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Spin-excited states and rectification in an organic spin rectifier∗
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Spin-excited states in an asymmetric magnetic organic co-oligomer diode are investigated theoretically. The results
demonstrate that the structural asymmetry of the co-oligomer is modulated by the spin-excited states, which is embodied
in the wave functions of the eigenstates as well as the spin density wave. By calculating the transport property, a robust
spin-current rectification concomitant with a charge-current rectification is observed in all spin-excited states. However, the
current through the diode is suppressed distinctly by the spin-excited states, while the rectification ratios may be reduced or
enhanced depending on the bias and the excited spins. The intrinsic mechanism is analyzed from the spin-dependent trans-
mission combined with the change of molecular eigenstates under bias. Finally, the temperature-induced spin excitation is
simulated. Significant rectification behavior is obtained even at room temperature.
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1. Introduction

As a new branch of spintronics, organic spintronics has
attracted more and more attention in recent years.[1–3] Or-
ganic materials such as single molecules,[4] polymers,[5] and
organic single crystals[6] are usually cheap, low-weight, and
can be synthesized in large area with chemical methods. It is
especially significant that the spin–orbit coupling and hyper-
fine interactions in organic materials are very weak, resulting
in a long spin relaxation time in such materials.[7] Generally,
two kinds of organic spintronic devices are of interest now:
1) nonmagnetic molecules sandwiched between two magnetic
electrodes, i.e., organic spin valves,[8–10] whose resistance is
modulated by an applied magnetic field; 2) organic magnetic
molecules as a central medium in which the spintronic func-
tions are designed based on the intrinsic properties of the mag-
netic molecules.

Organic ferromagnets are particularly fascinating since
they combine the advantages of both organic materials and
ferromagnets. In recent decades, a variety of organic ferro-
magnets have been synthesized and measured, such as poly-
BIPO,[11,12] m-PDPC,[13] pyro-PAN,[14] V[TCNE]X ,[15,16] 2-
BIMNN.[17] For example, poly-BIPO can be synthesized from
polyacetylene by replacing every other H atom with a hetero-
cycle, which usually contains an unpaired electron and thus
has a net residual spin.[11,12] There exists spin coupling be-
tween the radical spins and the π electrons along the main
chain. As a result, the radical spins form a ferromagnetic order
in the ground state.[18,19]

The recent progress in molecular electronics has triggered

large interest in designing spintronic devices with organic
ferromagnets including spin valves,[20,21] spin filters,[22,23]

and spin diodes.[24–26] Among all the spintronic devices,
spin diodes are particularly interesting due to their crucial
role in logic circuits. As a new concept, molecular spin
diodes have also been proposed recently. For example, by
coupling a molecular wire with one ferromagnetic and one
nonmagnetic electrode, Dalgleish and Kirczenow found that
a spin-current rectification may be realized in a molecular
junction,[24] where the structural asymmetry arises from the
electrodes. On the other hand, the pursuit of intrinsic molecu-
lar diodes independent of the extrinsic conditions such as elec-
trodes and interfaces has special meaning in the further design
of molecular circuit. Analogous studies based on diblock co-
oligomer has attracted extra attention in the field of molec-
ular electronics.[27,28] Recently, with the utilization of mag-
netic co-oligomers we theoretically designed a new intrinsic
organic spin diode, where the built-in asymmetry originates
from the central molecule independent of electrodes.[25,26] It
has been demonstrated that both the charge-current rectifica-
tion and spin-current rectification may be realized, either si-
multaneously or respectively, with suitable design. This theo-
retical model is further verified by a recent ab-intio calculation
about biradical and triradical magnetic molecules.[29]

It should be pointed out that so far, calculations about
the proposed spin diodes are limited to the ground state of
the molecule. In the presence of temperature, disturbance,
photoexcitation or magnetic field, the magnetic molecule may
deviate from its ground state. For example, with electron
paramagnetic resonance (EPR) measurement, Petukhov has
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demonstrated the existence of spin-excited states in molecular
magnets.[30] For a uniform ferromagnetic device, spin-excited
states may change the conductance and its spin polarization,
according to previous studies.[31,32] However, for an asymmet-
ric magnetic co-oligomer, another issue worth considering is
how the structural asymmetry is affected by the spin state of
the molecule. Due to antiferromagnetic coupling with the radi-
cal spins, the electronic states suffer changes of molecular spin
state, and the asymmetric response to the bias will further de-
termine the rectification property.

