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Spin-orbit coupling and beyond in Chiral-Induced Spin
Selectivity

Ruggero Sala,‡a,b Sushant Kumar Behera,c‡∗, Abhirup Roy Karmakard , Matteo Moiolic

Rocco Martinazzod∗ and Matteo Cococcionic∗

Chiral-Induced Spin Selectivity (CISS) describes the emergence of
spin-polarized electron transport in chiral systems without magnetic
fields—a remarkable effect in light-element materials with weak in-
trinsic spin–orbit coupling (SOC). This mini-review analyzes the
microscopic origins of CISS, highlighting how molecular chirality,
local electric fields, and dynamic distortions enhance effective SOC
and drive spin-dependent transport. We critically assess existing
models in terms of their symmetry constraints, phenomenologi-
cal assumptions, and compliance with Onsager reciprocity. Recent
developments combining relativistic quantum mechanics and com-
plete multipole representations reveal a direct link between chirality
density and spin current pseudoscalars, suggesting a field-theoretic
foundation for CISS. These insights could help positioning light-
element chiral nanomaterials as tunable platforms for probing and
engineering spin-selective phenomena at the nanoscale.

Introduction
Chirality-Induced Spin Selectivity (CISS) is a remarkable phe-
nomenon in which electron transport through chiral systems
leads to spin polarization without the need for external mag-
netic fields1. First observed in 19992,3, CISS has been reported
in biomolecules like DNA4, helical and supramolecular struc-
tures5,6, and non-centrosymmetric materials7, with spin polar-
ization approaching 100% in some cases8,9. Due to its broad
phenomenology the CISS effect has attracted a significant interest
due to its potential applications in a large variety of technologies,
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like spintronics10, quantum computing11, redox chemistry12,
and optoelectronics13. At its core, CISS arises from the interplay
between electron spin and structural chirality, rooted in broken
spatial inversion symmetry14. However, the microscopic origin
of this effect remains unresolved15. While spin–orbit coupling
(SOC) is often invoked as a key ingredient, many CISS-active sys-
tems consist mainly of light atoms, suggesting that conventional
atomic SOC is insufficient. Alternative mechanisms include en-
hancement of SOC by chirality-induced electric fields16,17, geo-
metric effects like curvature and torsion18,19, electron correlation
effects20, and spin-dependent scattering with chiral phonons or
surfaces21 to realize the CISS effect in nanomaterials22,23.

Beyond the differences between the various experimental
setups and definitions, ranging from asymmetric scattering to
spin-selective transport and chiral interactions with magnetized
surfaces27, all CISS manifestations reflect a coupling between
spin and molecular handedness. The lack of a unifying theory
has motivated several transport-based models, including Green’s
function approaches and the Landauer–Büttiker formalism28,29,
which relate spin-resolved transmission to spin current and po-
larization30,31.

Recent theoretical developments suggest that spin dynamics
and spin current, not just charge transport, are central to
understanding CISS2,7. Dynamical effects were recognized to
be important also in Ref. 32, where low-frequency vibrational
modulations of SOC in helical models were shown to yield
significant spin polarization, even in nominally single-channel
systems where spin polarization is forbidden by time-reversal
symmetry. Fig. 1 illustrates some important aspects of CISS:
the spin-filtering action of dsDNA on the electronic photocurrent
from an Au surface (A); the dependence of the spin-polarization
of photo-electrons from Au(111) in dependence of the polariza-
tion of the incident light (B); the energy scheme of electronic
states in a chiral potential (C); the spin polarization of the
current as a function of the applied voltage and of the SOC
intensity (D); the charge q and spin σ moving through an helical
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Fig. 1 Selection of various phenomena that can be traced back to CISS. (A) Schematic of a dsDNA monolayer as a spin filter: unpolarized electrons
ejected from Au by linearly polarized light become spin-polarized antiparallel to their velocity, while non-transmitted electrons tunnel back to the
substrate. (B) Spin polarization of photoelectrons from Au(111) with cw (green), ccw (red), and linear (blue) light (−22%, +22%, 0%, respectively);
dsDNA/Au(111) transmits spin-polarized electrons. (C) Energy scheme of |momentum,spin⟩ states in a chiral potential; spin flips with helix handedness.
(D) ⟨P(E)⟩ vs coupling V and SOC α: polarization increases for small V and large α. (E) Charge q in spin state σ moving along a helical charge
distribution (pitch p, radius R, spacing ∆z); the helical field E⃗helix induces B⃗ affecting spin. (A) and (B) reproduced from Ref. 4 with permission.
Copyright 2011, American Association for the Advancement of Science. (C), (D) and (E) reproduced from Ref. 3 with permission. Copyright 2012,
American Chemical Society.

