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Effect of proportion on rectification in organic

co-oligomer spin rectifiers∗
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The rectification behaviours in organic magnetic/nonmagnetic co-oligomer spin rectifiers are investigated theo-

retically. It is found that both the charge current and the spin current through the device are rectified at the same

time. By adjusting the proportion between the magnetic and nonmagnetic components, the threshold voltage and the

rectification ratio of the rectifier are modulated. A large rectification ratio is obtained when the two components are

equal in length. The intrinsic mechanism is analysed in terms of the asymmetric localization of molecular orbitals under

biases. The effect of molecular length on the rectification is also discussed. These results will be helpful in the future

design of organic spin diodes.

Keywords: organic spintronics, rectification, co-oligomer, proportion

PACS: 73.63.–b, 75.47.–m, 85.75.–d DOI: 10.1088/1674-1056/20/7/077306

1. Introduction

Molecular rectification, which manifests an asym-
metric current-voltage characteristic on the scale of a
single molecule, has attracted a lot of attention in the
past decade.[1,2] Experiments have shown that molec-
ular rectification may be realized by designing a device
with asymmetric molecule–electrode interfaces or us-
ing asymmetric molecule.[3−6] Among these, organic
diblock co-oligomers are particularly attractive as ef-
ficient rectifiers where the rectifying direction is con-
trolled by the molecular orientation.[4,5] Importantly,
such rectification is believed to arise from the intrin-
sic asymmetry of the molecule, which is advantageous
to avoid the uncontrollable molecule–electrode inter-
face and offers the possibility of being integrated into
a molecular circuit.

The new field of spintronics,[7] which builds func-
tional devices based on electronic spin, has also trig-
gered a large interest in designing spin rectifiers. A
charge current (CC), which is the sum of currents
with different spins Ic = I↑ + I↓, is a scalar and
the charge-current rectification means an asymmet-
ric magnitude of current. But a spin current (SC),
defined as Is = ~

2e (I↑ − I↓), contains both the am-
plitude of the current and its spin-polarized orienta-

tion. Thus the spin-current rectification may emerge
in two possible forms, the asymmetric magnitude of
the current and the reversal of its spin-polarized orien-
tation. A spin rectifier requires an asymmetric device
structure or potential field in the electron spin degree
of freedom, for example, a semimagnetic semiconduc-
tor heterostructure and a quantum wire (dot) sand-
wiched between a ferromagnetic and a normal-metal
lead or in an asymmetric magnetic field.[8−12] The uti-
lization of organic molecules in spintronics, which led
to the emergence of the field of organic spintronics
or molecular spintronics,[13−15] generates the idea to
design molecular spin rectifiers. Dalgleish and Kir-
czenow proposed a molecular spin diode by sandwich-
ing a molecule between ferromagnetic and nonmag-
netic contacts.[16] With the help of ab-initio calcula-
tions they found that both the CC and SC may be rec-
tified simultaneously through the device. Other than
the above extrinsic devices, in which an external mag-
netic field or two asymmetric electrodes are necessary,
we also proposed a prototype of intrinsic organic spin
rectifier with the form of a magnetic/nonmagnetic co-
oligomer structure.[17] It has been demonstrated that
the two kinds of spin-current rectification mentioned
above can be realized through the device.
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search for a proper structure with a large rectifi-
cation ratio is important for further applications.
The structural asymmetry of a molecular rectifier is
the key point in determining its rectification prop-
erty. For a co-oligomer spin rectifier with a mag-
netic/nonmagnetic structure, the structural asymme-
try is decided by the different materials of the mag-
netic and nonmagnetic moieties and the proportion
between them. It has been known that adopting a
magnetic molecule with large spin splitting in the co-
oligomer is advantageous to obtain a large rectification
ratio.[17] However, the effect of the proportion on the
rectification still remains unclear. The proportion of
a co-oligomer may be adjusted by changing the length
of the two components in experiments, which will fur-
ther modulate the molecular orbitals as well as their
response to the bias. A detailed study is necessary for
a comprehensive understanding of the rectification be-
haviour in the related structure. In this paper, we cal-
culate the spin-dependent transport through a mag-
netic co-oligomer with different proportions to find
out the relation between the rectification ratio and
the proportion. The effect of molecular length on the
rectification is also discussed. The paper is organized
as follows: the model and the formulas are described
in Section 2. In Section 3, we give the numerical calcu-
lation and the results are analysed. Finally, in Section
4, a summary is given.

