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a b s t r a c t

Based on a p-orbital tight-binding model Hamiltonian and the Green’s function approach together with

the Landauer formalism, we studied the coherent spin-dependent transport properties of ferromagnetic

(FM)-molecule-FM junctions for the molecule to be trans-polyacetylene (t-PA). The conductance

properties of the spin system are studied for a t-PA molecule of fixed length. It is shown that tunnel

magnetoresistance (TMR) of the molecular junction can be quite large (over 60%) and the TMR value

depends on applied voltage. The TMR maximum value for a t-PA junction is obtained at a low applied

voltage (Vao0.7).

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic semiconductors have been widely used, as alternative
materials, in electronics and photonics and especially in molecular
electronics. However, of late, attention has been attracted towards
the possibility of spin transport in such systems. The fact that the
energy changes for spin levels are smaller than those for the
manipulation of charge systems leads to the manufacturing of
high-speed devices with much lower power consumption. The
application of physical phenomena such as GMR and TMR has led
to the building of spintronic devices such as magnetic memories,
spin diodes and transistors. The advancement of the systems based
on TMR as magnetic sensors and memories has become the centre of
attraction for many researchers in this area. With the progress
obtained in nano and molecular electronics, and the possibility of the
realization of the above-mentioned targets in nano size devices,
attention has been attracted towards natural biological and organic
molecules such as DNA, fullerene and polymers, where one can have
a relatively simple system with finite number of atoms to guarantee
the negligible degradation in current or the spin polarization. Among
these, the conducting polymers have been a good choice for
theoretical and experimental studies. Indeed, there are several
experimental and theoretical reports that confirm that the conduct-
ing polymers can serve as a spin-polarized material [1,2]. Experi-
mentally, measurement of the spin-polarized current in a CNT and
other organic molecules connected to FM electrodes arranged

between the tips of STM has been performed and reported [3,4].
The supporting argument is due to the indication that the spin–orbit
coupling and hyperfine interaction in an organic material are very
weak, which result in a large spin-relaxation length [1,5]. Therefore,
the spin flipping during transport may be neglected in the organic
interlayer provided that the channel is not too long.

Interest in polyacetylene was revived recently for several rea-
sons. From the theoretical point of view, it may be considered a 1D
version of graphene, at least with respect to the fractionalization of
the electric charge [6–8]. From the experimental and technological
sides, the advent of the semiconductor nanotechnology [9] with the
possibilities of developing new semiconductor devices made from
polyacetylene [10] strongly motivated the study of the transport
properties of the conducting 1D polymers [11]. Considering our
previous works on t-PA as electronic conductors [12,13], we were
motivated to perform some studies on its spintronic properties. Our
work is based on using a tight-binding Hamiltonian together with
the Green’s function technique and the Landauer formalism.

The paper is organized as follows. In the next section we present
tight-binding Hamiltonian models for a nondegenerate conjugated
polymer t-PA and the FM electrode. Together with Green’s function
technique and the Landauer formalism we calculate the conduction
properties of the system of FM/t-PA/FM. Section 3 presents the
results for our model junction and finally we present the conclusion
and discussion in the Section 4.

2. Model

Our work is a formal partitioning of the system into two FM
electrodes and a central system region for the FM/t-PA/FM system
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[see Figs. 1 and 2]. Hence we write the Hamiltonian matrix in terms
of submatrix Hamiltonians as

H¼

HL HLM 0

HML HM HMR

0 HRM HR

0
B@

1
CA ð1Þ

where HL(HR) is a one-band tight-binding approximation descrip-
tion of the left (L) and right (R) electrodes. The electrodes lattice is
semi-infinite simple cubic. The z axis is taken to be perpendicular to
the surface of electrode and the x and y axes are parallel to the
surface [14]. The electrodes, except for changes in magnetization,
are identical. The Hamiltonian of the magnetic electrodes within
the tight-binding model has the following form:

Hb ¼
X
ia ,s
ðe0�r:hbÞc

þ

ib ,scib ,s_
X

/ib , jbS,s
tib , jbcþib ,scjb ,s ð2Þ

where cþi,s(ci,s) is the single-electron creation (annihilation) opera-
tor at ith site with spin s on the electrode b (¼L, R) and ti,j¼t the
electrode nearest-neighbor transfer integral for electrode b. e0¼3t

is the on-site energy of a FM atom electrode and shb is the internal
exchange energy with 9hb9¼1.5 eV representing the molecular
field at site ib [15].

