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Inverse chirality-induced spin selectivity 
effect in chiral assemblies of π-conjugated 
polymers

Rui Sun    1,7, Kyung Sun Park    2,7, Andrew H. Comstock    1, Aeron McConnell    1, 
Yen-Chi Chen    2, Peng Zhang3, David Beratan    3, Wei You4, Axel Hoffmann    5, 
Zhi-Gang Yu    6, Ying Diao    2   & Dali Sun    1 

Coupling of spin and charge currents to structural chirality in non-magnetic 
materials, known as chirality-induced spin selectivity, is promising for 
application in spintronic devices at room temperature. Although the 
chirality-induced spin selectivity effect has been identified in various chiral 
materials, its Onsager reciprocal process, the inverse chirality-induced 
spin selectivity effect, remains unexplored. Here we report the observation 
of the inverse chirality-induced spin selectivity effect in chiral assemblies 
of π-conjugated polymers. Using spin-pumping techniques, the inverse 
chirality-induced spin selectivity effect enables quantification of the 
magnitude of the longitudinal spin-to-charge conversion driven by 
chirality-induced spin selectivity in different chiral polymers. By widely 
tuning conductivities and supramolecular chiral structures via a printing 
method, we found a very long spin relaxation time of up to several 
nanoseconds parallel to the chiral axis. Our demonstration of the inverse 
chirality-induced spin selectivity effect suggests possibilities for elucidating 
the puzzling interplay between spin and chirality, and opens a route for 
spintronic applications using printable chiral assemblies.

Reversible conversion between charge and spin currents in the solid 
state leads to a new paradigm for spintronics1–3. One prototypical 
example is the spin Hall effect (SHE)4,5 and its reciprocal process, the 
inverse spin Hall effect (ISHE)6,7. The SHE describes how a flow of lon-
gitudinal charge current Jc in a non-magnetic material can generate 
a transverse spin current Js (ref. 4). Following the Onsager relation, 
the ISHE describes how a longitudinal spin current can generate a 
transverse charge current6. The SHE/ISHE can be quantified with the 
coefficient of spin-charge interconversion as represented by the spin 
Hall angle (θsh ≡ Js/Jc) which is proportional to the strength of intrinsic 

spin–orbit coupling (SOC) in non-magnetic materials as demonstrated 
in inorganic materials7 and organic semiconductors8. The SHE/ISHE 
has been recently employed as a powerful tool for material charac-
terization9–11 and for the generation and detection of spin current for 
advanced spintronic devices12–14.

Chiral materials have recently presented a new platform for the 
pursuit of promising research on spin current generation by harnessing 
symmetry beyond the intrinsic SOC. Chirality is a structural property 
of a system with broken inversion symmetry. Structural chirality has 
emerged in direct conjunction with spin current generation even in 
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of the chirality-driven longitudinal spin-to-charge (StC) conversion 
are characterized. Thanks to the ease of using a large molecular design 
space and processing via solution printing methods, the precise tun-
ing of helical structures enables a large modulation of spin and car-
rier transport properties in the chiral assemblies of π-conjugated 
polymers32,33. These advantages provide an ideal platform to reveal 
the fundamental structure–property relationship in the context of 
the CISS effect.

Printing chiral thin films of conjugated polymers
Chiral structures of π-conjugated polymer films were prepared with 
an isoindigo–bithiophene-based copolymer (PII2T). Although the 
PII2T monomer is achiral, one alluring feature is its achiral-to-chiral 
transition through evaporative assembly, in which the twisted and 
bent intramolecular conformation and the staggered intermolecular 
stacking enable the formation of chiral helical nanofibres34. By lever-
aging the solution printing process, precise control of handedness 
becomes accessible in printed thin films (Fig. 1b–d). Through the 
meniscus-guided printing method, the polymer ink solution is sand-
wiched between a moving blade and a stationary substrate (Fig. 1b). As 
the solvent evaporates, the polymer assembles to deposit a thin film 
at the moving, drying meniscus35. Consequently, PII2T polymer thin 
films with opposite handedness can be selectively achieved by varying 
the printing speed (Supplementary Fig. 1 and 2). Besides controlling 
handedness, the printing approach can enable the tuning of the chiral 
helical pitch while attaining a high degree of chiral-axis alignment in 
the printed films (details in Supplementary Section I.).

