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The effect of lattice dimerization on the magnetoresistance (MR) in organic spin valves is investigated based on the
Su—Schrieffer—Heeger (SSH) model and the Green’s function method. By comparing with the results for a uniform chain,
we find that the dimerization of the molecular chain modifies the monotonic dependence of the MR on the bias to an
oscillatory one. A sign inversion of the MR is observed when the amplitude of the dimerization is adjusted. The results
also show that at a low bias, the MR through a dimerized chain decreases with the increasing bias as well as the increasing
chain length, which is consistent with the experimental reports. A further understanding can be achieved by analyzing the
electronic states and the spin-dependent transmission spectrum with the parallel and antiparallel magnetization orientations

of the two ferromagnetic electrodes.

Keywords: organic spintronics, magnetoresistance, dimerization

PACS: 85.75.-d, 73.61.Ph, 75.47.—m

1. Introduction

Spintronics, which utilizes the electron spin degree of
freedom for electronic devices with improved performance
and enhanced functionality, has been a popular field since
the discovery of giant magnetoresistance (GMR).I'l The ba-
sic structure to realize the magnetoresistance (MR) is a spin
valve, where two ferromagnetic electrodes are separated by a
central layer. The resistance of the device is manipulated by
using a magnetic field to switch the relative magnetization ori-
entation of the electrodes. For a spin valve, the choice of the
central layer is very important in determining the magnitude
as well as the sign of the MR. In the past decades, various
traditional inorganic materials including conductors, semicon-
ductors, and insulators have been tested.>™! Recently, organic
materials have attracted much attention due to their advantages
of low cost and large-area fabrication techniques with chemi-
cal methods. Particularly, the spin relaxation time in organic
materials is much longer due to the weak spin—orbit interac-
tion and the hyperfine interaction.’! This makes the organic
materials promising for spin valves, which is important in the
field of organic spintronics.”®!

In 2002, Dediu et al. first reported the realization of MR
in LaSrMnO (LSMO)/sexithiophene/LSMO junctions.”] Then
Xiong et al. investigated the MR in Alqs molecules sand-
wiched between LSMO and Co electrodes.'”) They observed
a negative MR about 40% at a low temperature, which de-
creased with increasing bias voltage, temperature, and length
of the layer. Santos ef al. measured the spin-dependent trans-
port in Co/Alqs/NiggFe,( tunnel junctions and obtained a posi-
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tive MR with a maximum value of 8% at room temperature.!'!]
Sun et al. also studied the spin-dependent transport in
LSMO/Alq3/Co junctions using a buffer layer assisted growth
(BLAG) technique,!'?! but they obtained a positive giant MR
up to 300%. Zhan et al. studied the interfacial states be-
tween LSMO and Algs.['31 On the theoretical side, the ab-
initio theory is widely adopted to analyze the microstructure of
organic spin valves, while the transport property is calculated
by combining with the Green’s function method. For example,
Waldron et al. studied the spin-polarized transport through a
Ni/bezenedithiol/Ni molecular magnetic tunnel junction with
density functional theory (DFT), where a maximum MR of
about 27% was obtained.!'*] Senapati er al. calculated the
effect of molecular conformation change on the MR.[>! Re-
cently, Mandal et al. found that the sign of MR may be re-
versed by changing the bond length between the molecule and
the electrode !

In spite of the extensive experimental studies, the theo-
retical understanding for the MR in organic spin valves is still
insufficient. Especially, the result is far away from the predic-
tion of the Julliere model, MR = 2P Pr /(1 + PLPR),!'7) where
the MR is only determined by the spin polarization of the left
(P.) and the right (Pr) electrodes. For example, for the same
structure (LSMO/Alq3/Co), the observed MR in different ex-
periments may differ by one order of magnitude, and even
the sign of the MR can be opposite.'%12! Although the pos-
sible reasons from the density of states of the Co electrode
and the molecule—electrode interfaces have been considered

10,16

in a few works,!!%-1%] the underlying role of the intrinsic struc-
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tural characteristic of the organic materials is still not clear. It
is known that the electron—lattice interaction in organic mate-
rials is strong. At the ground state, the lattice configuration
is dimerized due to the Peierls instability, which may further
relax under an applied bias (electric field). This will mod-
ify the tunneling barrier for the conducting electrons, which
is different from that in an inorganic device. A comprehen-
sive understanding of such a structural effect is not convenient
to be obtained in quantum chemical calculations, where the
microstructure of the molecule is calculated self-consistently
with a software package. A clear picture of the dimerization
effect can be achieved from a physical model.

