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We report on transport measurements of an individual single-walled carbon nanotube �SWNT� coupled to a
ferromagnetic and a nonmagnetic metal electrode. The low-temperature differential conductance shows a
suppression of zero-bias conductance and Coulomb blockade oscillations, where the metallic SWNT behaves
as a quantum dot. A marked hysteretic magnetoresistance is observed within the coercive region of the
ferromagnetic metal film. The differential resistance has distinctly different values when the magnetization
orientation is reversed. Our observed data suggest that the spin-split density of states lies within the SWNT
quantum dot. We present an Anderson Hamiltonian to model the spin-polarized electron transport through the
SWNT quantum dot with spin-split discrete levels, which supports the experimental observation.

DOI: 10.1103/PhysRevB.74.245429 PACS number�s�: 73.63.Fg, 75.47.Pq, 72.25.Hg, 73.40.Ns

I. INTRODUCTION

Recently, there has been increasing interest in spin-
dependent transport of carbon nanotubes coupled to ferro-
magnetic electrodes due to observations of hysteretic magne-
toresistance �MR� along with their remarkable charge-
dependent transport. Not only is the spin-related fundamental
physics attractive, but also the promising applications in the
emerging field of spin electronics whose central theme is that
device resistance is controlled by means of the spin of the
electrons rather than their charge.1,2 Hysteretic MR behaviors
have been observed in multiwalled3–5 �MWNTs� and single-
walled carbon nanotubes6 �SWNTs� contacted by two ferro-
magnetic electrodes, in agreement with Jullière’s model7 and
theoretical investigation,8 where spins can be transported co-
herently over distances of around a few hundred nanometers
in MWNTs and more than one micrometer in SWNTs, re-
spectively. Moreover, hysteretic MR was not found9 in a
MWNT connected by one ferromagnetic contact �Co� and
one metallic contact �Pt/Au� due to the absence of the spin-
valve effect. However, a hysteretic MR of almost 100% and
changes between positive and negative MR have recently
been reported in a SWNT contacted by two ferromagnetic
terminals.10 The presence of MR in devices with a single
ferromagnetic terminal was also reported in this work. In
early work, positive and negative MR of about 30% in two-
terminal ferromagnetic Co contacted by a MWNT were also
reported.11,12 These results call for a better understanding,
going beyond Jullière’s model, which fails to completely ac-
count for the large diversity in sign and magnitude of hys-
teretic MR, as well as MR appearing in a device with one
ferromagnetic contact.

It has been demonstrated that finite-length SWNTs can act
as one-dimensional quantum dots exhibiting Coulomb block-
ade and energy level quantization.13,14 The combination of a
spin-polarized electrode and a quantum dot is worth exami-
nation. In the combined system, the spin direction of elec-
trons injected into the dot could be controlled by the external
magnetic field, and electron transport would simultaneously
be dominated by strong Coulomb interaction and the energy

level structure in the quantum dot. More recently, the func-
tional device of a spin transistor has been experimentally
demonstrated, in which gate voltages can modulate the mag-
nitude and sign of the hysteretic MR measured in carbon
nanotube quantum dots contacted by two ferromagnetic
electrodes.15,16 The results of gate-controlled MR provide
evidence for spin transport through carbon nanotubes. In ad-
dition, these experiments indicate that the influence of the
energy spectrum of a carbon nanotube quantum dot on the
transmission probability should not be negligible. In contrast,
the simple Jullière model only involves the spin scattering in
the ferromagnetic electrodes for which carbon nanotubes
coupled to the ferromagnetic electrodes are considered as a
spin waveguide with long spin coherence length.3–6

In this paper, we report on the observation of hysteretic
MR with different values associated with the reversal of
magnetization direction in a device of a SWNT coupled to a
ferromagnetic and a nonmagnetic metallic electrode, where
the SWNT enters the Coulomb blockade �CB� regime. We
believe that the existence of the spin-split density of states
�DOS� is responsible for the observed asymmetric MR. The
relative change of asymmetric MR is up to approximately
7%, which is comparable to the tunneling MR results for a
carbon nanotube coupled with two ferromagnetic terminals.
This provides an interesting route for exploring carbon nano-
tubes in application of spin electronic devices.