the absence of the intrinsic SOC15,16. This unique interplay of chirality 
and spin gives rise to a different type of charge-to-spin conversion, 
known as the chirality-induced spin selectivity (CISS) effect15–18, which 
was first demonstrated in double-stranded deoxyribonucleic acid 
(DNA) structures (Fig. 1a, left panel). In the CISS effect, a charge cur-
rent Jc flowing through a chiral material can generate a pair of spin 
polarization PS that are parallel and antiparallel to the chiral axis and 
switch polarity depending on the exhibited R(S) handedness (left- 
and right-handedness, designated as S or R, respectively)19. The CISS 
effect reveals a chirality-dependent charge-to-spin conversion in the 
longitudinal configuration (PS ∥ Jc) that cannot be explained by the 
weak intrinsic SOC reported in hydrocarbon-based chiral compounds 
composed of light elements. While manifestations of the CISS effect in 
different chiral materials have launched a wide variety of CISS-related 
device applications, for example, chiral light control20–22, magnetore-
sistance23–25, magnetism26,27, quantum computing applications28–30 and 
so on, a missing piece is its Onsager reciprocal process, the inverse CISS 
(ICISS) effect, in organic compounds, which so far has been demon-
strated only in inorganic chiral dichalcogenide crystals31.

Here we report the observation of the ICISS effect in chiral assem-
blies of a common, achiral π-conjugated organic polymer. The chirality 
arises from helical supramolecular assemblies of polymers rather than 
chiral centres in the molecular structure. The ICISS effect is depicted as 
a flow of spin polarization PS parallel or antiparallel to the chiral axis, 
which is converted into a longitudinal charge current Jc (Fig. 1a)31. Using 
the spin-pumping approach10, the amplitudes of the injected spin polar-
ization and output charge current are measured, and the coefficients 
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Fig. 1 | Schematic illustrations of CISS, ICISS and chirality formation in 
π-conjugated PII2T polymers. a, In the CISS effect, a flow of charge current Jc 
in the R(S)-chiral structure generates a pair of spin polarizations PS parallel and 
antiparallel to the chiral axis19. The reciprocal process of CISS, the ICISS effect, 
describes how the spin polarization PS parallel (or antiparallel) to the chiral axis 
produces a charge current Jc of which the flow direction is determined by the 
chirality. b, Chemical structure of PII2T system and the schematic diagram of 
helical structure accessed via blade printing. c, A sketch of the inferred flow-
controlled chiral structure. The torsional PII2T assembles in a twisted or bent 

fashion locked in by π–π and lamellar stacking (molecular scale, represented 
by red ribbon). The twisted PII2T molecules form helical fibres having R or S 
handedness (nanoscale, inside the green shell). r and Δd refer to the radius 
and pitch length of the helical fibres. d, Obtained CD of PII2T polymers at 
different printing speeds v. The viscous force varies with v and gives rise to the 
chirality modulation from S handedness (v = 5 μm s–1, yellow) to R handedness 
(v = 50 μm s–1, green). Panel c adapted with permission from ref. 36, Springer 
Nature Limited.
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Figure 1d shows the circular dichroism (CD) spectra of the PII2T 
thin films printed at 5 µm s–1 and 50 µm s–1. The opposite CD signals 
in the wavelength range of 700–800 nm demonstrate the opposite 
chirality obtained in the R(S)-PII2T films. Below we refer to the films 
showing a negative CD signal as S-PII2T (printed at 5 µm s–1) while the 
film having the positive CD signal is defined as R-PII2T (printed at 
50 µm s–1). The surface morphology and nanoscale helical structure 
of the thin films, including pitch lengths Δd and radius r of the fibres, 
are examined by atomic force microscopy (Supplementary Section I). 
The twisted nanoscale fibres have a helical pitch length of 140 ± 24 nm 
and a radius of 29 ± 3 nm for the S-PII2T film, compared to a helical 
pitch length of 246 ± 58 nm and a radius of 41 ± 4 nm for the R-PII2T film  
(Fig. 1c, right), which is consistent with our previous work36. The modu-
lation of the helical pitch arises from the modulation of backbone tor-
sion at the molecular scale, where a larger pitch length corresponds 

