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With an extended Su—Schrieffer—Heeger model and Green’s function method, the spin—orbit coupling (SOC) effects on
spin admixture of electronic states and quantum transport in organic devices are investigated. The role of lattice distortion
induced by the strong electron—lattice interaction in organics is clarified in contrast with a uniform chain. The results
demonstrate an enhanced SOC effect on the spin admixture of frontier eigenstates by the lattice distortion at a larger SOC,
which is explained by the perturbation theory. The quantum transport under the SOC is calculated for both nonmagnetic
and ferromagnetic electrodes. A more notable SOC effect on total transmission and current is observed for ferromagnetic
electrodes, where spin filtering induced by spin-flipped transmission and suppression of magnetoresistance are obtained.
Unlike the spin admixture, a stronger SOC effect on transmission exists for the uniform chain rather than the organic
lattices with distortion. The reason is attributed to the modified spin-polarized conducting states in the electrodes by lattice
configuration, and hence the spin-flip transmission, instead of the spin admixture of eigenstates. This work is helpful to
understand the SOC effect in organic spin valves in the presence of lattice distortion.

Keywords: organic spintronics, spin—orbit coupling, spin admixture, quantum transport
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1. Introduction

Organic spintronics has attracted much attention in the
last few decades because of the merits of organic materials in
spintronics, such as low-cost synthesis, long spin relaxation
time, diversity of carriers, and controllable spin polarization at
interfaces.!!=>! Various organic spintronic devices have been
designed and measured, including organic spin valves, organic
spin filters, and organic spin diodes.!* A distinct character-
istic of organic devices is the intrinsic strong electron—lattice
(e-1) interaction in organics. The e-1 interaction may cause lat-
tice distortion, either in the ground or charged state, and fur-
ther modifies the transport property of the device, e.g., dimer-
ization induced inversion of magnetoresistance (MR),!% po-
laron induced conducting switch!!!! and negative differential
resistance. %!

Spin—orbit coupling (SOC) in organics and its underly-
ing role in electronic transport are attractive but challenging
issues. Due to the light-atom component, the SOC in organics
has usually been neglected in past studies. However, recent
reports have demonstrated that the SOC in organics cannot
be ignored simply in several cases. For example, some or-
ganic molecules contain heavy atoms, '3!3 such as Al in tris-
(8-hydroxyquinoline) aluminum (Alqs), S in sexithienyl (T6)
and Cu in copper phthalocyanine (CuPc).!'%! Moreover, the
strength of the SOC in organics may be modified by molec-
ular deformation.!"”-2! It has been reported that the SOC in
biphenyls is increased by four orders of magnitude as the tor-
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sion angle between the two benzene rings changes.!'®! This
provides a prerequisite for exploring the SOC effect in or-
ganic devices. The related SOC effect in organics has trig-
gered increasing interest, including topological insulators and
spin Hall effect.?>->>1 Moreover, it is known that SOC is an
important factor for electronic spin relaxation in spintronic de-
vices. Experimental study has demonstrated that when atoms
with atomic number larger than S are present in organics, the
SOC will become the dominant reason for spin relaxation. 2!
Thus, the exploration of the SOC effect in organics is help-
ful to understand the related spin transport properties, such as
spin valves, especially in a situation where the SOC cannot be
neglected simply.

The presence of SOC will mix the up- and down-spins in
an electronic eigenstate, and the spin is no longer a good quan-
tum number. Spin admixture of frontier molecular orbitals in
several organic molecules has been investigated by Yu with an
ab-initio method,"® which reflects the strength of the SOC
to some extent. The spin admixture in electronic states will
further induce spin-flip transport in the device. For instance,
the SOC leads to a spin-flip conductance as reported in finite

