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We report on a first principles calculation of spin-dependent quantum transport in Fe-doped single-wall
carbon nanotube �CNT� junctions. For junctions of a pristine �9,0� CNT in contact with Fe-doped �9,0� CNT
leads, the total current in parallel configuration of the moment is larger than that of antiparallel configuration
under lower bias voltage. For higher bias voltages the opposite happens. A tunnel magnetoresistance ration as
large as 40% is found at zero bias, it decays with bias, and eventually goes to negative values at larger bias.
Similar results are obtained for junctions with pristine �10,0�, �8,0� CNT in contact with Fe-doped �10,0� or
�8,0� CNT leads. The spin-dependent transport features can be understood by analyzing microscopic details of
the transmission coefficients.
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I. INTRODUCTION

Understanding the physics of spin-dependent quantum
transport in magnetic tunnel junction �MTJ� is extremely im-
portant for magnetic device application. MTJ is the key to
nonvolatile random-access memory,1 programmable logic,2

and next-generation magnetic sensor.3,4 Conventional MTJ is
fabricated from multilayer structures where a thin nonmag-
netic material is sandwiched between ferromagnetic metals
such as Fe, Co, Ni, and their alloys.5–11 Due to electronic
structure of the ferromagnetic material, during a tunneling
process the spin-up and spin-down electrons from the metal
layers traverse the nonmagnetic tunnel barrier with different
Fermi wave function. The electrical resistance of MTJ is
therefore sensitive to the relative orientation of the magnetic
moments of the ferromagnet metal, resulting to a tunnel
magnetoresistance �TMR�.12 In particular, the tunnel conduc-
tance tends to be smallest when the orientations are opposite,
so that MTJs behave as spin valves.12–16 Experimentally, it is
possible to control the orientation of magnetic moments by
imposing an external magnetic field.17,18

More recently, TMR has been achieved experimentally in
molecular scale MTJ devices.19–21 Molecular MTJ is fasci-
nating because it closely couples phenomena of magnetism,
transport, and quantum chemistry so that rich device physics
is expected. So far, one of the most interesting molecular
MTJs is the carbon nanotube �CNT� MTJ �Refs. 19, 22, and
23�, where a segment of CNT is contacted by magnetic metal
leads. Reference 19 reported �9% TMR for the CNT de-
vices where leads are Co. A larger TMR of about 30% was
reported in Ref. 22 where multiwall CNT is sandwiched be-
tween Co pads, and this TMR decays quickly to zero as a
function of bias voltage. It is believed22 that the main con-
tribution to spin-dependent tunneling comes from the Co/
CNT conjunction, while the multiwall CNT itself acts as a
spin-ballistic waveguide. Oscillations of TMR from 17% to
−7% as a function of gate voltage was reported in this kind
of CNT MTJs.24 On the theoretical side, Mehrez et al.25 in-
vestigated spin-coherent quantum transport in single-wall
CNT MTJ using a tight binding model. Their calculation
showed that resistance is sensitive to the relative orientation
angle of magnetic moments in the two ferromagnetic leads.

When the angle is rotated from �, antiparallel configuration
�APC�, to 0, parallel configuration �PC�, TMR as large as
�20% was found at low temperatures.

A very interesting theoretical study on CNT magnetism
was reported by Yang et al.26 By filling and coating a differ-
ent amount of Co and Fe atoms to the single-wall CNTs,
magnetism of this hybrid structure was investigated. Because
of a strong interaction between the ferromagnet and carbon
atoms, spin polarization was found to be not sensitive to
different hybrid structures. The ab initio calculations of Yang
et al.26 suggest that CNT doped with magnetic atoms can
have substantial magnetic property and these doped CNTs
can provide large spin polarization as large as 90%. In fact,
CNTs filled with transition metal or ionic crystals were re-
ported experimentally a long time ago.27 Using the arc-
discharge method, Guerret-Plecourt et al. filled nanotubes
with more than 15 different metals and their compounds,
such as Ti, Fe, and Co, etc. The experiment of Tsukagoshi et
al. has shown19 that CNTs can have a spin coherence length
as long as 130 nm and even more. These findings suggest
that CNTs may well become interesting for molecular mag-
netic devices. It is the purpose of this paper to theoretically
exploit this possibility.