In this paper, we make an effort to elucidate the role of
lattice dimerization on the MR in organic valves by compar-
ing the results with a uniform chain. The strong electron—
lattice interaction in organic materials is captured by using
an extended Su-Schrieffer—Heeger (SSH) model. The spin-
dependent transport property and the MR are calculated with
the Green’s function method combined with the Landauer—
Biittiker formula. In Section 2, the model and method are de-
scribed in detail. Section 3 shows the numerical results and
discussion. Then, a summary is given in Section 4.

2. Model and method

We use a one-dimensional model to describe the device.
A conjugated molecular chain is sandwiched between two
semi-infinite ferromagnetic electrodes. The Hamiltonian of
the device can be written as

H = Ho + Hr + Heoup + He. (1)

The first term describes the organic molecule, which is ex-
pressed with an extended SSH Hamiltonian!'®!

Ho = ZSOCISCn,s - Z [tO - a(un+l - un) - (_l)n[e]
n,s

n,s

K
X (C;tscn+1,s + C;;,Lscn,x) + 5 Z (Unt1 — un)Z» (2)
n

where &) is the on-site energy, #y denotes the hopping integral
of the 7 electrons along the uniform chain, « is the electron—
lattice coupling parameter, u, is the lattice displacement at site
n, te is the nondegeneracy parameter, and cnfs (¢n,s) is the cre-
ation (annihilation) operator of the 7 electron with spin s at
the n-th site. The last term describes the lattice elastic energy
of carbon atoms with elastic constant K.

We choose two identical ferromagnetic 3d transition met-
als as the electrodes. The ferromagnetic metal is described by
a single d-band tight-binding model with a spin splitting term

_ + + +
Hr = Z {Sfam_rxam,s + l‘f(am’saqu sta, +1,sam.,S)}

m,s

=Y I (s 1m s~ any ), 3)
m

where & and f; are the on-site energy and the nearest neighbor
+

m,s

transfer integral, respectively, a (am_rx) is the creation (an-
nihilation) operator of an electron with spin s at the m-th site,
and J; is the Stoner-like exchange integral.

The coupling between the electrodes and the molecule is

assumed to take place only at the nearest connecting atoms
Heoup = tho (a;fsclys +h.c.) + tho (a;ﬁscm +h.c.)7 4)
N s

where fro is the interfacial hopping integral with 7ro = B (fs +
f0)/2, B is a weighting parameter, and N is the number of sites
in the central layer. Here the spin-dependent coupling at the
interfaces is neglected for simplicity.

With bias V, a uniform electric field E is assumed to be
generated between the two electrodes, which relates to the
bias with E = V/[(N — 1)a].
This treatment is valid if the applied bias is not too large.!'"!

Here a is the lattice constant.

Then the spatial electric potential along the molecule can be
expressed with the following Hamiltonian:

N+1
Hg = —;\e\E {(n—z )a—i—un] c,tscm
N+1
E - 5
pasl(s-t e

with e being the electronic charge. The first term is the electric
potential energy of the 7 electrons, and the second term is the
electric potential energy of the lattice sites (ions).