In this paper, we theoretically investigate the electronic
and magnetic properties of the magnetic co-oligomer in the
presence of spin-excited states. Then, by calculating the spin-
dependent transport, those properties’ effects on the rectifi-
cation are explored. The paper is organized as follows: the
model and method are introduced in Section 2. In Section 3,
we first calculate and discuss the electronic structure of the
magnetic molecule under spin-excited states, and then investi-
gate the transport and rectification properties. A summary is
given in Section 4.

2. Model and method
We use a quasi-one-dimensional chain to model the de-

vice. As shown in Fig. 1, an organic magnetic molecule
is sandwiched between two noninteracting semi-dimensional
metallic chains. The molecule is composed of two segments,
the left organic ferromagnetic part (poly-BIPO) and the right
nonmagnetic one (polyacetylene). The Hamiltonian of the de-
vice can be written as

H = Hm +Hl +Hr +Hcoup +HE . (1)

The first term is the Hamiltonian of the central molecule,
which is described by an SSH (Su–Schieffer–Heeger) model
combined with a Kondo term [18,33]

Hm = −∑
n,s

[t0−α(un+1−un)](c†
n,scn+1,s + c†

n+1,scn,s)

+
K
2 ∑

n
(un+1−un)

2 + J f

N1

∑
n

δn,e𝑆nR ·𝑆n, (2)

where t0 is the hopping integral of π electrons between the
n-th and (n+1)-th sites in a uniform chain, α is the electron–
lattice coupling constant, un is the lattice displacement at site
n and c†

n,s (cn,s) denotes the creation (annihilation) operator of
a π electron at the n-th site with spin s. The second term is the
lattice elastic energy with elastic constant K. The last term de-
scribes the spin correlation between the π-electron spin 𝑆n and
the residual spin 𝑆nR of the radical R with coupling strength
Jf. The spin correlation occurs only on the even sites of the left
magnetic part with total N1 sites. With a mean-field approxi-
mation, the radical spin 𝑆nR is further treated as

〈
Sz

nR

〉
, where〈

Sz
nR

〉
means the average value of the spin along the z axis.

left electrode right electrode
magnetic nonmagnetic

R R R R

Fig. 1. Schematic structure of a metal/magnetic-nonmagnetic co-
oligomer/metal spin diode. The arrows denote the spin orientation of
the radical spins.

The two semi-infinite electrodes are identical normal met-
als described by the following Hamiltonian

Hl(r) = ∑
m,s

εl(r)a
†
m,sam,s +∑

m,s
tl(r)(a

†
m,sam+1,s +a†

m+1,sam,s), (3)

where εl(r) is on-site energy of a metal atom, tl(r) is the closest
transfer integral and a†

m,s (am,s) is the creation (annihilation)
operator of an electron at the m-th site with spin s.

The coupling between electrodes and molecules is as-
sumed to take place only at the nearest connecting atoms,

Hcoup = ∑
s

tlm(a
†
l,sc1,s + c†

1,sal,s)

+∑
s

trm(a†
r,scN,s + c†

N,sar,s), (4)

where tl(r)m is the interfacial coupling strength and N is the
number of the total sites in the interlayer molecule. For sim-
plicity, only spin-independent interfaces are considered here.

The last term is the contribution from an external field E
caused by the applied bias V between the two electrodes,

HE = −∑
n,s
|e|E

[(
n− N +1

2

)
a+un

]
c†

n,scn,s

+ ∑
n
|e|E

[(
n− N +1

2

)
a+un

]
, (5)

where e is the electronic charge and a the lattice constant. The
two terms correspond to the electric potential energy of π elec-
trons and lattice ions respectively. Here a uniform electric field
along the main chain is used with E =V/[(N−1)a] when the
applied bias V is not too large.

Under a bias, the lattice configuration and electronic
structure of the magnetic molecule will be determined firstly
by solving the electronic eigenequation and minimizing the
total energy of the molecule, which is performed with a self-
consistent method.[18,25] After obtaining the stable structure
of the molecule, the spin-dependent current through the de-
vice can be calculated with the help of Landauer–Büttiker
formula,[34]

Is(V ) =
e
h

∫ +∞

−∞

[Tss(E,V )] [ fl(E)− fr(E)] dE. (6)

Tss(E,V ) is the spin-dependent transmission coefficient, which
can be obtained from the Lattice Green Function through the
Fish–Lee relation[34] Tss(E,V ) = Tr [ΓlGss(E,V )ΓrG+

ss(E,V )],
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where Gss(E,V ) = 1/(E−Hs
m−Hs

E −Σl−Σr) with Σl(r) be-
ing the self-energy operator due to the coupling to the left
(right) electrode. Γl(r) is the broadening matrix. Hs

m and Hs
E

are the electron Hamiltonians with spin s in Eqs. (2) and (5).
fl(r)(E) = 1/

{
1+ exp[

(
E−µl(r)

)
/KBT ]

}
is the Fermi distri-

bution function of the left (right) electrode with chemical po-
tential µl(r) = EF± eV/2 and Fermi energy EF.

