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Dynamical study of the spin Hall effect from interchain polaron hopping in organics
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Using an extended Su-Schrieffer-Heeger model including spin-orbit coupling and a nonadiabatic dynamics
method, the dynamic picture of spin Hall effect (SHE) from interchain hopping of polarons is revealed in a
finite organic polymer ladder. The results demonstrate that the transverse hopping of the polaron between chains
under an electric field causes a spin-resolved longitudinal motion of the polaron along the chain. The direction
of longitudinal transport remains opposite for the initial spin-up and spin-down polarons, which induces a pure
spin current carried by polarons. By means of the statistical average over two kinds of polarons with different
initial spins, an obvious oscillating SHE is achieved. Spectrum analysis from Fourier transform of spin signal
shows a low-frequency part and a high-frequency part in the spectrum. The low-frequency part is attributed to
the intrinsic electron dynamic oscillation in the finite-size system in the presence of polarons and the adopted
periodic boundary, and the high-frequency part is due to the spin-flip spin dynamics. In addition, we found
that the charge-spin conversion efficiency from the interchain polaron hopping may be larger than that from the
intrachain polaron transport by one order, which confirms the enhancement of charge-spin conversion efficiency
by organic anisotropy. This work deepens our understanding on the mechanism of organic SHE from polarons

hopping, as well as the merit of organic anisotropy in the realization of a large SHE.
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I. INTRODUCTION

The spin Hall effect (SHE) [1-5] is an effective way to
generate a spin current via an electric current in spin-orbit
coupling (SOC) systems. Its reciprocal inverse, the inverse
spin Hall effect (ISHE) [6-9], also realizes the generation
of an electric current by a spin current. The spin-charge
conversion originating from these effects has attracted exten-
sive attention in past decades, where the materials involved
are usually limited to inorganic metals and semiconductors
because of the inherent large atomic SOC strength [4,6,10—
21]. In recent years, spin-charge conversion in -conjugated
organic materials is rising as an intriguing topic. Organic
materials are known in spintronics for their merits of low-
processing cost, flexible structure, and long spin-relaxation
time. Despite that, the realization of distinct SHE in organic
materials remains challenging due to the weak atomic SOC
from light atomic components. Although a few works have
indicated that the effective SOC in organics can be greatly
enhanced by doping heavier atoms or conformation distortion
[22-30], exploring the microscopic picture of organic SHE
based on its unique characteristics is necessary and urgently
required, but is less involved to date.

Unlike inorganics, the electron-lattice (e-1) coupling in
organic materials is strong, which makes the carriers in
organics as a series of localized excitations, such as solitons,
polarons, and bipolarons [31,32]. Polarons are common
spin/charge carriers formed by an extra electron (hole)
bound by lattice distortions, which are believed to play a
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crucial role in organic spin-charge conversion. For example,
Watanabe et al. [33] found that a pure spin current can
be conducted through polarons in conjugated organic
poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene),
which contributes to the subsequent ISHE. Ando ef al. [34]
reported the ISHE in poly(3,4-ethylenedioxyethiophene)
molecules doped by poly(4-styrenesulphonate). Other related
experimental works about the ISHE in organics were also
performed in the predoped condition [35-37], where the
formation of polarons is expected. On the theoretical side,
the SHE from polaron transport is rarely involved. The
pioneering work of organic SHE is limited to the electron
transport in disordered organic solids with a master-equation
method [38]. The study of a pure spin current assisted by
spin exchange of polarons [39] or hopping of polarons [40]
has been carried out by using spin diffusion theory, but the
SHE is not considered. Recently, by employing an extended
Su-Schrieffer-Heeger (SSH) model [41] and a nonadiabatic
dynamics method, the microscopic dynamic process of the
SHE from polaron and bipolaron intrachain transport has
been revealed [42,43], where a prominent oscillating SHE is
found and a new mechanism of skew scattering caused by
lattice distortion was proposed.

