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Effect of structural conformation of conjugated polymers on spin transport

Constantinos Nicolaides ,1 Eliana Nicolaidou ,2 Paris Papagiorgis ,3 Grigorios Itskos ,3

Sophia C. Hayes ,2 and Theodossis Trypiniotis 1,*

1Department of Physics, University of Cyprus, P.O. Box 20537, 1678 Nicosia, Cyprus
2Department of Chemistry, University of Cyprus, P.O. Box 20537, 1678 Nicosia, Cyprus

3Department of Physics, Experimental Condensed Matter Physics Laboratory, University of Cyprus,
P.O. Box 20537, 1678 Nicosia, Cyprus

(Received 17 June 2022; accepted 15 August 2022; published 7 September 2022)

Organic semiconductors consisting mainly of relatively light chemical elements were expected to exhibit
low spin-orbit coupling (SOC) and large spin relaxation time, making them attractive as spin conveyors
in spintronic devices. However, a series of theoretical and experimental spin diffusion length and spin
Hall angle results contradicting this expectation have triggered an ongoing discussion to understand the
coupling of spins to their environment in these systems. In this context we use the prototype material
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate as a model conducting polymer system to monitor the
impact of chemical doping and the resulting modification of the polymer’s backbone conformation on the spin
diffusion length. We observed an increase by a factor of 2 of the spin diffusion length during dedoping of the
polymer that is accompanied by a respective order of magnitude decrease in the spin Hall angle and the spin
admixture parameter indicating a reduction of the SOC strength. This trend is associated with an increased
planarity at the dedoped level monitored by Raman spectroscopy revealing that spin transport is inextricably
linked to the structural conformation of the organic semiconductor. Spin phenomena of a conjugated polymer
can be modified through control of the polymer’s structural conformation, paving the way for a new functionality
for spintronic based devices.

DOI: 10.1103/PhysRevMaterials.6.095601

I. INTRODUCTION

Organic semiconductors (OSCs) have been widely studied
over the past few decades and a variety of technological ap-
plications have already been developed, such as organic light
emitting diodes [1], solar cells [2,3], and organic transistors
[4,5]. They have unique electrical, optical, and mechanical
properties, which in combination with their ease of process-
ing, low cost, and the wide range of different choices of
structures makes them a particularly attractive category of
materials for a wide variety of applications. Recently, there
has been an emergence of organic spintronics studies, aiming
to understand the spin relaxation and spin transport mech-
anisms in organic materials and to exploit their particular
properties to invent new spintronic functionalities and
devices [6,7].

The spin relaxation time, spin diffusion length (SDL), and
spin Hall angle (θSH) are interconnected crucial figures of
merit which determine the spin “conductivity” of a material
and whether it is more suitable as a conveyor or a detector of
spin. The spin relaxation time is controlled by two principal
factors, the spin-orbit coupling (SOC) and the hyperfine inter-
action [6]. Since organic materials mainly consist of elements
with small atomic numbers (e.g., H, C, O), very long spin
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diffusion lengths and spin relaxation times are expected, with
associated small spin Hall angles [8,9]. Many experimental
reports, however, demonstrated spin diffusion lengths ranging
from about 1 nm to approximately 1 μm in organic structures
with similar light elements, which implies that in some cases
the SOC strength is higher than expected [8,10–12].

The origin of such unexpected results is still under inves-
tigation and a detailed understanding of the mechanism of
spin transport in these systems remains a very active research
area both theoretically and experimentally [6,13,14]. The
prominent candidate mechanisms proposed are spin transport
mediated by spin-orbit coupled carrier hopping [13,15], or,
at higher carrier concentrations, exchange coupling between
localized carriers (polarons) [14,16]. There may not be a sin-
gle valid mechanism for a specific OSC or even for the same
OSC under different conditions, but rather a combination of
the different mechanisms with one prevailing over the other in
different circumstances [8,17].