In the numerical calculation, the parameters are chosen
as follows: t0 = 2.5 eV, α = 4.1 eV/Å, K = 21.0 eV/Å2,
J = Jf/t0 = 1.5, and 〈Sz

nR〉 = −1/2, which may describe the
co-oligomer of the organic ferromagnet poly-BIPO and poly-
acetylene properly.[18,25,35] The lengths of the two moieties are
set equal, with N1 = N2 = 16. The parameters of electrodes
are taken as εl(r) = 0, tl(r) = 2.5 eV. The coupling between
the molecule and the electrodes is set to be symmetric with
tlm = trm = 1.0 eV.

3. Results and discussion
Before calculating the transport property, we first investi-

gate the electronic and magnetic properties of the isolate mag-
netic co-oligomer under spin-excited states. For the present
magnetic co-oligomer, there are eight spin radicals in the left
magnetic moiety (N1 = 16). At the ground state, all the radi-
cal spins point in the same direction (assumed to be the z axis)
and the spin number of the system is 8 in the unit of h̄/2. Note
that the total spin of the π electrons in the main chain remains

zero.[33] An antiferromagnetic spin density wave exists along
the molecule, mainly distributed in the left magnetic segment.

Spin-excited state in organic ferromagnets means one or
more radical spins are flipped, which makes the molecule lie
in higher energy. For a finite asymmetric molecule with a
fixed boundary condition, the spin excitation will depend on
the number of excited spins as well as their positions. If one
radical spin is excited, we found that it costs the least en-
ergy when the first radical spin nearest to the left end of the
molecule is flipped; while when two or more radical spins are
flipped, the excited spins will form a coupled excitation rather
than separate ones, which is similar to those in an organic fer-
romagnet oligomer.[32] If the number of flipped spins does not
exceed the half (here Ns ≤ 4), the coupled excitation tends to
appear near the left end of the molecule. If Ns > 4, the low-
energy excitation will appear near the right end of the mag-
netic moiety, which is due to the degeneracy of the molecule
with

〈
Sz

nR

〉
=±1/2. For simplicity, in this context we consider

only the low-energy excitation for a given number of flipped
spins. In Fig. 2(a), we show the spin-excited energy, defined as
∆E(Ns) = E(Ns)−E0, in different spin-excited states. E(Ns)

is the total energy of the molecule with Ns flipped spins and E0

the energy of the ground state. Obviously, the excited energy
increases with Ns when Ns ≤ 4, and then decreases with Ns.
The curve is symmetric with Ns = 4 due to the spin degener-
acy for

〈
Sz

nR

〉
=±1/2.
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Fig. 2. (a) Spin excitation energy ∆E versus the number of flipped radical spins. (b) Spin density wave (SDW) at different spin-excited states.

The modulation of the structural asymmetry by the spin-
excited states can be first reflected from the spin density wave
(SDW). In Fig. 2(b), we depict the SDW of the co-oligomer at
three different spin states. Here, the SDW order parameter is
defined as SDW(n) = (−1)n(nn↑−nn↓), where nns is the elec-

tronic charge density at the n-th site with spin s (↑ or ↓). In the
ground state, the SDW mainly appears in the left segment and
is highly asymmetric about the center of the molecular chain.
At Ns = 2, the SDW near the flipped radical spins is reversed
to negative. The negative region is broadened at Ns = 4. The
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different spatial configurations of the asymmetric SDW are ex-
pected to generate distinct rectification property, which will be
calculated later.