In particular, we consider a device where a segment of
pristine single-wall CNT is contacted by two semi-infinite
CNT leads which are doped with magnetic atoms, shown
schematically in Fig. 1�a�. We carry out first principles analy-
sis of nonlinear spin-dependent quantum transport using a
state-of-the-art atomistic technique based on density func-
tional theory �DFT� in combination with Keldysh nonequi-
librium Green’s functions �NEGF�.28,29 The results show that
for a pristine �9,0� CNT in contact with Fe filled �9,0� CNT
leads, a TMR of 40% is obtained. As a function of bias
voltage, the TMR can become negative. Similar results are
obtained for �10,0� and �8,0� CNTs in contact with Fe-
doped CNT leads. The spin-dependent transport features can
be understood by analyzing microscopic details of the trans-
mission coefficients.

The remainder of the paper is organized as follows. In
Sec. II, the device structure and methods are presented. Sec-
tion III presents results and Sec. IV is for a short summary.
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II. STRUCTURE AND CALCULATION METHOD

The CNT MTJ we studied is schematically shown in Fig.
1�a�, where a pristine �n ,0� single-wall CNT is connected
with �n ,0� CNT leads doped with Fe atoms. Due to magnetic
properties of the doped CNT leads,26 in the following we
show that this system behaves as a spin valve.

In our analysis of the CNT MTJ in Fig. 1�a�, one �or two,
see next section� unit cell of pristine �9,0� CNT is connected
with Fe-doped �9,0� CNT leads on the left- and right-hand
sides. The length of the sandwiched pristine �9,0� CNT is
4.261 Å and the Fe-doped �9,0� leads extend to z= ±�
where bias voltage is applied and spin-polarized currents col-
lected. The cross sections of the leads are shown in Fig. 1�b�.
For a unit cell of �8,0� CNT lead, four Fe atoms are doped
inside; for �9,0� and �10,0� CNT lead, six Fe atoms are
doped, forming an ABAB staggered triangle packing. All the
device structures were obtained by total energy relaxation
using the SIESTA electronic package30 in which nonlocal
norm-conserving pseudopotentials are used to define atomic
cores and a linear combination of numerical pseudoatomic
orbitals to describe valence electrons. The cutoff radius for
the pseudopotential of C atoms is set to 0.66 Å and the
pseudopotential of Fe atoms is the same as that used in Ref.
31. Throughout the relaxation of structure, a conjugate gra-
dient method was used until the residue force on each atom
was less than 0.05 eV/Å. SIESTA calculation shows that the
bond length of nearest Fe and C for Fe4-doped �8,0� CNT,
Fe6-doped �9,0� CNT, and Fe6-doped �10,0� CNT are
2.236 Å, 2.146 Å, and 2.194 Å, respectively. For transport
analysis, the magnetic moment orientation in the left-hand
lead is fixed along the z axis while for the right-hand lead it
is varied between parallel and antiparallel to the z axis.

To calculate spin-dependent transport properties, we make
use of the first principles quantum transport package
MATDCAL28,29 where DFT is carried out within the Keldysh

nonequilibrium Green’s function formalism. The basic prin-
ciple and practical implementation of the NEGF-DFT for-
malism can be found in Ref. 32. Essentially, within NEGF-
DFT the device Hamiltonian and electronic structure are
determined by DFT, the nonequilibrium quantum statistics of
the device physics is determined by NEGF, and the transport
boundary conditions under external bias are handled by real
space numerical techniques. In our calculations, an s, p, d
LCAO basis30 set is used, atomic cores are defined by stan-
dard nonlocal norm conserving pseudopotential,33 the ex-
change correlation is treated at the LSDA level.34 The
NEGF-DFT self-consistency is controlled by a numerical tol-
erance of 10−4 eV.