Besides the strong e-l interaction, another characteristic
of organic polymers is the anisotropy conductance, which is
caused by the much stronger intrachain coupling (~2.5 eV)
than the interchain coupling (~0.1 eV). Interchain hopping
of polarons is inevitable in experiments because of the fi-
nite length of organic chains, the alignment of polymers,
or the nonzero angle to the organic chain of the applied
electric field. In past decades, the dynamics of interchain po-
laron hopping between polymer chains has been investigated

©2024 American Physical Society
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FIG. 1. Schematic of the coupled organic chains.

[44,45], where a different picture from the bandlike intrachain
polaron transport was revealed. For example, in the case of
intrachain transport the polaron is accelerated by the field
and then moves with a saturation velocity, whereas the in-
terchain transport of polarons takes the form of hopping,
which depends on the strength of field and interchain cou-
pling. When the SOC is included and the issue of SHE is
concerned, such different transport scheme is expected to give
a distinct spin-charge conversion picture, which has not been
explored. Ando et al. have mentioned that in their ISHE ex-
periment the anisotropy of organics is helpful to enhance the
spin-charge conversion efficiency [34], while the details still
remain obscure. In this work, with the aim of clarifying the
dynamic details of SHE from interchain polaron hopping, we
performed numerical simulations of interchain polaron hop-
ping through several coupled organic chains in the presence
of SOC. With the widely used nonadiabatic dynamic method
[46,47], the microscopic picture of the SHE is explored, and
the spin-charge conversion efficiency is discussed, which is
further compared with the SHE from intrachain polaron trans-
port. The remainder of this paper is organized as follows: In
Sec. II, the model and the details of the theoretical method are
introduced. In Sec. III, the results of the numerical calcula-
tions are presented and analyzed. A brief summary is given in
Sec. IV.

II. MODEL AND METHOD

As shown in Fig. 1, we consider a system consisting of
several coupled polymer chains aligned along the x direction.
A transverse electric field of strength E along the negative
y direction is applied to drive the polaron hopping between
chains. The system is described by extending the well-known
SSH model including the SOC and the electric field term. The
Hamiltonian is given by

H(t)=H0+Hs0+HIatt+HE(t)' (1)

Here, H is the electron hopping in the framework of the tight-
binding model, which is written as

I
HO = — Z tn,n+l(c;-,n+],aclq"v<7 + HC)

l,n,o
n .
=15 (] 1 o Clne + He), )
lin,o
where [rl:,n+1 = to—a(U; n+1 — U ) is the intrachain hopping

integral of m electrons between site n and n + 1 of the /th

chain. tj is the transfer integral for a uniform chain. « is the
e-1 coupling constant, and u; , is the lattice displacement along
the chain at the nth site of the /th chain. C;n,o'(cl,n,a) denotes
the electron creation (annihilation) operator at site n of the
Ith chain with spin o. t* is the transverse interchain hopping
integral between the chain / and / 4 1 at the nth site, where
the lattice displacement along the transverse direction is not
considered in the present model.

H,, describes the Hamiltonian for the Rashba SOC effect.
Using a tight-binding model, it can be written as

Hy, = —t,, Z €] 1.0 (i0y)Cr 00 +Hecl]

l,n,o,0’

+ig Y ] i0)Cne +Hel  (3)

l,n,0,0’

Here, t,, and tsio represent the strengths of intrachain and
interchain SOC, respectively. o, and o, are the Pauli matrices.

The third term, H,,y, is the lattice elastic energy and kinetic
energy described as

K 2 M .
Hyy = EZ (ul,n+1 —u,) + ? IZ”ZZ,W 4

l,n

where K is the elastic constant and M is the mass of a CH
monomer.

The last term gives the contribution of the transverse elec-
tric field to the Hamiltonian, which reads

J+1
Hi(t) = —|elE®)b Y <1 - )c;n’gcl,n’(,

l,n,o

J+1
+ |e|E(t)bZ <1 - %) 5)
lL,n

Here, e is the elementary charge; b is the lattice constant along
the transverse direction, which is chosen as 4.24 A [45]; and J
is the total number of chains. The electric field E(¢) is set as a
constant after a turn-on time, which is applied in the following
way:

Epexp[—(t —1.)*/12]
Ey fort > ¢,

fort <t,

E(t) = { (6)

where 1, = 75 fs is the center, f,, = 25 {s is the width, and E
is the strength of the Gaussian.