Understanding a closely related property, the relaxation of
spin in OSCs, is also crucial to enable spintronic applications
of these materials. Recently, it has been proposed that at
room (high) temperature in systems with incoherent charge
transport, spin relaxation is governed by an Elliot-Yafet like
mechanism [18]. The main characteristic is that instead of
taking place during momentum scattering as in inorganic ma-
terials, the spin decay is caused by spatial scattering during
charge hopping between mixed spin states with the admixture
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induced by the SOC [18–20]. The strength of the SOC is
reflected in the spin-admixture parameter γ , which is a mea-
sure of the spin-flip probability during a hopping event.
Theoretical calculations of γ have been performed by Yu
[21,22] and more recently an accurate and more general
formalism was introduced by Chopra et al. [19,20]. The con-
formation of the polymer structure is believed to affect γ

since it depends on the relative orientation of neighboring π

orbitals. More specifically, higher SOC is obtained for greater
torsional angles along the polymer backbone of an OSC [12].

In this work, we aim to elucidate the link between
a polymer’s backbone conformation and SOC using
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate),
most commonly referred to as PEDOT:PSS, as a model
material. We use chemical doping or dedoping, to alter
the polymer’s structural conformation and based on the
framework developed by Yu, which refers to simultaneous
spin transport through hopping and exchange coupling
[8,17], we estimate the spin diffusion length of PEDOT:PSS
for various degrees of doping by combining electron spin
resonance (ESR) and Hall techniques. As the doping degree
is reduced, the spin diffusion length is enhanced. A consistent
observation is obtained via independent inverse spin Hall
effect (ISHE) measurements induced by spin pumping from
which θSH is determined at the various doping levels. The
observed trends are attributed to the variation of the degree of
torsion between conjugated units along the polymer backbone
of PEDOT, with the structural conformation and associated
change in planarity monitored via Raman spectroscopy. We
finally estimate the spin-admixture parameter γ , and find that
it reduces as the polymer planarity increases. Overall, our
study demonstrates that within a large number of parameters
affecting spin transport in polymers, structural conformation
stands out as one of the most significant ones.

II. EXPERIMENTAL DETAILS

PEDOT:PSS has remarkable properties that range from
mechanical flexibility, ease of processing, outstanding stabil-
ity at environmental conditions, and excellent thermoelectric
abilities, and is already used in a range of technological ap-
plications [23,24]. It is a robust conjugated polymer in which
carrier concentration can be tuned through electrochemical or
chemical doping, where the PSS counterion has a central role.
PSS functions as both a dopant to compensate charges of the
PEDOT cations and as a dispersant to form a stable dispersion
in an aqueous solution in the presence of the hydrophobic
PEDOT [24,25]. However, as for other organic semiconduc-
tors, a common problem is the small ionization fraction of
the PSS, requiring a large amount of the dopant to generate a
high carrier concentration. As a result, there is a large amount
of nonionized dopants that can significantly increase the tun-
neling distance between PEDOT chains and hence reduce the
rate of carrier hopping and the overall conductivity of pristine
PEDOT:PSS [26]. This obstacle can be overcome by introduc-
ing an organic solvent with high solubility in water and high
hydrophilicity, such as Dimethyl Sulfoxide (DMSO), which
isolates uncoupled PSS, changes the film morphology, and
improves the crystallinity resulting in a significant increase of

TABLE I. Labeling of the PEDOT:PSS samples in descending
doping order with additive concentrations.

Sample ID P1 P2 P3 P4 P5 P6

Additive DMSO – NaOH NaOH NaOH NaOH

Conc. (Vol %) 1 – 0.5 0.5 0.5 1

[NaOH] (M) – 0.5 4 5 4

carrier concentration and conductivity [26–28]. The opposite
outcome is achieved by the insertion of a dedopant, such
as NaOH, that neutralizes PEDOT:PSS and disrupts the π

conjugation of the PEDOT structure [29,30]. In order to have
different degrees of doping for PEDOT:PSS we employed dif-
ferent amounts of DMSO or NaOH to respectively adjust the
doping or dedoping of the polymer. The series of samples with
different doping levels, labeled P1–P6, as used throughout this
study, is presented in Table I. The ability to tune the doping
level is confirmed by conductivity and carrier concentration
measurements presented in Fig. 1 and further supported by
optical absorbance measurements displayed in Fig. S1 of the
Supplemental Material (SM) [31–34].

