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Effect of interfacial coupling on rectification in organic spin rectifiers”
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The effect of interfacial coupling on rectification in an organic co-oligomer spin diode is investigated theoretically
by considering spin-independent and spin-resolved couplings respectively. In the case of spin-independent coupling, an
optimal interfacial coupling strength with a significant enhanced rectification ratio is found, whose value depends on the
structural asymmetry of the molecule. In the case of spin-resolved coupling, we found that only the variation of the
interfacial coupling with specific spin is effective to modulate the rectification, which is due to the spin-filtering property
of the central asymmetric magnetic molecule. A transition of the spin-current rectification between parallel spin-current
rectification and antiparallel spin-current rectification may be observed with the variation of the spin-resolved interfacial
coupling. The interfacial effect on rectification is further analyzed from the spin-dependent transmission spectrum at

different biases.
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1. Introduction

Organic spintronics has attracted more and more atten-
tion in recent years for the promise of developing cheap and
low-weight devices.!'3] The weak spin—orbital interaction
and hyperfine interaction!*! in organic materials are advanta-
geous for spin transport, which opens a new arena to design
excellent organic spin functional devices. In this field, organic
ferromagnets are particularly intriguing since they combine
the advantages of organic materials and ferromagnets. Or-
ganic ferromagnets are usually synthesized artificially due to
the absence of d electrons. So far, a series of organic ferromag-
nets have been synthesized and measured, such as poly(1,4-
bis-(2,2,6,6-tetramethyl-4-oxy-4-piperidyl-1-oxyl)-butAdiin)
(poly-BIPO),1>%! m-polydiphenylcarbene (m-PDPC),!”! py-
rolysed polyacrylonitrile (pyro-PAN),®l V[TCNE], (TCNE

(9101 and 2-benzimidazolyl nitronyl ni-

= tetracyanoethylene),
troxide (2-BIMNN).['!l Triggered by the great progress in
molecular electronics in recent years, the design of organic
spintronic devices based on organic ferromagnets has become
attractive and shown promise in organic spintronic device
design, such as spin valves,'>!3] spin filters,!!%13
diodes.[16-18]

Spin diodes are especially fascinating because of their im-

I"and spin

portant role in logical circuits. As is well known, the charge
current is a scalar which is the sum of the currents with dif-
With
the definition of difference between spin-up and spin-down
[16,17]

ferent spins. However, the spin current is a vector.

currents, it contains two characteristics: the amplitude

and the spin-polarized orientation of the spin current. Thus
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spin-current rectification has two forms: asymmetric ampli-
tude and different spin-polarized orientation of the spin current
with the reversal of the bias, which can be called “parallel spin-
current rectification” and “antiparallel spin-current rectifica-
tion,” respectively.l!’! Unlike normal charge-current diodes,
spin-current rectification requires the introduction of an asym-
metric device structure in the spin degree of freedom. In the
past decade, the possibility of spin diode behavior has been
discussed and measured in a quantum wire, a carbon-nanotube
quantum dot, and a semimagnetic semiconductor./°-?1 The
first design with organic molecules was proposed by Dalgleish
and Kirczenow.[?3 Their ab-initio calculation revealed that a
spin-current rectification can be realized by coupling a molec-
ular wire with one ferromagnetic electrode and one nonmag-
netic electrode, where the structural asymmetry stems from the
external electrodes.

Recently, we also designed a new intrinsic organic
spin diode theoretically by using an asymmetric magnetic
co-oligomer sandwiched between two identical electrodes,
where the built-in asymmetry originates from the central

I7.18] The model calculations demonstrated that the

molecule.!
charge-current rectification and the spin-current rectification
may be realized either simultaneously or respectively. The
spin rectification can be further modulated by the molecular
spin states or the proportion of the co-oligomer.!'®2#! Such a
model design has been verified by first-principles calculations
with biradical and triradical magnetic molecules. >

It is known that the interfacial coupling in organic de-

vices plays a crucial role for their conductivity. For exam-
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ple, the current through the device is sensitive to the inter-
facial coupling strength, which can be modulated by chang-
ing the molecule—electrode distance or the terminal anchor-
ing group.?®?’l Asymmetric interfacial coupling may also

induce molecular rectification. 28291

In the case of mag-
netic junctions, the interfacial coupling may be further spin-
dependent due to the spin nondegeneracy of electrodes or
molecules, where the interfacial spin polarization as well as
the spin-polarized transport can be dramatically modified by
the interface.!!'*3%1 Thus, the interfacial manipulation pro-
vides a potential way to modulate the spin-dependent trans-
port in an organic device, which even gives rise to the field of

“spinterfaces.” 3]

For an organic spin rectifier, the interfacial
coupling effect needs to be further explored together with the
asymmetric bias effect on the device, which has never been
considered in previous studies.