Before the dynamical simulation, the initial state of the
system is first determined without the electric field. The elec-
tron eigenstate |1,,) is expanded in Wannier space as |/,) =
Y ine Yinollsn o). wis the index of energy level and v/,
is the wave function at the site (/,n) with spin o. The
wave function and stable lattice configuration can be obtained
by solving the electronic eigenequation and lattice equilib-
rium equation [42]. A periodic boundary condition along the
x direction is used for each chain to trace the long-time
transport of polarons. The time evolution of the elec-
tronic state can be simulated by solving the time-dependent
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Schrodinger equation
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+ I/fln+1¢ o

J+1
0 (R L7

Here 8, 4(;) = 1 for o =1 (| ) and otherwise equals zero.
The classical Newton’s equation of motion is used for the
evolution of lattice displacements

Mit (1) = 20Re[ (041~ Py-1.1)]
- K(zul,n — Ul n+1 — ul.n—l)- (8)

Here p), = ,o,lm,’T + 0. , is the density matrix. In the
mean-field approximation the elements of the density matrix
are described by oo, . =2, ¥/ fuoWly o fuo is the
time-independent distribution functlon determined by initial
occupation (being 0,1). Equations (7) and (8) can be solved
numerically with a Runge-Kutta method of order eight with
step-size control [48], which is an effective approach to study
the polaron dynamics in organic polymers [49,50]. The time
step is taken as 1 fs. The time-dependent charge density
Ql,n(t) and spin density Sf.n(t) along the z axis at each site
can be further defined as

Oa(t)=1—pl (), ©)

z _hl 1
Sin®) = S 1o () = Pl (O] (10)

The parameters of the model are chosen for trans-
polyacetylene [42,51], fp =2.5eV, a =4.1 eV/A, K =
21.0 eV/A2, and M = 1349.14 eV fs?>/A2. The obtained re-
sults are expected to be valid qualitatively for other conjugated
polymers. Limited by the cost of numerical calculation, the
system is set as five coupled chains with N = 160 sites for
each chain. The interchain hopping integral is taken as =
= 0.08 eV, which is a reasonable value adopted for organic
polymers [44,45]. The strength of the SOC is used as ft,, =
2t1 = 0.02eV. Although the SOC in organics is usually weak
due to the light-element component, e.g., 11 cm™! for carbon
atoms [30], an effective SOC can still be achieved due to the
presence of heavy atoms, such as S (382cm™!) in sexithio-
phene and Al (112cm™!) in Algs [30]. Additionally, even in
metal-free molecules it has been reported that the SOC may
be enhanced by several orders of magnitude via the structural
conformation [28,29]. The slightly larger SOC adopted here is
useful to make the picture clearly visible, while the obtained
results hold qualitatively even a smaller SOC is used. The
strength of the electric field is Ey = 6.0 mV/A.

III. RESULTS AND DISCUSSION

In the initial state, we assume that a full spin-polarized
polaron along the z axis is localized in the center of the lowest
chain (chain 1). Here two kinds of energetically degenerate
polarons, spin-up and spin-down polarons, are considered,
respectively, since their dynamics will be not degenerate due

L un
—t l/flfl,n,cr

2 ©
wl n+1,1 8, i) + ltso(wl 1,n,4 8o, Jt+ wl—l,n,L(S”xT_v/l-&-l,n,iS” t

Lo n M Iz
—t lerl,n,a - tso(wl,nfl.ﬁ(s“ 1= 1’ﬁ/,nfl,i(sf’ 1

n
- Ip1+1,n,T‘S¢T,¢)

(N

(

to the presence of SOC. The polaron is realized by introducing
an extra electron occupying the degenerate lowest unoccupied
molecular orbital of chain 1 with up spin or down spin. After
the dynamic simulation of each kind of polaron, a statistic
average of the dynamic results for the two kinds of polarons
will be performed. The aim is to meet the typical judging
criteria in SHE experiments [16], where a pure spin current
is generated by an unpolarized current. It is also reason-
able since in nonmagnetic organic polymers the spin-up and
spin-down polarons should be energetically degenerate and
thus contribute equally to current. Such strategy has been
proved valid in the study of the SHE from intrachain polaron
transport [42].

