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Abstract. In this paper, a detailed numerical study of the role of selected soliton distributions on
the spin-dependent transport through trans-polyacetylene (PA) molecule is presented. The molecule
is attached symmetrically to magnetic semi-inﬁnite three-dimensional electrodes. Based on Su–
Schrieffer–Heeger (SSH) Hamiltonian and using a generalized Green’s function formalism, we
calculate the spin-dependent currents, the electronic transmission and tunnelling magnetoresistance (TMR). We found that the presence of a uniform distribution of the soliton centres along
the molecular chain reduced the size of the band gap of trans-PA molecule. Moreover, a sublattice
of the correlated solitons as binary clusters, which are randomly distributed along the chain, can
induce extended electronic states in the band gap of the molecule. In this case, the band gap of the
molecule is suppressed and at lower voltages, the TMR bandwidth is narrowed. The current–voltage
characteristic then shows an ohmic-like behaviour.
Keywords. Polyacetylene; soliton; spin-dependent current; tunnelling magnetoresistance.
PACS Nos 85.75.−d; 75.70.Cn; 75.47. −m

1. Introduction
In a typical spin-valve geometry, a non-magnetic spacer, which controls the total resistance
of the device and hence the spin polarization and transport, is sandwiched between two
magnetic contacts. Among many suggestions for possible non-magnetic spacers, organic
materials with low fabrication costs and high manufacturability have attracted investigations [1–5]. In general, organic materials have relatively weak spin-orbit and hyperﬁne
interactions, so that spin memory can only be as long as a few seconds [6]. Therefore,
spin-ﬂip process during transport through the typical organic molecules can be neglected
[3,7]. Such features make them ideal for the spin-polarized electron injection and transport applications in molecular spintronics. The spin-dependent transport through molecular junctions has attracted theoretical investigation [8–20]. Polyacetylene, an organic
molecule, is a linear conducting polymer, based on which several molecular junctions
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(magnetic and non-magnetic) are proposed [10,21–26]. In trans-PA there are two lowestenergy degenerate states, having two distinct bonding structures. This two-fold degeneracy leads to the existence of nonlinear topological excitations, bond-alternation domain
walls or solitons, which appear to be responsible for many of the remarkable properties of
trans-PA molecule [27]. Such topological excitations are produced during doping [28,29].
Solitons created by doping are spinless and carry a charge ±e. It has been found that in the
presence of a soliton, some electronic states are created in the middle of the molecular gap
[30], and hence it is energetically favourable for the extra doped electrons to create a soliton lattice and occupy the midgap states rather than going into the conduction (valence)
band. When trans-PA is doped to concentrations in excess of a critical concentration, the
system undergoes a transition from the soliton lattice state to a metallic-like state [27].
There are a great number of works concerning the study of physical mechanisms behind
the metallic-like transition in trans-PA [31–33]. The experimental investigations on the
conduction properties of trans-PA support the idea that the correlated disorder in soliton
arrangements is responsible for the metallic properties of trans-PA [34–38]. The occurrence of metallic regime, in the presence of disorder, in trans-PA chains is apparently
unexpected, because, based on Anderson’s localization criteria, disorder induces electronic localized states in one-dimensional structures [39]. It has been proposed, however,
that the existence of the extended electronic states in the structure of the band gap of
the molecule occurs when there is a given concentration of the dopants in pairs with an
internal structure that is symmetric about some planes [32,40]. In trans-PA, solitons do
have this symmetry inherently and provide the necessary conditions. However, important
factors are still there, whose inﬂuence on the electronic transport through trans-PA may be
studied. In this work, we consider some correlated arrangements of solitons and show
how these arrangements affect the spin-dependent currents, tunnelling magnetoresistance
(TMR) and other related phenomena in the spin-dependent electronic transport. In our
model, trans-PA molecule is attached symmetrically to two magnetic semi-inﬁnite threedimensional electrodes, as schematically depicted in ﬁgure 1. The well-known Su–
Schrieffer–Heeger (SSH) Hamiltonian is used to describe the molecule and all the calculations are done using a generalized Green’s function formalism. Furthermore, the
current–voltage characteristics are computed from the Landauer–Büttiker formalism. The
model and description of the computational methods for investigating the spin-dependent
transport properties of the model junction are introduced in §2. The results and discussion
are presented in §3, followed by conclusion in §4.