2. Model and method

As proposed in Ref. [17], the structure of our cal-
culated organic spin rectifier is shown in Fig. 1. The
whole device is modeled as a quasi-one-dimensional
chain. A magnetic co-oligomer is sandwiched between
two semi-infinite one-dimensional metallic electrodes.
The central molecule is composed of a left ferromag-
netic molecule and a right nonmagnetic one, for ex-
ample, poly-BIPO+polyacetylene. The poly-BIPO is
a ferromagnetic molecule, which is synthesized by re-
placing the H atom of polyacetylene alternately with a
heterocycle containing an unpaired electron. There is
spin correlation between the residual spins in the side
radicals and the π-electron spins in the conjugated
main chain. As a result, all the radical spins will try
to form a ferromagnetic order, as shown by the ar-
rows in Fig. 1. The central magnetic co-oligomer can
be well described with an extended SSH+Heisenberg
(SSH=Su-Schrieffer-Heeger) model,[17−19]

Hm = −
∑
n,σ

[t0 − α(un+1 − un)]

× (c+
n,σcn+1,σ + c+

n+1,σcn,σ)

+
K

2

∑
n

(un+1 − un)2

+Jf

N1∑
n

δn,eSnR · Sn. (1)

Here, t0 is the hopping integral of the π electrons be-
tween the n-th and (n + 1)-th sites in the main chain
for the uniform lattice; α is the coupling parameter
between the π electrons and the lattice atoms, and un

is the lattice displacement at site n. c+
n,σ (cn,σ) de-

notes the creation (annihilation) operator of an elec-
tron at the n-th site with spin σ. The second term
on the right-hand side of Eq. (1) is the lattice elas-
tic energy due to lattice distortion where K is the
elastic coefficient between the lattice carbon atoms,
and the last term describes the spin correlation be-
tween the spin Sn of the π electron and SnR of the
side radical R, which only exists in the magnetic seg-
ment with N1 sites. Jf stands for the spin coupling
strength, and δn,e means that the side radicals con-
nect and so couple only with the even number sites
of the main chain. For simplicity, the radical spin
is further treated in a mean-field approximation as
〈Sz

nR〉,[15] where 〈· · ·〉 = 〈G| · · · |G〉 is the average with
respect to the ground state |G〉 of the side radical R.

Fig. 1. Schematic structure of a metal/magnetic-

nonmagnetic co-oligomer/metal spin rectifier.

The two metallic electrodes are symmetric, which
is described by a one-dimensional single band tight-
binding model with the on-site energy εf and the near-
est neighbouring transfer integral tf . The interfacial
coupling between the electrodes and the molecule is
assumed to take place only at the nearest connect-
ing atoms. To avoid the asymmetric effect caused by
the interfaces, the coupling parameters are set equally
and denoted by a hopping integral tfm, which is sim-
plified by neglecting the spin-related scattering at the
interfaces.

When a bias V is applied, an external field E

will be generated from the bias between the two elec-
trodes. If the bias is not too large, the field is assumed
to be uniform along the whole molecule chain with
E = V/[(N − 1)a], where N is the total number of
sites in the molecule and a is the lattice constant. The
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spatial potential is described by the following Hamil-
tonian:

HE = −
∑
n,σ

|e|E
[(

n − N + 1
2

)
a + un

]
c+
n,σcn,σ

+
∑

n

|e|E
[(

n − N + 1
2

)
a + un

]
. (2)

Here, the first term on the right hand side of Eq. (2) is
the electric potential energy of all π electrons, where
e is the electronic quantity of an electron; the second
term is the electric potential energy of the lattice sites
(ions). Then, the ground state of the magnetic co-
oligomer under the electric field can be obtained self-
consistently by solving the electronic eigenequation
and minimizing the total energy of the molecule.[17,18]

The spin-dependent current through the device
is calculated with the Landauer–Büttiker formula
as[20,21]

Iσ(V ) =
e

h

∫ +∞

−∞
Tr[ΓlGσσ(E, V )ΓrG

+
σσ(E, V )]

× [fl(E) − fr(E)]dE. (3)

Here, the trace term in the integrand is the spin-
dependent electron transmission coefficient function
Tσσ(E, V ). Gσσ(E, V ) is the spin-related single elec-
tron Green’s function in the form of

Gσσ(E, V ) =
1

E − Hσ
m − Hσ

E − Σl − Σr
,

where Σl and Σr are the self-energy operators due to
coupling to the left and right electrodes, Hσ

m and Hσ
E

correspond to the electron Hamiltonian with spin σ

in Eqs. (1) and (2), Γl(r) = i[Σl(r) − Σ+
l(r)] denotes

the broadening matrix, fl(r)(E) = 1/{1 + exp[(E −
µl(r))/kBT ]} is the Fermi distribution function of the
metal electrode with chemical potential µl(r) = EF ±
1
2 eV and Fermi energy EF. Note that the spin-flip
transport is not considered here since the spin–orbit
coupling and hyperfine interaction in organic materi-
als are usually very weak, which will result in a large
spin relaxation length.[22,23]

The values of the parameters in a numerical cal-
culation for the magnetic co-oligomer are taken as
t0 = 2.5 eV, α = 4.1 eV/Å, K = 21.0 eV/Å2,
and J = Jf/t0 = 1.5. These values have been gen-
erally adopted for the ferromagnetic molecule poly-
BIPO and normal molecule polyacetylene.[17,18,24] The
parameters of the electrodes are taken as εf = 0,
tf = 2.5 eV. The interfacial coupling between the
molecule and the electrodes is tfm = 1.0 eV. The calcu-
lation is performed at a low temperature of T = 10 K
to avoid spin fluctuation in the electron-transport pro-
cess.