[27,28] Spin pump-

carbon nanotubes and molecular junctions.
ing experiments in poly (3-alkylthiophene) polymer films have
shown that a polymer with a higher degree of distortion leads
to a larger spin mixing conductivity.[*”! The SOC in chiral
molecules is also found to be significant and plays a crucial
role in the enhancement of spin polarization during electronic

transport. [30-34]
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As mentioned earlier, the change of molecular conforma-
tion may modify the SOC strength in organics. The reported
structural deformation in previous theoretical studies is limited
to the change of molecular angles or chemical substitution in
heterocyclic molecules.!!-2!1 In organic polymers, a funda-
mental structural deformation is the lattice dimerization or po-
laron lattice distortion induced by the strong e-1 interaction.
These lattice distortions exist universally in organics, which
may even bring novel effects for spin transport related to the
SOC, such as the oscillation spin Hall effect in organic lad-
ders induced by polaron and bipolaron transport.?>?*] How-
ever, the questions of how such lattice distortions modify the
SOC and their potential roles in quantum transport have not
been fully addressed and clarified clearly. In this paper, we
investigate the spin admixture of the frontier eigenstates in
one-dimensional organic chains, where both the Rashba SOC
and e-1 interaction are included. Then, by sandwiching the or-
ganic chain between two nonmagnetic or ferromagnetic elec-
trodes, the spin-dependent transport properties of organic de-
vices with these two interactions are explored. This paper is
organized as follows. In Section 2, the model and calculation
method are introduced. In Section 3, we discuss the results and
analyze the underlying physics. Finally, a brief conclusion is
given in Section 4.

2. Model and method

We first consider a one-dimensional organic chain includ-
ing the SOC and e-1 interaction. The organic chain is described
by an extended Su-Schrieffer—Heeger (SSH) model with the
Hamiltonian 333!

Hy, = Z—(Io—ayz‘) (CzTH.aci,G‘i‘C,T,gCiH,o)

i,o

K
+ B Y (uis1 — ui)) ~ o Z(CLLTQ}L
7

L

*CITCiJrl»lJrCI,LCHLT7CiT+1,¢Ci,T)' (D)

Here 19 is the hopping integral of a uniform lattice and o stands
for the e-1 coupling strength. y; is the lattice distortion with
Vi = Uit — Uj.
CZ . (cic) is the creation (annihilation) operator of 7 electrons

u; is the lattice displacement of the ith site.

at the ith site with spin o, and K is the lattice elastic constant.
tso denotes the strength of the SOC.

The stable state of the organic chain can be obtained by
solving the electronic eigenequations and lattice equilibrium
equation self-consistently.!”] In Wannier space, the eigenstate
can be expanded as |¥) =Y, 5 Wiu.ioli, 0). Wyio is the wave
function at site i with spin ¢. Thus, the eigenequation reads

—(to — i) Wiv1,6 — (to— OYi—1) Vi-1,0

_tSO(W[.LJfl,fG - Wu,iJrl.fc) =&uVYu,oc, ()

where g, is the eigenvalue. The lattice distortion y; is recalcu-
lated by the lattice equilibrium equation

200
Yi="%g Z YuioWuitl,o

1,0 ,0cc.
200 N—1
o VuioWpitlo; (€)
K(N_l) i:zlu,t;cc. oo

where N is the total site number in the chain and the sum is
over all the occupied states. Equations (2) and (3) need to be
solved self-consistently for a given occupied situation. Here,
a fixed-end boundary condition is used.

When we investigate the transport properties of an or-
ganic device, two semi-infinite one-dimensional electrodes are
connected to the left and right ends of the organic chain, as
shown in Fig. 1. The electrode is described with the single-

band tight-binding model with a spin splitting term’!

Hen = ¥ [ed] gdic + 1t (] gdis1.0+df, 1 odio) |

i
~ Y e (d iy~ ). )
i

Here, & is the on-site energy relative to the atoms in the or-
ganic chain. dl-fc (di &) is the creation (annihilation) operator
of the electron at ith site with spin o. # is the hopping inte-
gral of electron and J; represents the strength of the spin split-
ting. This model is usually adopted to describe a ferromag-
netic metal due to the presence of the last Stoner-like spin-
split term, but it can be also used for a nonmagnetic metal by
setting Jr = 0. The interfacial coupling between the organic
chain and the electrode is simplified as a hopping integral with
te = B (ts+10). B is the weight parameter.