In this paper, we theoretically investigate the interfacial
coupling effect on the asymmetric spin-dependent transport
through the magnetic co-oligomer spin diode, where the inter-
facial effect will be explored in two aspects: spin-independent
coupling and spin-resolved coupling. Both the charge-current
rectification and the spin-current rectification of the device
will be studied. The paper is organized as follows. Section
2 introduces the adopted model and the calculation method.
Section 3 discusses the calculated results and a summary is

given in Section 4.

2. Model and method

A quasi-one-dimensional chain is used to model the de-
vice. The structure is shown in Fig. 1. An asymmetric or-
ganic magnetic co-oligomer is sandwiched between two semi-
infinite metallic chains. The central molecule is composed of
the left organic ferromagnetic part (poly-BIPO) and the right
nonmagnetic part (polyacetylene). Radicals hang on the main
chain of the left ferromagnetic part and each contains an un-
paired electron. The residual spins of the radicals have a fer-
romagnetic order at the ground state.3>! The molecule can be
described by the Su—Schieffer—Heeger (SSH) model combined

with a Kondo term[32-33]

Hy = *Z[IO*O‘(“nH —Up

n,s

)] (CrtanJrl.,s + Cn++17scn,‘v)

Ny
+§Z(”n+l _Mn)2+-lf26n,eSnR'Sna (1)
n n
where #( is the hopping integral of 7 electrons between the n-
th and (n 4+ 1)-th sites in the uniform chain; « is the electron-
lattice coupling constant, u,, is the lattice displacement at site
n, c,ts (¢n,s) is the creation (annihilation) operator of a 7 elec-
tron at the n-th site with spin s; and K is the elastic coefficient
of the main chain. The last term describes the spin correla-
tion between the m-electron spin .S, and the residual spin S,

of the radical R with coupling strength J¢; 8, . means that the
side radicals are connected only to the even numbered sites
of the left magnetic segment with a total of N; sites. Under
the mean-field approximation, the radical spin S,y is further
treated as <Sfl R>, where <qu R> is the average value of the spin
along the z axis.

magnetic nonmdgnetlc

left electrode right electrode

OO @

Fig. 1. Schematic structure of a metal/magnetic-nonmagnetic co-
oligomer/metal spin diode.

The two identical electrodes are described with a simple
tight-binding model with on-site energy zero and the nearest
hopping integral #;. The interfacial coupling between the elec-
trodes and the molecule is assumed to take place only at the
nearest connecting atoms

HCOUP = thvm(alJr,sclsS +Cisa1»\')
s
+ 2t
s

where altr)’s (a(r),s) denotes the creation (annihilation) op-

asen s+ ey ), 2

erator of an electron with spin s at the terminal atom cou-

pling with the molecule; and tf(r)m

is the spin-resolved in-
terfacial hopping integral, which can be further expressed as
m= ﬁls(r)m(m +1)/2. Here ﬁf(r)m

indicate the coupling strength, and N is the total number of

is a binding parameter to

sites in the central molecule.

Applying a bias V, an electric field E is assumed to be
1)a]. This as-
sumption is reasonable when the applied bias is not too large.

generated along the molecule with E =V /[(N —

The Hamiltonian of the external field can be written as

Z |€|E |:<n - +1> a+un:| Cr-:_,scn,s
JrZeEKn;rl)aJrun], 3)

with e being the electronic charge and a the lattice constant.
The two terms denote the electric potential energies of 7 elec-
trons and lattice ions, respectively.