A more detailed investigation of the structural asym-
metry can be performed by calculating the molecular eigen-
states and their spatial distribution. Figure 3 shows the spin-
dependent eigenvalues of the frontier molecular orbitals at dif-
ferent spin-excited states. Specifically, we calculate the energy
gap and the spin-splitting energy in Fig. 3(b). Here, the en-
ergy gap is defined as Eg(Ns) = ε

↑
LUMO(Ns)− ε

↓
HOMO(Ns) and

the spin-splitting energy is defined as Es(Ns) = ε
↓
LUMO(Ns)−

ε
↑
LUMO(Ns), where εs

LUMO(HOMO)(Ns) is the eigenvalue of the
lowest unoccupied molecular orbital (LUMO) or the highest
occupied molecular orbital (HOMO) with spin s. It is found
that with the increase of flipped radical spins from 0 to 4, the
energy gap increases about 0.18 eV while the spin splitting
is reduced about 0.13 eV. In Fig. 4, we further plot the wave
functions of the spin-up LUMO and spin-down LUMO, which
are two frontier orbitals to the Fermi energy. We found that at
the ground state the spin-up LUMO mainly distributes in the
left magnetic segment and the spin-down one in the right non-
magnetic segment. In the presence of spin-excited states, the
orbital tends to be more delocalized, especially for the spin-

down LUMO at a high spin-excited state (Ns = 4).
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Fig. 3. (color online) (a) Spin-dependent molecular eigenvalues at dif-
ferent spin-excited states. Solid lines denote spin-up orbitals and dashed
lines represent spin-down ones. (b) Energy gap (Eg) and spin splitting
(Es) of the energy spectrum with the number of flipped radical spins.
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Fig. 4. Wave functions of the (a) spin-up LUMO and (b) spin-down LUMO at different spin-excited states.

In the following, we begin to study the transport property
of the molecular spin diode at different spin-excited states.
Figure 5 shows the current–voltage characteristics of the de-
vice. Apparently, both the charge current and spin current are
rectified simultaneously at either ground state or spin-excited
states. The currents in the positive bias region are much larger

than those in the negative region. The present form of the spin-
current rectification is parallel spin-current rectification,[25]

where the spin-polarized orientation keeps unchanged while
the magnitude of the spin current is asymmetric. Furthermore,
it can be found that, in the presence of spin-excited states, the
magnitude of the current at positive bias is depressed gradu-

087306-4



Chin. Phys. B Vol. 23, No. 8 (2014) 087306

ally with the flipped spins, while the current at negative bias
changes little. The charge (spin) current at 1 V with Ns = 4
drops to about one-third of the ground state. The current
suppression is consistent with experimental measurements of
molecular magnets.[36] The threshold voltage of the device
also increases slightly at spin-excited states, which may be un-
derstood from the energy gap evolution mentioned above.
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Fig. 5. (color online) (a) Charge current and (b) spin current as the
function of bias voltage at different spin-excited states.

Figure 6 gives the bias-dependent charge-current ratio
and spin-current rectification ratio at different spin-excited
states, which are defined as RR(V) = −Ic(V)/Ic(−V) and
SRR(V) = −Is(V)/Is(−V) respectively. Obviously, the RR
and SRR change nonlinearly with the bias. It is found that if
the applied bias is not too large (< 0.8 V), the RR and SRR
decrease with the number of flipped radical spins. It looks rea-
sonable since the spin-excited state tends to reduce the spin
splitting of the electronic states, and hence reduces the struc-
tural asymmetry of the present co-oligomer. However, it is
interesting that at a larger bias (> 0.8 V), the rectification ra-
tio at some spin-excited states may be larger than the ground
state. For example, at 1.0 V the RR and SRR in low-energy
spin-excited states (Ns = 1,2) is slightly larger than Ns = 0.
In particular, a strongly enhanced SRR (about 47) appears at
Ns = 3 in spite of the decreased RR. These results indicate that
despite the suppression of the current, the rectification ratio at
some bias may be improved by several specific spin-excited
states.

A deeper understanding can be achieved by investigating
the spin-dependent transmission. As a representative, figure 7
compares the bias-dependent transmission between the ground
state and the spin-excited state with Ns = 3. Under a low bias
of ±0.7 V, we found that the current is dominated by the spin-
up transmission peak nearest to the Fermi energy, which is