distribution (E).
A general theoretical framework to rationalize CISS can be
derived from relativistic quantum mechanics, which being rooted
in the Dirac equation provides a compelling foundation by
inherently linking spin and chirality, suggesting that CISS may
ultimately stem from fundamental quantum principles. New tools
to describe spin–chirality interactions at the microscopic level
are also provided by the multipole expansion of various relevant
quantities involved in CISS which is proving a very powerful
formalism to describe (and unify) the different manifestations of
this phenomenon.24.

In this mini-review, we explore how spin–orbit effects and spin
dynamics contribute to the emergence of CISS, with an emphasis
on theoretical models and symmetry-based interpretations. Our
aim is to clarify the conceptual landscape and highlight promising
directions for future research toward a unified theoretical frame-
work.

Some of the proposed theoretical framework and mechanisms
to understand CISS and explain its complex phenomenology are
illustrated in Fig. 2. These include: an example of a multipole
representation of relevant quantities (A); a TB model with SOC-
induced chiral hoppings (B); examples of the influence of chiral
phonons on the electronic current (C and D); a scheme to un-
derstand the role of SOC on inducing spin-selective transport in
single chiral molecules (E and F).

Theoretical Perspectives on CISS

Understanding the Chiral-Induced Spin Selectivity (CISS) effect
from a theoretical standpoint requires confronting several funda-
mental constraints. In particular, two major theoretical limita-
tions were highlighted by Evers et al.33.

The first limitation concerns strictly one-dimensional transport
channels—of particular relevance for molecular wires. In
practice, however, it is typically circumvented by multichannel
transport, non-equilibrium conditions, dynamical spin–orbit
coupling, as well as dephasing and inelastic processes that
unavoidably occur in realistic devices. The constraint origi-
nates from the combined action of unitarity and time-reversal
symmetry, which forbids spin polarization at the drain of a
two-terminal device supporting only a single orbital mode (i.e.,
a single Kramers pair). The proof is straightforward, and we
sketch it here for completeness. Consider an unpolarized current
injected from the left lead. In the single-channel case, unitarity
of the scattering operator S implies that the spin polarization
along an arbitrary quantization axis Z at the drain can be written
as PZ = (R↑↑ − R↓↓) + (R↑↓ − R↓↑) where Rσ ′σ are spin-resolved
reflection probabilities for electrons injected from the right
lead. That is, Rσ ′σ = |⟨ f σ ′R|S| f σR⟩|2, where S is the scattering
operator and f denotes the single orbital channel available in
the right electrode (R). Under time reversal T , the scattering
operator transforms as T ST −1 = S̄† where the bar denotes

2 | 1–19Journal Name, [year], [vol.],

Page 2 of 20Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 6
:3

6:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR04557F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04557f


Fig. 2 Schematic illustration of various mechanisms proposed as possible explanations of CISS. (A) Schematic representations of the pseudoscalar
quantity G0, associated with electric polarization and current-induced magnetization, highlighting its symmetry properties. (B) Tight-binding model on
a honeycomb lattice including SOC-induced chiral hopping (χ =−1). Reproduced from Ref. 24 with permission. Copyright 2025, American Physical
Society. (C) Examples of K̃kq (electron–phonon coupling kernel) for achiral and chiral phonons, illustrating the symmetry differences in momentum
space. (D) Spin–current tensor components as a function of the phonon mixing parameter ω1. Reproduced from Ref. 21 with permission. Copyright
2023, American Physical Society. (E) Schematic of spin-selective electron transport through a chiral molecule in the presence of SOC. Reproduced
from Ref. 25 with permission. Copyright 2019, American Chemical Society. (F) Calculated spin polarization of the transmitted current: negligible
for linear molecules and on the order of ∼1% for helical molecules, with the sign reversing upon changing handedness. The difference arises from
the presence (helical case) or absence (linear case) of structural chirality and the associated SOC-induced phase terms; in the linear case, the chiral
(imaginary) hopping components are set to zero. Reproduced from Ref. 26 with permission. Copyright 2020, American Chemical Society.
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the scattering operator of the time-reversed Hamiltonian*. The
time-reversal operator acts on channel states by flipping spin,
T | f τR⟩ = eiϕτ | f τ̄R⟩ with τ̄ = −τ and ϕσ arbitrary, though
ei(ϕ↑+ϕ↓) = −1 due to T 2 = −1. For a time-reversal invariant
system S̄ ≡ S and one finds R↑↑ = R↓↓ and R↑↓ = R↓↑ = 0, which
together enforce PZ = 0. Thus, spin polarization is strictly
forbidden in a phase-coherent, two-terminal device with a
single-orbital-channel at the drain.

