and temperature.37 The sample is mea-
sured by sweeping the magnetic field according to
the directions defined with respect to the nanotube

axis in Figure 3a. Figure 3b,c shows the hysteresis of the
conductance as a function of a magnetic field applied
in the plane perpendicular to the nanotube axis (Hx-Hy

plane) and in the plane containing the nanotube axis
(Hx-y-Hz plane), respectively.

The switching field Hsw (at which the conductance
jump occurs) changes mostly continuously as a func-
tion of the field direction and follows the well-known
Stoner-Wohlfarth model38 that describes the magne-
tization reversal of one single nanoparticle by uniform
rotation of the magnetization. Indeed, a detailed study
of the angular dependence ofHsw shows that Figure 3b,c
represents two cross sections of the Stoner-Wohlfarth
astroid, where Hx, Hy, and Hz are the field directions
along the easy, medium hard, and hard axes, respec-
tively. The well-defined shape of the astroid proves
without any doubt that the sharp conductance jumps
of Figure 2 are attributed to themagnetization reversal
of only one single encapsulated cobalt nanoparticle
with a preferential magnetization orientation with
respect to the host carbon nanotube axis. Figure 3d
presents the temperature dependence of the switch-
ing field.

Figure 3. Angular and temperature dependences of the switching field. (a) Schematic representation of the hybrid nanotube
junction anddefinition offield direction: z-axis is parallel to the nanotube axis, while the x- and y-axes are perpendicular to the
junction axis. (b,c) Color scale plot of the differential conductance dI/dV at temperature T = 40 mK in a Hx-Hy plane,
perpendicular to the nanotube axis (b) and in a plane Hx-y-Hz belonging to the junction plane (c). (d) Temperature
dependence of the switching field Hsw. An extrapolation of Hsw to 0 gives the blocking temperature TB ≈ 12 K.
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Hsw decreases as the temperature is raised, and at
the blocking temperature of TB ≈ 12 K, the thermal
energy is sufficient to reverse the magnetization at H =
0, that is, Hsw becomes 0. Knowing the magnetic
anisotropy along the medium hard axis (Figure 3b),
we can estimate the number of atoms37N≈ 200.When
considering the nearest neighboring distance between
two cobalt atoms in bulk (2.5 Å), we deduce the length
of a related 1 nm large cylindrical particle to be l≈ 15(
5 nm, which is very consistent with nanoparticle sizes
typically observed (Figure 1b).

Strong Uniaxial Anisotropy of One-Dimensional Encapsulated
Cobalt Nanoparticles. The two cross sections of the
Stoner-Wohlfarth astroid of Figure 3 show a strong
dominating uniaxial anisotropy with an easy axis of
magnetization perpendicular to the nanotube axis in
all samples. It establishes that the strong surface
magnetocrystalline anisotropy38 overcomes the shape
anisotropy and causes an alignment of the magnetiza-
tion perpendicular to the nanoparticle surface.39-41

This behavior is different than that of larger cylindrical
ferromagnetic particles (∼10-50 nm in diameter) en-
capsulated in multiwalled carbon nanotubes42 where
the dominating shape anisotropy forces the magneti-
zation to be along the nanotube axis. The surface
magnetocrystalline anisotropy, coming from the bro-
ken symmetry of the cobalt crystalline structure at the
interface with the encapsulating carbon nanotube, is
greatly enhanced in our particles due to the large
fraction of cobalt atoms at the surface. It arises from
the low dimensionality and the high aspect ratio of
nanoparticles when encapsulated in SWNTs. Hsw mea-
sured along the hard magnetization axis (i.e., the
carbon nanotube axis) is very large (μ0Hsw > 2 T in
Figure 3c) and corresponds to a strong anisotropy
energy density about 1 order of magnitude higher
than typical anisotropies reported on few nanometer-
sized cobalt clusters.38,43 The observed anisotropy
suggests also that cobalt atoms arrange preferentially
in a fcc-type structure.