Molecule

Left electrode Right electrode

e 00— 1—0—0—0— o0 0—0—0—10—0— .00

Fig. 1. Schematic diagram for the electrode/organic-chain/electrode device.

By applying a bias voltage, a uniform electric field is as-
sumed to be generated along the organic chain. The Hamilto-

nian of the electric potential can be written as!3®!

. N+1 :
Hg = —Z|e|E {(z—z)a—i—u,} cj}cci’a
ic
. N+1
+Z|e|E[(z—2>a+uz}, 5)
i

where e is the electron charge and E =V /[(N — 1)d] is the
electric field generated from the bias voltage V. a is the lattice
constant. Such treatment of the bias effect is valid when the
bias is not too large. 3!

Under the bias voltage, the electronic structure and lat-
tice configuration of the organic chain need to be recalculated

by including the electric potential term in the eigenequations
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and lattice equilibrium equation.*%#!" After that, the spin-
resolved current can be calculated with the Landauer—Biittiker

formula[4244]

Io(V) =5 [ To(EV)AE )~ F(E - p)ldE. (©)

Here £ is Planck’s constant. T4 (E,V) is the spin-dependent
transmission function. In the presence of the SOC,
the transmission includes both the spin-conserved compo-
nent and the spin-flip one, ie., 75 (E,V) = T (E,V) +
T oo (E,V).
from Ty (E,V) = Tr{[-G o (E,V)IRGE, (E,V)]. Ta'
[ ZLR)0 — E&R% o is the broadening matrix due to the cou-

The spin-resolved transmission is calculated
R) _

pling with the ferromagnetic electrode.

1
Goo (E,V) =
oo’ (E,V) E—H: —Tio—Zno

is the retarded single-particle Green’s function of the central
molecule, in which Hf, is the sum of the electronic parts in
Egs. (1) and (5). f (E, g ) is the Fermi distribution function
with the chemical potential yy ;g = Ep eV /2. Ef is the Fermi
energy of the electrode.

It is known that in spin valves the relative magnetization
orientation of the two ferromagnetic electrodes may be paral-
lel (P) or antiparallel (AP), manipulated by a magnetic field.
The total charge current in each case is calculated as the sum
of currents with different spins, / = I; +1,. The MR is defined
as MR = (Ip — Iap)/Iap with Ip and Iap the currents in P and
AP configurations, respectively.

The parameters used for numerical calculations are cho-
sen as follows. For the organic chain, fp = 2.5 eV, o =
4.1 eV/A, K = 21.0 eV/A?, which are typical values widely
used for conjugated polymers such as polyacetylene.*! For
the ferromagnetic electrode, t; = 1.5 eV, Jr = 1.5 eV, & =
—0.3eV, Er =0, B =0.2, which are used to fit the Co 3d band
structure. [*°! Despite that, the obtained results are expected to
be valid qualitatively for other organic magnetic junctions. As
mentioned earlier, the strength of SOC in organics depends on
the components of the material and the molecular structure.
For example, the SOC strength is 11 cm~! for carbon atoms,
and 382 cm™! for S in sexithiophene and 112 cm™! for Al in

0 0
_tsog‘l’ov,n,i Vit~ Youst, Vi)

Algs."®! Even in metal-free molecules, such as biphenyl, it
has been reported that the SOC may be enhanced by four or-
ders of magnitude by changing the angles between rings. %]
To make our results universal, here the SOC parameter is set
as variable, while the dependence of results on the parameter

is discussed.