Now we apply an electric field perpendicular to the chains
with a strength of Ey = 6.0 mV/A. As shown in Fig. 2, the
time evolution of the charge and spin densities for both kinds
of polarons are given. In Figs. 2(a) and 2(b), one can find
that the polaron initially localized on chain 1 quickly jumps
to the center of chain 2 under the driving electric field, and
after a few femtoseconds jumps to the next chain. At about
98 fs, the polaron reaches the last chain. Due to the bound-
ary the polaron oscillates around the last chain. Eventually,
an interchain polaron is obtained and distributed mainly on
chains 3, 4 and 5, where a larger proportion remains on chain
4. Besides the interchain hopping, an interesting directional
intrachain transport is observed for the polaron. The trajectory
of the charges on each chain is opposite for the spin-up and
spin-down polarons. The time evolution of the spin densities
of the spin-up and spin-down polarons are shown in Figs. 2(c)
and 2(d). The trajectory is similar to the polaron charge. In ad-
dition, an obvious spin flipping for the polaron is observed at
around 1000 fs, which is caused by the SOC. Spin precession
of polarons in the presence of SOC has been widely reported
in the polaron dynamics along a polymer chain [52,53].

In order to get a more intuitive vision for the polaron
hopping between the chains, we give the charge density distri-
bution on each chain for the two kinds of polarons at different
times. The results are shown in Fig. 3. In Fig. 3(a), at the
initial time the charge densities of the spin-up and spin-down
polarons overlap, which locate in the center of chain 1. At
t = 26 fs in Fig. 3(b), the main body of the polaron arrives
at chain 2 under the electric field, while fractional charges re-
main on chain 1 and some foregoing parts appear on the front
chains. This means that the localized polaron changes into
an interchain one during the hopping between chains. Slight
nondegeneracy between the two kinds of polarons emerges for
the charges on chain 5 due to the presence of SOC. With the
increase of time the polaron continues to hop forward under
the electric field, where the main body appears on chains 3, 4,
and 5 in turn at ¢t = 36, 55, and 98 fs. At ¢t = 105 fs, the main
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FIG. 2. Time evolution of the charge and spin densities of a polaron initially localized on chain 1. (a) and (b) show the charge densities for
the spin-up and the spin-down polarons. (c) and (d) show the spin densities for the spin-up and the spin-down polarons.

body of the polaron is reflected to chain 4 due to the boundary.
During the process of polaron hopping, we found that the
nondegeneracy for the two kinds of polarons turns more pro-
nounced, as shown in Figs. 3(c)-3(f). Moreover, the relative
position of the spin-up and spin-down peaks exchanges after
t =55 fs. The above results indicate that under the trans-
verse electric field, an opposite longitudinal motion occurs
for the polarons with different initial spins in the presence of
the SOC.

Due to the periodic boundary condition along the x di-
rection, a long-time evolution of polarons along the chain is
permitted. In the following, the intrachain motion of polarons
is investigated in detail. Here we take chain 4 as an example.
The case on other chains is similar in nature except for the
quantity of charges. The time evolution of the charge density
along the chain is plotted in Fig. 4 for the two kinds of po-
larons. After the initial time, the charges on chain 4 arise from
zero and the polaron starts to emerge. An apparent polaron
is obtained at 55 fs, where the polaron centers are shifted
oppositely for the two kinds of polarons. At 65 fs, an obvious
drift is observed for the polaron, which is to the right (left) for

the spin-up (-down) polaron. This indicates the generation of a
pure spin current along the chain. Such directional movement
is still observed at t = 100 and 550 fs. However, as shown
from Fig. 4(g) to Fig. 4(i), the movement direction of the
polarons is reversed at long times from 1575 to 1810 fs. So,
the interchain polaron hopping induces an oscillating spin
current along the chain.