Given a bias, the lattice configuration and the electronic
structure of the magnetic molecule can be obtained by solving
the electronic eigen equation and minimizing the total energy
of the molecule within a self-consistent method.*>33! Then
the spin-dependent current through the device can be calcu-
lated by the Landauer—Biittiker formula3*!

e [T
W) =5 [ IEVIAE) - (EB]E @)

Here Ty (E,V) is the spin-dependent transmission co-

efficient, which is determined from the lattice Green
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function Gy (E,V) through the Fish-Lee relation** as
Ty (E,V) = Tr[[[Gy(E,V);GS(E, V)], where Gi(E,V) =
1/(E—Hy, —Hp — X — X;) with Xy, being the self-energy
operator due to the coupling to the left (right) electrode, and
Iy is the broadening matrix. The Hy, and Hy, correspond to
the electron Hamiltonian with spin s in Egs. (1) and (3), and
fiy(E) = 1/{1+exp[(E — py(y)) /KgT)} is the Fermi distri-
bution function of the left (right) electrode, where ;) =
Er+ eV /2 is the chemical potential and Ef is the Fermi en-
ergy. The charge current through the device can be obtained
as the sum of spin-up and spin-down currents, i.e., I. = It +1|,
while the spin current is I, = 2 (I, — I)).

In the numerical calculation, the parameters are chosen
as follows: 7y = 2.5 eV, a = 4.1 eV/A, K = 21.0 eV/AZ,
J =Ji/tg = 1.5, and (§%) = —1/2, which may describe
the co-oligomer of organic ferromagnet poly-BIPO and poly-
acetylene properly.3>33-35] The lengths of the two segments
are set equal with N; = N, = 16. The hopping integral in the
electrodes is ty = 2.5 eV.

3. Results and discussion

In a real molecular device, the interfacial coupling is
affected by several factors, such as the energy level align-
ment between the molecule and the electrode, anchoring
groups, microscopic contact geometries, and even the bias

26.36.37] where a detailed description is beyond a sim-

voltage,[
ple tight-binding model. However, physically speaking, two
aspects of the interface are important to modulate the transport
property, that is, the interfacial coupling strength and the spin-
resolved coupling. In the following, we will focus on these

two points respectively to study the interfacial effect.

3.1. Interfacial coupling strength

For simplicity, we first consider a symmetric spin-
independent interfacial coupling by setting ﬁls( om = B. It
is well known that in a symmetric molecular device, the
interfacial coupling strength modulates the interfacial tun-
neling barrier, and then changes the device conductance
exponentially.[?! However, for a co-oligomer diode, such in-
terfacial modulation is expected to exist under both negative
and positive biases. Thus, the rectification comes out as their
competition and cannot be deduced directly.

In Fig. 2, we show the calculated charge current and spin
current through the organic spin rectifier with three different
interfacial coupling strengths, 8 = 0.2, 0.6, and 1.2. Appar-
ently, both the charge current and the spin current manifest
rectification in all three cases, where the current in the posi-
tive region is larger than that in the negative bias region. Here
the spin-current rectification appears in the form of parallel
spin-current rectification,!!”] where only the magnitude of the
spin current is asymmetric while its spin-polarized orientation

keeps unchanged. With 8 increasing from 0.2 to 1.2, a sig-
nificant enhancement of the current is observed in the positive
bias region, but the increase in the negative bias region is rela-
tively small.

3
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Fig. 2. (color online) (a) Charge current and (b) spin current as a func-
tion of bias voltage with different interfacial coupling parameters. The
inserts are the enlarged view for f = 0.2.

Before discussing the interfacial effect, let us first give
a simple description of the rectification mechanism. Usu-
ally, two different rectification mechanisms exist in molecu-
lar devices: the asymmetric shift of the molecular eigenval-
ues and the asymmetric wave functions of the conducting or-
bitals, which rely on the specific structural asymmetry of the
devices including asymmetric contact geometries, asymmet-
ric molecules, and even asymmetric shapes in graphene. 380!
Figure 3 shows the spin-dependent transmission at the bias
voltages of 1.0 V and —1.0 V with § = 0.2, and 0.6, respec-
tively. Obviously, the current through the device is mainly
contributed by the nearest spin-up transmission peak, which
corresponds to the spin-up lowest unoccupied molecular or-
bital (LUMO) by checking the molecular eigenvalues under
bias. The peak lies in the bias window at either 1.0 V or
—1.0 V. However, the height of this peak at 1.0 V is much
higher than that at —1.0 V. The reason is that the spin-up
LUMO is more delocalized at 1.0 V than that at —1.0 V, which
is reflected by the asymmetric wave functions under positive
and negative biases (not shown here). The similar mechanism
known as bias-induced orbital hybridization may be found in

17,38,41

our previous studies.! ! Obviously, this mechanism of

rectification is independent of the interfacial coupling strength.
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Fig. 3. (color online) Spin-dependent transmission near the Fermi energy with different interfacial coupling strengths at 1.0 V and
—1.0V:(@f=02,V=1.0V;(b) =06,V=1.0V;(c) 3 =02,V=—-1.0V;and (d) =06,V =—1.0V.
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Fig. 4. (color online) (a) Charge current and spin current at =1 V with
different interfacial coupling parameters. (b) Dependence of charge cur-
rent rectification ratio (RR) and spin current rectification ratio (SRR) at
|[V| = 1.0 V on the interfacial coupling parameter.