Magneto-Coulomb Effect and Spin-Polarized Transport.
After demonstrating the electrical detection of the
magnetization reversal of separated encapsulated co-
balt nanoparticles, we now discuss the magnetocon-
ductance origin in our devices. We have considered
twomain different schemes to explain the origin of the
magnetoconductance in carbon nanotubes filled with
cobalt (Figure 4). The two main possibilities imply the
electronic transport to occur either directly through
the magnetic cobalt nanostructures encapsulated in a
single carbon shell (Figure 4a) or in an empty-like nano-
tube in close proximity to the cobalt nanoparticles en-
capsulated in a parallel nonconducting tube (Figure 4b).

The situation depicted in Figure 4a is favorable to
the injection of strong spin-polarized currents from
cobalt-filled portions. The detection of spin-polarized
currents needs at least two different magnetic

nanoparticles, one called “analyzer”, the other one
“polarizer”, separated by an empty nanotube section.
In this case, the device would operate as a nanometer-
sized spin valve where a magnetoconductance differ-
ence is expected for parallel and antiparallel orienta-
tions of the two encapsulated ferromagnets.7-9 This
picture agrees well with the theoretical predictions of
Yang et al.26-28 and others who calculated very high
spin polarization in SWNTs filled with cobalt.26-28

The other possibility, represented in Figure 4b, im-
plies that SWNTs filled with small portions of cobalt are
nonconducting29 and that current should be mainly
carried by a nonmagnetic unfilled nanotube in the
small bundle.44 According to recent ab initio transport
calculations of SWNTs partially filled with cobalt clus-
ters, a strong reduction of the total conductance is
expected due to the quenching of the spin conduc-
tance channels.29,30 In this scheme, the encapsulated
nanoclusters are thus weakly interacting electronically
to the electronic transport. Since nanotubes are sensi-
tive to single electron charging effects, a magneto-
Coulomb effect45,46 may account for large gate-depen-
dent magnetoconductance. This effect principle is
based on the electrostatic transfer of the nanoparticle
Zeeman energy, accumulated under an applied mag-
netic field,47 to an effective change of the nanotube
charge state (a more detailed description is given in
Supporting Information).

We now discuss our data in more detail and com-
pare them to the two schemes of Figure 4. The single
hysteretic switching reported in Figures 2 and 3, with a

Figure 4. Spin-dependent transport mechanisms in cobalt-
filled carbon nanotubes. Schematic representation of a
small bundle of partially filled SWNTs. (a) Electrons flow
directly through the filled nanotube portions connected to
unfilled ones where a spin-polarized current may be in-
jected and detected owing to the spin-valve effect. (b)
Electronic transport mainly occurs through one nanotube
well-connected and coupled locally in parallel to a single
cobalt nanoparticle. One single nanoparticle is expected to
induce a significant magneto-Coulomb effect.
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constant switching field for all gate voltages, shows
that only one nanoparticle is responsible for a large
magnetoconductance signal. It thus excludes spin-
valve operation where at least two nanoparticles
would be necessary for injection and detection of
spin-polarized currents (see previous discussion). Be-
sides, the rapid decrease of the magnetoconductance
hysteretic features from the very low temperature
regime (Figure 2e) does not seem to be compatible
with spin polarization effects that should be conserved
up to the blocking temperature (TB∼ 12 K). The strong
increase of magnetoconductance at the onset of
Coulomb interactions below a few Kelvin is expected
for magneto-Coulomb effect. Indeed, the charging
energy of the device has to be strong enough to
observe such an effect. At temperatures higher than
4 K, charging energy vanishes dramatically, so that
magneto-Coulomb effect cannot play a role and
hysteretic magnetoconductance features disappear.
The magnetoconductance amplitude is clearly corre-
lated to the overall device conductance and increases
as Coulomb blockade is relevant at very low tempera-
tures (Figure 2e). The strong amplification of the
conductance jumps for a precise gate voltage range
(from Vg =-3 to-0.7 V in Figure 2c,d) highlights again
the important role of single electron charging effects
on the device magnetoconductance. In addition, the
gate dependence of both sign and amplitude of
the hysteretic magnetoconductance is predicted in
the frame of magneto-Coulomb effect (see Supporting
Information). A full investigation of the mechanism
cannot be studied here, due to the irregularity of the
color-plotted pattern of Figure 2d. This behavior has
been recurrently reported in low-temperature trans-