Individual SWNTs were synthesized on a Si/SiO2 sub-
strate by chemical vapor deposition using methane as the
feed stock with diameter ranging from 0.7 to 3 nm charac-
terized by atomic force microscopy.17 The degenerately
doped silicon is used as a back-gate electrode and the thick-
ness of the silicon dioxide layer is 500 nm. The SWNT was
located relative to prefabricated Au alignment marks. A fer-
romagnetic, 50 nm colbalt �Co� film was deposited, and a
nonmagnetic, 40 nm aluminum �Al� /10 nm gold �Au� film
was then deposited on the SWNT fabricated by the multi-
level lithograph technique using electron beam lithography
�Raith 150�. Figure 1 shows the scanning electron micro-
graph �SEM� of the hybrid device. Superconducting signa-
tures were not found for the Au/Al electrodes by indepen-
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dent investigation. Instead, they behave only as nonmagnetic
metal electrodes. At a bias voltage of 1 mV, the two-probe
room temperature resistance was R2,3�400 k�, and the
current-voltage curve is symmetric even at low temperatures.
This indicates that the SWNT was stably contacted with the
ferromagnetic electrode �electrode 2� and the nonmagnetic
electrode �electrode 3�. Hereby, the following measurements
are mainly carried out between electrodes 2 and 3. However,
the value of R2,3 is still larger than the intrinsic resistance of
the individual SWNT and the symmetric current-voltage
characteristic suggests that the two-terminal tunneling trans-
port is dominant. The lack of dependence of the source-drain
current on the gate voltages indicates that the SWNT is me-
tallic. Figure 2 shows the temperature-dependent resistance
R2,3 of the SWNT from 0.35 to 300 K with a bias voltage of
1 mV. At low temperatures, the resistance rapidly rises, cor-
responding to highly suppressed conductance in the inset of
Fig. 2. Figure 3 shows the differential conductance �dI /dV�
curves between electrodes 2 and 3 at different temperatures.
Zero-bias conductance suppression, which is the differential
conductance dip centered at zero bias, is clearly observed
below the temperature of 1 K. Figure 4 shows the oscillating
differential conductance curve as a function of back-gate

voltage at various temperatures with a bias voltage of 5 mV.
From conductances lower than e2 /� �38.8 �S or
�25.8 k��−1�, and the dependence of their average values on
the bias voltage and temperature, we conclude that these pe-
riodic oscillations do not result from Fabry-Pérot
interference,18 but from Coulomb blockade oscillations.
Thus, transport is dominated by Coulomb blockade in the
low-temperature regime and there exists tunnel resistance at
the contacts between the SWNT and the electrodes. The
SWNT behaves as a quantum dot resulting in the low-
temperature suppression of conductance. In Fig. 3, we per-
form the analysis using the CB theory;6 the threshold voltage
of conductance suppression is about 13 mV, which is consis-
tent with the theoretical estimate Vth= �Uc+�E�, where Uc

�5 mV/ �L��m�� and �E�1.0 meV/ �L��m�� are the
single-electron charging energy and level spacing,
respectively.19 Taking the contact separation between elec-
trodes 2 and 3 L�370 nm, we estimate Vth�16 mV.

Low-temperature differential reistance �dV /dI� measure-
ments between electrodes 2 and 3 employed an ac lock-in
technique with the magnetic field from a superconducting

FIG. 1. SEM micrograph of the SWNT coupled to ferromag-
netic Co electrodes represented by the numbers 1,2 and nonmag-
netic metallic electrodes represented by the numbers 3,4. The elec-
trode’s width is approximately 350 nm and the separation of
adjacent contacts is approximately 370 nm.

FIG. 2. Temperature-dependent resistance R2,3 measured in two-
probe configuration with the bias voltage of 1 mV from 0.35 to
300 K. The inset shows the corresponding temperature-dependent
conductance from 1 to 100 K.

FIG. 3. �Color online� The differential conductance dI /dV as a
function of the bias voltages at 0.35, 0.5, and 1.2 K between elec-
trodes 2 and 3. The curve displays a pronounced suppression of
zero-bias conductance below 1 K.

FIG. 4. �Color online� The differential conductance plotted
against back-gate voltages measured at 0.5, 1.16, and 4.2 K be-
tween electrodes 2 and 3, displaying the periodic CB oscillations.
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magnet applied parallel to the SWNT axis directed in the
plane of the substrate. Figure 5 shows the two-probe dV /dI
as a function of magnetic field with a bias voltage of 5 mV at
0.5 K. We observe a hysteretic and asymmetric differential
resistance in the vicinity of zero magnetic field. The change
in the differential resistance with magnetic fields mainly ap-
pears at ±50 mT, which is commensurate with the coercive
field strength of a thin Co film.20 The average Co domain
size is about 50 nm and the diameter of the SWNT is ap-
proximately 1.5 nm. The SWNT is in contact with only one
or a few magnetic domains in the Co electrode. This indi-
cates that the hysteretic MR should be related to the occur-
rence and switching of the magnetic domains coupled to the
nanotube. It is noteworthy that the differential resistances for
positive fields are larger than the differential resistances for
negative fields with a pronounced relative change of up to
7%, when the applied magnetic field is above the coercive
field. Compared with the case within the coercive fields, the
dependence of the differential resistance on magnetic field is
relatively weak. We define the differential resistance dV /dI
at each magnetic field as Ri, and their relative change as
�Ri /RA= �Ri−RA� /RA, where RA is the average value of Ri