3. Results and discussion

To investigate the role of proportion, the length
of the magnetic co-oligomer is fixed with N = 30.
The proportion between the magnetic segment and
the nonmagnetic one is denoted by their length with
P = N1/N2. We firstly calculate the CC and SC
through the device in three representative cases,
P = 0.5, P = 1.0 and P = 2.0. The results are
shown in Fig. 2. Obviously, both the CC and SC are
rectified for all the three cases in the bias range of
[−1.0 V, +1.0 V]. The current in the positive bias
region is much larger than that in the negative bias
region. The spin-current rectification appears in the
form of the asymmetric amplitude of the SC upon
the reversal of bias while the spin polarized orienta-
tion remains unchanged.[17] However, for the three
cases one can find that both the threshold voltages
and the magnitude of currents are modulated by the
proportion. The largest current appears in the case
of P = 1.0, where the device begins to conduct when
V > +0.6 V and the magnitude of CC (SC) reaches
about 1.7 (1.9) at +0.9 V. Increasing the proportion to
P = 2.0, a much smaller threshold voltage of +0.25 V
is observed and the current is slightly suppressed.
When the proportion is decreased to P = 0.5, we find
that the device begins to conduct current at a larger
threshold voltage of +0.7 V and the magnitude of the
CC (SC) is reduced to 1.0 (0.7) at +0.9 V. Usually
the rectification efficiency of a diode is labeled by
the rectification ratio.[25] Here, we define the charge-
current rectification ratio (RR) and the spin-current

Fig. 2. (a) Calculated charge current and (b) spin cur-

rent as a function of bias voltage at three proportions of

P = 0.5, 1.0, 2.0, respectively.

rectification ratio (SRR) as r1 = −Ic(+V )/Ic(−V )
and r2 = −Is(+V )/Is(−V ), respectively. At the bias
of V = ±0.9 V, it is found that an RR (SRR) of about
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18:1 (16:1) is obtained for P = 1.0. The RR (SRR)
decreases to about 11:1 (7:1) at P = 0.5 and 5:1 (5:1)
at P = 2.0.

Further understanding can be achieved by inves-
tigating the spin-dependent transmission coefficients
and their response to the bias for the above different
proportions. The results at V = 0, ±0.9 V are shown
and compared in Fig. 3. It is found that the electronic
transmission spectrum is spin-split due to the spin cor-
relation in the magnetic molecule. At the bias volt-
ages of ±0.9 V, the (spin) current is dominated by the
nearest spin-up transmission peak to the Fermi energy,
which is contributed by the spin-up LUMO (lowest un-
occupied molecular orbital) by examining the molecu-
lar eigenstates. This spin-up transmission peak is en-
hanced by the positive bias voltage and reduced by the
negative bias voltage, which results in rectification.
The intrinsic mechanism has been explained in a pre-

vious study as the bias-induced asymmetric electronic

localization of the molecular orbital.[17] The change of

the transmission spectrum caused by the proportion

can be observed in two terms. One is that the spin

splitting of transmission peaks is enhanced when the

proportion P becomes larger. It is easy to understand

that the increase of the magnetic segment will enhance

the spin correlation in the magnetic co-oligomer. As a

result, the spin-up LUMO becomes closer to the Fermi

energy, which leads to a smaller threshold voltage for

the device. Besides the spin splitting, the heights of

spin-dependent transmission peaks are also modulated

by the proportion, which is further modified by the ap-

plied bias. For example, at zero bias, the transmission

peak of the spin-up LUMO at P = 0.5 is a little higher

than that for other cases, but it becomes the lowest in

the three proportions at the bias voltage of −0.9 V.

Fig. 3. Spin-dependent transmission near the Fermi energy at V =0, ±0.9 V for different proportions. The

vertical dash-dot lines indicate the chemical potentials of the electrodes, and the window between them is the

conducting bias window. (a) V = 0.9 V, P = 0.5; (b) V = 0 V, P = 0.5; (c) V = −0.9 V, P = 0.5; (d)

V = 0.9 V, P = 1.0; (e) V = 0 V, P = 1.0; (f) V = −0.9 V, P = 1.0; (g) V = 0.9 V, P = 2.0; (h) V = 0 V,

P = 2.0; (i) V = −0.9 V, P = 2.0.