2. Model and the computational scheme
We start by describing our model as shown in ﬁgure 1. The trans-PA molecule by which
we are interested to explore several features of the spin-dependent transport phenomena
in the presence of solitons, is attached to two ferromagnetic (FM) semi-inﬁnite threedimensional electrodes with simple cubic structure and square cross-section (x–y plane).
This structure is shown schematically in ﬁgure 1. The middle panels in ﬁgures 1a and 1b
illustrate the spin-dependent density of states (DoS) for trans-PA molecule in parallel (P)
and antiparallel (AP) conﬁgurations, respectively. The surface DoS of the isolated FM
670
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Figure 1. The plots showing a schematic representation of FM/trans-PA/FM model
junction. As explained in the text, the left (right) contact is considered as a threedimensional semi-inﬁnite magnetic electrode, described by an effective self-energy
. The middle panels in (a) and in (b) illustrate the spin-dependent density of states
(DoS) for trans-PA molecule with 100 carbon atoms in parallel (P) and antiparallel
(AP) conﬁgurations, respectively. The surface DoS of the isolated FM electrodes is
shown in the left and right panels in (a) for P and in (b) for AP conﬁgurations.

electrodes is shown in the left and right panels in ﬁgure 1a for P and in ﬁgure 1b for AP
conﬁgurations.
As the electron conduction is mainly determined by the central part of the junction, the
electronic structure of this part should be resolved in details. It is therefore reasonable to
decompose the total Hamiltonian of the system as
H = HL + Hm + Hc + HR .

(1)

The Hamiltonian of the left (L) and right (R) electrodes are described within the singleband tight-binding approximation and are written as


Hβ =
(ε0 − σ · hβ ) ĉi+β ,σ ĉiβ ,σ
tiβ ,jβ ĉi+β ,σ ĉjβ ,σ ,
(2)
iβ ,σ

iβ ,jβ ,σ
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where ĉi+β ,σ (ĉiβ , σ ) creates (destroys) an electron with spin σ at site i in electrode β (L
or R) and the hopping integrals tiβ ,jβ are equal to t for the nearest neighbours and zero
otherwise. Here, ε0 is the spin-independent on-site energy and shall be set to 3t as a
shift in energy. In addition, the term −
σ · hβ is the internal exchange energy with hβ
and σ denoting the molecular ﬁeld at site iβ and the conventional Pauli spin operator,
respectively. According to the well-known SSH model [29], the Hamiltonian of trans-PA
molecule in the absence of FM electrodes is expressed as
Hm =



+
εn bn,σ
bn , σ −

n,σ


n,σ

 K0  2
 +
bn+1 , σ + h.c. +
y , (3)
(t0 + αyn ) bn,σ
2 n n

+
(b̂n , σ ) and εn = ε are the creation (annihilation) operator of an electron and the
where b̂n,σ
on-site energy of the π -electrons at the nth site with spin σ , respectively. Here reference
energy is chosen such that the on-site energy is zero. With un , the displacement of the
nth carbon atom from its equilibrium position, yn = (un − un+1 ) is the bond alternation.
According to SSH model, α is the electron–lattice weak coupling constant so that αyn
modulates the hopping integrals along the molecular symmetry axis. t0 and K0 are the
hopping integrals of an undimerized molecule and the elastic constant, respectively. For
perfectly dimerized molecule and in the weak coupling regime, un and the band gap of
trans-PA molecule are given as un = (−1)n u0 and 20 = 1.4 eV, respectively. Based on
the SSH model hypothesises, we take α = 4.1 eV/Å, t0 = 2.5 eV and K0 = 21 eV/Å.
These correspond to the equilibrium dimerization amplitude u0 ≈ 0.04 Å. However,
in the presence of distribution of solitons, the displacement un of the carbon atoms is
modiﬁed with a factor which is a pattern of the soliton shape. Indeed, for a large chain, a
soliton corresponds to a phonon ﬁeld conﬁguration that minimizes the total energy. In the
presence of distribution of solitons, the displacement un of the carbon atoms in trans-PA
is determined in such a way as to minimize the total energy of the molecule and to give
optimum shape for the soliton. Accordingly, the displacements of the carbon atoms are
modelled as [41,42],