Experiments were carried out at room temperature us-
ing solution-processed PEDOT:PSS (PH1000, PEDOT:PSS
ratio = 1:2.5) filtered using a 0.45-μm PVDF syringe filter
as the starting material. The substrates were cleaned with
deionized water and isopropanol in an ultrasonic bath and
dried with nitrogen gas followed by UV-ozone treatment for
10 min before use. For Hall, spin pumping, conductivity,
absorbance, and Seebeck measurements a volume of 20 μL
of PEDOT:PSS solution was spin coated at 4000 rpm in am-
bient conditions and the resulting films were then annealed
at 120 °C for 15 min. For ESR and Raman measurements
the samples were prepared by drop-casting 5 and 20 μL of
PEDOT:PSS solution, respectively, and dried at 120 °C for
20 min. Where needed Cu contact pads were thermally evap-
orated through a shadow mask. Conductivity measurements
were carried out through a four-probe method. Additionally,
for spin pumping and ESR measurements the samples were
placed at the center of a TE102 rectangular cavity with an
operational frequency of 9.43 GHz. The detailed experimental
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FIG. 1. Conductivity and carrier concentration for studied sam-
ples. Data arranged in increasing degree of dedoping.
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procedures for the Hall, Seebeck, and Raman measurements
can be found in the SM [31].

III. RESULTS AND DISCUSSION

A. Estimation of spin diffusion length

Spin transport in organic materials differs from inorganic
structures, since spin carriers in an organic disordered film
(polarons), although mobile, are usually localized, while
transport in inorganic structures proceeds via delocalized
Bloch waves. Consequently, in a regime with a large lo-
calized polaron concentration, exchange coupling is favored
and as a result spin transport can be realized without charge
transfer [14,16]. This exchange induced spin flow is not the
only possible mechanism of spin transport. Polarons can also
move through hopping which results in simultaneous spin and
charge transport. Both of the above mechanisms influence the
spin diffusion length (SDL) λN of an OSC and the spin relax-
ation time (T1) can be related via the spin diffusion coefficient
(D) through the classical Einstein relation λN = √

D T1, the
validity of which has already been investigated in disordered
OSCs theoretically [22] and experimentally [35]. The spin
diffusion coefficient has two major contributions given by the
relation

D = Dhop + Dexc = μkBT/e + 1.6J (R)R2/h̄. (1)

The first term corresponds to the hopping contribution,
where μ is the mobility, kB is the Boltzmann constant, and e is
the elementary charge. The second is the exchange-mediated
contribution and is a function of the exchange interaction
between neighboring polarons J (R) and the average inter-
polaron distance R, which is related to polaron density (n)
as R = 1/ 3

√
n. The exchange coupling can be estimated by a

hydrogenic exchange interaction expression [8,17]

J (R) = 0.821
1

4πεεo

(
e2

ξ

)(
R

ξ

)5/2

e−2R/ξ , (2)

where ε = 2 is the dielectric constant and ξ is the polaron
localization length along the π -π stacking direction, which
was experimentally obtained in a previous report to be equal
to 11 nm for PEDOT:PSS [15]. For the evaluation of the SDL
for every doping level, the mobility (μ), spin relaxation time
(T1), and polaron density (n) have to be experimentally
estimated.

The conventional Hall-effect measurement method to
obtain mobility and carrier concentration is often very chal-
lenging, since PEDOT:PSS is a disordered organic material
with amorphous microstructure and high doping level and it
is expected to produce small Hall voltage [36,37]. We sur-
passed this obstacle by utilizing a van der Pauw geometry
with microscale four-finger electrode gap patterns and high
DC magnetic field [38] (see further details in Sec. S2 of
the SM [31]). The carrier concentration and mobility results
are depicted in Figs. 1 and 2(a), respectively. During de-
doping the carrier concentration is gradually decreased by
approximately two orders of magnitude from 1.4×1020 to
6.7×1017 cm–3. The mobility presents the opposite behavior,

decreasing for DMSO-treated PEDOT:PSS film and increas-
ing for the NaOH-treated samples, in agreement with previous
experimental reports [39,40].