Before calculating the spin-dependent transport property,
we first obtain the stable state of the molecule under the elec-
tric field. By solving the electronic eigenequation

(HS+HE) |Wis) = €us [ Winss) (©6)

we obtain eigenvalues €, ; and eigenstates @y , ¢ in the Wan-
nier space with [y ) = ¥ @u s |n). Here HY and Hy corre-
spond to the electron Han;liltonian with spin s in Egs. (2) and
(5). The displacements of lattice {u,} included in the hopping
integrals are determined by relaxing the lattice configuration
to get a minimum total energy of the molecule, which reads

200
Up+1 —Un = _?Z OunsPuntls
m

le| E

L PirnsPuns+ 4, ™
u

where ¥’ means the sum over the occupied states, A is a La-
grangian multiplier to guarantee the chain length unchanged,
i.e., Y, (un+1 —uy) = 0. Thus, equations (6) and (7) need to be
solved self-consistently. A fixed boundary condition, that is,
u; = uy = 0, is used in the calculation due to the attachment
of the molecule to the electrodes.

The spin-dependent current is calculated through the
Landauer—Biittiker formulal?"]

L) = [ TREV) FE - )~ fE - B, ®)
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where f(E — ) = 1/ {1+exp [(E — ) /KsT]} is the
Fermi function, and ;) = Ep eV /2 is the chemical potential
of the left (right) electrode with Fermi energy Er. The trans-
mission probability T;(E,V) is determined from the Green’s
function according to the Fish-Lee relation as'?’! Ty (E,V) =
Tr[[],Gs (E,V) L sG] (E,V)], where Ij , denotes the spin-
dependent broadening matrix due to the coupling with the
ferromagnetic electrodes, which relates to the self energy
with I, = i [Eur),s -5t m} , G, (E,V) is the single-particle
Green’s function Gy (E,V) = 1/(E —H§ —Hf, — Zi 5 — X ).
The spin-flipping process during the transport is neglected
since the spin relaxing time in organic conjugated materials
is usually long.[®!

To perform a numerical calculation, we choose the fol-
lowing parameters for the central organic molecule: #y =
25¢eV, g =—435¢eV, o =45 eV/A, 1. =0.04 eV, K =
21.0 eV/A?. These values generate an electronic structure, es-
pecially the band gap and the frontier orbitals, similar to that
of Alqs, which has been widely used in organic spin valves.!!
For the ferromagnetic electrodes, ty = 1.5 eV, Jy = 1.5 eV,
& = —6.56 eV, Eg = —5.0 eV, which are used to fit the cobalt
3d band.”!! The spin polarization of the electrodes calculated
with the above parameters is about 0.33. The interfacial bind-
ing parameter is set to § = 1.0.

There are two kinds of configurations, parallel (P) and
antiparallel (AP), with respect to the relative orientation of
the two ferromagnetic electrodes. The MR under a bias can
be obtained by calculating the total current Ipap) = I+ + 1 at
each case, MR(V) = [Rap(V) — Rp(V)]/Rap(V) = [Ip(V) —
Inp(V)]/Ip(V).

3. Results and discussion
3.1. MR with a rigid uniform chain

Before studying the effect of dimerization, we start our
calculation from a rigid uniform chain as comparison. A chain
with length N = 20 is considered, where the displacement of
the atoms is set as zero at any bias. It is known that although
the electronic states of an isolate chain is spin degenerate,
the density of states (DOS) may be spin split when it is cou-
pled with the ferromagnetic electrodes. Figures 1(a) and 1(b)
show the DOS at zero bias in the P and the AP configurations,
respectively, which are calculated from the Green’s function
with DOS® = —Im[G,(E,V)]/®. One can find that the spin
degeneracy of the states is eliminated in the P configuration
although the spin splitting is small. Continuous states are ob-
tained near the Fermi energy, while they become discrete far
away from the Fermi energy. This is because the self-energy
effects from the ferromagnetic electrodes, i.e., broadening and
shift of the molecular eigenstates, are nondegenerate with dif-
ferent spins. But the spin degeneracy of the molecular states is

conserved in the AP configuration due to the space inversion
symmetry of the spin-up and spin-down states in the left and
right electrodes.
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Fig. 1. Density of states of the central rigid uniform chain in the (a)
P and (b) AP configurations. (c) Current—voltage characteristics in the
P and AP configurations. (d) MR versus the bias. The insert is the
schematic structure of the chain.