and �Ri is the difference of the differential resistance relative
to RA. Figure 6 shows the �Ri /RA as a function of magnetic
field at the temperatures of 0.5, 1.2, and 2.0 K with a bias
voltage of 5 mV. The asymmetric and hysteretic MR re-
mains present even if the scanning range of the magnetic
field is extended to 1 T. �Ri /RA shows the temperature de-
pendence changing from about 2.2% to 3.5% at the coercive
field, and the magnitudes are comparable to the common
results of tunneling MR in a carbon nanotube connected by
two ferromagnetic terminals.

In the hybrid system, the ferromagnetic Co electrode is
used as a source of spin-polarized electrons, which have a
preferred spin direction determined by an external magnetic
field. On the other hand, as a result of size quantization, a
SWNT quantum dot has a set of discrete levels with spin

degeneracy at small magnetic fields and without considering
the spin-orbit interaction. Thus, it seems to be a simple pic-
ture that electrons with a preferred spin direction are injected
into a SWNT quantum dot through a tunneling barrier driven
by a bias voltage, where the tunneling barrier has been con-
sidered as an effective means of spin injection.1 However,
the measured MR behavior has never been observed in pre-
vious devices consisting of ferromagnetic electrode–carbon
nanotube–nonmagnetic metal electrode.9,15 Owing to the ab-
sence of the spin-valve mechanism, it is commonly impos-
sible to obtain the behavior of hysteretic MR in this asym-
metric hybrid system. The present MR curves are also
different from that of the anisotropic MR of a single ferro-
magnetic Co film, which is symmetric when the Co film is
fully magnetized at opposite fields as great as ±1 T.21 Also,
the SWNT does not have an obvious intrinsic MR, which is
confirmed by our measurements of the SWNT coupled to
two nonmagnetic metal electrodes. Further, asymmetric MR
curves cannot yet be interpreted as the injection of spin-up or
spin-down electrons into a SWNT quantum dot with a set of
spin-degenerate discrete levels in that tunneling through the
system for the case of spin-up and spin-down electrons is
equivalent and could not give rise to the observed behaviors.
To our knowledge, there is no existing theoretical model that
is able to explain our observed hysteretic and asymmetric
MR in the SWNT with a single ferromagnetic terminal.

It is well known that the two-probe differential conduc-
tance dI /dV, which is the reciprocal of the differential resis-
tance, measured on a SWNT with tunneling contacts gives
information about the density of states in the SWNT. The
change in the differential resistances in opposite magnetiza-
tion orientations reflects the different DOSs in the SWNT
quantum dot available for the injected spin-up and spin-
down electrons. Hence, we presume that the variation in the
differential resistance for electrons being injected with oppo-
site spins is due to the existence of the spin-split DOS in the
SWNT quantum dot. The energy required in the tunneling
process of electrons is different for spin-up and spin-down

FIG. 5. �Color online� The differential resistance �dV /dI� be-
tween electrodes 2 and 3 vs magnetic field with a bias voltage of
5 mV at 0.5 K. A hysteretic switch appears and the dV /dI changes
abruptly at the magnetic field of about ±50 mT approximating to
the coercive field of the Co film. Out of the hysteretic region, the
dV /dI values of positive magnetic fields are larger than those of
negative magnetic fields.

FIG. 6. �Color online� The �Ri /RA as a function of the external
magnetic fields ranging from −1 to 1 T between electrodes 2 and 3
at different temperatures. The relative changes of the differential
resistance are around 3.5%, 2.5%, and 2.3% at 0.5, 1.2, and 2 K at
the coercive field, respectively.
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states of the SWNT quantum dot. The spin-up and spin-down
electrons will have different transmission probabilities due to
the spin splitting of energy levels within a finite energy win-
dow �bias voltage�. One likely source of spin splitting is the
spin-orbit interaction in chiral carbon nanotubes, whose
chains of carbon atoms spiral around the nanotube axis. The
spin-orbit interaction can lift the spin degeneracy, depending
on the lattice symmetry. For a finite-length chiral carbon
nanotube, a series of discrete levels will be spin split, which
is caused by the spin-orbit interaction due to the lack of
inversion symmetry.22

