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Tuning of spin-orbit coupling in metal-free conjugated polymers by structural conformation
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Manipulating spin-orbit coupling (SOC) is a key achievement for spin-orbitronic applications since SOC
determines spin-diffusion lengths and spin-to-charge conversion efficiencies. While in most organic semicon-
ductors SOC is inherently very weak due to being composed of primarily light elements, the SOC in conjugated
polymer systems is also intimately tied to the polymer’s structural conformation and thus may be manipulated.
Here we report a modification of SOC in conjugated polymers by altering torsion angle between conjugated
units. Spin-pumping experiments are performed on three poly(3-alkylthiophene) polymer films with decreasing
conjugation lengths and concomitantly increasing torsion angle. The more twisted polymer exhibits a shorter
spin-diffusion length and a giant spin-mixing conductance (up to 1021 m−2 ), which is attributed to an increased
SOC by structural conformation. This work offers a route for enhancing SOC and spin-injection efficiency in
organic materials for spintronic applications.
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I. INTRODUCTION

Spintronics embodies the concept of utilizing both the spin
and charge degrees of freedom of carriers for new devices
and applications, whose functions cannot be easily achieved
in conventional electronic devices [1]. The recent emergence
of novel spintronic studies focuses on the generation, trans-
mission, and control of a “pure spin current” by means of
the spin-orbit coupling (SOC) in the material, which enables
the conversion of a pure spin current into a charge current or
vice versa [2]. This process has initiated a myriad of SOC-
based spintronic applications, e.g., spin-to-charge convertors
and spin-orbit torque devices, in a variety of materials in-
cluding heavy metals [3], two-dimensional electron gases [4],
topological insulators [5], and inorganic semiconductors [6].
Tailoring SOC is typically achieved via heavy-metal doping
[7,8] and is integral to novel Rashba splitting states [9] and
topological phases [10].

In order to measure SOC in a wide variety of materials,
the spin-pumping technique has emerged as a high-fidelity
method for determining SOC-dependent parameters such as
the spin Hall angle and spin-diffusion length [11]. Here,
microwave excitation is used to drive ferromagnetic resonance
(FMR) in a ferromagnetic thin film in the presence of an
applied magnetic field, generating a pure spin current in an
adjacent material with indeterminate SOC. Additionally, the
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spin current injected into this SOC material may be converted
into a corresponding charge current via the inverse spin Hall
effect (ISHE), with the conversion efficiency encapsulated by
the spin Hall angle (θSH ). Parametric studies utilizing both
FMR and ISHE as a function of the SOC material’s thickness
allow for the direct determination of spin-diffusion lengths
and spin-to-charge conversion efficiencies, which ultimately
relate back to the strength of SOC. This has been well estab-
lished in a multitude of inorganic materials systems, including
both metals and semiconductors [6,12].

Recently, the spin-pumping technique and its usefulness in
determining the magnitude of SOC has also been applied to
organic systems. Given that organic materials have on average
a very low atomic number (Z) owing to the predominance of
carbon and hydrogen, and that θSH ∝ SOC ∝ Z4, it might
be expected that SOC is generally very weak in organics
with concomitantly low spin Hall angles. Indeed, this is borne
out by fruitful spin-pumping experiments in organic systems
such as PBTTT [13], doped PEDOT:PSS [14], and polyaniline
[15], where spin Hall angles are orders of magnitude lower
than those in strong SOC heavy metals and spin-diffusion
lengths are accordingly orders of magnitude higher. The long
spin-diffusion lengths and spin lifetimes in organic materials
generally makes them ideal candidates for spin-transport ma-
terials. However, not all organic materials follow this trend,
with some materials like C60 [16] and Alq3 [17] exhibit-
ing surprisingly high SOC on par with that in heavy-metal
systems.

Remarkably, there are differences in the nature of SOC
in organic solids as compared to inorganic solids. SOC, by
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FIG. 1. (a) Schematic representation of device structure. (b) Structure of monolayer used to modify ITO prior to either (c) growth of
poly(3-methylthiophene) (P3MT) polymer brush from the monolayer, or (d) deposition of poly(3-hexylthiophene) (P3HT) by spin casting.
(e), (f) Respective characterization of P3MT polymer brush (6.3-nm average thickness, rms roughness 2.6 nm) and spin-cast RRe-P3HT
(6.5-nm average thickness, rms roughness 0.7 nm) films by AFM. (g) Absorbance spectra for P3MT polymer brush and spin-cast RReP3HT
and RRa-P3HT films of 32-nm thickness.