Figure 4(a) gives the dependence of the current on f
at 1.0 V. A clear exponential relation is obtained for both
the charge current and the spin current at +1.0 V with
Ie(s)(V) o< e (V)P Obviously, the coefficient ag(s)(V) re-
lies on the bias, which is much larger at the positive bias.
It is because the tunneling barrier consists of the interfacial
component and the central molecular one. The latter is re-
lated to the wave functions of the orbitals, which are modu-
lated by the bias. In the following, we further calculate the
dependence of the rectification ratio on the interfacial cou-

pling strength at 1.0 V, where the charge-current rectifica-
tion ratio and the spin-current rectification ratio are defined
as RR(V) = —I.(V)/I.(=V) and SRR(V) = —L(V)/I,(-V),
respectively. Figure 4(b) displays a nonlinear dependence
of the rectification ratio on §. The RR (SRR) increases
quickly with 8 and approaches a maximum value of 21.1
(18.5) around B = 0.3, and then drops to 15.8 (14.8) at
B = 1.2. The existence of an inflection point in the curve
can be understood as follows. In the limitation of a weak or
a strong interfacial coupling, the current will go to zero or
extremely large at both positive and negative biases due to the

6 —eo— SRR
1 1 1 1
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B

Fig. 5. (color online) Dependence of RR and SRR at |V| = 1.0 V on the
interfacial coupling parameter with (a) / = 1.2 and (b) J = 1.8.
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exponential dependence. In either case, the rectification ratio
should tend to be 1.0. As a result, an inflection point will ap-
pear at an intermediate value of 8. This means that a moderate
interfacial coupling is advantageous to realize a large rectifi-
cation ratio, which may be adjusted in experiments by using
a suitable anchoring group to contact the molecule with the
electrodes.

A lingering question is whether this inflection point is re-
lated to the structural asymmetry of the device. In the present
device, the structural asymmetry is induced by the spin corre-
lation, with radical spins in the left organic ferromagnetic part.
In Fig. 5, the RR (SRR) dependence on f3 is calculated at two
different values of J. With J = 1.2, the inflection point appears
at B = 0.55 for RR and at B = 0.60 for SRR. With a larger
J of 1.8, the inflection point becomes § = 1.2 for both RR
and SRR. This means that the optimal coupling strength relies
on the spin correlation parameter J. The inflection points for
spin-current rectification and charge-current rectification may
be different essentially.

3.2. Spin-resolved interfacial coupling

Now we start to discuss the spin resolved interfacial cou-
pling effect on the rectification. Here the interfacial coupling
parameters with different spins are distinguished as " and 9.
In Fig. 6, we first fix f"=1.0 and calculate the dependence of
rectification on Y. It is found that when B9 changes from
0.3 to 1.2, the current—voltage curve is modified little both
for charge current and spin current, which only happens un-
der large positive biases. The rectification ratio at |[V| =1.0 V
is calculated with the ratio of 3/, = B¢/B". A slight increase
of about 1.0 is observed for the RR, while the SRR decreases
correspondingly.

The dependence of the rectification ratio on 7/, can be
understood from the spin-dependent transmission spectrum.

I./uA

I,/(1072 eV /4m)

Bias/V

Figure 7 shows the transmission at 3/, = 0.3 and 1.2. It can
be found that the current at —1.0 V is only contributed by
the spin-up transmission. In the case of fixed B, the spin-up
transmission peak is undisturbed. Thus the current at negative
bias remains unchanged. At +1.0 V, besides the large spin-up
LUMO transmission, a very weak transmission peak induced
by the spin-down LUMO also appears in the bias window.
When 7, increases from 0.3 to 1.2, the height of the spin-
down LUMO peak is enhanced from a negligible quantity to a
notable value (~ 0.04). As aresult, the current, as a sum of the
spin-up and spin-down currents, increases slightly, with a sim-
ilar dependence on the coupling strength as discussed above.
However, as a difference of the spin-up and spin-down cur-
rents, the spin current decreases correspondingly.