The spin-current �spin-polarized charge current� is
calculated15 as

J��V� = �
−�

�

T��E,V��f�E − �L� − f�E − �R��dE , �1�

where f is the Fermi-Dirac distribution, �L,R are the chemical
potentials of the left-hand �L� and right-hand �R� leads.
T��E ,V� is the transmission coefficient for spin channel �
= ±1 �↑ , ↓ � at energy E and bias voltage V. T��E ,V� is ob-
tained from NEGF as15

T��E,V� = 4�Im��L
r �Gr Im��R

r �Ga��� �2�

and

T��E,V� = Tr�T��E,V�� , �3�

where the trace is over the basis functions. Here Gr is 2n
�2n NEGF matrix where 2 is due to spin and n is the size of
the basis set; �r is the self-energy describing the coupling
between the semi-infinite ferromagnetic leads and the scat-
tering region which includes pristine CNT segment and two
parts of Fe-doped CNT leads. For our system, �L

r is diagonal
and given by

�L
r �E� = ��L↑

r �E� 0

0 �L↓
r �E�

� .

For parallel configuration, �R
r is the same as �L

r except
changing subscript L to R. For antiparallel configuration, �R

r

is expressed as

�R
r �E� = ��R↓

r �E� 0

0 �R↑
r �E�

� .

A more general form of the self-energy, accounting for non-
collinear configuration, can be found in Refs. 15 and 25. In
this work, only collinear moments are considered. In addi-
tion, due to the short length ��4 Å, see also the next section�
of the pristine CNT barrier, spin-flip terms are neglected in
the calculation. Finally, according to the prescription in Refs.
35 and 36, the spin-orbit coupling parameter � is estimated to
be 10−3	�	10−2 for graphite systems36 which is small
enough to be safely neglected.

FIG. 1. �Color online� �a� Schematic plot of a CNT MTJ where
a pristine �9,0� single-wall CNT is connected with the left- and
right-hand CNT leads. The CNT leads are themselves �9,0� single-
wall CNTs but they are doped with Fe atoms. �b� Unit cell cross
sections of an �8,0� CNT filled with four Fe atoms; �9,0� CNT
filled with six Fe atoms; and �10,0� CNT filled with six Fe atoms.
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III. RESULTS

In the inset of Fig. 2�a�, which shows density of states
�DOS� of an infinitely long Fe6-doped �9,0� CNT, a pro-
nounced spin-polarization is clearly seen. Very near the
Fermi level, the spin-down channel has more DOS. These
are consistent with what was found before.26 The main figure
in Fig. 2�a� shows spin-current J� for the �9,0� CNT MTJ
�see Fig. 1� versus bias voltage when the magnetic moments
of the two leads are parallel �bias is applied to the right-hand
lead�. In this case, the value of J↓ �squares� is greater than J↑
�circles�. The situation is different for APC, shown in Fig.
2�b�, where 	J↓ 	 	 	J↑	 for negative bias while the opposite
happens for positive bias. This behavior may be attributed to
DOS of both leads. For PC, the DOS of spin-down is always
greater than that of spin-up among the range of bias voltages
in Fig. 2, therefore 	J↓ 	 
 	J↑	. For APC and negative bias, the
DOS of spin-down spin is lower so that 	J↓ 	 	 	J↑	, but for
positive bias it is the other way around.

In Fig. 3�a� we present the conductance of Fe6-doped
�9,0� CNT MTJ for both PC �squares� and APC �circles� as
a function of bias voltage. In PC, a large equilibrium con-
ductance of 2.7G0 is found, where G0 is the conductance
quanta, G0=2e2 /h. This conductance value is larger than that
of the pristine �9,0� CNT, which gives only 2G0 at Fermi
level. That is because there are more than two bands at the
Fermi level of the Fe6-doped �9,0� CNT, which serves as
leads of the device, rather than only two bands for a pristine
�9,0� CNT. In addition, the center region of the MTJ has
only a very short segment of CNT, thereby many incoming
channels can contribute to conduction resulting to a conduc-
tance greater than 2G0. The bias dependence of the conduc-
tance in Fig. 3�a� can be understood by consulting the behav-
ior of J� versus bias in Fig. 2. At low bias, the total current
J=J↑+J↓ in PC is greater than that of APC, therefore the

conductance behaves the same way. As bias is increased, J↑
of Fig. 2�a� increases but its rate of increase goes down. This
indicates a reduction of transmission coefficient by Eq. �1�,
consistent with the numerical result in Fig. 3 where conduc-
tance of the spin-up channel decreases as a function of bias.
For APC, Fig. 2�b� shows that J↓ increases rapidly for in-
creasing and positive bias, so that the total conductance of
APC becomes a slowly increasing function of bias as shown
in Fig. 3�a�. Figure 3�b� plots TMR versus bias, where TMR
is defined using the “pessimistic” definition