3. Results and discussion
3.1. Spin admixture of eigenstates

Before the numerical calculation, we first derive the effect
of SOC on the spin admixture of molecular eigenstates analyt-
ically. For the molecular chain, the electronic eigenstates will
be spin degenerate with the absence of SOC, i.e., Eg.,T = Egi
The corresponding eigenstates are |y, ) and |¥). In the
presence of SOC, the spin is not a good quantum number and
each state contains components of the two spins. The new
eigenfunctions, denoted by |‘PU+> and }‘PJ), can be calculated
from the perturbation theory

H‘N
() =10+ Y gl O
UF#V
- HH
) =10+ Y gt ®
UF#V

Here HJOi (HfoT ) is the perturbation matrix between two spin

components caused by the SOC Hamiltonian. In Wannier

space, the perturbation matrixes are written as
_ 0 /s T
Hi’T - Z wv-,ii <l’ u —Iso Z(Cn+1,TC”=~L
i,j n

— CZ,TC"+1"L +h.c.)[j,1) V’S,M
0 0 0 0
= —Iso Z[Wv,ml Yunrir — Yont1,l Wﬂ-ﬁﬁ]’ ®)

n

0 .
HsToJ’ = ZWv_jT (6,1 —tso Z(CIL+1,TC”7¢
2y

—chpCuriythe) LDV
0 0 0 0
= —Iso Z[Wv,r%lﬁwli.n,i o w’-)ﬂﬁwﬂa"JFlvi]' 10

n

Thus, the new eigenstates by considering the SOC are

HFAD v U
—Iso Z[Wg,n+l,T wﬁ,n,i - Wg,n,T wg.,nJrLJ
|va_> = |q’1?.,¢> + Z s EO _ g0 ’lPIi)-,T>' (12)
HFAD v U

According to these formulas, spin admixture of each eigenstate occurs caused by the SOC. The mixed component with opposite

spin depends on not only the strength of SOC but also the initial wave functions and eigenvalues without SOC. The latter will be

modified by the lattice configuration. Consequently, it leaves a way to modulate the SOC effect although the intrinsic atomic SOC

of organics is weak because the lattice distortion is common in organics due to the strong e-1 interaction, such as dimerization

and polaron distortions.
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In Wannier space, the eigenstates including the SOC be-
tween multiple eigenstates can be obtained numerically from
the self-consistent calculation of Eqgs. (2) and (3), which have
the following form:

AR MRV ES A ANk

where ‘/’3 E;) (1//;r 51)) is the wave function. Here we define a
spin admixture parameter of an eigenstate as

)
}/(v) _ 7—0(1)) _ ;|lllv,l,7o'|
')/O'(U) ZW/:;E;)P

by the spin-resolved coefficient Y5 (V).
In the following, we first take the frontier highest occu-
pied molecular orbital (HOMO) as an example to investigate

the spin admixture effect. Here a lattice with 100 sites is

adopted. The spin admixture is investigated in three cases:
uniform, dimerized, and polaron chains. The uniform chain is
achieved by setting the e-l interaction as zero, which is used
to make a comparison with organic chains. The dimerized and
polaron lattices are obtained by the self-consistent calculations
mentioned above with nonzero ¢, where the electron occupa-
tion is half-filling or single-electron charged, respectively. In
Fig. 2, we first plot the probability density of the HOMO for
the three lattices with the SOC, specifically, the spin-up branch
of the degenerated HOMOs. Without the SOC, delocalized or-
bitals are observed in the uniform and dimerized lattices, while
alocalized one appears in the polaron lattice due to the polaron
lattice distortion. When f,, is nonzero, the spin-down compo-
nent arises in the eigenstate, where the form of the probability
density differs for the three lattices. The amplitude of the spin-
down component increases with #, and becomes comparable
to the spin-up one at around f, = 0.04 eV.