to a less torsional backbone printed at higher speeds (Supplementary  
Figs. 4 and 5). The developed printing method also enables a high 
degree of alignment of the chiral axis over the entire film due to direc-
tional mass transport along the printing direction with a narrow orien-
tation distribution of ~15° and ~35° for the R-PII2T and S-PII2T samples, 
respectively (Supplementary Fig. 6). Printed films with high degrees of 
control over handedness, chiral helical pitch and chiral-axis alignment 
provide an ideal platform to study the ICISS effect.

Inverse chirality-induced spin selectivity effect
We investigated both the ISHE and ICISS effects in R- and S-PII2T thin 
films using spin-pumping methods. A 15 nm ferromagnetic Ni81Fe19 layer 
was deposited onto the chiral polymer thin films via electron-beam 
evaporation (Ni81Fe19/PII2T/glass; Methods). Ferromagnetic resonance 
(FMR) measurement characterizes the magnetic dynamic responses of 
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Fig. 2 | ISHE and ICISS effects in chiral polymers. a, Schematic illustration of 
the ISHE and ICISS measurements in an R(S)-PII2T/Ni81Fe19 device via the spin-
pumping method under microwave excitation. b,c, Field dependence of voltage 
response (Vr) measured in R- and S-PII2T/Ni81Fe19 devices when the voltage probe 
direction is perpendicular (configuration b, VISHE) and parallel (configuration  
c, VICISS) to the chiral axis, ΩR/S. The inset shows the microwave power dependence 
of VISHE/ICISS. The values of resonance fields in each curve can be found in 
Supplementary Fig. 11e. The plots are shifted vertically for clarity. d, Field 
dependence of VAMR in both the R- and S-PII2T/Ni81Fe19 devices when the magnetic 

field and voltage probe are both perpendicular to the chiral axis, showing 
typical antisymmetric voltage components that can be attributed to the AMR 
effect. The top image in each panel b–d illustrates one of three spin-pumping 
configurations, with a transverse voltage probe (b) or a longitudinal probe  
(c and d). The dashed lines in each panel show the obtained symmetric voltage 
component in each curve. The solid lines are fitting curves from Supplementary 
Information equation (6). μ0 is the vacuum permeability. All the spin-pumping 
measurements were carried out at room temperature at microwave frequency, 
f = 6 GHz with PMW = 100 mW.
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the ferromagnetic layer at different microwave frequencies, from which 
the resonance field HFMR and the half-width at half-maximum line-width 
ΔH versus microwave frequency f can be obtained (Supplementary 
Fig. 11b,c). Under the FMR condition, the magnetization precession of 
Ni81Fe19 injects a pure spin polarization into the PII2T films9. A highly 
enhanced damping factor exists for the S-PII2T film as compared to the 
R-PII2T film (Supplementary Fig. 11d). Since PII2T comprises only light 
elements, the conventional SOC would be negligible and should lead 
to only moderate damping enhancement37. The measured damping 
enhancement implies the presence of chirality-induced unconventional 
SOC (uSOC) arising from the helical structure of the polymers38, leading 
to the ICISS effect that will be discussed later.

Figure 2b shows the obtained ISHE voltage, VISHE as a function of 
applied magnetic field, H, for both S- and R-PII2T/Ni81Fe19 devices39. The 
VISHE is detected perpendicular to the magnetization M and chiral axis 
ΩR/S, that is, VISHE ⟂ M and VISHE ⟂ ΩR/S (first probe configuration). The 
obtained voltage response can be decomposed into a symmetric com-
ponent, VS and an asymmetric component, VA (Supplementary Infor-
mation equation (6)). The asymmetric part is a side effect from the 
ferromagnetic layer that can be attributed to anisotropic magnetore-
sistance (AMR) and the anomalous Hall effect (AHE)39. The dominant 
symmetric component from ISHE (red dotted lines), VISHE reverses its 
polarity when the magnetic field is reversed since VISHE ∝ Js × PS(M) 
(Supplementary Fig. 11e). The magnitude of VISHE in the R-PII2T device 
compares favourably with that measured in the heavy metal (reference 
sample Pt/Ni81Fe19 in Supplementary Fig. 11e) although no heavy ele-
ments exist in the chiral polymers. The magnitude of VISHE in the S-PII2T  
device is weaker due to the different carrier mobilities in the two  
types of polymers. Both the S- and R-PII2T devices exhibit the same 
voltage polarity along +H, implying a positive sign of θsh in both  
polymers like that of the Pt layer (Supplementary Section III). The mag
nitude of VISHE  in the two samples exhibits a linear dependence of 
applied microwave power, PMW (Fig. 2b, inset), consistent with the 
regular ISHE process9,10.