(n − m) a
,
(4)
tanh
un = (−1)n u0
ξ
m

where 2ξ ∼
= 14a, with a = 1.22 Å (lattice constant), the width of a soliton, (ma) is the
location of the mth soliton centre on the chain. Finally, Hc the molecule–FM electrode
coupling Hamiltonian is described by
 j


Hc = −
ti , n , σ ci,+σ, j bn, σ, j + h.c. .
(5)
i, σ ∈ β
n, σ ∈ m, j
j

The matrix elements ti, n, σ represent the coupling strength between the π -orbitals of the
molecule and the mth channel in the β (L or R) electrode. Considering the wide-band
j
approximation to treat the FM electrodes, the hopping matrix elements ti, n, σ are indej
pendent of the energy, spin and bias voltage, so that ti, n, σ = tc . In this study, we assume
that the electrons freely propagate and the resistance arises only from the contacts. This
means that the transport is ballistic [43]. Therefore, we set tc = 0.5t, because the value
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of tc should be smaller than the order of t. On the other hand, we assume that the spin
direction of the electron is conserved in the tunnelling process through the molecule.
Therefore, there is no spin-ﬂip scattering and the spin-dependent transport can be decoupled into two spin currents; one for spin-up and the other for spin-down. This assumption
is well-justiﬁed, because the spin diffusion length in conducting polymers is about 200
nm [3] which is typically greater than the length of polyacetylene molecule.
Because inelastic scatterings are ignored, to calculate the spin currents through
FM/trans-PA/FM structure, we use Landauer–Büttiker (LB) formalism under an applied
bais of Va . Due to the simplicity and generality of the LB method, it provides a good
ﬁrst-hand understanding of coherent charge transport. The LB method is a semiquantum
mechanical formalism with respect to the analysis of quantum mechanical spin degree of
freedom; one would ideally have to resort to a full quantum mechanical picture. Thus, the
spin-dependent current is written in the form [43,44],
Iσ (V ) =

e
h



+∞
−∞

fL (E) − fR (E) Tσ (E) dE,

(6)

where fL(R) = f (E − μL(R) ) gives the Fermi distribution function of the two
electrodes having chemical potentials μL(R) = EF ± eVa /2. EF is the equilibrium Fermi energy. The driving force here is the electric potential bias. Furthermore,
ˆ
Tσ (E) = Tr ˆ L, σ Gσ ˆ R, σ G+
σ is the energy-dependent transmission function. L(R),σ =
ˆ
−2I m {L(R),σ } is the chemisorption’s coupling at the electrode/molecule interface,
ˆ L(R),σ represents the contact self-energy introduced to incorporate the effects
where 
of semi-inﬁnite FM electrodes coupled to the molecule. However, representing the coupling parameter across the electrode/molecule interface by a spin-dependent contact
self-energy may not always give the right physical picture. For example, recent works
[45,46] show that the adsorption of the molecule on a magnetic surface can give rise to
new interface hybridized states. It can induce a magnetic moment in the molecule and
change the surface density of states. Depending on the strength of interaction, the molecular states at the interface can signiﬁcantly broaden to have states at the Fermi level and
hence affect the sign and strength of interface spin polarization (different in the surface
density of states of the two spin channels) and hence TMR.
In addition, the spin-dependent Green’s function of the polyacetylene molecule coupled
to the FM electrodes (as the source and the drain) in the presence of bias voltage is given
as