The spin nature of charge carriers in PEDOT and other
polythiophene-based organic materials under variable dop-
ing level can be determined through continuous wave ESR
spectroscopy [18,41–43]. The ESR signal allows investigation
of the spin dynamics of polarons, while at the same time
acting as a spin counter for the determination of the polaron
concentration in the sample under investigation. Figure 2(b)
shows the ESR spectra for all samples at room temperature
at constant microwave power. Every spectrum can be fitted
by a single Lorentzian indicating that all the spins are in
a homogeneous magnetic situation [9,15]. This fact means
that the spin-spin relaxation (dephasing) time T2 can be ex-
perimentally determined from the linewidth (�HFWHM) by
T2 = 2/γe�HFWHM, where γe is the gyromagnetic ratio [44].
Furthermore, the doubly integrated spectra give the relative
number of spins and by calibrating with the standard 2,2-
diphenyl-1-picrylhydrazyl (DPPH) spin-1/2 radical we can
obtain the polaron density (n) [Fig. 2(c)]. A considerable
enhancement of the linewidth is observed as the doping
increases and this broadening of the ESR linewidth is in agree-
ment with previous experimental studies with electrochemical
doping in thiophene-based organic materials [42,43]. In con-
trast, for dedoped PEDOT:PSS, polarons are more localized
resulting in a narrowed ESR spectrum [41]. There is also a
gradual decrease of polaron concentration as a function of
doping [Fig. 2(c)] which contradicts the behavior observed
in charge carrier concentration obtained via electrical mea-
surements in Fig. 1. The polaron concentration is 1–2 orders
greater than the charge concentration for the sample treated
with DMSO. The difference between polaron and charge con-
centration can be interpreted by the presence of a “trapped
polaron” population [45,46], which does contribute to the
ESR intensity signal but not to the electrical measurements.
Addition of DMSO causes a significant reduction of trapped
polaron population while simultaneously leading to spinless
bipolaron formation [42,43]. Consequently, trapped polarons,
polarons, and bipolarons coexist in PEDOT:PSS, the popula-
tions of which are modified during doping.

As already mentioned, by calculating the �HFWHM from
the ESR line shape, the transverse spin relaxation or spin
dephasing time T2 can be estimated; however, for the calcu-
lation of the SDL, the parameter of interest is the longitudinal
spin relaxation or spin lattice relaxation time T1. This can be
determined by measuring the saturation behavior of the ESR
intensity as the microwave magnetic field is varied [9,47].
The inset of Fig. 2(b) shows the ESR intensity dependence
as a function of microwave magnetic field for sample P2. A
linear dependence is observed even for the highest microwave
magnetic field used and this corresponds to the case where
T1 ≈ T2 [9,15]. Similar behavior is observed for all studied
samples that indicates a universal relationship of T1 ≈ T2

across all the doping range probed (see Sec. S3 in the SM
[31]). The estimated spin lattice relaxation time is plotted
in Fig. 2(c). With all relevant parameters determined, the
spin diffusion length can be estimated [Fig. 2(d)]. A gradual
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FIG. 2. (a) Mobility (μ) measurements plotted in increasing degree of dedoping from P1–P6. (b) ESR spectra of the PEDOT:PSS samples
at different levels of chemical doping. The inset shows the microwave magnetic field dependence of the ESR intensity of the drop-casted
pristine PEDOT:PSS film (P2) at room temperature. (c) Extracted spin relaxation time (T1) and polaron concentration (n). (d) Estimated spin
diffusion length (λN) for each sample obtained from ESR, Hall, and conductivity data.

increase of SDL is observed from higher to lower doping
level, varying from ∼154 to ∼275 nm. The obtained values
are in good agreement with previously reported measurements
for PEDOT:PSS [15,48].

B. Estimation of spin Hall angle through ISHE measurements

In order to further probe the influence of doping on spin
transport we have performed ISHE measurements, induced
by spin pumping driven by ferromagnetic resonance (FMR)
in a microwave cavity. We used a series of NiFe/PEDOT:PSS
heterostructures with the same PEDOT:PSS doping levels,
P1–P6. Figure 3(a) shows a schematic illustration of the
device structure used for the ISHE experiments. The depo-
sition sequence (NiFe and then spin coated PEDOT:PSS)
was chosen in order to avoid the deposition of NiFe on the
rough surface of PEDOT:PSS and therefore the increment of
the damping term by extrinsic factors like inhomogeneity. A
NiFe layer (7 nm) was deposited onto a Si/SiOX substrate by
molecular beam epitaxy followed by a spin coated thin layer
of PEDOT:PSS of approximately 80–90 nm (SM S4 [31]).
During FMR, strong spin accumulation is induced by the pre-
cessing ferromagnet at the interface with the OSC and a pure
spin current can be efficiently injected into the PEDOT:PSS
layer. This excess of aligned spin-1/2 polarons along the mag-