The continuous trajectory of the polaron on chain 4 can be
traced through the time evolution of the polaron center. Here
we define the polaron center P, from the charge density as [50]

NO /2w
N@T +0)/27
NQr +0)/2n

if (cos® > 0) and (sinf > 0)
if (cosf) <0

otherwise,

P. =

an

with 0 =arctan[(}_, pl5 sin2rn/N)/ (Y, pist cos 2rn/N)].
The definition of the polaron center is helpful to overcome
the difficulty in determining the specific position of the po-
laron during dynamics caused by the width of the polaron
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FIG. 3. Charge density on each chain at different times for the spin-up and spin-down polarons. The chains from 1 to 5 are aligned from

the left to the right.

(~40 sites). Thus, the trajectory of the polaron can be traced.
For example, at the static state without field, the center of
the polaron lies at the center of the lattice distortion. Fig-
ure 5(a) shows the trajectory of the spin-up polaron on chain
4. The motion of the spin-down polaron is opposite to the
spin-up one, which is not shown anymore. In the initial 100
fs, the polaron drifts right from the 80th site to the 120th
site, and then an irregular oscillation is followed up to 500 fs.
From Fig. 2(a) we find that the oscillation of the longitudinal
motion of the polaron occurs during the period of scattering
by the boundary along the y direction. After that, the polaron
wiggles to the right end of the chain at around 1000 fs. With
a subsequent short oscillation, the transport direction of the
polaron is reversed at around 1300 fs. From that time, the
polaron moves periodically along the chain with a velocity of
about 0.69 A/fs. A second reversion of the transport direction
happens at around 3300 fs. Figure 5(b) demonstrates the net
spin on the chain with time. An obvious spin precession of
the polaron between +0.3 is observed with a period of about
1500 fs, which is mainly caused by the intrachain SOC as
reported in previous studies [42,52,53].

The above results reveal the details of polaron motion on
one chain. To quantify the SHE of the whole system from
the interchain hopping of polarons, one needs to clarify the
evolution of the total charge and spin of the whole system.
In the following, we investigate the evolution of total charge

and spin in the left and right moieties. Specifically, the left
moiety means the sum of 1-80 sites for every chain, and the
right one is the sum of 81-160 sites. The results for both the
spin-up and the spin-down polarons are shown in Fig. 6. In
the initial state, the polaron locates at the center of chain 1,
that is, the center of the 80th bond. Thus, the initial total
charge and spin in each moiety is 0.5¢ and +0.5h for the
spin-up and spin-down polarons. As the polaron hops between
chains, the total charges of the left and right parts oscillate
with time around 0.5e due to the longitudinal motion of the
polaron. The cases of the spin-up and spin-down polarons
are antisymmetric. Besides the oscillation, the evolution of the
total spin demonstrates a trend of spin precession.

As mentioned above, to meet the criteria of the SHE, that
is, a longitudinal spin current generated by a transverse un-
polarized charge current, we performed a statistical average
over the two kinds of polarons. The time-dependent averaged
total charge and spin in the left and right moieties are given in
Figs. 7(a) and 7(b). It can be seen that the averaged charges of
the left and right parts always remain zero at all times, which
means the charge current only flows along the y direction.
However, the averaged net spins in the two parts are oppo-
site and oscillate irregularly with time. This indicates that an
oscillating pure spin current along the x direction is generated.
In other words, an oscillating SHE is truly obtained from the
transverse hopping of the polarons.
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FIG. 4. Time evolution of charge density on chain 4 for polarons with different initial spins.
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FIG. 5. (a) Center of the polaron on chain 4 as a function of time.
(b) Spin procession of the polaron with time on chain 4.