TMR =
JPC − JAPC

JPC
, �4�

where JPC and JAPC are total currents for PC and APC, re-
spectively. At zero bias when all currents vanish, we com-
pute TMR using equilibrium conductance. For the �9,0� CNT
MTJ, TMR is found to decay from �40% to zero and then to
negative values when bias is increased. We now explain
these behaviors in more detail.

To analyze the bias dependence of transport properties,
we decompose transmission coefficients of Eq. �2� into con-
tributions by all the eigenchannels of the device. These
eigenchannels are obtained by diagonalization of T�, where
T� is the transmission matrix of the device scattering region.
In our calculations the scattering region consists of the pris-
tine �9,0� CNT segment plus two unit cells of the Fe-doped
CNT lead on the left-hand and right-hand sides. By project-
ing all the scattering states onto these eigenchannels, we
found that there are always several dominant eigenchannels
that contribute to more than 98% of the total transmission
coefficient. These are shown in Fig. 4 where the three panels
on the left-hand column are projections for PC under three
different bias voltages of 0.05, 0.27, and 0.49 volts, and
those right-hand panels are for APC under the same bias. In
each panel, curves on the upper half are projections for
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spin-up transmission and those on the lower half are for spin-
down transmission. Using this definition only four dominat-
ing eigenchannels are shown in Fig. 4. This analysis finds
that there are four eigenchannels contributing to T↑ near the
Fermi level, but only one dominating channel is contributing
away from it �the solid line�. This is why the increase of J↑

slows down when bias voltage becomes large, already dis-
cussed above for Fig. 2�a�. For APC at low bias, as shown in
Fig. 4�d�, there are three dominating eigenchannels contrib-
uting to both T↑ and T↓ near the Fermi level, but only one
dominating eigenchannel away from it. When bias is larger
�Fig. 4�f��, there is only one eigenchannel contributing to T↑
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but there are six eigenchannels contributing to T↓. Therefore
for APC, J↑ is limited at larger bias but J↓ increases rapidly
with bias as shown in Fig. 2�b�.

Figure 5 plots a bar-chart representing contribution to J�

from several dominating eigenchannels at three bias volt-
ages. The bar height is obtained by Eq. �1� but replacing
T��E ,V� with partial transmission from each of the dominat-
ing eigenchannels. The three panels on the left-hand side are
for PC and those on the right-hand side are for APC. For PC,
the bar heights for spin-up �empty bars� contribution de-
crease rapidly with bias voltage, i.e., from Fig. 5�a� to Fig.
5�b� to Fig. 5�c�. The bar heights for spin-down �filled bars�
decreases relatively slower. Therefore, the total transmission
�or conductance� decreases with bias in PC, as already seen
in Fig. 3�a�. The situation for APC is however different: the
bar heights for spin-down �filled bar� actually increases with
bias, giving rise to a slow increase of conductance versus
bias as already seen in Fig. 3�a�. Adding all the bar heights
together, one obtains the total transmission coefficient at the
three bias values. It is easy to verify by inspecting the left-
hand and right-hand panels of Fig. 4 that conductance is
much greater for PC than for APC at low bias �Figs. 4�a� and
4�d��, but it is the other way around for high bias �Figs. 4�c�
and 4�f��, explaining the crossover behavior of the two
curves in Fig. 3�a�. At this crossover bias, by Eq. �4�, we
expect TMR to become negative. This is indeed what is
obtained as shown in Fig. 3�b�. Such a decaying TMR versus
bias has been seen in many experiments in traditional planar
MTJ �Refs. 10 and 11� as well as CNT MTJs.23