The magnitude of the transmission peak is related
to the electronic localization of the molecular orbital.
In Fig. 4 we calculate the electronic localization of
the spin-up LUMO with bias for different proportions.
The electronic localization of a molecular orbital at a
bias is defined as[26] ξ(V ) =

∑
n
|ϕn(V )|4, where ϕn(V )

is the wave function of the spin-up LUMO in Wannier
representation. ξ = 1/N stands for an extended state,

while ξ = 1 denotes a completely localized orbital.
We find that the localization increases with the posi-
tive bias and decreases with the negative bias, which
is responsible for the rectification in nature. It is also
found that the evolution of localization with bias de-
pends on the proportion. The localization is sensi-
tive to the bias at the proportion of P = 0.5 while
it changes slowly at the proportion of P = 2.0. The
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largest difference of localization between +0.9 V and
−0.9 V is obtained at the proportion of P = 1.0, which
induces a large rectification ratio.

Fig. 4. Evolution of electronic localization of the spin-up

LUMO with bias for different proportions.

Fig. 5. (a) Dependence of rectification ratio on the pro-

portion. The bias is taken as V = ±0.9 V. (b) Comparison

of electronic localization for the spin-up LUMO between

V = +0.9 V and V = −0.9 V.

To clarify the dependence of the rectification ra-
tio on the proportion, we calculate the rectification
ratio of the CC and SC under the bias of V = ±0.9 V.
The result is shown in Fig. 5(a). Obviously, in the
limit of P → 0 the molecule is only composed of the
nonmagnetic segment. The spatial asymmetry van-
ishes and there is no rectification. With the increase
of P , the rectification appears due to the structural
asymmetry. The RR (SRR) increases quickly with P

and reaches a maximum value of about 18:1 (16:1) at
the proportion of P = 1.0. Note that a little tip in
the dashed line with a negative SRR is visible when
P < 0.3, which means that the spin-polarized orien-
tation of SC is reversed. This is because spin-down
transmission is involved in the conducting bias win-
dows and dominates the current under that condition.

After the proportion exceeds 1.0, the RR (SRR) de-
creases with P and tends to unity when the proportion
is above 3. This result indicates that it is favorable
to obtain a large rectification ratio when the two moi-
eties of co-oligomer are equal in length. To understand
the dependence of the rectification ratio on the pro-
portion, we also calculated the electronic localization
of the spin-up LUMO versus the proportion, which is
found to be the main conducting channel. To show the
bias-induced asymmetry of the localization, we give
the ratio of ξ(+0.9 V)/ξ(−0.9 V) in Fig. 5(b). Ob-
viously, the asymmetry of the electronic localization
increases with P firstly and then drops when P > 1.
The largest difference of the electronic localization ap-
pears at P = 1.0. This result is consistent with the
change of rectification ratio shown in Fig. 5(a).

The dependence of the rectification ratio on the
molecular length is also calculated, as shown in Fig. 6.
Here, the proportion is fixed at P = 1.0 and the rec-
tification ratio is calculated under the bias of V =
±1.0 V. It is found that the RR (SRR) increases
almost linearly with the molecular length and then
reaches a platform when N > 30. The rectification ra-
tio is enhanced from about one at N = 18 to about 16
at N = 34. By examining the transmission we found
that the platform is induced by the opening of more
conducting channels at the negative bias of voltage.
This result indicates that a relative long co-oligomer
is advantageous to realize a strong rectification, which
is consistent with other ab-initio calculations involv-
ing a co-oligomer molecular diode.[27]

Fig. 6. Dependence of rectification ratio on the molecular

length. The proportion is fixed at P = 1.0 and the recti-

fication ratio is calculated under the bias of V = ±1.0 V.

4. Summary

To conclude, we have investigated the rectifica-
tion behaviours of charge current and spin current
in organic magnetic/nonmagnetic co-oligomers based
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on different proportions between the magnetic moiety
and the nonmagnetic one. The results indicate that
a strong rectification effect tends to appear when the
lengths of the two components are equal. The thresh-
old voltage of the device may be reduced by increasing
the magnetic segment. Further orbital analysis shows
that the rectification comes from the asymmetric elec-
tronic localization of the spin-up LUMO under bias,
which is further modulated by the proportion. We also
find that a relatively long molecule is useful to obtain
a large rectification ratio. It should be mentioned that
although our calculations are based on a magnetic co-
oligomer model, the results remain meaningful for nor-
mal donor–acceptor type co-oligomer molecular diodes
because of their similar mechanism for rectification.[28]

These results will be helpful to the further design of
an efficient organic molecular rectifier in the fields of
molecular electronics and organic spintronics.
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