This “no-go theorem” is closely related to a theorem due to
Bardarson (Ref. 34), which has sometimes been misinterpreted
as proving that spin polarization is impossible in any two-
terminal time-reversal-invariant system. Bardarson showed that
in such systems the transmission eigenvalues occur in degenerate
pairs. This follows from a simple observation: in an appropriate
Kramers-paired basis, the scattering matrix can be brought to an
antisymmetric form, St = −S. The skew-Takagi decomposition
of antisymmetric matrices then implies that the reflection
eigenvalues are doubly degenerate and that the corresponding
eigenvectors are related to each other. By unitarity, the same must
hold for the transmission eigenvalues, apparently preventing
spin-filtering effects. However, Bardarson’s degeneracy concerns
eigenvalues, not the spin structure of the corresponding eigen-
vectors†. The degenerate transmission eigenchannels enforced
by time-reversal symmetry are not related to each other by time
reversal itself, as would be required for a genuine Kramers pair,
rather by the reflection block of S. The single-orbital-channel case
is exceptional because (with Bardarson’s choice of channel basis)
S ∝ σy in each orbital subspace. In this situation, if the right
electrode supports only a single orbital channel, its (degenerate)
reflection eigenchannels carry opposite spin polarization (due to
the action of the reflection S ∝ σy) and, by unitarity, the same
must hold for the left-to-right transmission channels. That is,
the theorem only addresses the degeneracy of the transmission
eigenchannels, but time-reversal symmetry alone does not forbid
spin polarization in multichannel two-terminal devices (see, e.g.,
Ref. 35).

The second, more critical limitation relates to Onsager’s re-
ciprocal relations and concerns the vanishing of the zero-bias
magnetoconductance, i.e., ∆G(B,V ) = G(B,V )− G(−B,V ) → 0
as V → 0, a condition that is typically violated in CISS exper-
iments. A typical CISS transport experiment involves a CISS
spin-valve, where a chiral media is sandwiched between a nor-
mal metal and a magnetic layer, and the magnetization M of
the latter can be switched with external magnetic fields. The

* The scattering operator S maps the asymptotic space of incoming states onto the
asymptotic space of outgoing states. The latter are two copies of the same space,
differing only for the direction of motion along the lead axis, and decompose as di-
rect sums of channel subspaces, H =

⊕
p Hp. Therefore, S can be written as a block

matrix of operators Spq : Hq → Hp describing reflection (p = q) and transmission
(p ̸= q) between terminals. The adjoint involved here acts by transposing the matrix
and taking the adjoint of each element, (S†)pq = S†

qp.
† We emphasize that these are eigenvectors of the product current operator in the

device subspace of the left-incoming scattering states.