definition, enables the transfer of angular momenta between
orbitals and spins, and in organic solids the molecular orbitals
are strongly influenced by the materials’ structural confor-
mation. Theoretical models for SOC in these cases have
been established where a large SOC may be obtained in
conjugated organic systems when π orbitals are misaligned
[18,19]. This model can be used to explain the aforementioned
discrepancies in SOC strength in Alq3 molecules, where its
three conjugated ligands are orthogonally arranged [19], and
C60, where the curvature of its spherical geometry prevents
parallel alignment of the π orbitals [20,21]. Since its recent
inception, this model has also been supported experimentally
through spin-pumping experiments in conjugated polymers
with varying degrees of planarity [13,22,23].

In this work, we experimentally verify that a tailored SOC
can be achieved in conjugated polymers through structural
conformation by varying the degree of torsion between con-
jugated units along the polymer backbone of polyalkylthio-
phenes. The strength of SOC in the “twisted” conjugated
polymer is probed by measuring the spin-diffusion length
and the effective spin-mixing conductance in a Ni81Fe19/

polymer/ITO trilayer heterostructure using a spin-pumping
approach, wherein the organic polymer constitutes either a
grafted poly(3-methylthiophene) conjugated polymer brush
(P3MT, twisted case) or spin-coated poly(3-hexylthiophene)
film (P3HT, “planar” case; either regioregular (RRe-P3HT) or
regiorandom (RRa-P3HT), defined by the side-chain arrange-
ment). The RRa-P3HT possesses a more twisted conformation

than the RRe-P3HT, with planarization frustrated by the steric
hindrance of the randomized side chains.

Through a comparative study of ferromagnetic resonance
and ISHE measurements between these three types of poly-
mers at room temperature as a function of polymer thickness,
we find that P3MT exhibits a consistently higher spin-mixing
conductance and shorter spin-diffusion length than that in
P3HT, despite the similarities in their chemical structure and
electronic properties. These differences are attributed to a
stronger effective SOC in P3MT as a result of the polymer’s
structural conformation, supported by recent theoretical treat-
ments of SOC and its effects in disordered organic semicon-
ductors [18,19]. Remarkably, we observe a high spin-mixing
conductance (up to 1021 m−2) at the NiFe/P3MT interface that
is two orders of magnitude higher than that in conventional
inorganic bilayer heterostructures (in the range of 1018 to
1019 m−2), suggesting a very efficient spin injection at the
ferromagnet/polymer interface.

II. EXPERIMENTAL DETAILS

Figure 1(a) shows a schematic of the fabricated device
structures consisting of glass substrate/ITO (145 nm)/polymer
(ds)/NiFe (15 nm)/SiO2 (50 nm), where the polymer layer
constitutes a self-assembled monolayer (SAM) on top of
the ITO film, followed by a spin-coated P3HT film or
grafted P3MT polymer brush layer with thickness ds, respec-
tively. This trilayer heterostructure design, where an organic
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semiconductor is sandwiched between a ferromagnetic top
layer and bottom spin-sink layer, allows for the facile mea-
surement of these organic materials despite poor conduc-
tivities (σ ≈ 10−5 − 10−7 S cm−1 in undoped polyalkylthio-
phenes) and mobilities leading to the negligible generation of
charge current within their layer, whereas for more conduc-
tive polymers (e.g., PEDOT:PSS σ ≈ 103 S cm−1) a bilayer
design may be used for the direct detection of charge current
from the polymer [14].

The molecular structure of the SAM is shown in Fig. 1(b),
with schematics of the two polymer heterostructures shown in
Figs. 1(c) and 1(d), highlighting their structural differences.
For SAM preparation, the pretreated ITO substrates (see the
method in Supplemental Material, section I [24]) were im-
mersed in a 10 mM solution of (4-bromobenzyl)phosphonic
acid in absolute ethanol overnight without stirring. The
substrate was quickly dried under a stream of N2 and
annealed in an inert atmosphere at 150 °C overnight. Fi-
nally, the substrates were sonicated for several minutes in
a 2:1 solution of ethanol/0.5 M aqueous K2CO3 to remove
any physisorbed material, yielding monolayer-functionalized
ITO.