(a) 0020 . . (b) 0.020 . . (c) 0020 . . .
Uniform-ts, =0 Uniform-ts, = 0.02 Uniform-ts, = 0.04
—— Up ——Up
0.015 —— Down 0.015 —+— Down 0.015
> > >
b= b p-1
g 0.010 2 0010 E 0.010
Q 2 2
o o o
4 & =
A a9 a9
0.005 0.005 0.005
0 0 il 0 oot - SUN
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Site Site Site
(d) 0.020 (e) 0.020 (£) 0.020
Dimerization-t, =0.02 ~ —=— Up Dimerization-t,, =0.04  —=— Up
—— Down —— Down
0.015 0.015 0.015} 1
> > >
2 0.010 S 0.010 s 0.010}
2 2 2
<] o o
= 4 4
[a¥ A A
0.005 0.005 0.005
Dimerization-ts, =0
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Site Site Site
(g) 005 . . . . (h) 0.05 . . . . (i) 0.05 . . . .
Polaron-ts, =0 —— Up Polaron-ts, = 0.02 —— Up Polaron-ts, = 0.04 —— Up
0.04 —— Down 0.04 —e— Down | 0.04 —— Down |
2 2 =
= 0.03} = 0.03 £ 0.03
2 2 g
B < r
2 2 2
S 0.02f S 0.02 S 0.02
& & &
0.01 0.01 0.01F
0 A 0 o L 0
0 20 40 60 80 100 0 20 40 60 80 100 0 100

Site

Site

Fig. 2. Probability of the HOMO wave function at different SOC strengths and lattice configurations. (a)—(c) ;o = 0 eV, 0.02 eV, and 0.04 eV
for uniform lattice. (d)—(f) 7,0 = 0 eV, 0.02 eV, and 0.04 eV for dimerized lattice. (g)—(i) t;, = 0 eV, 0.02 eV, and 0.04 eV for polaron lattice.

A quantitative investigation of the spin admixture can be
achieved from the spin-resolved coefficient Y5 and the spin ad-
mixture parameter y. Figure 3 shows the changes in the two
quantities of the HOMO with 7. It is found that 95 changes
non-monotonically with zy,. The mixed component with oppo-
site spin increases quickly with #y,, and exceeds the initial spin
component after t,, = 0.04 eV, and then begins to decrease.
This leads to a peak for the spin admixture parameter y at a
specific value of 1, for different lattices. Below 0.04 eV of #y,,

the spin admixture parameter y shows little difference between
the three lattices. However, when ¢, is increased over 0.04 eV,
we found that the spin admixture turns more distinct for the
polaron lattice, where the maximum value achieves 8.5 at
150 = 0.75 eV. The dimerized lattice also has a larger 7y than the
uniform one, whose maximum value of 3.0 at t,, = 0.65 eV is
two times that of the uniform lattice, only 1.5 atz,, = 0.55 eV.
This means that the lattice distortion of dimerization or po-

laron may enhance the spin admixture of the frontier orbital,
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but a relatively large t, is required. To achieve a large 7., a
gate voltage or the presence of large atomic-number compo-
nent will be necessary, such as S in thiophene with the SOC
strength of 382 cm ™!, Alin Alqs of 112 cm™!, and Cu in CuPc
of 829 cm~!.11640] Degpite that, the role of lattice distortion
on spin transport related to the SOC effect cannot be simply
judged from the SOC strength. In our previous studies of po-
laron dynamics in two-dimensional organic lattices,!?>?*! the
lattice distortion contributes an extrinsic mechanism of skew
scattering and enhances the spin Hall effect. So, in the follow-
ing, we further investigate the spin-polarized quantum trans-
port in organic devices in the presence of both SOC and lattice

distortion.
1 VO T T T T
a LT~
0.8 -( ) e S
. // - T~ N o
— Uniform-u a ~.
0.6 ——-bnilf'orm-dgwn " // C— ™ o
~ — Dimerization-up 7 ~.
g : gizlnerizfition-down < -
< 0.4+—- Polzxron-dgwn /( 4
§
7
0.2 s .
% % '
R
O 1 1 1 1
0 0.02 0.04 0.06 0.08 0.10
tso (eV)
9 T T T T
gL (b) ]
Lo Uniform 1
—— Dimerization
6 —— Polaron
= °r
4
3+
2L
1k
0 1 1 1

0.02 0.04 0.06 0.08 0.10
tso (V)

o

Fig. 3. (a) Spin-resolved coefficient ¥;(}) and (b) spin admixture param-
eter ¥ of the HOMO in three lattices.