−1

eV
eV
ˆ L,σ E − a − 
ˆ R,σ E + a
. (7)
Gσ (E, Va ) = E 1̂ − Hm − 
2
2
ˆ β, σ = τ̂c, β ĝβ, σ (E) τ̂β, c where τ̂ is the
ˆ β,σ can be expressed as 
The self-energy matrix 
hopping matrix that couples the molecule to the electrodes and its elements are tc . Also,
ĝβ,σ is the surface Green’s function of the uncoupled electrodes which is given by [47]
gβ,σ (i, j ; z) =


k

ψk (ri ) ψk∗ (rj )
,
z − ε0 + σ · hβ + E(k)
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where ri ≡ (xi , yi , zi ) and k ≡ (lx , ly , kz ) . Also z = E + iη is considered to be a
complex number so that the real part of it, E is the energy at which the transfer occurs.
Moreover,
√


ly yi π
lx xi π
2 2
sin
ψk(ri ) = 
sin
sin (kz zi ) (9)
Nx + 1
Ny + 1
(Nx + 1)(Ny + 1)Nz
and
E (k) = 2t cos

lx π
Nx + 1


+ cos

ly π
Ny + 1




+ cos (kz a) .

(10)

Nx and Ny correspond to the number of atoms at the cross-section of the FM electrodes.
In the semi-inﬁnite FM electrodes described by the single-band tight-binding model, only
the central site at the cross-section is connected to the molecule. However, this approach,
as a real-space method, makes it possible to arbitrarily model the number of atoms on
the cross-section of the electrodes. However, the core of the problem lies in computing
ˆ R,σ . In case of coupling through a single
ˆ L,σ and 
the spin-dependent self-energies 
carbon atom of the molecule, only one element of the self-energy matrices is non-zero.
The total current through the FM/trans-PA/FM junction is given by I = I↑↑ + I↓↓ ,
based on which we calculate the TMR ratio from the well-known deﬁnition, TMR ≡
(Ip − Ia )/Ip , where Ip (Ia ) is the total current in the parallel (antiparallel) conﬁgurations
of magnetization in FM electrodes.

3. Results and discussion
Based on the formalism described in §2, we study the coherent spin-dependent transport
and tunnel magnetoresistance of FM/trans-PA/FM molecular junction in the absence
and in the presence of some selected distributions of solitons. We ﬁxed the direction
of magnetization in the left electrode at the +y direction, while the right electrode is
free to be ﬂipped to either the +y or −y direction by an external magnetic ﬁeld. Thus,
for the parallel conﬁguration of magnetizations in the electrodes, the spin-up and spindown electrons encounter a symmetric structure, while for the
conﬁguration

