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Transport properties of an S = 1 molecule attached to a single-wall carbon nanotube quantum dot, which is
coupled to two external ferromagnetic leads, are analyzed in the sequential tunneling regime. The magnetizations
of the leads are assumed to form either a parallel or an antiparallel magnetic con�guration. The calculations are
performed by using the real-time diagrammatic technique in the lowest order perturbation theory with respect to
the tunnel coupling. It is shown that the presence of the molecule strongly a�ects the bias voltage dependence
of the current and di�erential conductance in both magnetic con�gurations, as well as the resulting tunnel mag-
netoresistance. Negative (greatly enhanced) tunnel magnetoresistance is found in the case of antiferromagnetic
(ferromagnetic) coupling between the nanotube and molecule.
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1. Introduction

Transport properties of various magnetic molecules
have been a subject of intensive studies for several
years [1]. When attached to external ferromagnetic leads,
the molecules can exhibit a considerable tunnel magne-
toresistance (TMR) e�ect [2]. Such nanostructures are
thus very interesting for molecular spintronics and po-
tentially important for future applications in information
storage technologies [3]. In this paper we study spin-
resolved transport properties of single-wall carbon nano-
tube quantum dot, with attached magnetic molecule of
spin S = 1, weakly coupled to external ferromagnetic
leads. The calculations are performed by using the real-
time diagrammatic technique in the lowest-order pertur-
bation theory with respect to the coupling to external
leads. We show that, depending on the type of ex-
change interaction between the molecule and nanotube,
the TMR can be either greatly enhanced or can become
negative.

2. Model and method

The considered system consists of a single-wall car-
bon nanotube quantum dot, with an exchange coupled
spin S = 1 molecule, which is tunnel-coupled to the left
(r = L) and right (r = R) ferromagnetic leads, see Fig. 1.
The magnetizations of the leads are assumed to form ei-
ther parallel or antiparallel magnetic con�guration. The
coupling between the molecule and the nanotube is de-
scribed by JS and can be either ferromagnetic (JS > 0)
or antiferromagnetic (JS < 0). The molecule is char-
acterized by an uniaxial magnetic anisotropy D and its
easy axis coincides with the direction of magnetizations
of the leads. For the nanotube we assume that only two
levels, each belonging to di�erent subband, take part in
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transport. Consequently, the Hamiltonian of the system
can be written as, H = Hel +Hmol +Htun, where

Hel =
∑
rkσ

εrkσc
†
rkσcrkσ, (1)

describes the noninteracting electrons in the leads, with

c†rkσ creating a spin-σ electron with momentum k in lead
r of energy εrkσ. The second term of the Hamiltonian de-
scribes the carbon nanotube quantum dot with coupled
molecule of spin S. It acquires the form [2, 4]

Hmol =
∑
jσ

εjnjσ +
U

2
N2 + JN↑N↓ − JSS · s

−DS2
z , (2)

where njσ = d†jσdjσ is the particle number operator for

an electron of spin σ in the jth (j = 1, 2) level of the
nanotube, εj denotes the respective energy, with ε1 = ε,
ε2 = ε+ δ, where δ is the energy mismatch between the
subbands of the nanotube. The charging energy of the
nanotube is denoted by U , while J describes the exchange
interaction, with N = N↑ + N↓ and Nσ =

∑
j njσ. The

molecule is modeled by the giant spin Hamiltonian where

Fig. 1. Schematic of a carbon nanotube quantum dot
with spin S = 1 molecule coupled to external ferro-
magnetic leads. The nanotube is assumed to have two
levels of energy ε and ε+ δ. ΓσL (ΓσR) denotes the spin-
dependent coupling to ferromagnetic left (right) lead
and JS is the exchange coupling between the molecule
and nanotube.
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S is the corresponding spin operator and Sz its zth com-
ponent. JS denotes the exchange coupling between the
electrons occupying the nanotube and the molecule, with

s = 1
2

∑
jσσ′ d

†
jσσσσ′djσ′ being the spin operator of elec-

trons in the nanotube and σ is the Pauli spin operator.
The coupling between the nanotube and the leads is de-
scribed by the tunneling Hamiltonian

Htun =
∑
r=L,R

∑
j=1,2

trj
∑
kσ

(c†rkσdjσ + d†jσcrkσ), (3)

where trj denotes the tunnel matrix elements between
the rth lead and the jth level of the nanotube. The
respective strength of the coupling between lead r and
level j is given by Γσrj = 2πρσr t

2
rj , with ρ

σ
r denoting the

spin-dependent density of states of lead r. It can be then
expressed as Γσrj = (1± pr)Γrj , where pr is the spin po-

larization of lead r and Γrj = (Γ ↑rj + Γ ↓rj)/2. In our con-
siderations we assume that the system is fully symmetric,
i.e. pr ≡ p and Γrj ≡ Γ .
To calculate the transport properties of the system

we employ the real-time diagrammatic technique [5, 6].
Since we consider the weak coupling regime and focus
in our analysis on sequential processes, only the lowest
order of perturbative expansion of the reduced density
matrix of the system and operators of interest is needed.
The occupation probabilities Pχ of many-body states |χ〉
of the system, such that Hmol |χ〉 = εχ |χ〉, can be found
from [6]

(WP )χ = Γδχχ0
, (4)

whereW and P denote the self-energy matrix and prob-
ability vector, respectively. The elements ofW are given
by Wχχ′ = WL