netic field direction, which can be interpreted equivalently as
spin angular momentum transfer from the ferromagnetic to the
organic layer, can be detected as an electrical voltage utilizing
the ISHE [49]. More specifically, in an organic material en-
vironment, the ISHE arises when (in the presence of SOC)
in addition to hopping between pairs of sites, the hopping
in a triad via an intermediate site gives rise to a nonzero
phase shift for nonaligned molecular orientations of organic
materials. This results in a charge imbalance in the direction
perpendicular to the spin current and a corresponding induced
electric field

−−−→
EISHE that can be detected electrically [48,50].

This process is phenomenologically described by the relation−−−→
EISHE ∝ θSH

−→
JS × �σ , where

−→
JS and �σ are the spin current

density and spin polarization, respectively. The parameter θSH,
termed the spin Hall angle, describes the efficiency of the
spin- to charge-current conversion process.

Figure 3(b) shows the voltage signal measured in the
NiFe/P2 bilayer device under 62.8 mW microwave excitation
power. The detected voltage can be fitted using the relation

V (H ) = VSym
�H2

FWHM

(H − HFMR)2 + �H2
FWHM

+ VAsym
− 2 �HFWHM(H − HFMR)

(H − HFMR)2 + �H2
FWHM

, (3)
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FIG. 3. (a) Schematic of the inverse spin Hall effect induced by the spin pumping in a NiFe/PEDOT:PSS bilayer device. H and θH denote the
external magnetic field and the angle of H from sample plane, respectively. IISHE, jS, σ denote the ISHE current due to spin-charge conversion,
the flow direction of the spin current, and the spin-polarization vector, respectively. (b) Voltage signal detected in the NiFe/P2 bilayer, at
θH = 90◦ (black line) and the fitted symmetric (red line) and asymmetric part (blue line). The inset shows the microwave power dependence of
the peak symmetric voltage for opposing in-plane orientations of the external magnetic field, θH = 90◦ and θH = 270◦ . (c) |VISHE| measurements
for each sample, for three different microwave powers, where |VISHE| stands for the average of the symmetric voltage for opposing in-plane
orientations of the external magnetic field, divided by the absorbed microwave intensity at FMR and normalized by the magnitude of P1.
The inset shows the corresponding measurements for the asymmetric part of the voltage. (d) Estimation of spin Hall angle (θSH) from ISHE
measurements.

where �HFWHM and HFMR are the linewidth and the ferro-
magnetic resonance field, respectively [51]. The first term
describes the symmetric contribution to the voltage signal
from the ISHE, while the second term corresponds to the
asymmetric contribution, which is the result of different ef-
fects including the anomalous Hall effect and the anisotropic
magnetoresistance [52,53]. The ISHE voltage exhibits a polar-
ity change when measured at two opposite in-plane magnetic
field directions, θH = 90◦ and θH = 270◦, in combination
with a linear dependence of its magnitude on microwave
power [inset of Fig. 3(b)], indicating the successful creation
of ISHE voltage induced by spin pumping [54]. The results of
the above SHE analysis for all samples are shown in Fig. 3(d).
|VISHE| stands for the average of VISHE for opposing in-plane
orientations of the external magnetic field, divided by the
absorbed microwave intensity at FMR, Pabs, and normalized
by the magnitude of P1. There is a clear gradual reduction of
the |VISHE| from the higher doped level P1 to the lower doped

level P6. This tendency concerns only the symmetric part of
voltage since the asymmetric part presents a different trend for
the same doping levels [inset of Fig. 3(c)].