The oscillation behaviors of the SHE can be further an-
alyzed by the spectral analysis. In Fig. 8(a), we give the
fast Fourier transform (FFT) of the time-dependent averaged
spins in the left moiety of the system. We can see that the
spectrum contains one low-frequency part below 0.1 fs~! and
one high-frequency part from 0.3 to 0.5 fs~!. The oscillating
property of the SHE in organic chains has been well analyzed
in the previous study of intrachain polaron transport [42].
From that, the high-frequency part is induced by the spin-flip
spin transfer caused by the SOC, and the low-frequency part
is attributed to the intrinsic electron dynamic oscillation in the
finite-size system in the presence of polarons, including the
oscillation induced by boundary.

Here we would like to discuss the effect of boundary con-
dition on the oscillation of the SHE in detail. In our model, the
periodic boundary condition is used in the longitudinal direc-
tion, while in the transverse direction the boundary remains
open. This is because polymers are quasi-one-dimensional
materials, where the periodicity is apparent in the direction
along the chain, but is inconspicuous in the direction per-
pendicular to the chain. The alignment and coupling between
chains rely on the morphology of organics. Both the boundary
conditions cause additional contribution to the oscillation of
the SHE as analyzed below. In the transverse direction, the
boundary bounce of polarons leads to a dynamic oscillation
of charges around the edge, which naturally brings oscillation
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spin-up polarons.

to the converted spin current. To extract its contribution, we
define the center of charges along the y direction as y2(t) =
[Z;zl q;(t)y;l/ Z?:l q;(t). q;(t) is the total charges on chain
J at each time and y; = jb is the discrete coordinate of the
chain. The time evolution of the charge center and its FFT are
shown in Fig. 8(b). Obviously, a narrow low-frequency peak
at about 0.01 fs~! is obtained, which matches the extremely
low-frequency peak in Fig. 8(a) with large amplitude quite
well. The high-frequency branch above 0.3 in Fig. 8(a) is
not observed in the charge oscillation, since it is actually
contributed by spin-flip dynamics.

In the longitudinal direction, the use of periodic boundary
condition will be helpful to trace long-time evolution of po-
larons, but the cyclic motion of spin-resolved polarons also
leads to additional oscillation of the spin density in the left
and right moieties of the system. The angular frequency can
be roughly estimated from the periodic motion of the polaron
center in chain 4 shown in Fig. 5(a). For example, the period of
the cyclic motion in the interval between 1400 and 3400 fs is
around 280 fs. According to our definition, such motion leads
to an oscillation of the spin density in the left or right moiety
with a period of about 140 fs, that is, an angular frequency of
about 0.04fs~!. Such value falls in the low-frequency part.
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FIG. 8. (a) Fast Fourier transform (FFT) of the time evolution of
the averaged spin in the left moiety. (b) FFT of the center of charge in
the y direction. The inset is the time evolution of the center of charge
in the y direction, where the vertical coordinate is the label of chains.

Considering the fluctuation of the longitudinal velocity of
charges in different chains, it is believed that the extension of
the low-frequency peak beyond 0.05 fs~! should be relevant
to the cyclic motion of the polaron. Despite that, here we
would like to restate that the boundary is not the main reason
for the oscillation behavior of the SHE in nature, but the
presence of polarons and the related spin-flip dynamics. This
is because the oscillation of spin density on chain 4 happens
even before the arrival of a polaron to the boundary, as shown
in Figs. 4(b)-4(d). Moreover, Ref. [42] has demonstrated that
such fast oscillation will be absent in finite rigid chains with-
out polarons.

Due to the presence of boundary the size effect is also
investigated. Here the total chains in the y direction are in-
creased to seven, and the site number in each chain is taken as
N = 160 and 120, respectively. The time-dependent averaged
spin and its FFT in each case are shown in Fig. 9. It is found
that in the case of N = 160, the amplitude of the converted
spin density is a little smaller than that in five chains, but
the FFT curve is very similar. We even checked the case of
nine chains (not shown here), where the situation is close
to that of seven chains with a comparable magnitude of the
averaged spin and similar FFT shape. When the chain length
in the longitudinal direction is decreased to 120, the magni-
tude of the SHE does not change too much. However, a slight
blueshift of the border of the low-frequency peak happens.
This confirms that such frequency is truly relevant to the cyclic
motion of polarons, since the period will be shortened and

thus the frequency will be lifted in a shorter chain. The above
results show that the boundary does not change the result too
much.