The ICISS effect occurs when the spin polarization is converted 
into an electric current J ICISSc  parallel or antiparallel to the chiral axis 
and spin polarization vector, PS, as illustrated in Fig. 2c. A d.c. electric 
voltage, VICISS (the symmetric component of Vr) is detected in the second 
probe configuration when VICISS ∥ M and VICISS ∥ ΩR/S. Figure 2c exhibits 
the field dependence of the VICISS response in the S- and R-PII2T devices 
under +H magnetic field. The VICISS response is observed in each device, 
possessing a positive sign for the R-PII2T device but a negative sign for 

the S-PII2T device. The voltage polarity of the VICISS responses in both 
devices are inverted when the magnetic field is reversed to –H (Sup-
plementary Fig. 12). We found that VICISS manifests as VICISS ∝ ΩR/SPS where 
the value of ΩR/S represents the polarity of ICISS (Ω = +1 and –1 for R and 
S handedness, respectively). This is direct proof of the ICISS effect, 
whose voltage polarity solely depends on the handedness of films. The 
inset in Fig. 2c depicts the PMW dependence of VICISS for S- and R-PII2T 
devices. The linear response confirms the spin-pumping process to 
detect the ICISS effect, which is also consistent with the transfer cur-
rent–voltage (I–V) curve measured in the low voltage range (Supple-
mentary Fig. 14). In the current ICISS detection configuration, the 
regular ISHE response VISHE should be roughly zero since the voltage 
probe direction is parallel to the magnetization. However, a residual 
VISHE signal induced by unintentional sample misalignment between 
the magnetic field and voltage probe direction (Supplementary Section 
V) might remain. To separate this contribution, the VICISS response is 
validated by rotating the devices at different in-plane angles φH (–5°, 
0° and 5°) with respect to H. Under this condition, the residual VISHE 
reverses polarity since VISHE ∝ sinφH, whereas the polarity of VICISS will 
remain unchanged. No sign change of VICISS was observed, suggesting 
that the pronounced ICISS effect dominates the voltage signals and 
the residual VISHE is suppressed in the chiral devices (Supplementary 
Fig. 22a). To further validate that the ICISS effect is solely induced by 
the structural chirality of the PII2T thin film, we conducted control 
experiments in the third probe configuration (Fig. 2d). The voltage 
probe direction is aligned along with the magnetic field, H but perpen-
dicular to the chiral axis of the chiral film (Vr ∥ M and Vr ⟂ ΩR/S). The field 
dependence of the voltage responses measured in both R- and S-PII2T 
devices shows a zero symmetric component from VISHE and VICISS, over-
shadowed by a weak asymmetric component (VAMR).

Combining the data from all three probe configurations, the ICISS 
effect arises from the spin polarization direction oriented along the 
chiral axis whose polarity is chirality dependent (Supplementary  
Fig. 24 and 25). The ICISS effect shares its main features with those 
reported for the CISS demonstrations31, that is, an efficient StC conver-
sion in the longitudinal configuration (PS ∥ Jc ) governed by the uSOC 
in sharp contrast to the StC conversion in the transverse configuration 
(PS ⟂ Jc) via ISHE produced by the ordinary SOC.