Regioregular P3HT (Rieke Metals, Mn = 20 kg/mol,
[Đ = 2.24) and regiorandom P3HT (Rieke Metals, Mn =
23 kg/mol, [Đ = 2.05) were spin cast at various speeds
from chlorobenzene solutions of the appropriate concentra-
tions onto monolayer-functionalized ITO substrates. P3MT
brushes were synthesized by a surface-initiated Kumada
catalyst transfer polycondensation, as described previously
[25]. The films were used without annealing and stored in
the dark under inert atmosphere (<1 wk) . The resulting
P3MT polymer brush and spin-cast P3HT film thicknesses
were measured using atomic force microscopy (AFM) scratch
profilometry [25]. The film thickness was determined from
�10 line scans derived from �2 AFM scratch images. Fig-
ures 1(e) and 1(f) show representative AFM scans for 6.3-nm-
thick P3MT and 6.5-nm-thick RRe-P3HT films. It is evident
from these images that the P3HT films exhibit a relatively
smooth, homogeneous surface while the P3MT films pos-
sess a densely packed columnar morphology with polymer
columns oriented vertically out of the plane of the film, as
we previously observed [25]. Absorbance spectra for 32-nm
thick P3MT, RRa-P3HT, and RRe-P3HT films are shown in
Fig. 1(g) [24].

The prepared P3MT and P3HT films were directly trans-
ferred through a N2 glovebox without exposure to air for
the device fabrication. 15 nm of Ni81Fe19 (99.99% purity,
Angstrom Engineering) was deposited on top of the poly-
mer films by e-beam evaporation (base pressure: ∼5.0 ×
10−8 Torr) at room temperature using a shadow mask, fol-
lowed by a 50-nm SiO2 (99.99%) capping layer. FMR was
performed at room temperature from 2 to 12 GHz using a
commercial NanOSC PhaseFMR spectrometer with a copla-
nar waveguide, and an electromagnet was used for applying
in-plane magnetic fields. For ISHE measurements, the mi-
crowaves are generated by a Keysight X-Series microwave
analog signal generator at an excitation frequency of 9 GHz
and microwave power of 50 mW. The ISHE voltage generated
across the edges of the sample was measured using an EG&G
7260 DSP lock-in amplifier.

III. RESULTS AND DISCUSSION

A. Ferromagnetic resonance and spin-mixing conductance

Figure 2(a) shows a schematic of the spin-pumping pro-
cess as well as typical FMR spectra measured at 9 GHz,
from which values for α, the damping parameter, γ , the
gyromagnetic ratio, and Ms, the saturation magnetization, are
obtained. Damping factors are extracted using the relation

α =
√

3γ

4π f �H + H0 [12], as shown in Fig. 2(b), where �H
is the FMR linewidth (HWHM) and ƒ is the microwave
frequency. H0 is the frequency-independent linewidth contri-
bution arising from inhomogeneities in the organic film and
the ferromagnet. Ms and γ are obtained from the HFMR versus
ƒ plots, shown in the inset of Fig. 2(b), by fitting to the
Kittel equation: ( 2π f

γ
)2 = HFMR(HFMR + 4πMs) [26], where

HFMR is the resonant field. Values for 4πMs and γ for a bare
NiFe reference sample are found to be 0.9609 T and 1.85 ×
1011 T−1 s−1, respectively, which are consistent with those
reported in literature [12]. The intrinsic damping parameter,
α0, for the bare NiFe reference sample grown on top of the
glass substrate is 7.2 × 10−3, while the damping parameters
of the NiFe/P3MT/SAM/ITO, NiFe/RRe-P3HT/SAM/ITO,
NiFe/SAM/ITO, NiFe/ITO samples are equal to 4.8 × 10−2,
1.8 × 10−2, 8.7 × 10−3, and 7.7 × 10−3, respectively. This
enhancement in the damping factor, α, has been attributed
to spin-current dissipation across the ferromagnet/organic
interface [14,15,23]. Figure 2(c) shows the enhancement
of damping factor, �α = α − α0, as a function of organic
layer thickness in the NiFe/P3MT and NiFe/P3HT samples,
respectively.