Then, we calculate the currents and the MR of the device
as shown in Figs. 1(c) and 1(d). A linear current—voltage char-
acteristic exists both in the P and the AP configurations. The
current in the P configuration is larger than that in the AP con-
figuration in the calculated bias region. Thus, a positive MR is
always obtained, which is consistent with the estimation from
the Julliere model in quality where the two electrodes have the
same spin polarization. The MR takes on a nearly exponential
decrease with the increasing bias, which varies from almost
100% at zero bias to 30% at 2.0 V.

The MR property through the uniform chain can be un-
derstood by examining the spin-dependent transmission. The
results are given in Fig. 2. In the present model, the spin-up
band of the Co electrode is full-filled and the spin-down one
is half-filled. So in the P configuration, the full-filled spin-
up (majority) electrons cannot be transported, and the carriers
are the spin-down (minority) electrons, as shown in Figs. 2(a)
and 2(b). In contrast, only the transport of spin-up electrons
is permitted at the AP configuration under V > 0, which is
driven from the majority band of the left electrode to the mi-
nority band of the right electrode. At zero bias, we notice
that in the P configuration the Fermi level falls into the middle
of the spin-down transmission band, which corresponds to a
large transmission. But in the AP configuration, it lies at the
edge of the spin-up transmission band where the transmission
nearby is smaller. This leads to that the conducting current in
the P configuration under a low bias is larger than that in the
AP configuration, and hence a positive MR is always obtained.
The increase of bias will reduce the difference of transmission
in the bias window between the P and the AP configurations.
As aresult, the MR decreases with the increasing bias.
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Fig. 2. Spin-dependent transmission through a uniform chain at different biases: (a) P configuration, V = 0 V; (b) P configuration,
V =1V, (c) AP configuration, V = 0 V; (d) AP configuration, V = 1 V. The dash dot lines indicate the bias window.

3.2. MR with a dimerized chain

In the following, we further investigate the MR in a
dimerized central chain. Here the lattice configuration is
obtained by the self-consistent calculation mentioned above.
Figure 3(a) shows the lattice configuration of the central chain,
where y, = u,+1 — u, describes the variation of the n-th bond.
Obviously, the bond is single-double alternative due to the
electron—lattice interaction, that is, dimerization of the atoms.
The change of the bond is about 0.13 A in the present model,
which is a little enhanced near the boundary. Figure 3(b)
shows the DOS modified by the dimerization in the device.
Here only the P configuration result at zero bias is given. One
can find that besides a slight spin splitting of the states, a large
Peierls energy gap (~ 2.0 eV) emerges near the Fermi energy.
The Fermi level falls into the gap and lies about 0.6 eV above
the highest occupied molecular orbital (HOMO).
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Fig. 3. (a) Lattice configuration of the dimerized chain. (b) Density of
states of the central dimerized chain in the P configuration at zero bias.
(c) Total currents in the P and AP configurations. (d) MR versus the
bias. The insert is the schematic structure of the chain.

The calculated currents and MR in the case of dimer-
ization are shown in Figs. 3(c) and 3(d), respectively. The

current—voltage curves look like those in most molecular de-
vices, where a nonlinear structure companied with a threshold
voltage appears in both the P and the AP configurations. Com-
pared with the uniform chain, the magnitude of the conduct-
ing current is reduced by one order. Particularly, we note that
the MR displays two distinct properties under biases. Firstly,
the MR oscillates with the bias. This property was also ob-
tained in some ab-initio calculations about magnetic molec-

U151 Secondly, both positive and negative MRs

ular junctions.
are observed in different bias regions. The MR first decreases
quickly from almost positive 100% and is zero at about 0.3 V.
Then a negative MR appears in the bias region from 0.3 V to
1.3 V. The MR with the maximum magnitude is about negative
190% at the bias of 0.8 V. With the increase of bias, the MR
keeps oscillation between positive and negative values, but the
amplitude becomes smaller. We notice that the bias-induced
decrease of the MR under small biases has been observed in
most experimental studies.!'?2%)