3.2. Electronic transport

We calculate the quantum transport properties of the
above lattices in the presence of SOC by connecting them to
electrodes, as illustrated in Fig. 1. A shorter chain of N = 20
is considered for quantum transport. First, two identical one-
dimensional nonmagnetic electrodes are used, where the pa-
rameters are the same as those stated above except by setting
Jr = 0. The transmission spectra of the three devices at zero
bias are given in Fig. 4, where the results with and without
SOC are compared. Here to make the results visible, a little
larger SOC is used. It can be seen from Fig. 4(a) that the total
transmission spectra keeps almost unchanged in the presence
of SOC. But from Fig. 4(b) we can clearly find that a spin-flip
transmission arises with SOC, where T3 and 74 overlap and
the peak value achieves about 0.3. This is natural because the
SOC will not break the spin degeneracy of the system.

T T T T T T T T T
HOM i o=
20(@) JOMG 4 — gt ]
P\ i i || — Dimerization-ty,=0 ' I
ol | oy Dimerization-ty, = 0.08 | Vt-
IR
L | | olaron-tg, = 0.
B i TN
Lol i [ (l nol
3 ;\\!l !”\‘H‘ {"," "
2 \ I
2 1.0 | [ I
&~ 1A RN [ (| ‘ /
Ll I [ o ]
( \ [y \ | Vi Iy
VA R T R Y
0.5 W \ / ;’\ | | Vo
/
i\\ 'I' \\)\\'l/ “\ \\\‘ "/ !I \\F—ﬁ;//‘\ 1
\\’/ / \ ! \
S S L4—’|i J,\/\—.—i’
—1.0 —0.5 0 0.5 1.0 1.5
1.0 ————————————
— Uniform-Tt1 (1))
r (b) - - Uniform-Tty (1)
— Dimerization-Tt L4
0.8 F imorinati Rl
. HOMO + - -glrlnemzathlon—Tm(.m
— Polaron-Tr(1l)
i ‘ + - - Polaron-Tty (1)
0.6
~
0.4
0.2
0
—1.0 —0.5 0 0.5 1.0 1.5
E—Ep (eV)

Fig. 4. (a) Transmission spectra through the three lattices with nonmag-
netic electrodes. The solid lines represent for #,, = 0, and the dotted
lines for #,, = 0.08 eV. (b) The spin-resolved transmission spectra in
three cases with r,, = 0.08 eV.

40 0 T v '
[ ] — =0 (@
30 _E:ég: : — —t5,=0.08 ]
—~ _2 _a5F .
< -30F
2 20 —35 05 10 L 7
~ Bias
10 |- B
Uniform
] " ] "
. ®)

I (nA)

Demirization
c

— tso = 0 ( ) y

— —15%=0.08

I (pA)

Polaron

0 1 . 1
0 0.5 1.0 1.5

Bias (V)

Fig. 5. Current as a function of the bias through the three devices with and
without SOC in the case of nonmagnetic electrodes. Panels (a)—(c) corre-
spond to uniform, dimerized and polaron chains, respectively. The insets
are the difference of the currents with and without SOC, Al = Iy gg—Ip.