Now let us compare the charge-spin conversion pictures
caused by interchain hopping and intrachain transport of po-
larons. In the case of intrachain transport, which has been well
studied in Ref. [42] with a three-chain system, the polarons
are mainly confined in the central chain and move with a large
saturation speed under the electric field. The converted pure
spin current is contributed by fractional electrons extracted
from the polarons by interchain coupling. Thus, therein the
charge current is usually large but the spin current is small.
However, in the case of interchain polarons hopping, a direc-
tional motion of the whole polaron occurs, which is opposite
for the spin-up and spin-down ones. As a result, a much larger
amplitude of the converted spin current is achievable, caused
by a slow charge hopping. So, an enhanced SHE by organic
anisotropy is achieved.

In the following, to quantify the effect of organic
anisotropy on the SHE, we compared the charge-spin con-
version efficiency of the SHE between longitudinal and
transverse polaron transport. The system with five coupled
chains is considered. For the longitudinal transport, the po-
laron initially locates at the center of chain 3, and the electric
field is applied along the —x direction. To make a comparison,
the same parameters are necessary in the two cases. Since the
electric field used above is too strong to dissociate the polaron
in the case of intrachain transport, here a smaller strength
of the electric field Ey = 0.1 mV/A is used. To make the
results clearly visible, a relative larger SOC t,, = 2t = 0.04
eV is taken. Other parameters remain unchanged as above. In
Fig. 10, we first give the spin density with time generated by
the SHE in each case. It is found that the transverse polaron
transport corresponds to larger amplitude, which is of about
1.5 times magnitude in longitudinal transport. Moreover, the
oscillation of the spin density is slower in the transverse
transport.

Usually, the charge-spin conversion efficiency is defined as
asy = js/jq, Where j, and j; are the charge current and gen-
erated pure spin current, respectively. In the following, we try
to estimate the value of agyy from the dynamic process. In the
longitudinal transport, the polaron mainly drifts along chain 3
under the field. Similar as the case in a single polymer chain
the velocity of the polaron is time dependent. After a short
period of acceleration, a relative stable velocity is achieved,
although slight fluctuation of the velocity still exists caused by
interchain charge transfer. So we use the average velocity in a
period of 1000 fs, where the traveled distance of the polaron
can be easily obtained from the polaron center evolution. The
average velocity is about 2.56 A/fs. Thus, one may define
the charge current as j, = ev with v the average velocity of
the polaron. But for the transverse transport, the continuous
hopping is blocked by the boundary and brings difficulty in
determining the current. Here we estimate the polaron aver-
age velocity within the first 43 fs at which the polaron just
arrives at the boundary and the bounce has not happened yet.
The transverse velocity can be calculated from the hopping
distance of 4b, which is about 0.39 A/fs. Similar treatment
has been also observed in another previous study to calculate
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the velocity of interchain polaron transport [54]. The spin cur-
rent is estimated as below. For the longitudinal transport, the
spin current is defined as j; = (%‘ + (Z‘—?) — (‘i‘,—i“ + %5). Here
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FIG. 10. Time-dependent evolution of the averaged spin for
(a) longitudinal and (b) transverse polaron transport.

S1(2,4,5) 1s the averaged spins in chain 1(2,4,5) as shown in
Fig. 10(a). For the transverse transport of the polaron, the spin
current is j, = ‘% ‘%“ with sp,r) the averaged total spin in
the left and right moieties of the system shown in Fig. 10(b).
For the oscillating SHE, we take the average of the absolute
value of the spin current in 2000 fs to calculate the conversion
efficiency. Eventually, the charge-spin conversion efficiency
is gained as agH = 0.005 for the longitudinal transport and
gy = 0.038 for the transverse transport, respectively. The
order of magnitude is comparable to that reported in organic
ISHE measurement [34]. The result indicates that under the
same electric field, the conversion efficiency for the transverse
transport of polaron is much larger than that for the longitudi-
nal transport.