We model the system of a quantum dot with spin-split
levels coupled to a ferromagnetic and a nonmagnetic metal
electrode �see Fig. 7� with the Anderson Hamiltonian:

H = HF + Hd + HN + HT, �1�

where

HF = �
k�

��k
L − �M�ak�

† ak� = �
k�

�k�
L ak�

† ak�, �2�

HN = �
k�

�k
Rbk�

† bk�, �3�

Hd = �
�

�c�ck�
† ck� + Ucc↑

†c↑c↓
†c↓, �4�

Ht = �
k�

Lkak�
† c� + �

k�

Rkbk�
† c� + H . c. �5�

Here HF is the Hamiltonian of the ferromagnetic electrode
with different magnetization orientations due to the reversed
external magnetic fields. HN is the Hamiltonian of the non-
interacting nonmagnetic metallic electrode. ak�

† �ak�� and bk�
†

�bk�� are the creation �annihilation� operators for electrons in
the ferromagnetic and nonmagnetic metallic electrode, re-
spectively. k and � are the electron momentum quantum
number and the spin index, respectively. Hd models the
quantum dot with two levels having different spin orienta-
tions with charging energy Uc. Ht describes the tunneling
Hamiltonian coupling between the leads and quantum dot
region, where Lk and Rk are the hopping matrix elements.
The electron current J� for the spin component � is given by
the formula based on the Keldysh nonequilibrium Green’s
function formalism:23,24

J� =
1

�
� d��f�

L��� − fR����
��

L�R

��
L + �R	−

1

�
Im G��

r ���
 ,

�6�

where f�
L���= �exp��−�L�� /kBT+1�−1 and f�

R���
= �exp��−�R� /kBT+1�−1 are the Fermi-Dirac distribution
functions of electrons in the ferromagnetic and nonmagnetic
metallic electrodes with spin index �. ��

L = �1+�P��L, where
P is the polarization of ferromagnetic electrode. �L and �R

are the linewidth functions. G��
r ��� is the retarded Green’s

function given by the Fourier transform of G��
r �t�, which is

defined as G��
r �t�=−i	�t���c��t� ,c�

†�0���. The retarded
Green’s function G��

r ��� can be solved by the standard equa-
tion of motion technique:23,25

G��
r ���

=
� − �c� − Uc�1 − n�

�� − �c���� − �c� − Uc� − �− i/2���� − �c� − Uc�1 − n��
,

�7�

where �=��
L +�R, and n is the electron occupation number at

the spin-� state in the quantum dot which is calculated by the
self-consistent method. The process follows the detailed deri-
vation in Refs. 26 and 27.

For simplicity, we consider the special case that the fer-
romagnetic lead is fully polarized and set ��

L =�R=� /2, and
�=0.5 with meV as the energy unit. The charging energy Uc
of the SWNT quantum dot is fixed to be 1.85 for the tube
length 370 nm and we presume two spin-split levels of the
quantum dot �c↑=0.3, �c↓=0.6 at the low temperature
kBT=0.03, although the precise estimation is not known. In
this description, Fig. 8 is the plot of the current-voltage
curves at opposite spin-polarized situations of the ferromag-
netic electrode. It can be seen at the same low bias voltage
that the tunneling current of the spin-down electrons is larger
than that of the spin-up electrons, which is qualitatively in
agreement with the present experimental observation. On the

FIG. 7. Schematic diagram of a SWNT quantum dot coupled to
a ferromagnetic metal �FM� and a nonmagnetic metal �NM� elec-
trode. The central region denotes the SWNT quantum dot with the
spin-split discrete levels, whose spin polarizations are indicated by
arrows in the quantum dot region.

FIG. 8. �Color online� Current-voltage characteristics for the
cases that the ferromagnetic electrode is fully magnetized in oppo-
site directions. The tunneling current of spin-down electrons repre-
sented by the downward triangle has a higher value than that of
spin-up electrons represented by the downward triangle at the same
bias voltage.
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contrary, if the quantum dot has spin-degenerate levels in the
hybrid device, then the variation in resistance does not occur
with the reversal of magnetization direction at a finite bias
voltage.

In summary, transport measurements were performed in a
hybrid system of ferromagnetic metal electrode–SWNT–
nonmagnetic metal electrode. At significantly low tempera-
ture, the differential conductance shows suppression of the
zero-bias conductance and the CB oscillations. Hysteretic

and asymmetric characteristics of the differential resistance
are found by sweeping the magnetic field. This anomalous
MR can be interpreted by the spin-dependent transport
through the SWNT quantum dot with the spin-split DOS.
The spin-orbit interaction in chiral nanotubes is one possible
source of the spin splitting.
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