We also calculated the current—voltage curves of the three

devices. The results are shown in Fig. 5. It is found that the
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lattice distortions modify the threshold voltage due to the mod-
ified energy gap. However, the change of current caused by
SOC is in the order of thousandth for all cases, which is al-
most invisible in the curve. The insets show the difference of
currents with and without SOC, which is in the order of nA for
the present parameters. The change of current is a little larger
in the polaron lattice. So, in present nonmagnetic electrodes,
the effect of SOC on the current is insignificant and can be
nearly ignored.
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— T |
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Fig. 6. Transmission spectra through the three lattices in the presence
of ferromagnetic electrodes with 7, = 0 eV and 0.08 eV. The magneti-
zation orientations of the electrodes are parallel. Panels (a)—(c) are total
transmission in uniform chain, dimerized chain, and polaron chain, re-
spectively. The corresponding spin-resolved transmission spectra are
given in (d)—(f).
Now we use two ferromagnetic metals as the electrodes.
We start with the transmission spectra in P configuration of the
electrodes. The parameters provided above generate a band
structure similar to Co 3d states, which is composed of a full-
filled majority band and a half-filled minority band. Thus,
as shown in Figs. 6(a)-6(c), the spin-up (majority) transmis-
sion only exists below the Fermi energy. Unlike the non-
magnetic electrodes, the effect of SOC turns much stronger
in this case, where the transmission peaks near the Fermi en-
ergy are reduced, especially for those spin-down peaks above
the Fermi energy. This can be understood as follows. The
SOC splits the total transmission into four components, 744,

1), T}, and T|y. The magnitude of each transmission is re-

lated to the density of states (DOS) of the electrodes, e.g.,

Too/(E) o< pLo(E)PR.o (E).
sion is from the majority (minority) to the majority (minor-

The spin-conserved transmis-

ity), while the spin-flip transmission at an energy E depends
on the DOS of the two electrodes with different spins. Unlike
the nonmagnetic electrode, in ferromagnetic metals the DOS
of the majority and minority are not symmetric. Thus, once
the SOC is included, the total transmission will differ from
that without SOC. Especially for the transmission above the
Fermi energy, as shown in Figs. 6(d)-6(f), the spin-flip trans-
mission is forbidden because only spin-down states survive.
This leads to a more notable change of the total transmission
for these states, as shown in Figs. 6(a)-6(c). We also notice
that a large Peierls energy gap appears for the dimerized and
polaron lattices, which drives the frontier states away from the
Fermi energy.

When the magnetization orientation of the two ferromag-
netic electrodes is switched to AP alignment, the effect of
the SOC on the transmission is also investigated, as shown
in Fig. 7. For the HOMO transmission peak, it is found that
the height is decreased significantly in the uniform lattice by
the SOC, while only changes slightly in the presence of lattice
distortions. At first glance the larger SOC effect in the uniform
lattice seems contradictory to the conclusion mentioned above
that the distortion enhances the SOC effect on spin admixture.
This is because besides the spin admixture, the lattice dimer-
ization also leads to an energy gap and drives the HOMO away
from the Fermi energy, while the HOMO of the uniform lat-
tice keeps close to the Fermi energy. As mentioned above, the
effect of SOC on transmission is also related to the DOS of
the electrodes. The asymmetry of DOS of the electrodes with
different spins is the largest at the Fermi energy for Co, e.g.,
the center of the minority band versus the edge of the majority
band. As aresult, the transmission 7|+ caused by the SOC cor-
responds to a larger DOS at both the left and right electrodes,
and thus a larger magnitude than the spin-conserved one. Such
analysis can be confirmed by the spin-resolved transmission of
the HOMO shown in Fig. 7(d), where a distinct spin-flip trans-
mission peak is observed for the HOMO. In Figs. 7(e) and
7(f), the spin-flip transmission with lattice distortions is not as
strong as in the uniform lattice, due to the separation of the
HOMO to the Fermi energy, caused by the Peierls gap. Thus,
in organic devices, the role of lattice distortions in the SOC
effect may also embody in the modification of spin-resolved
conducting states in electrodes, which will bring indirect con-
tribution to the SOC effect, even more notable than the spin
mixture of eigenstates.

Another remarkable change appearing in the antiparallel
case is the rising spin-up transmission peaks above the Fermi
energy, which are not observed in the absence of SOC. From
Figs. 7(d)-7(f), such transmission peaks are contributed by the
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spin-flip transmission part 7}, because only spin-down (spin-
up) states survive above the Fermi energy in the left (right)
electrode. These transmission peaks are fully polarized, which
means that spin filtering may be caused by the SOC in the in-
volved energy range.
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Fig. 7. Transmission spectra through the three lattices with antiparallel
magnetization orientation of the two ferromagnetic electrodes.