HM is the Hamiltonian of the t-PA that can be described with an
extended SSH model [16]:

HM ¼
X
n,s
½endþn,sdn,s�tn,nþ1ðd

þ
n,sdnþ1,sþdþnþ1,sdn,sÞ� ð3Þ

where en¼e is the on-site energy of the p-electrons and dþn,s(dn,s)
the creation (annihilation) operator of an electron at the nth site.
Here tn,n +1 denotes the hopping integral ofp-electrons between the
nth and (n+1)th sites along the main chain, which is modified for
the possible lattice distortion. Considering un as the lattice dis-
placement at site n with spin s, tn,n + 1 is given as

tn,nþ1 ¼ t0þaðun�unþ1Þ ð4Þ

where t0 is the hopping integral of an undimerized chain, a the
electron–phonon coupling constant and un is the displacement of

the nth carbon atom from its equilibrium position. For perfectly
dimerized t-PA, un and band gap are given as un¼(�1)nu0 and
2D0¼8au0, respectively. Using the parameters in Ref. [16] we set
e¼0, a¼4.1 eV/Å, t0¼2.5 eV and u0E0.04 Å.

The electron–electron interaction is a point of concern here,
since only delocalized p orbitals of the t-PA molecule are involved
and Coulomb interactions can be important in determining trans-
port properties of the small system. Indeed studies on the atomic
chain [17,18] have shown that electron–electron interactions play
important roles in the spin conductance of the 1D atomic chain.
However in the present work we do not take the electron–electron
interaction into our model; it is dealt with in our future work. This
is because we are primarily concerned with gaining some quali-
tative insight into the problem and secondaryly we work in the low
voltage limit, where it is shown [17] that the results with and
without the electron–electron interaction are quite close.

Finally, the matrix HbM(HMb) is the overlap matrix for the
contact of electrode b with the p-electrons of t-PA. The electrode
hopping strength with t-PA is considered to be identical at
both ends.

In the study of TMR, we assume spin-flip scattering (i.e. the
change of spin-up to spin-down, or vice versa) during the transport
of electron in the system to be negligible. This turns out to be a very
good approximation, because typical values of the spin diffusion
length in organic materials are 5–40 nm in tris-(8-hydroxyquinoline)
aluminum [2,5] (Alq3), 130 nm in carbon nanotubes [3] and 200 nm
in polymers [1] and in our work, the length of t-PA is not more
than 7 nm.

The generalized Green’s function operator is defined

ðe�HÞG¼ 1 ð5Þ

where, Green’s function matrix can be written as the submatrix of
the following:

G¼

GL GLM GLR

GML GM GMR

GRL GRM GR

0
B@

1
CA ð6Þ

Fig. 1. (a) FM/t-PA/FM system in P alignment, (b), (d) surface density of states of the isolated FM electrodes and (c) density of states of the isolated t-PA with N¼40

carbon atoms.
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Green’s function matrix of molecules in the presence of elec-
trodes is obtained using formula (5):

Gsðe,VaÞ ¼ e1�HM�
X

R,s e� eVa

2

� �
�
X

L,s eþ eVa

2

� �� ��1

ð7Þ

where (
P

L,s)
P

R,s are the self-energy of the (L)R electrodes with
spin s and representing the influence of the semi-infinite L and R
electrodes on the system, and given byX
b,s
ðeÞ ¼HMbgb,sðeÞHbM ð8Þ

where gb,s is the surface Green’s function for semi-infinite isolated
electrode and is given in Ref. [14]. All effects of the electrodes are
included in self-energy. In this study we have assumed the number
of surface atoms to be 25 (i.e. the electrode cross section is 5�5
atoms) and only the central atom of electrodes to be linked to t-PA.
The coupling matrices GR,s and GL,s are defined as the imaginary
part of self-energy [19]:

Gb,s ¼�2ImðSb,sÞ ð9Þ

With all these ingredients, we can compute the spin transmis-
sion using the result [20]:

Tsðe,VaÞ ¼ Tr½GL,sGsGR,sGþs � ð10Þ

We calculated the current–voltage (I–V) characteristics for the
spin s using the Landauer–Büttiker formula [20]:

IsðVaÞ ¼
e

h

Z þ1
�1

Tsðe,VaÞ½f ðe�mLÞ�f ðe�mRÞ�de ð11Þ

where e is the Fermi function of the FM electrode with chemical
potential mL,R¼EF7eVa/2 and Fermi energy EF. We consider two
different cases for the alignment of magnetization of the electro-
des; the parallel (P) and antiparallel (AP) alignment.We then
calculated the P current (IP) and the AP current (IAP) to be
IAP(P)¼ Im+Ik and defined the TMR ratio as TMR¼(IP� IAP)/IP [21].

Fig. 2. (a) FM/t-PA/FM system in AP alignment, (b), (d) surface density of states of the isolated FM electrodes and (c) density of states of the isolated t-PA with N¼40

carbon atoms.
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In our numerical calculations, we have assumed t¼1 eV, tc¼0.5 eV,

T¼300 K, where tc is the coupling strength of the FM electrode/
molecule. All calculations were performed for a fixed length of the
t-PA molecule (i.e. 40 atoms in the t-PA chain).