Hanle effect
The demonstration of the ICISS effect also enables us to probe the spin 
lifetime in the CISS/ICISS process, which remains unresolved in most 
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unprecedented long spin lifetime τs of up to the nanosecond timescale is derived 
from the ICISS process, in sharp contrast to that of the ISHE process in the same 
device. Solid lines in each panel are the fitted curves using the extended spin 
Hanle model (Supplementary Information equations (11)–(15)). The microwave 
frequency is fixed at 6 GHz with a power of 100 mW.
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CISS demonstrations21,31,40,41. We conducted spin-pumping measure-
ments at different out-of-plane magnetic field angles θ, to observe an 
effect named the ‘oblique Hanle effect’. It’s a typical feature of the 
observed voltage responses originating from the spin injection from 
the ferromagnetic layer42. When the magnetic field H is tilted from the 
in-plane direction towards the out-of-plane direction, the injected spin 
polarization PS into the chiral polymer layer begins to precess due to 
the misalignment between the magnetization M and H in the presence 
of the large demagnetization magnetic field (up to ~1 T) of Ni81Fe19. For 
the regular ISHE response, the measured voltage direction (along the 
x direction) is perpendicular to the magnetic field H (along the y direc-
tion). The y-polarized component of the injected spin polarization 
dephases due to the Hanle precession, resulting in a modified VISHE(θ) 
curve from which the spin lifetime τs can be determined42,43.

Figure 3a presents the measured θ-dependent VISHE in the S- and 
R-PII2T devices (both films are printed at 10 µm s–1 but exhibit opposite 
chirality) using the ISHE probe configuration. At high θ values, the 

y-polarized spin component senses a larger out-of-plane magnetic 
field, which reduces the spin polarization. The reduction of the VISHE 
value follows the typical angular dependence, which can be produced 
well using Supplementary Information equations (10)–(12) (ref. 42). 
We found that the spin lifetime, τISHEs , from the fitted VISHE(θ) curves, is 
slightly different (τISHEs = 25 ± 5 ps in S-PII2T and 40 ± 10 ps in R-PII2T) 
and varies dramatically when the printing speed changes. It is surpris-
ing to obtain different spin relaxation times given that all the PII2T 
polymer thin films are composed of identical and primarily light ele-
ments that should have a small but same conventional SOC responsible 
for the spin scattering (more details in Supplementary Fig. 17 and 
Supplementary Table III). This result could be intimately tied to the 
chirality-induced uSOC arising from the helical curvature of the mol-
ecule surface where π- and σ-orbit electrons of carbons are mixed8,38,44, 
as corroborated by the changes of damping factors and spin-mixing 
conductances at the polymer–ferromagnetic interface obtained from 
the FMR measurements (Supplementary Fig. 11).
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Figure 3b shows the θ-dependent symmetric component,VICISS 
using the ICISS probe configuration. Both R- and S-PII2T devices exhibit 
a more gradual variation of VICISS at higher field angles compared to 
that in the ISHE probe configuration. The sign of the line shape is 
inverted, depending on their chirality. Due to the Hanle effect, the y 
component of injected spin polarization PS precesses along the oblique 
magnetic field, H, resulting in a variation of VICISS, which can be 
described as follows (Supplementary Section V):

VICISS(θ) ∝ P 0
S [cosθ cos (θ − θM)∫

d

0
e−

z
λs dz]

+P0S [sinθ sin (θ − θM)∫
d

0
Re [e−

z
λω ]dz]

(1)

where P 0
S  is the spin polarization density injected into the PII2T at the 

interface; θM is the angle between the magnetic moment and the y direc-
tion under the oblique field; d is the thickness of the PII2T layer; λs is 
the spin diffusion length along the z direction using the spin diffusion 
model42; λω = λs/√1 + iωLτs ; and ωL = γcHFMR where γc is the gyromag-
netic ratio of electron and HFMR is the resonance field. An extra longi-
tudinal ISHE signal may be added to the VICISS  response under the 
oblique field due to the precessed spin polarization component along 
the x direction (Supplementary Section IV) that is given by 