To understand the MR property, a further investigation
about the spin-dependent transmission at different biases is
carried out. The results are displayed in Fig. 4. At zero bias,
unlike the uniform chain, the transmission efficiency near the
Fermi energy is suppressed by the energy gap in the two con-
figurations. The spin-down transmission spectrum in the P
configuration is divided into two parts by the gap. With a bias,
e.g., V =1.0 V as shown in Figs. 4(b) and 4(d), only the tail
of the nearest spin-down transmission spectrum enters the bias
window in the P configuration, while in the AP configuration
only the tail of the spin-up transmission spectrum contributes
to the current. Thus a much smaller current is obtained in the
case of the dimerized chain. The sign and magnitude of the
MR at any bias will depend on the proportion of the transmis-
sion falling into the bias window in the P and the AP configu-
rations.
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Fig. 4. Spin-dependent transmission through the dimerized chain at different biases: (a) P configuration, V = 0 V; (b) P configuration,
V =1V; (c) AP configuration, V = 0 V; (d) AP configuration, V =1 V.
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Fig. 5. (a) Conductances in the P and AP configurations and (b) MR
under different dimerization order parameters.

Since in many experiments the MR is usually measured
under a low bias, we further study the effect of dimerization
on the MR under a small bias V = 0.2 V. Here we define the
order parameter X (o) = ﬁN):ll (=1)"yn(a) to denote the
amplitude of the dimerization.n_The electron—lattice interac-
tion parameter ¢ varies from 4.0 eV/A to 5.0 eV/A, which
are typical values for most conjugated organic materials. In
each case, the conductance and the MR are also calculated,
and their relations with the amplitude of the dimerization are
plotted in Fig. 5. Apparently, the results in Fig. 5(a) show an
exponentially decrease of the conductance with the enhance-
ment of the dimerization. It is because a stronger dimerization
corresponds to a larger Peierls gap, and thus a higher tunnel-
ing barrier. For the MR shown in Fig. 5(b), we can find that
the sign of the MR changes from negative to positive when
the amplitude of the dimerization exceeds a special value. The
positive MR increases when the dimerization gets stronger and
tends to be almost saturated with the magnitude of 70%. This
result means that in organic spin valves, the intrinsic dimeriza-
tion of the molecular chain may determine the sign and mag-

nitude of the MR. In fact, even in the same device, the ampli-
tude of the dimerization may be adjusted or even eliminated
by external disturbations, e.g., temperature. The temperature
induced elimination of the dimerization is well known as the
Peierls phase transition.”>) The decrease and the sign inver-
sion of the MR with temperature have been widely reported in
related experiments.[!%-24]

We also investigate the effect of chain length on the MR.
Here both the cases with and without the dimerization are stud-
ied and compared. From the results in Fig. 6, we find that
in the case of a uniform chain, the conductance and the MR
show weak dependences on the molecular length. But for the
dimerized chain, the conductances in both P and AP configu-
rations decrease exponentially with the length. Such kind of
length-dependent decrease of conductance is popularly found

125

in molecular devices.!”! The MR decreases almost linearly

from about 60% to 40% when the sites of the molecular chain

increase from 10 to 40. This result also accords with the ex-
[10,22]

perimental report qualitatively.
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Fig. 6. The length dependent (a) conductance in the P and AP configu-
rations and (b) MR at the bias of 0.2 V.
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4. Summary

We have performed a theoretical study about the dimer-
ization effect of the central chain on the MR in organic spin
valves. By comparing with a rigid uniform chain, the results
show that the lattice dimerization induces both the sign and the
magnitude oscillations of the MR with the bias, while only a
positive MR is obtained in the case of a uniform chain. A fur-
ther investigation indicates that both the density of states and
the transmission spectrum near the Fermi energy are dramat-
ically modified by the dimerization in the P and the AP con-
figurations. The results also display that at a low bias, the MR
in an organic dimerized chain decreases with the increasing
bias and chain length, which is consistent with several exper-
imental reports. Moreover, the result reveals that the sign of
the MR at a low bias may be reversed if the amplitude of the
dimerization is adjusted. This study indicates that in organic
spin valves, the dimerization of the central organic molecules
plays an important role in determining the sign and magnitude
of the MR.
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