We have also investigated two other CNT MTJs made of
�8,0� and �10,0� CNTs. When pristine, these are semicon-

ducting tubes with a band gap. However, the Fermi energies
of a pristine CNT and a Fe-doped CNT are rather different.
When connected together, there is substantial charge transfer
from the Fe atoms in the leads to the pristine CNT segment
in the middle of the MTJ. Such a charge transfer shifts the
Fermi level of the middle segment and, as a result, one may
not obtain a semiconducting transport behavior at all. This
indeed happens in the CNT MTJ as shown in Fig. 6. Figure
6�a� plots spin-current for Fe-doped �10,0� CNT MTJ versus
bias in PC, and Fig. 6�b� for APC. The I-V curves do not
show a semiconducting behavior due to the charge transfer.
Similar metallic I-V characteristics are also found for Fe-
doped �8,0� CNT MTJ �inset of Figs. 6�a� and 6�b��. The
metallic I-V behavior is consistent with the large transmis-
sion coefficients at the Fermi level, similar to that of Fe-
doped �9,0� CNT MTJ. Detailed analysis has found that for
the �10,0� MTJ, almost three charges are transferred from
the Fe atoms in leads to the C atoms in the middle CNT,
causing a realignment of the Fermi levels and giving rise to
the observed metallic behavior.

Importantly, for both �10,0� and �8,0� MTJs, a clear TMR
also exists. Figure 7�a� plots total conductance of Fe-doped
�10,0� CNT MTJ versus bias for PC �squares� and APC
�circles�. The behavior is very similar to that of Fig. 3�a� for
the �9,0� MTJ. We have also verified by analyzing the eigen-
channels that the same physics as that of �9,0� MTJ is behind
these I-V curves. As a consequence of this physics, a TMR
�42% at zero bias is seen to decrease to about −15% as bias
is increased, shown in Fig. 7�b�. Finally, the inset of Fig. 7�a�
plots total conductance of Fe-doped �8,0� MTJ where a
crossover conductance between PC and APC is seen. Its
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TMR also decreases with bias all the way to negative values
�inset of Fig. 7�b��. These results are qualitatively similar as
those for the �9,0� MTJ.

In order to examine the influence to TMR by the length of
tunnel barrier, we have also examined a system with a longer
pristine �9,0� CNT having two unit cells, sandwiched be-
tween the Fe-doped �9,0� leads. A qualitatively similar trans-
port behavior was obtained as that of the shorter barrier MTJ.

The conductance of PC decreases with the bias voltage while
for APC it increases slowly. However, comparing to the
shorter barrier MTJ, here the TMR ratio is somewhat smaller
at zero bias which decreases from 0.32 to negative values
and changes sign at around 0.5 V. This voltage scale is larger
than that of the shorter barrier device where TMR changes
sign at around 0.3 V. This result suggests that the decreasing
rate of TMR is somewhat reduced with the increase of bar-
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MTJ.
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rier length. Finally, we note that it should also be interesting
to investigate nonequilibrium features of multiwall CNT
MTJ, although that would require extremely large computa-
tional effort.

IV. SUMMARY

Using a first principles technique based on NEGF-DFT,
we have calculated spin-dependent quantum transport in Fe-
doped single-wall CNT junctions. These junctions are shown
to behave as MTJ with substantial TMR value. For the three
different devices made of �8,0�, �9,0�, and �10,0� CNTs, the
total conductance for PC is greater than that for APC at low
bias, but the opposite happens at higher voltages. TMR is
found to decrease with bias and eventually crosses over to
negative values when APC current surpasses PC current. We
have analyzed microscopic details of these transport features
by projecting the spin-resolved transmission coefficients

onto eigenchannels of the device at different bias voltages. It
is found that only a few eigenchannels can contribute to
more than 98% of total transmission. All the bias voltage
dependent transport features of the device can be understood
from the corresponding behavior of these dominating eigen-
channels. The CNT based MTJs studied here suggest that
CNT may well provide a useful route for realizing molecular
spintronics.
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