V L
ISHE (θ) ∝ P 0

S | sin (θ − θM) |∫
d
0Im [e−

z
λω ]dz . The calculated curves  

from both ISHE and ICISS responses are shown in Supplementary  

Fig. 19. The measured V L
ISHE (θ) follows an ‘M’ line shape as seen from the 

control sample Ni81Fe19/Pt in Supplementary Fig. 21, in sharp contrast 
to our ICISS results in Fig. 3b, indicating that the ISHE contribution in 
the measured ICISS response is negligibly small. The calculated VICISS(θ) 
in both devices using equation (1) is shown in Fig. 3b, from which the 
spin relaxation time τICISSs  via the ICISS channel can be extracted. The 
solid curves represent the best fit obtained with τICISSs = 0.9 ± 0.1 ns  
for the R-PII2T device and τICISSs = 2.5 ± 0.5 ns  for the S-PII2T device. 
Contrary to the much shorter τISHEs ≈ 40ps  from the ISHE channel  
in the same device, the obtained τs of several nanoseconds in the ICISS 
channel is comparable with that in topological materials with 
spin-momentum locking45, suggesting a unique spin relaxation caused 
by the chirality-induced uSOC.

Correlations between spin and charge transport
Observation of the ICISS effect and spin lifetime enables us to precisely 
quantify the StC conversion efficiency for the ICISS process in the chi-
ral polymer model systems. A series of spin-pumping experiments 
were performed in polymer thin films whose mobilities and handedness 
were systematically modulated by varying printing speeds (labelled 
as S-A and S-B (S-PII2T printed at 5 μm s–1), and R-C and R-D (R-PII2T 
printed at 50 μm s–1); Methods and Supplementary Fig. 1 and 2). In 
terms of the characterization of the StC conversion efficiency, we use 
the conversion length, λsc = J 2Dc /P 0

S  that is equivalent to λsc ≡ θshλs  
(Jc

2D is the nominal two-dimensional charge current density calculated 
from the results; λs is spin diffusion length and θsh is the spin Hall angle 
of the chiral polymer; Supplementary Section III) as the figure of merit. 
We estimated the StC conversion length of the ICISS and ISHE responses 
in different chiral samples as summarized in Fig. 4a. Two features stand 
out. (1) The amplitude of the λsc value measured from both the ICISS 
and ISHE processes roughly scales with the carrier mobility (µ) in chiral 
polymers. It doesn’t follow the change of SOC strength derived from 
the FMR measurements, which is supposed to be responsible for the 
StC conversion efficiency in heavy metals46. (2) The sign of the ICISS 
response is inverted upon the reversal of handedness in different 
polymers, whereas the ISHE counterpart does not change sign, imply-
ing two distinguishable StC conversion mechanisms in the two probe 
configurations.

The observed behaviours of spin lifetime (τISHE/ICISSs ), the conver-
sion length λICISSsc  and the electrical conductivity of chiral polymers can 
be correlated with the recently derived chirality-induced uSOC47,48 and 
hopping transport in organic polymers. In a helical structure, the 
electron moves along a helix via hopping, which obeys the Dirac equa-
tion; it behaves the same as in a non-inertial system and acquires a finite 
acceleration according to relativity. Consequently, uSOC emerges as 
follows47:

HuSOC = ∑
k
Ω(αuSOCσΩ ⋅ kΩ) (2)

αuSOC = − tL2r2

2[r2 + (Δd)2]
3/2

(3)

where σΩ and kΩ are designated as the spin polarization and the wave 
vector along the chiral axis (the y axis in the experimental coordinate), 
and Ω is the handedness (Ω = +1 and –1 for R and S handedness, respec-
tively); αuSOC describes the strength of the uSOC; r and Δd are the helix’s 
radius and pitch, respectively; and t is the effective hopping interaction 
between nearest-neighbour sites at distance L. The uSOC lifts the spin 
degeneracy in the electronic structure, leading to the formation of 
one-dimensional spin-momentum-locking states (Fig. 4c). The band 
structures for up and down spins are represented by two parabolas, 
which are shifted in the kΩ direction. The energy minimum, k0, for up 
spin (σΩ = +1) and down spin (σΩ = –1) is no longer found at kΩ = 0; this 
can be described as follows:

kΩ = ∓k0 ≡ ∓αuSOCΩme
ℏ2 = ∓ 14Ω

r2

[r2 + (Δd)2]
3/2

(4)