3. Results and discussion

Using the above formalism and data we first calculated the
density of states for an isolated polyacetylene chain of N¼40
carbon atoms, which is presented in Fig. 1(c). We then calculated
the density of states and transmission probability for the combined
system of FM/t-PA/FM, which are presented in Figs. 3 and 4. Study
of DOS graphs shows the discreteness of the molecular levels in our
systems; compared to the isolated system, in the combined system
the contribution of the electronic levels of the electrode’s surface
enhances the density of the levels. However, there is considerable
difference between the DOS of the P alignment as compared to the
AP alignment, which in turn is reflected in the transmission
probabilities. Study of the transmission probabilities in Figs. 3(b)
and 4(b) shows that for an electron with energy E, injected from the
left side of the system, the probability of transmission has its
highest value (unity) at the molecular energy levels and we can also
see that generally the transmission probability is higher for the P
alignment than for the AP alignment and is many orders of
magnitude lower in the t-PA gap region (�0.7 eVoEo0.7 eV).

Further on, we studied the system under the application of a bias
voltage. Fig. 5(a) shows the calculated current versus bias voltage
for the P and AP alignment. Here again, we see that the P current is
higher than the AP current. The difference between P and AP

currents can be attributed to asymmetry in the DOS of the systems
and contribution of the electrodes surfaces electronic levels
[see Figs. 1 and 2], in the case of up and down magnetization,
and the phenomenon of electron tunneling through the molecule
[22]. In the P alignment, electrons with spin-down (spin-up) states
in the left lead go into the spin-down (spin-up) states of the right
lead by tunneling through the molecule. In the AP alignment,
electrons with spin-down (spin-up) from the left lead seek empty
electronic states with spin-up (spin-down) in the right lead. As
a result, the P alignment gives a much higher total current through
t-PA than does the AP alignment in the selected voltage. As is
expected from the transmission probabilities (Figs. 3 and 4) the
current is many orders of magnitude lower in the gap region
(�0.7oVo0.7) and our detailed calculation (inset of Fig. 5(a)) of
the current in this region confirms this point. Another feature of the
I–V curves is the step-like behavior in the region 1o9V9o2 for
both, the P and AP alignments. This is due to the fact that, for
a molecule with given length, as the bias voltage’s window widens
up beyond the energy gap value (1.4 eV) the electron conduction
through the LUMO level and the hole conduction through the
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Fig. 4. (a,b) DOS and the logarithm of the transmission coefficient versus energy

(eV) for the FM/t-PA/FM system in AP alignment for N¼40 carbon atoms.
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HOMO level commence and we have resonance tunneling and
consequently a rise in the current. The step-like behavior of the I–V

curve in this region is due to the discreteness of the molecular
levels.

We have also calculated TMR through the results of the P and AP
current, which is presented in Fig. 5(b). The study of these results
shows that the TMR ratio in the region of low applied voltages has
the highest value (460%). On increasing the absolute value of the
bias voltage there is a sharp drop in TMR and then we have a slow
varying part (almost step-like) where the TMR very slowly
decreases and rises again and after this we have a sharp decline
in TMR with increasing bias voltage. Such a behavior is similar to
those seen in other works in the literature [22,23,24–27]. The
maximum value of TMR for the low bias voltages is obtained
(Vao0.7) and, in this region and under such conditions, there is no
molecular level available for electron tunneling between the
chemical potential of the L and R electrodes [see Fig. 1(c)]. However,
when the voltage is increased, some of the energy states are pushed
up between the L and R chemical potentials and the current
mechanism is resonance tunneling.

4. Conclusion

To summarize, we have theoretically investigated coherent spin
transport through a FM/t-PA/FM tunnel junction. Employing the
tight-binding Hamiltonian and Green’s function approach together
with the Landauer–Büttiker formula we calculated the DOS,
transmission probability, spin current and TMR for the P and AP
alignment. Our results show in detail the influence of the electronic
states, the spin polarization and the bias voltage on the current and
TMR. We show that the TMR maximum ratio is obtained at a low
applied voltage (Vao0.7). Our results suggest that the t-PA
molecule may be useful in designing future spin-polarized tunnel-
ing nano scale devices [28] and can pave the way for the study of
similar molecules for this purpose.

Throughout this study, we did not consider the effects of
inelastic scattering such as the electron–phonon interaction and

electron–electron correlation that could have important effects on
spin-dependent transport. As mentioned earlier in this text, at this
stage we were primarily concerned with gaining a qualitative
insight into the problem and limited our study to low bias voltage
that has been shown to not have considerable effects in the current.
However further work with the inclusion of the electron–electron
interaction is under consideration, which will be presented in due
course of time.
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