For the P3HT samples, �α increases and then saturates
as the thickness is increased above 20–30 nm, similar to the
behavior observed in ferromagnet/nonmagnetic metal bilayers
[3]. For the P3MT samples, however, �α increases at a much
higher rate compared to the P3HT samples and exhibits no
clear saturation even in the thickest film. We were unable to
extract �α from P3MT films with thickness >30 nm due to
roughness of the polymer brush film and low peak intensity
(see Supplemental Material [24] for further details). The
thickness-dependent enhanced damping factors were fit using
a traditional spin-pumping model [3]:

�α = γ h̄

4πMsdF
g↑↓

eff , (1)

g↑↓
eff = g↑↓ 1

1 + [2
√

ε/3 tanh (ds/λ)]
−1 , (2)

where �, dF , λ, and g↑↓
eff are the Planck constant, ferromagnetic

layer thickness, spin-diffusion length of the organic layer,
and real part of the spin-mixing conductance, respectively,
and g↑↓ represents g↑↓

eff (ds → ∞). ε is a dimensionless pa-
rameter proportional to the product of the atomic number
and fine-structure constant in the nonmagnetic material and
is fixed at ε = 0.1 (see sec. IV of Supplemental Material
[24] for further discussion). We find that for the P3MT
samples λs = 10.4 ± 1.1 nm and g↑↓ = 1.06 × 1021 ± 5.1 ×
1019m−2, while for the RRe-P3HT samples λs = 15.0 ±
5.4 nm and g↑↓ = 1.92 × 1020 ± 1.6 × 1019 m−2 (For RRa-
P3HT, λs = 11.7 ± 3.4 nm and g↑↓ = 4.22 × 1020 ± 3.8 ×
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FIG. 2. (a) Schematic representation of spin pumping during FMR and typical FMR spectra normalized by the resonant field (Hres ) obtained
at 9 GHz for Ni81Fe19/glass, Ni81Fe19/RRe-P3HT(52.9 nm)/ITO, and Ni81Fe19/P3MT(21.6 nm)/ITO. (b) FMR linewidth (HWHM) versus
microwave frequency for samples shown in (a), as well as RRa-P3HT, with linear fits for the derivation of the respective damping parameters.
Inset shows microwave frequency plotted as a function of resonant field and associated fits to the Kittel equation [Eq. (2)]. (c) �α plotted as a
function of thickness for P3MT, RRe-P3HT, and RRa-P3HT series.

1019 m−2). Whereas the obtained spin-diffusion lengths in
both films are reasonable and consistent with most organic
materials, the obtained spin-mixing conductances, g↑↓

eff and
g↑↓, in the P3MT are surprisingly two orders of magnitude
higher than that in the conventional metallic and semicon-
ductor systems (in the range of 1018 to 1019 m−2) despite
containing predominantly light elements (i.e., mostly C and
S in the polymer, minor amounts of Br, P, and O in the
polymer and monolayer). This indicates an intensive spin-
current injection from the NiFe layer into the P3MT polymer

(the injected spin-current density at the interface, J0
S ∝ g↑↓

eff γ
2h2

α2 ,
where γ is the gyromagnetic ratio, h is the B1-field component
of the microwave excitation [12]), which is consistent with
the enhanced electrical spin injection demonstrated previously
in organic spin valves using P3MT polymer brushes [27].

B. ISHE measurement

ISHE measurements were performed in a similar measure-
ment setup used for FMR at room temperature. A sketch of
the device structure used for the ISHE experiment is shown in
Fig. 3(a). The pure spin current generated by the microwave
dissipates into the polymer layer at the resonance field of
FMR. By transmitting across the polymer spacer layer, the
pure spin current (Js) is converted into a transverse electric
field (EISHE ) via the inverse spin Hall effect in the ITO elec-
trode [28]: EISHE = θISHEJs × S, where θISHE is the spin Hall
angle in the spin-to-charge converter (i.e., ITO electrode in
this case) and S is the spin-polarization vector in the Js along
with the magnetization direction of the NiFe layer. We assume
negligible spin-to-charge conversion occurring in the organic

layers [θISHE (polymer) 
 θISHE (ITO)]. The measured volt-
age is generated from the ITO layer, with a spin Hall angle
on the order of θISHE (ITO) = 0.0065 [29], which dominates
the ISHE response. Consequently, this trilayer device is used
as a sensitive detector of spin transport in the polymer film,
thereby allowing for the facile extraction of the spin-diffusion
length, λs, in both P3MT and P3HT films.

Figures 3(b) and 3(c) show typical spectra of the acquired
voltage as a function of the applied magnetic field, obtained
for different microwave excitation powers. The voltage sig-
nal can be decomposed into two parts, a symmetric and an
antisymmetric voltage contribution given by V (H ) = V0 +
VSym

�H2

(H−HFMR )2+�H2 −VAsym
�H (H−HFMR )

(H−HFMR )2+�H2 , where VSym is the
voltage contribution stemming from the ISHE contribution in
the ITO layer and VAsym is the anomalous Hall-effect (AHE)
contribution from the NiFe layer [12]. Flipping of the voltage
polarity with reversal of the applied magnetic field from +Hres

to −Hres provides strong evidence that the signal is indeed
originating from the ISHE process. Here, we take the average
of VSym for +Hres and −Hres as the actual VISHE , where
VISHE = [VSym(+Hres) −VSym(−Hres)]/2. Insets in Figs. 3(b)
and 3(c) show the linear dependence of the extracted VISHE as
a function of applied microwave power. These tendencies are
consistent with the expected behaviors of VISHE induced by
the spin pumping and cancel out the possible thermal-induced
ordinary Seebeck contribution that is field independent [30].