contributed by the spin-up LUMO by checking the molecu-
lar eigenstates. The spin-up LUMO transmission peak is en-
hanced at positive biases, while it is much suppressed at neg-
ative biases, and thus generates the rectification. The intrinsic
reason is the bias-dependent orbital hybridization,[25,37] where
spatial distribution of the wave function is asymmetric under
the bias. We further noticed that at the spin-excited state, the
transmission peak under the negative bias is a little enhanced,
which leads to a smaller RR. This is because the wave func-
tion of the orbital is more delocalized under the spin-excited
state as demonstrated above. Under a larger bias of ±1.0 V,
besides the spin-up LUMO the high-energy orbitals also con-
tribute slightly to the current, such as the tails of spin-down
LUMO and spin-up LUMO + 1. For example, at the ground
state, the tail of spin-up LUMO + 1 transmission peak enters
the bias window at −1.0 V. But at the spin-excited state of
Ns = 3, the tail of spin-down LUMO transmission peak en-
ters the bias window instead of the spin-up LUMO+ 1. As a
result, the spin current at −1.0 V is very small under the spin-
excited state distinct from the charge current, which induces a
very large SRR in spite of a small RR. By checking the spin-
dependent transmission at other spin-excited states (not shown
here), we found that the contribution from the high-energy or-
bitals is also responsible for the increase of RR and SRR at
Ns = 1 and Ns = 2 under large bias. This means that the pres-
ence of spin-excited states modifies the uniform mechanism
for rectification into a mixed one, that is, asymmetric wave
function combined with the asymmetric eigen levels shift upon
the reversal of the bias, as has been well analyzed in a previous
study.[38]
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At last, we further simulate the temperature excitation
on the radical spins as thermal fluctuation from the ferromag-
netic ground state. It is assumed that at a temperature T , the
random deviation of each radical spin from the ground state
is described by an angle θ . All the deviation angles obey
a square-random distribution from 0 to θ 0, where θ 0 is the
maximum deviation angle related to the temperature with a
simple Boltzmann relation ∆ε ≈ KBT/2. ∆ε is the energy dif-

ference per site between the disturbed states and the ground
state. In Fig. 8, we first show the charge-current and spin-
current curves at three different temperatures, 100 K, 200 K,
and 300 K, where the Fermi distribution function is also ad-
justed according to the temperature. It is found that significant
rectification exists even at room temperature. The maximum
value of the charge (spin) current at 300 K drops to about half
of that at 100 K. The dependence of the rectification ratio on
the temperature is given in the insert plot, which is calculated
at ±1.0 V. With increasing temperature the RR and SRR de-
crease almost linearly. The value of RR (SRR) decreases from
17 (16) to 4 (8) when temperature increases to room temper-
ature. This means that robust charge-current rectification and
spin-current rectification can be obtained, even at room tem-
perature.

To conclude this paper, let us make some comments on
the mean-field approximation for the radical spins of the or-
ganic ferromagnet. In our mean-field treatment, the z com-
ponent of the radical spins is predetermined with fixed values
of
〈
Sz

nR

〉
= ±1/2. Although this treatment works well for the

magnetism of organic ferromagnets, an expected more rigor-
ous calculation is to determine the spin order of the radicals
self-consistently under the nonequilibrium situation with an
applied bias. For example, in the frame of a more complex
Anderson-type model where the electron hopping between the
π electrons and unpaired radical electrons are included,[39,40]

the probability distribution of the radical electrons may be
solved with the exact diagonal method. This issue will be
taken into account in our future work.
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4. Summary
In summary, we have performed a theoretical study on the

spin-excited states’ effect in an organic magnetic co-oligomer
diode by calculating the electronic and magnetic properties of
an isolated molecule and the spin-dependent transport prop-
erty through the device. It is found that the spatial asymmetry
of the spin density wave along the magnetic co-oligomer is
modulated by the spin-excited states. With the increase of ex-
cited radical spins the molecular energy gap is increased while
the spin-splitting energy is reduced. The wave functions of the
frontier orbitals tend to be more delocalized at spin-excited
states. By calculating the transport property, we found that
significant rectification is still obtained for both the charge
current and spin current in the case of spin-excited states,
although the magnitude of current is suppressed. At a low
bias, the rectification ratio keeps decreasing when more and
more radical spins are excited. But at a larger bias, we found
that both the charge-current and spin-current rectification ra-
tios may increase at several spin-excited states. By analyzing
the spin-dependent transmission the intrinsic mechanism can
be tracked from the modulation of the eigenstates by the spin-
excited states. We further discussed the temperature-induced
spin excitation on the rectification. The results showed that the
rectification ratios decrease with temperature. The spin diode
effect is robust even at room temperature. The work indicates
a possible way to modulate the rectification behavior of an or-
ganic spin diode with a magnetic mode, i.e., manipulating the
molecular spin states.
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