To further investigate the relation between the charge-spin
conversion efficiency and organic anisotropy, we calculate
the ratio of charge-spin conversion efficiency for transverse
and longitudinal polaron transport with different interchain
coupling strengths. Here the strength of interchain SOC is
also assumed to follow the change of the interchain coupling
with t+ = 4+ and other parameters remain unchanged. The
result is shown in Fig. 11. It is found that when ¢+ =1, is
0.04 (t+ ~ 0.1 eV), the conversion efficiency of the transverse

transport is 5.6 times that of the longitudinal transport. The
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FIG. 11. Ratio of conversion efficiency for transverse (ag;) and
longitudinal (agH) polaron transport with different interchain hop-
ping integrals. Here t, is fixed as 2.5 eV.

ratio of conversion efficiency for the two transport directions
increases quickly as the decrease of interchain coupling. As it
decreases to 0.02 (- ~ 0.05 eV), that is, the anisotropy factor
is increased by two times, the ratio of conversion efficiency
changes to 14.8, where the merit of the transverse transport
turns unusual. Note that the range of anisotropy investigated
here is not large, since the present electric field cannot drive
the polaron hopping between chains at an extremely weak in-
terchain coupling. The situation of strong fields is not further
expanded again.

Lastly, we would like to mention that the parameters
used here are adopted from trans-polyacetylene as a typ-
ical polymer, and the polaron dynamics is investigated as
the most interesting carrier in organic ISHE experiments.
It is known that solitons are also possible excitations in
trans-polyacetylene under doping, and even bipolaons exist
in other nondegenerate polymers, depending on the species of
polymers and the concentration of the dopant. Our previous
work [43] has demonstrated that bipolarons may also cause
the SHE in the case of intrachain transport. Considering the
different charge and spin properties of each excitation [51],
exploration of the interchain hopping process for other ex-
citations under the SOC is also meaningful and needs to be
expanded in the future. Furthermore, to achieve a longer hop-
ping distance in a finite system, a polaron initially located in
chain 1 is set. This is reasonable in the case of weak interchain

coupling. An initial delocalized interchain polaron will arise
if the interchain coupling strength turns larger [55]. Even in
that case, the obtained picture is expected to still be valid
since an interchain form of the polaron has emerged in present
dynamic simulations.

IV. SUMMARY

The dynamic picture of the SHE in organic polymer lad-
ders from interchain polarons hopping is revealed with a
nonadiabatic dynamics method. The time evolution of charge
and spin densities of polarons under a transverse electric field
is traced in both transverse and longitudinal directions. The
results show that in the finite system of five organic chains,
polarons can jump from the first chain to the last chain in
a very short time, and then oscillate around the edge in the
form of an interchain polaron. During the interchain hopping
of polarons, a directional longitudinal motion occurs for the
polarons, which is always opposite for the spin-up and spin-
down ones. Thus, a pure spin current along the longitudinal
direction is obtained carried by polarons. By means of the
statistical average over polarons with opposite initial spins,
the time-dependent charges and spins in both the left and
the right moieties of the system are calculated, where the
criteria of SHE is confirmed and an obvious oscillating SHE
is demonstrated. The oscillation of the SHE is analyzed from
the FFT spectrum, which shows both a low-frequency part
and a high-frequency part in the spectrum. The low-frequency
part is attributed to the intrinsic electron dynamic oscillation
in the finite-size system in the presence of polaron and the
defined periodic boundary, while the high-frequency part is
due to the spin-flip spin dynamics. In addition, we estimated
the charge-spin conversion efficiency and compared it with
that in the case of intrachain polaron transport. It is found that
the conversion efficiency from the interchain transport may
be larger than that from the intrachain transport by one order,
which depends on the anisotropy factor of charge transport in
various organics. This work reveals the microscopic picture
of the SHE generated by interchain polaron hopping, and pro-
vides theoretical support to the enhancement of spin-charge
conversion efficiency by organic anisotropy.
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