which is determined entirely by the polymer’s helical structural param-
eters, where me is the electron mass and ħ is the reduced Planck con-
stant. The spin-up(down) electrons will occupy the outer spin-split 
band at ±kΩ for R(S) handedness. Upon spin injection, the spin polariza-
tion PS causes an unbalanced population in the spin-up and spin-down 
bands. A finite current will be produced by a k-dependent spin-flip 
relaxation process since the spin-up band is more populated under the 
spin injection. The spin-flip transitions (determined by τs) from each 
parabola shown by the red and blue arrows in Fig. 4c are unbalanced 
due to the different momentum scattering rates (1/τp), which creates 
an asymmetric carrier distribution around the minima in both parab-
olas. This asymmetric population results in a charge current flow, J ICISSc , 
along the chiral axis whose flow direction depends on Ω. Such a process 
shares similarities with the inverse Rashba–Edelstein effect, where the 
charge current generation depends on spin polarization (Jc ∝ PS) rather 
than a cross product of spin current flow and spin polarization via the 
ISHE process (Jc ∝ Js × PS), as corroborated with the symmetry consid-
eration. The generated current can be simply expressed as follows 
(further discussion in Supplementary Section VI):

J ICISSc ∝ enePS
αuSOC
ℏ ξ 2 (5)

where e, ne and ξ are the electron charge, electron density and spin 
admixture parameter due to the polymer’s intrinsic SOC, respectively. 
This relationship suggests the conversion length, λICISSsc , is determined 
by the chirality-induced uSOC (αuSOC) consistent with our experimental 
observations: the S-A device shows the largest structural chirality due 
to having the shortest pitches and helical radius, thereby possessing 
the strongest uSOC and damping factors (equation (3) and Supple-
mentary Fig. 11). On the other hand, its ICISS efficiency is much smaller 
compared to that of the R-D device.
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Moreover, we found that τISHEs  and τICISSs  are both inversely propor-
tional to the mobility as shown in Fig. 4b, implying that the ICISS may 
have a similar hopping-relaxation process as found in most organic 
semiconductors. For the conventional spin transport in organic sys-
tems, the spin admixture parameter ξ plays a key role in the spin-flip 
process49,50. A linear relationship between τISHEs  and mobility from the 
ISHE process (perpendicular to the chiral axis) is well described using 
the spin admixture ξ, which changes with the structural conformation, 
limiting the spin relaxation time τISHEs ≈ 0.025 − 0.3 ns  in the ISHE 
process. A much longer spin lifetime when spin propagates along the 
chiral axis (τICISSs ) may be directly attributed to a larger effective inter-
molecular hopping distance along the helical axis. Notably, the CISS 
occurs at |kΩ| ≤ k0. Thus, the ICISS effect manifests mainly around k0 in 
the momentum space, corresponding to a length scale of 1/k0 that is 
much larger than the intermolecular hopping distance.

In summary, we have demonstrated the presence of the ICISS 
effect via spin-pumping techniques in a series of chiral conjugated 
polymers. The sign of the ICISS effect depends on the chirality of the 
polymers and this effect occurs solely when the injected spin polariza-
tion aligns with the chiral axis. It is attributed to an uSOC related to the 
structural-chirality-induced Berry curvature leading to a linear StC 
conversion. A chirality-driven spin relaxation is observed with respect 
to the chiral axis, exhibiting an unusually long spin lifetime of up to 
nanoseconds. Detailed descriptions of the uSOC and spin relaxation in 
the CISS/ICISS effect remain open. Our work provides a fertile ground 
for elucidating interplays of chirality and spin physics in organic-based 
chiral materials and launches the possibility of a variety of CISS-related 
spintronic, chemical, biological and quantum information applications 
using chiral assemblies of π-conjugated polymers.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41563-024-01838-8.
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Methods
Materials
The isoindigo-based copolymer PII2T (number-averaged 
molecular weight = 30,645 g mol–1, weight-averaged molecular 
weight = 76,809 g mol–1 and polydispersity index = 2.50) was synthe-
sized as previously described51. The solution was prepared by dissolv-
ing the polymer (10 mg ml–1) in chlorobenzene (anhydrous, 99.8%, 
Sigma-Aldrich). Corning glass substrates were used as substrates. The 
substrates were cleaned with toluene, acetone and isopropyl alcohol, 
and then blow-dried with a stream of nitrogen to remove contaminants. 
A heavily doped n-type Si with a 300-nm-thick, thermally grown SiO2 
layer was used as an oxide substrate for the field-effect transistors. 
The surfaces of the SiO2 substrates were modified by a hydrophobic 
self-assembled monolayer treatment. The self-assembled monolayer 
treatment was achieved by immersing the plasma-activated substrates 
in a dilute solution (0.1 vol%) of n-octyldecyltrichlorosilane (OTS; 
Acros, 95%) with trichloroethylene (anhydrous, >99.5%, Sigma-Aldrich) 
at room temperature for 20 min. The treated substrates were then 
rinsed with toluene, dried with nitrogen and annealed at 120 °C  
for 20 min.