 antiparallel
these electrons encounter an asymmetric structure. We set 
hβ  = 1.5 eV, t = 1 eV,
Nx = Ny = 5 and a low temperature of T = 11 K is taken to avoid the spin-ﬂip in the
electron transport process [2].
In order to investigate the effects of selected distributions of solitons on the spindependent transport through the FM/trans-PA/FM model junction, ﬁrst we consider the
homogeneous distributions of solitons, which give rise to a soliton band in the band gap of
trans-PA molecule. In general, in the presence of solitons, the ground state of trans-PA is
a soliton lattice in which the centres of solitons, are approximately equally spaced along
the chain. When the electronic states associated with the solitons overlap, a soliton band is
formed in the band gap of polyacetylene. The soliton band is ﬁlled or emptied depending
on the type of doping (donor or acceptor). Increasing the number of solitons by doping
will widen the soliton band, thus reducing the size of the band gap of polyacetylene. Furthermore, we consider a sublattice of the correlated solitons as binary clusters of solitons
674
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which are randomly distributed along the polyacetylene chain. Our investigations suggest
that the distribution of the correlated solitons closes the band gap of the molecule. However, the suppression of the band gap is not sufﬁcient for inducing the metallic-like states.
The existence of the extended electronic states near the Fermi level is the most signiﬁcant
feature that has to be taken into consideration. This depends on the kind of soliton distributions. We found that the binary clusters of solitons, which are randomly distributed
along the chain, may produce conditions for transition to the metallic-like phase. To
observe how the electronic structure of the molecule is modiﬁed in the presence of
selected soliton distributions, we have calculated the corresponding results for the π electrons density of states for short chains containing 100 carbon atoms. Figure 2a shows
an electronic structure for a fully dimerized chain of trans-PA. The energy gap of 1.4 eV
is quite clear and also the spectrum contains valence (left) and conduction (right) bands,
which indicates the semiconducting behaviour of trans-PA molecule. In the next plots, the
concentration of solitons (10%) is taken into account for two kinds of soliton distributions.
Figure 2b shows a soliton band into the band gap of trans-PA. In this plot, the solitons are
homogeneously distributed corresponding to the formation of an ordered sublattice of solitons in which the soliton centres are equally spaced along the chain. As illustrated, the
energy gap of trans-PA molecule collapses due to the formation of the soliton band. Thus, by
changing the concentration of solitons, one can change and control the width of the soliton
band and consequently the size of the band gap within the molecule structure. Figure 2c
illustrates the effects of the presence of soliton pairs which are randomly distributed along
the chain. We can see that the existence of a disordered sublattice of the binary clusters of
200
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Figure 2. The plots showing the electronic density of states in the absence and in the
presence of solitons. (a) The results in the absence of solitons and (b) and (c) the
results for a homogeneous distribution of solitons and a disordered distribution of the
binary clusters of solitons, respectively.
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solitons suppressed the energy gap of trans-PA molecule. However, suppression of the band
gap is a necessary but not a sufficient condition to ensure the transition to metallic-like state.
For this purpose it is necessary that there should be extended electronic states around the
Fermi level, which cause an enhancement in the electronic transmission within the energy
gap. Moreover, it is expected that the current–voltage characteristic of the molecule at the
lower bias voltages shows an ohmic-like behaviour. In ﬁgure 3, we illustrate the logarithmic scale of the spin-dependent electronic transmission function Tσ (E) vs. the energy for
the FM/trans-PA/FM model junction for parallel (P) and antiparallel (AP) conﬁgurations
within the FM electrodes. Figure 3a shows Tσ (E) in the absence of solitons. As shown
clearly, there is a conductance band gap corresponding to ﬁgure 2a. In the presence of
solitons, ﬁgures 3a and 3b illustrate Tσ (E) for a homogeneous distribution of solitons and
some binary clusters of solitons which are randomly distributed along the chain, respectively. As can be seen clearly, the band gap has been ﬁlled and due to the increase of
overlap between the extended electronic states, the electron transmission through the junction has increased. Furthermore, for an electron with energy E, injected from the left side
of the junction, the probability of electron transmission has its highest value for the particular energy values. The resonance peaks are related to the eigenenergies of the individual
molecule. In the presence of solitons, the resonance peaks reinforced and signiﬁcantly
increased, indicating that there are more accessible extended electronic states. Besides,
the difference between P and AP conﬁgurations in the transmission spectrums is related to
the asymmetry of the surface density of states of FM electrodes for spin-up and spin-down
0
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Figure 3. The plots showing the spin-dependent electronic transmission coefﬁcient
of FM/trans-PA/FM junction for P (red curve) and AP (blue curve) conﬁgurations in
the absence and in the presence of solitons. (a) The results in the absence of solitons
and (b) and (c) the results for a homogeneous distribution of solitons and a disordered
distribution of the binary clusters of solitons, respectively.
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electrons, as illustrated in ﬁgure 1, and also the quantum tunnelling phenomenon through
the molecule. Figure 4 shows the low-temperature spin-dependent currents of the junction.
Figures 4a–4c illustrate the results in the absence of solitons, in the presence of solitons
for a homogeneous distribution and some binary clusters of solitons with random distribution, respectively. Here we present the results of the spin-dependent currents only for P
conﬁgurations of magnetizations within the FM electrodes. Similar results were found
for the AP conﬁgurations. However, the parallel conﬁgurations produce much higher currents through the molecule than do the AP conﬁgurations. The current curve in ﬁgure 4a
shows clearly a nonlinear dependence and it has a good qualitative agreement with the
energy gap of trans-PA molecule along the zero current part in the absence of solitons. In
other words, the low-voltage part of the current curve in ﬁgure 4a arises from the semiconducting behaviour of trans-PA molecule. On the other side, the presence of solitons
within the molecular structure crucially modiﬁes this behaviour such that a homogeneous
distribution of solitons reduces the size of the band gap (ﬁgure 4b) and for a random
distribution of the paired solitons the band gap closed (ﬁgure 4c) such that the current–
voltage characteristic of the junction shows an ohmic-like behaviour. Figure 5 shows the
TMR ratio using the results of the P and AP spin currents in the absence (ﬁgure 5a) and
in the presence of solitons (ﬁgures 5b and 5c) as a function of an applied bias voltage. As
illustrated, generally, the TMR ratio has its maximum value (about 60%) at the region
of lower bias voltages. As the applied voltage increases, the TMR declines which is
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Figure 4. The plots showing the spin-dependent currents in the presence of soliton
distributions for P conﬁgurations vs. the applied voltage. Role of a uniform distribution (b) and a disordered distribution of binary clusters of solitons (c) are compared
with the current obtained in the absence of solitons (a). Similar results are obtained for
currents in the AP conﬁguration, which reach lower values compared to the currents
for P conﬁgurations, as discussed in the text.