port measurements of carbon nanotubes and arises,
for example, from the influence of defects induced by
imperfections in the SWNT structure or adsorbed
residues produced by device processing.48 In our case,
the encapsulation of cobalt clusters accounts for a
significant additional source of disorder that prevents
the observation of a single quantum dot. Disorder and
few conducting nanotubes in parallel prevent a simple
correlation between magnetoconductance and con-
ductance slope at zero field (see Supporting
Information).

CONCLUSION

In conclusion, we have reported the strong sensitiv-
ity of carbon nanotube transport properties to the
magnetization reversal of separated encapsulated
clusters of only a few hundreds of cobalt atoms. We
also demonstrated that cobalt nanoparticles preserve
their magnetic properties when encapsulated in SWNTs,
with unusual enhanced surface magnetic anisotropy
causing the magnetization to be perpendicular to the
host nanotube axis. Themechanism responsible for the
gate-dependent magnetoconductance is more favor-
ably explained by a magneto-Coulomb effect. Never-
theless, spin polarization effects are not completely
excluded in this system and may pave the way to very
high-performance spin-polarized transistors based
on nanosized ferromagnets encapsulated in carbon
nanotubes. Further theoretical work and improve-
ments in device processing are required for the full
investigation of filled carbon nanotube potential. More
generally, we strongly believe that carbon nanotube
devices offer a powerful way to readout the magnetic
properties of functionalized single nanomagnets.

METHODS

Synthesis of One-Dimensional Cobalt Nanoparticles Encapsulated in
Carbon Nanotubes. Empty SWNTs (from Nanocarblab) were
synthesized by the electrical arc method using nickel-yttrium-
doped graphite anode and purified by multistage procedure
consisting of concentrated nitric acid and controlled annealing
in air. The SWNTs were then filled in high yield by the capillary
wetting technique that consists of the impregnation of SWNTs
with molten cobalt iodide49 (CoI2, Aldrich, 99.9%) at 550 �C. The
mixture was held at this temperature for 24 h, after which it was
allowed to cool to room temperature at a slow rate (0.1 �C
min-1) to induce good crystallization of the incorporated ma-
terial. The exterior halide, not incorporated into the tubes, was
washed and filtered with ethanol. These treatments led to a
partial filling of the SWNTs with CoIx, as checked by TEM
observations (Figure 1a). To transform CoIx (Figure 1a) into Co
nanoparticles (Figure 1b), hybrid nanotubes were annealed in
H2/Ar atmosphere50 (45mLmin-1 of H2 with 70mLmin-1 of Ar)
at 400 �C for 24 h.

Device Fabrication. To build the cobalt-filled carbon nanotube
device of Figure 1c, we started from a degenerately n-doped
silicon substrate used as a back-gate, on top of which a 350 nm
thick SiO2 layer was thermally grown. A few droplets of the
hybrid nanotubes dispersed in 1,2-dichloroethane (DCE) were

placed on the substrate and washed with isopropyl alcohol
(IPA). The junctions were made from straight sections of carbon
nanotubes located by AFM imaging, on top of which 50 nm
thick metallic Pd electrodes were deposited by aligned electron
beam lithography and standard lift-off technique. Only devices
with resistance below 50 kΩ and no significant gate effect at
room temperature were selected for this study. It was not
possible to image the cobalt filling inside the junctions by
AFM, TEM, or magnetic force microscopy (MFM). The devices
were therefore measured without knowing if the filled seg-
ments of carbon nanotubes lay between the electrodes. We
fabricated about 300 devices, using mainly individual SWNTs (d
∼ 1-1.5 nm) and also thin bundles (d < 4 nm) in order to
increase the cobalt filling probability in the junction.
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