Figures 3(d)–3(f) show the exponential decay behavior of
VISHE as a function of organic layer thickness (ds), which
exhibits the expected monotonic decrease owing to the spin-
current transmission across the organic spacer layer be-
tween the ferromagnet and the spin sink [13]. By fitting the
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FIG. 3. (a) Schematic representation of ISHE measurements. Total voltage containing both symmetric and antisymmetric contributions
measured as a function of applied field for different microwave excitation powers at a frequency of 9 GHz is shown for (b) RRe-P3HT
(6.5 nm) and (c) P3MT (6.3 nm), with insets showing the linear dependence of the extracted ISHE voltage (symmetric voltage contribution)
versus microwave power. ISHE voltage plotted as a function of organic layer thickness is shown for (d) RRe-P3HT, (e) RRa-P3HT, and (f)

P3MT, where the fitting curves represent a simple exponential decay function with VISHE ∝ V0e
−ds
λs .

voltage thickness dependence to the exponential decay func-
tion, whereVISHE (ds) ∝ V0e

−ds
λs , we obtain values for the spin-

diffusion length, λs = 1.2 ± 0.6 nm in the P3MT layer at
300 K. Despite the P3MT having a higher conductivity than
the P3HT layer (σRReP3HT ∼ 1 × 10−7 S/cm < σP3MT ∼ 7 ×
10−6 S/cm) [25,31], a longer spin-diffusion length is obtained
in the P3HT layer, with λs = 6.1 ± 2.0 nm for RRe-P3HT
and λs = 4.8 ± 0.9 nm for RRa-P3HT. The P3MT layer has
a consistently shorter spin-diffusion length compared to that
of the P3HT layer, in line with the results extracted from the
FMR measurement (λs ≈ 15 nm for RRe-P3HT and ≈10 nm
for P3MT).

It should be noted here that for spin pumping into organic
materials, while the mechanism of spin-current generation
from FMR in the ferromagnetic thin film remains the same,
there are key differences in the subsequent transmission of the
spin current across the ferromagnet/organic interface, and in
spin-to-charge conversion as it relates to the ISHE. Whereas in
metallic systems and highly doped inorganic semiconductors
spin transport is mediated primarily by free carriers, in organic
semiconductors it is instead polarons that mediate spin trans-
port as supported by spin-pumping experiments performed in
both local measurements using a vertical trilayer system [13]
and nonlocal measurements using a horizontal configuration
[22]. A caveat to this is in highly doped conjugated polymers,
where a sufficiently high spin density (∼1020 cm−3) results
in an exchange-based spin-diffusion regime allowing for the

decoupling of spin and charge transport [22]. This is evi-
denced in the extracted λs of our undoped RRe-P3HT, which
is two orders of magnitude shorter than the reported value
in F4TCNQ-doped P3HT (>550 nm) [22]. A much lower
conductivity and spin density in our undoped P3HT may
greatly suppress the spin-diffusion length, with spin transport
mediated predominantly by polarons.

C. Theoretical model

There are two key findings from the results of the FMR and
ISHE measurements. First, P3MT polymer brushes exhibit
a shorter spin-diffusion length and higher effective damping
(i.e., spin-mixing conductance) than that of P3HT films. The
very short spin-diffusion length (<2 nm) suggests an addi-
tional spin-orbit coupling contribution in the P3MT poly-
mer brushes despite it containing the same elements with
low atomic number as that in P3HT films with compara-
ble hyperfine interaction. Second, the spin-diffusion length
obtained from fitting of the FMR data based on the spin-
backflow model is inconsistent with, and much larger than,
that obtained through ISHE response with almost an order of
magnitude variation in the case of P3MT (1.2 vs 10.0 nm).
This discrepancy has been observed in ISHE devices based
on inorganic semiconductors such as in metal-silicon-metal
vertical structures [32]. To address these two points, we need
to revisit the origins of SOC in conjugated polymers. We
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FIG. 4. Schematic representations of (a) P3MT in which the
thiophene backbone is twisted by an angle θ and (b) RRe-P3HT
in a planar configuration. Blue spheres and red arrows represent
electrons and their spin-polarization direction, respectively, with
spin-flip scattering events located at torsion sites in the case of P3MT.

note that the conventional spin-pumping model, originally
developed for metals, does not consider the heterogeneous
interface and junction nor the band alignment between metals
and organic semiconductors. Thus we next examine whether
these equations used to derive the aforementioned parameters
can be appropriately applied to our case with reasonable
modifications.