As has been discussed widely in the literature the symmet-
ric voltage can be affected by thermoelectric effects [48,53].
In order to exclude this contribution to |VISHE| we measured
the Seebeck coefficient (see SM Sec. S5 for results and ex-
perimental details [31]). The introduction of NaOH results in
an increase of the Seebeck coefficient [Fig. S5(b) [31]] in
agreement with other experimental studies [40,55] whereas
the change in the symmetric contribution of the voltage de-
creases monotonically. After clarifying that the symmetric
contribution of the voltage corresponds to the VISHE induced
by the spin pumping process, we can estimate the spin Hall
angle (θSH) for every doping level of PEDOT:PSS layer
by [54]

VISHE = wθSHλNtanh(dN/2λN)

dNσN + dFσF
(2e/h̄) jo

s , (4)
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where w is the width of the NiFe layer between the Cu con-
tacts, jo

s is the spin current density, dN, σN, dF, and σF are the
thickness and the conductivity of the PEDOT:PSS layer and
the NiFe layer, respectively. θSH can be estimated (see detailed
description in SM Sec. S6 [31]) for every doping level and the
results are presented in Fig. 3(d). A gradual enhancement of
spin Hall angle by one order (10−7–10−6) is observed during
doping. The magnitude of the θSH is comparable with other re-
ported work for PEDOT:PSS [48–50]. The change in θSH with
doping is consistent with the variation of the SDL measured
in Fig. 2(d) as the θSH should be inversely proportional to
SDL [54].

C. Estimation of γ2 and qualitative confirmation
of PEDOT:PSS backbone conformation through

resonance Raman measurements

There are two key findings from the above results from
ESR and ISHE measurements: the increase of SDL during
chemical dedoping of PEDOT:PSS and the associated re-
duction of θSH, both indicating that the degree of doping
is associated with changes in the SOC strength. Since the
doping procedure does not affect the atomic composition, we
expect that the variation of the SOC originates in a possi-
ble alteration of the PEDOT’s structural conformation upon
doping. Indeed, the interplay between changes of the poly-
mer’s backbone conformation and chemical doping has been
widely reported for OSCs [56–58]. In such situations, the
strength of the SOC can be conveniently parametrized via the
spin-admixture parameter, which is directly proportional to
the ratio of spin flipping to spin-conserving hopping events
[19,20,22]. The magnitude of γ 2 is expected to be maximized
for large thiophene-thiophene dihedral angles (orthogonal
π -orbitals) and minimized for a planar backbone PEDOT
[21]. We can estimate γ 2 for every PEDOT:PSS doping level
using the theory proposed by Wang et al. [8]. The spin-lattice
relaxation time T1 that is already obtained is affected by two
principal contributions, SOC and hyperfine interaction (HFI),
and is given by the relation

T1 = (ωHFI + ωSOC)−1 = (
2�2

HFIτ/3 + 8 γ 2/3τ
)−1

. (5)

The spin relaxation rate due to the local HFI corresponds
to the first term and �HFI = 2×108 Hz is the Larmor fre-
quency of the local hyperfine magnetic field, while the second
corresponds to the spin relaxation rate due to the SOC. The
dwell time τ of a spin on a molecule is given by τ =
(2Dhop/α

2 + 2Dexc/R2)−1 where α = 0.37 nm [28] is the
average hopping distance between polarons along the π -π
stacking direction. Figure 4(a) shows the estimate of γ 2 for
every sample. A clear gradual reduction of the spin admix-
ture is observed during dedoping with an overall decline of
approximately one order of magnitude (10−6–10−5), indicat-
ing that the PEDOT backbone becomes more planar with
the insertion of NaOH. Furthermore, the absolute values of
γ 2 obtained are in good agreement with the theoretical esti-
mation for sexithiophene (T6), shown in Fig. 4(a) as a blue
dashed line for comparison, whose structure is similar with
PEDOT:PSS [21,50].

We can experimentally verify the above conclusion via
resonance Raman spectroscopy, which can provide infor-
mation regarding the structural conformation of conjugated
polymers. In a typical resonance Raman spectrum of PE-
DOT:PSS, four main peaks are distinguished [39,59,60].
Two of them are ascribed to the stretching modes of inter-
and intra-ring C–C single bonds of thiophene, centered at
∼1250 and ∼1360 cm–1, and the other two to the symmetric
and asymmetric stretches of C = C double bonds at ∼1430
and 1520 cm–1, respectively. The most significant changes
observed during the dedoping process are identified in the Ra-
man band between 1400 and 1500 cm–1, which is mainly due
to C = C symmetric stretching. This band includes contribu-
tions from the symmetric stretching modes of the Cα–Cβ (–O)
bond in the quinoid structure and the Cα = Cβ (–O) bond
in the benzoid structure at ∼1430 and ∼ 1450 cm–1, re-
spectively, and the asymmetric Cα = Cβ (–O) stretching at
1400 cm–1 [39]. The quinoid structure represents a more linear
backbone with enhanced planarity, stemming from the double
bond Cα = Cα′ between the thiophene units, which locks the
backbone dihedral angle to 180◦, while the benzoid structure
has a favored coil conformation, as the single bond Cα–Cα′