χχ′ +WR
χχ′ , where

W r
χχ′ = 2π

∑
σ

ρσr

{
fr(εχ − εχ′)

∣∣∣∑
j

trj 〈χ| d†jσ |χ
′〉
∣∣∣2

+ [1− fr(εχ′ − εχ)]
∣∣∣∑
j

trj 〈χ| djσ |χ′〉
∣∣∣2}

for χ 6= χ′ and W r
χχ = −

∑
χ′ 6=χW

r
χ′χ, with fr(ε) =

1/[e(ε−µr)/T + 1] and µr being the electrochemical po-
tential of lead r. On the other hand, the current �owing
through the system can be found from [6]

I =
e

2~
Tr{W Ip}, (5)

where the elements of self-energy matrix W I are given
by, W I

χχ′ = [Θ(Nχ′ −Nχ)−Θ(Nχ−Nχ′)](WR
χχ′ −WL

χχ′),

with Nχ the electron number of state |χ〉 and Θ(x) the
step function.

3. Numerical results and discussion

In the following, we present and discuss the numerical
results on the current and di�erential conductance of the
system in the parallel (P) and antiparallel (AP) magnetic
con�guration. We also study the bias dependence of the
tunnel magnetoresistance, which is de�ned as, TMR =
IP /IAP −1, where IP (IAP ) is the current �owing in the
parallel (antiparallel) con�guration of the system.
The occupancy of the nanotube can be changed by

sweeping the gate voltage. In the linear response regime,

Fig. 2. The bias voltage dependence of (a) the current
and (b) the di�erential conductance in the parallel and
antiparallel magnetic con�gurations as well as (c) the
resulting TMR in the case of antiferromagnetic cou-
pling between the molecule and nanotube, JS < 0. The
parameters are: ε/U = −2.5, J/U = 0.4, δ/U = 0,
JS/U = −0.15, D/U = 0.1, T/U = 0.05, Γ/U = 0.01,
with U ≡ 1 the energy unit and p = 0.5. The current is
expressed in units of I0 = eΓ/~.

each time the energy level of the nanotube crosses the
Fermi energy of the leads, there is a resonant peak in the
linear conductance and the occupation changes by one.
However, the sequence of ground states depends consider-
ably on the internal parameters of the nanotube. When
the energy mismatch between the subbands δ is larger
than the exchange interaction J of the nanotube, δ > J ,
with changing the gate voltage, the �rst level becomes
�rst fully occupied and then the second level starts be-
ing populated, so that the doubly occupied state of the
nanotube is a singlet. Nevertheless, in the opposite case,
δ < J , in the doubly occupied state the electrons occupy
di�erent levels of the nanotube and form a triplet. Here
we focus on the latter situation, δ < J , as more inter-
esting as far as the transport properties in the case of
additional molecule of spin S = 1 are considered. More
speci�cally, we study the spin-resolved transport prop-
erties in the nonlinear response regime for gate voltages
such that the nanotube is doubly occupied at equilibrium.
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Fig. 3. The same as in Fig. 2 calculated in the case of
ferromagnetic coupling between the molecule and nano-
tube, JS/U = 0.15.

The bias voltage dependence of the current and the
di�erential conductance in both magnetic con�gurations
as well as the resulting TMR in the case of antiferro-
magnetic coupling between the molecule and nanotube
(JS < 0) is shown in Fig. 2. At low bias voltage the
system is in the Coulomb blockade regime and the cur-
rent starts �owing when the voltage reaches a thresh-
old voltage. With increasing bias voltage, both IP and
IAP exhibit typical Coulomb staircase characteristics, see
Fig. 2a. This is re�ected in the bias dependence of the
di�erential conductance shown in Fig. 2b, which displays
typical peaks characteristic of single-electron charging ef-
fects. The di�erence between the two magnetic con�g-
urations of the system is re�ected in the TMR. At zero
bias, the TMR takes the value [7], TMR = p2/(1 − p2),
which for assumed spin polarization of the leads gives,
TMR = 1/3. Then, with increasing the bias voltage,
TMR suddenly drops and becomes negative just before
the threshold voltage, to increase again when the rate of
sequential processes increases.

The transport properties can be changed in the case
when the exchange coupling between the molecule and
nanotube is of ferromagnetic type, see Fig. 3. Although
the current exhibits typical Coulomb staircase depen-
dence on the bias voltage and di�erential conductance
has characteristic peaks, the behavior of the TMR is
now completely di�erent. For JS > 0, transport takes
part through high-spin many-body states of the system.
In the antiparallel con�guration this may lead to high
nonequilibrium spin accumulation, which increases the
di�erence between the currents IAP and IP. This leads
to large positive TMR, which for voltages just before the
threshold takes values much larger than those predicted
for single-wall carbon nanotube quantum dots in the ab-
sence of additional molecule [8].
In summary, we have studied the spin-resolved trans-

port properties of single-wall carbon nanotube quantum
dots coupled to external ferromagnetic leads with an at-
tached molecule of spin S = 1. We have shown that the
presence of additional molecule of high spin can greatly
a�ect the magnetoresistive properties of the system. In
the case of antiferromagnetic (ferromagnetic) exchange
coupling between the molecule and nanotube we have
found negative (considerably enhanced) tunnel magne-
toresistance for voltages around the threshold voltage.
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