Due to the spin splitting in the central molecule, the
variation of spin-up and spin-down interfacial coupling will
be asymmetric for the transport. So, we further investigate
another spin-revolved interfacial coupling by fixing B4. As
shown in Fig. 8, with the increase of B" the current increases
distinctly. Particularly, we notice that at 3" = 0.3, the spin
current does not follow the charge current under large posi-
tive biases, where its magnitude goes down to zero. The SRR
in Fig. 8(c) is negative at " = 0.3, which indicates that the
spin orientation of the spin current at the positive bias is re-
versed and an antiparallel spin-current rectification occurs. ']
Figure 8(c) shows a notable modulation of the rectification ra-
tio by interfacial spin-splitting parameter %, /4 = 8"/ BY. When
%./q decreases from 1.5 to 0.3, the RR is enhanced significantly
from 14 to 31, while the SRR changes from 13 to —5. The re-
sult means that in this case, a weak ¥, /4 or B" is advantageous
to obtaining a large charge-current rectification. Vice versa, a
strong ¥,/q or B" is helpful to realizing a strong parallel spin-
current rectification.

17.0

16.5

RR/SRR

16.0

15.5

0.3 0.6 0.9 1.2 1.5

Yd/u

Fig. 6. (color online) (a) Charge current and (b) spin current as a function of bias with different spin-down interfacial coupling
parameters. Here the spin-up interfacial coupling is fixed with 8 = 1.0. (c) RR and SRR at [V| = 1.0 V versus the ratio of B¢/B".
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Fig. 7. (color online) Spin-dependent transmission at +1.0 V with different spin-resolved interfacial coupling parameters: (a) B = 1.0,
Bi=03,V=10V;(0)B'=1.0,f4=12,V=10V;(c) " =1.0,4=03,V=—1.0V;and (d) B* =1.0, =12,V =—1.0V.
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Fig. 8. (color online) (a) Charge current and (b) spin current as a function of bias with different spin-up interfacial coupling parameters.
Here the spin-down interfacial coupling is fixed, with B = 1.0. (c) RR and SRR at |V| = 1.0 V versus the ratio of 8/B9.

Such modulation of the rectification ratio can be deduced
from the transmission shown in Fig. 7. Since the transport
is dominated by the spin-up transmission, " (}/u/d) can be
roughly seen as the total interfacial coupling strength. As
discussed above, the inflection point exists at about § = 0.3.
Thus, when 8" (¥, /d) decreases to 0.3, the RR should increase.
However, the smaller " (,/4) will suppress the spin-up cur-
rent as well as the spin current at positive bias. So the SRR
will decrease with " (7,/4) decreasing. When the spin-up
0.3, the

spin-polarized orientation of the spin current will be reversed.

transmission is lower than the spin-down one at 3"

It can be concluded that the interfacial manipulation on the

spin with an opposite spin orientation from the radical spin or-
der, e.g., inserting a spin selective barrier at the interface, will
generate a more effective effect on the spin diode.

Note that the asymmetric interfacial coupling is not in-
cluded in the present work. An asymmetric interfacial cou-
pling may work as another source of rectification, which will
compete with the intrinsic structural asymmetric and compli-
cate the rectification mechanism of the spin diode.?%%°! More-
over, when it is extended to the asymmetric spin-resolved cou-
pling, the situation will become much more complex with var-
ious possibilities. A vast calculation is necessary to clarify this

issue, which will be performed in our further studies.
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4. Summary

We have performed a theoretical study of the inter-
facial coupling effect in an organic magnetic co-oligomer
diode by calculating the rectification property under spin-
In the
spin-independent coupling, the rectification behavior is robust

independent and spin-resolved interfacial coupling.

against the interfacial coupling strength, while the rectification
ratio is modulated effectively. An optimal interfacial coupling
strength is observed to realize the largest rectification, which
relies on the structural asymmetry of the molecule. In the case
of spin-resolved coupling, we found that the manipulation of
spin-up interfacial coupling, whose spin orientation is oppo-
site to the radical spins, is more effective on the rectification.
A weak spin-up coupling is advantageous to realize a large
charge-current rectification, while a strong one is good for
the spin-current rectification. An interfacial coupling induced
transition for the spin-current rectification is also observed,
where the parallel spin-current rectification changes to an an-
tiparallel one companied with the reversal of spin-polarized
orientation. This work is helpful to explore the potential inter-
facial modulation on the rectification in magnetic co-oligomer
diodes.
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