Pramana – J. Phys., Vol. 86, No. 3, March 2016

677

S A Ketabi and M Nakhaee
60
40

(a)

20

TMR (%)

0
40

(b)

20
0
40

(c)

20
0
-3.0

-1.5

0.0

1.5

3.0

Voltage (V)
Figure 5. The plots showing the inﬂuence of soliton distributions on TMR ratio
through the molecular junction. Panels (b) and (c) illustrate the results for a homogeneous distribution of solitons and a disordered distribution of binary clusters of
solitons, respectively compared with (a) in the absence of solitons.

sharper in the case of a random distribution of the soliton pairs and we then observe a
slow varying part. In fact, in the region of maximum value of TMR and at lower bias
voltages, there are no accessible molecular levels within the gap region of the molecule
for electron tunnelling between the chemical potential of the left and right FM electrodes.
Therefore, at the low voltage regime, the spin-dependent currents are small and thus the
TMR ratio is large. When the bias voltage increases, the electrochemical potentials in the
electrodes are shifted gradually, and some of the energy states are pushed up between the
chemical potentials of the right and left electrodes and thus the tunnelling current through
the junction increases remarkably. Moreover, as clearly seen from ﬁgures 5b and 5c, the
presence of solitons in the structure of the molecule, narrowed the TMR bandwidth of the
junction at the middle of the spectrum, in which the random distributions of the paired
solitons are the most effective, in agreement with the current curve in ﬁgure 4c.
4. Conclusion
In conclusion, based on the methodology presented in §2, we have investigated the role of
soliton distributions on the spin-dependent currents, TMR and some other signiﬁcant features in FM/trans-PA/FM model junction. The SSH Hamiltonian is used to describe the
polyacetylene molecule and the spin currents are computed from the Landauer–Büttiker
formalism. Our results suggest that the semiconducting behaviour of trans-PA molecule
can be modiﬁed by the presence of solitons, which are induced via doping process. Moreover, we found a large tunnel magnetoresistance of 60% with a TMR bandwidth of about
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1.5 eV that can be narrowed to 0.5 eV or less in the presence of random soliton distributions. Our calculations indicate the existence of a sublattice of the binary clusters
of solitons which are randomly distributed along the molecular chain. The band gap of
the semiconductor structure of trans-PA molecule is suppressed and the low temperature
current–voltage characterization of the molecule shows an ohmic-like behaviour.
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