Spin-orbit coupling in polymers

The origins of the SOC in organic materials have been
examined theoretically [18]. It was found that, in comparison
to inorganic systems, the SOC in disordered organic materials
for spintronics can be conveniently characterized by a dimen-
sionless spin-mixing parameter γ , and that the spin-diffusion
length can be expressed concisely as

λ = R

4γ
, (3)

where R is the carrier hopping distance. For sexithiophene
(T6), which is a typical planar system comparable to the
conjugated thiophene backbone of P3HT and P3MT, γ for
electrons is ∼6.7 × 10−3 [19]. Using this value along with
a reported hopping distance R = 0.38 nm for P3HT [33,34],
we obtain a spin-diffusion length of λ = 14.2 nm for P3HT.
For P3MT, we must also consider the effect of the polymers’
structural conformation on γ . P3HT has a relatively planar
lamellar morphology, where polymer chains lie in the plane
of the film with vertically oriented π -π stacking between
adjacent chains [Fig. 4(b)]. The P3MT polymer brushes, on
the other hand, are oriented vertically out of the film plane and
possess a significant torsion angle between repeat units due to
the nature of the growth method [Fig. 4(a)], causing shorter
average conjugation in P3MT and a blueshift in the P3MT
absorbance spectrum compared to P3HT as seen in Fig. 1(g)
[24]. The effect of torsion on the spin-mixing parameter γ can
be expressed as

γ 2 = γ 2
0 (1 + αtan2θ ), (4)

where γ 2
0 is the SOC of the planar structure, θ is the torsion

angle, and α is a numerical constant ranging from 0.135 to 0.5

according to modeling of biphenyl. As θ approaches 90°, and
the π orbitals of the conjugated system are increasingly mis-
aligned, γ 2 increases sharply. This structural conformational
dependence of the SOC has been previously employed to
explain the abnormally large SOC in Alq3 molecules despite
its lack of heavy elements, due to the nearly orthogonal
relationship between aromatic ligands in the molecule [19].
By considering an example of a torsion angle for P3MT
of θ = 65◦, with α = 0.16 and γ0 = 6.7 × 10−3, γ would
be increased from 6.7 × 10−3 to 8.9 × 10−3, resulting in a
decrease of the spin-diffusion length from 14.2 nm (calculated
for the planar P3HT) to 10.7 nm (calculated for the twisted
P3MT).

In addition, given constant but distinct SOCs for P3HT
and P3MT, we would expect the FMR damping parameter
for both polymers to saturate above a certain film thickness.
Saturation of �α is clearly observed with spin-cast P3HT
films thicker than ∼20 nm, but not in the thickness range of
measured P3MT films [Fig. 2(c)]. There are at least two possi-
ble explanations for nonsaturating �α behavior for P3MT: (i)
saturation occurs in P3MT films thicker than can be measured
with the experimental setup used here, or (ii) the SOC in
P3MT changes with thickness. As noted previously, P3MT
films possess more and more short conjugation units as they
grow, evidenced by an increasingly strong blueshifted feature
in their absorbance spectra [25]. An increase in the prevalence
of short conjugation units in P3MT films may in turn cause
an increase in the SOC with thickness and the observed
nonsaturating behavior in �α. In contrast, presynthesized
P3HT has an average conjugation length that is primarily
determined before film deposition, yielding a constant SOC
with film thickness.

IV. CONCLUSION

FMR and ISHE measurements of P3MT polymer brushes
and spin-cast P3HT films showed that the former has a signif-
icant enhancement in spin-mixing conductance and reduction
in spin-diffusion length compared with the latter, despite their
similar chemical structures. We attribute the observed large
increase in damping with increasing P3MT film thickness to
a torsion-induced SOC, based on a model of spin pumping in
disordered organic semiconductors. This study offers a route
for intrinsically tailoring SOC in organic semiconductors and
achieving efficient spin injection for future spin-to-charge
converter applications through manipulation of the structural
conformation of conjugated polymers.
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