Device fabrications
PII2T thin films were printed onto substrates by a meniscus-guided 
printing method such as blade coating. The blade coating method 
was reported in our previous publication34. Briefly, an OTS-treated 
Si substrate was used as a blade set at an angle of 7°, with a gap of 
100 μm between the substrate and the blade. The blade was linearly 
translated over the stationary substrate while retaining the ink solu-
tion within the gap. The PII2T films were prepared on a bare Corning 
glass or OTS-treated SiO2 substrates at printing speeds of 2.5 µm s–1 
(S-A sample), 5 µm s–1 (S-B sample), 6 µm s–1 (R-C sample) and 50 µm s–1 
(R-D sample) with a substrate temperature of 25 °C. The Ni81Fe19 layer 
was deposited at room temperature using electron-beam evaporation 
with a chamber base pressure of 1 × 10–6 torr and evaporation rate of 
0.25 Å s–1.

Printed film characterization. The birefringence of the PII2T polymer 
films was characterized using cross-polarized optical microscopy 
(Nikon Eclipse Ci-POL). The mesoscale morphology was character-
ized using tapping mode atomic force microscopy (Asylum Research 
Cypher). UV–visible (Cary 60 UV-Vis, Agilent) spectroscopy was used 
to measure the absorption of films. Grazing-incidence wide-angle 
X-ray scattering measurements were performed at beamline 8-ID-E 
at the Argonne National Laboratory, with an incident beam energy 
of 7.35 keV on a two-dimensional detector (PILATUS 1M) at a 208 mm 
sample-to-detector distance. Samples were scanned for 10 s in a helium 
chamber. The X-ray incident angle was set to be above (0.14°) the criti-
cal angle (~0.1°) of the polymer layer (penetration depth, ~5 nm). CD 
were recorded using a JASCO 1500 spectrophotometer. All electrical 
measurements were performed in a nitrogen environment using a 
Keysight B1500A semiconductor parameter analyser.

FMR and spin-pumping measurements. For the FMR measurements, 
the samples were mounted on a coplanar waveguide (NanOsc). The 
microwaves were generated by a Keysight X-series microwave analog 
signal generator, whose frequency f is the resonance frequency for the 
FMR condition. The f value is in the range of 2–18 GHz while the gener-
ated radio-frequency field hrf lies in the film plane. For the spin-pumping 
voltage detection, the resonance frequency f was fixed at 6 GHz, while 
the ISHE/ICISS voltage was modulated by modulating the microwave 
power at fmod = 233 Hz (a sine wave) as described elsewhere for the 

spin-pumping technique. The ISHE/ICISS voltage was recorded using 
a Stanford lock-in amplifier45. The VISHE/ICISS was obtained via VISHE/ICISS =  
VS(+H)–VS(–H) in the calculation of λsc and Hanle curves. The electrodes 
were attached on the device, parallel or perpendicular to the chiral axis 
as shown in Fig. 2. In the ICISS configuration detection, the electrodes 
were parallel to H, while they were perpendicular to H for the ISHE 
configuration detection. The magnetic field H can be applied to an 
out-of-plane angle θ for the spin Hanle effect measurement. All the 
measurements were performed at room temperature.

Data availability
All data in the main text or the Supplementary Information is available 
upon reasonable request. Source data are provided with this paper.
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