The obvious change of transmission spectra at different
magnetization orientations caused by SOC is expected to mod-
ify the current—voltage characteristic of the device, and even
the MR. The current—voltage characteristic is first calculated
and shown in Fig. 8. A more notable change is observed in
the AP case, especially in the case of uniform lattice. This is
consistent with the transmission spectra shown above, due to
the larger conducting states of the electrodes for the uniform
lattice. In the AP case, the current becomes larger in the pres-
ence of SOC, while it becomes smaller in the P case. This
is because of the additional contribution of the spin-flip trans-
mission above the Fermi energy in the AP case. So, the effect
of SOC on the current relies on the relative magnetization ori-
entation of the electrodes, while the lattice distortions suppress
the change of current by modifying the conducting states.

In Fig. 9, we plot the dependence of MR on bias in the
three devices with and without SOC. A decay of the MR with
bias is observed in all cases, which is quite universal in organic
spin valves. In the presence of SOC, the MR is suppressed for
all devices compared with those without SOC, where the de-

creased amplitude is larger in the case of the uniform lattice at
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Fig. 8. Current as a function of the bias through the three devices with and
without SOC. Panels (a)—(c) correspond to uniform, dimerized and polaron
chains with parallel magnetization orientation of the electrodes. Panels (d)-
(f) are those with antiparallel magnetization orientation of the electrodes.
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Fig. 9. Magnetoresistance as a function of bias in spin valves with and without
tso- (@) Uniform chain, (b) dimerized chain, and (c) polaron chain.
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high bias. This is consistent with the distinct change of trans-
mission for the uniform lattice shown above. At high bias, the
value of MR remains at around 10% for the uniform lattice,
while it tends to zero for the dimerized and polaron lattices.
A remarkable drop of the MR for the latter two chains is only
observed at low bias before the threshold voltage, where the

current is too small and easily disturbed by the SOC.

4. Summary

With an extended SSH model, the effect of SOC on spin
admixture of electronic eigenstates and spin-dependent trans-
port in organic chains has been investigated. The role of lattice
distortion induced by the strong e-l interaction in organics is
focused. The results have been presented and compared with
three types of chains, the uniform chain without e-l interac-
tion, and the dimerized and the polaron chains with e-l inter-
action. By defining a spin admixture parameter, it is found
that the spin admixture of frontier eigenstates changes non-
monotonically with the strength of SOC. The e-1 interaction
induced lattice distortion may enhance the spin admixture of
the eigenstates, where a relatively larger SOC is required. The
role of lattice distortion in the SOC effect is analyzed by first-
order perturbation theory, where the spin admixture depends
on not only the strength of SOC but also the undisturbed wave
functions and eigenvalues determined by the lattice configura-
tion.

The effect of the SOC on the quantum transport property
is investigated for nonmagnetic and ferromagnetic electrodes,
respectively. For nonmagnetic electrodes, the total transmis-
sion and current are hardly affected by the SOC, although
spin-flip transmission arises in the presence of SOC. But for
ferromagnetic electrodes, the SOC effect turns more distinct,
which further relies on the relative magnetization orientation
of the electrodes. Spin filtering induced by spin-flip transmis-
sion is observed in the AP configuration. Decreasing of the
MR caused by the SOC occurs, which is more notable for the
uniform lattice. Unlike the spin admixture, the lattice distor-
tion suppresses the SOC effect on the quantum transport. The
reason is that the lattice dimerization drives the frontier orbital
away from the Fermi energy by opening a Peierls energy gap,
and thus modifies the valid spin-polarized conducting states
in ferromagnetic electrodes, which further changes the spin-
resolved transmission. The results mean that the lattice distor-
tion may bring an indirect SOC effect on spin-dependent trans-
port besides the spin mixture of the eigenstates. This work is
helpful to understand the role of lattice distortion in the SOC
effect on organic lattice, and may also be helpful for the future

design of organic spin valves.
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