facilitates inter-ring twisting [Fig. 4(c)] [56]. Consequently,
Raman spectroscopy gives the opportunity for an in-depth
understanding of PEDOT’s structural change during chemi-
cal doping, by tracking the quinoid/benzoid ratio for every
sample. Figure 4(b) shows the Raman spectra with 532-nm
excitation for every doping level. At high doping levels the
C = C symmetric stretch band is broader, reflecting the con-
formational disorder of the polymer in mixed charge states
(neutral, polaron, and bipolaron). The shorter conjugation
length of the neutral benzoid segments at these doping levels
shifts the benzoid band to higher wavenumbers with enhanced
contribution (see SM Sec. S7, Fig. S8 [31]) [61,62]. A clear
shift of the position of the C = C symmetric stretch band
to lower wavenumbers is observed upon dedoping. This is
more prominent in the Raman spectrum of P6, with a down-
shift of 7 cm–1 of the quinoid C = C stretch band, which in
combination with the pronounced narrowing of the C = C
linewidth (full width at half maximum), constitutes a distinct
signature of the increased planarity of PEDOT’s backbone
expected for the quinoid conformation [61,63]. This tendency
of the resonance Raman spectra is in agreement with the cor-
responding behavior of Raman spectra during electrochemical
and chemical doping or dedoping reported previously [61,64].
Moreover, the appropriate deconvolution of the C = C sym-
metric stretch peak shown in Fig. 4(c) (see SM Sec. S7 for
analysis [31]) further confirms the gradual enhancement of the
quinoid, more planar, structure when dedoped and especially
its predominance in the case of P6, which along with its
narrower linewidth indicates a smaller distribution of PEDOT
structural conformations [Fig. 4(c)] [61].

To sum up, the spin admixture parameter γ 2 was ob-
tained after taking into consideration the effect of the
doping/dedoping process on all relevant parameters affect-
ing it, i.e., spin relaxation time, mobility, and polaron
concentrations. An increase by one order of magnitude in
γ 2 during dedoping suggests weaker SOC strength. This is
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FIG. 4. (a) Estimation of the spin admixture parameter γ 2 for P1–P6. For comparison, we plot the theoretical value of sexithiophene (T6)
(blue dashed line) a material with linear conformation and very similar structure with PEDOT [17,21]. (b) Normalized resonance Raman
spectra of the PEDOT:PSS samples at different doping levels with excitation at 532 nm. (c) Percentage of the quinoid and benzoid band within
our different samples obtained from Raman data deconvolution together with the corresponding structures.

consistent with the experimental confirmation of increased
planarity for lower doping through Raman measurements. The
resulting reduction in SOC and therefore, lower probability
for spin-flip during hopping is consistent with the longer spin
diffusion length or smaller spin Hall angle observed. Con-
sequently, chemical doping becomes a control factor of spin
diffusion length, while Raman spectroscopy can be a sensitive
detection tool to trace it indirectly.

IV. CONCLUSION

We have explored the influence of structural conformation
of conjugated polymer on spin transport in PEDOT:PSS at
different chemically defined doping levels. The spin diffusion
length obtained varies from 154 to 275 nm with increas-
ing dedoping corresponding to gradual reduction of the spin
admixture parameter γ 2 by one order of magnitude and there-
fore an associated SOC strength reduction. A similar trend
is observed by an associated decrease of the spin Hall an-

gle θSH, estimated through ISHE measurements induced by
FMR-spin pumping. Since the chemical composition of the
organic semiconductor remains the same by the doping pro-
cedure, we attribute the change of the SOC strength to the
alteration of the structural conformation of the polymer. This
is confirmed through resonance Raman spectroscopy with the
predominance of the more planar quinoid structure at lower
doping levels, indicating that enhanced planarity is associated
with SOC strength reduction. This study offers an intrinsic
way of controlling SOC by manipulating the OSC’s structural
conformation, which can be used for future spin transport
studies in these materials as well as to enhance functionality
in spintronic devices.
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