current-voltage (I −V ) curves and the differential conductance
G(M,V ) = dI/dV are then measured for opposite values of the
magnetization, defining the above ∆G (with M playing the role of
B). This magnetoconductance is used as a proxy for spin polariza-
tion of the current, and Onsager’s statement is sometimes mistak-
enly interpreted as implying the absence of (transmitted) spin po-
larization in equilibrium. However, ∆G, although sensitive to spin
polarization, is only loosely - and at best heuristically - related to
it. Even more problematic is the widespread habit of quantify-
ing it as MCR(M) = ∆G(M)/(G(M)+G(−M)) rather than report-
ing the directly measured magnetoconductance36. This magne-
toconductance ratio (or the equivalent magnetoresistance ratio,
MRR= −MCR) is often quoted as the "measured" spin polariza-
tion37, even though no direct measurement of the spin state of
the current is actually performed. The actual situation is rather
intricate. First, when magnetic fields B (rather than ferromag-
netic electrodes M) are employed, various orbital effects, such as
Aharonov-Bohm phases, weak localization or antilocalization cor-
rections, and Landau quantization, can modify the conductance
in ways unrelated to spin. Second, even barring these "orbital"
effects, there is no direct connection between the spin-state of
the current and the magnetoresistance. In order to relate MCR
to the spin polarization of the chiral material one often invokes
Julliere’s tunneling model38 used for magnetic tunnel junctions
‡. However, this interpretation is inconsistent with experimen-
tal observations of CISS showing that MCR can exceed the in-
trinsic spin polarization of the ferromagnetic electrode (typically
∼ 30%), which should in principle represent its upper bound.
On the other hand, spin polarization of the current is generally
finite even in equilibrium (V = 0) and in the absence of any mag-
netic field, without contradicting time-reversal symmetry. It may
be very small, but generally non-vanishing, unless specific spa-
tial symmetries forbid it39. Spin polarization describes the spin
state of the transmitted current and is therefore an intrinsically
dynamical quantity, which is not simply inverted upon time re-
versal. That is, even in an equilibrium state, spin polarization
refers, by definition, to the spin state of the current collected at a
drain terminal when a (typically unpolarized) current is injected
from a source terminal (more details in the Appendix)40.
To summarize, magnetoconductance is not directly linked to the
spin polarization of the current, and breaking Onsager reciprocity
is not required for spin polarization to occur. CISS magnetoresis-
tance effects and the intrinsic spin-polarizing response of the chi-
ral medium are (likely) related but physically distinct phenomena
that must be treated separately. A violation of Onsager reciprocity,
however, serves as a clear indication that the system is driven
out of true equilibrium. The accumulation of chirality-dependent
charge due to ordinary electric-magnetochiral anisotropy41 could
then account for the observed symmetry upon magnetization re-
versal and simultaneous change in handedness42. Therefore, the-

‡ In a magnetic tunnel junction, an insulating layer is sandwiched between two mag-
netic layers. Within this analogy, the chiral transport layer of a CISS spin-valve is
treated as a magnetic electrode, whose effective magnetization arises from the spin
polarization accumulated under current flow.
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oretical models aiming to describe CISS phenomenology must in-
volve either a symmetry breaking or consideration of non-linear
transport regimes. This theoretical backdrop sets the stage for the
various modeling efforts aimed at explaining CISS.

Current Theoretical Models

The majority of theoretical approaches to the CISS focuses on
spin-dependent transport through chiral molecules (see Fig. 2 for
some examples). Most transport-based theoretical models rely on
the Landauer–Büttiker formalism43 in combination with Green’s
function methods, which allow one to calculate spin-dependent
transmission coefficients from the system’s Hamiltonian in the
phase-coherent regime. These calculations typically define a
central region (the chiral molecule) connected to metallic leads,
from which charge currents can be computed under steady-state
conditions, using Green’s function-based scattering theory and,
occasionally, DFT Hamiltonians. Theoretical strategies to circum-
vent the limitations of phase-coherent scattering often involve
introducing phase-breaking and inelastic scattering via Büttiker
probes or adding phenomenological leakage terms (shown in
Fig. 2). Although effective, these additions are frequently
ad hoc and lack a clear physical justification, highlighting the
need for more rigorous microscopic foundations. Furthermore,
static models may be intrinsically inadequate to capture the
essence of CISS. For instance, a dynamical SOC arising from
low-frequency vibrations may significantly contribute to its
onset by generating a finite spin polarization and/or introducing
inelastic and phase-breaking effects32. And, at a more basic
level, even without invoking electron–phonon interactions, one
should always account for the various molecular conformations
potentially involved in the scattering process (arising either
from atomic vibrations or, more generally, from the intrinsic
flexibility of organic molecules contacted between electrodes).
Two common approaches are used to construct the Hamiltonians
in CISS simulations: ab initio density functional theory (DFT)
and parameterized tight-binding (TB) models. DFT-based NEGF
calculations, though more physically grounded, are computa-
tionally demanding and less flexible in terms of device geometry,
yet they can naturally incorporate key screening effects in non-
equilibrium situations, thereby effectively breaking time-reversal
invariance of the self-consistent Hamiltonian.
In contrast, TB models allow greater control over specific param-
eters, making them popular for exploring qualitative aspects of
CISS. Both approaches can, as mentioned above, include virtual
probes through phenomenological self-energy terms. Alternative
frameworks, such as wavefunction scattering-matrix formalisms,
have also been proposed, though they are less widely adopted
due to their inability in describing screening effects. Dalum
and Hedegård25 (DH) introduced a perturbative NEGF model
that captures CISS responses through an auxiliary axial vector
capable to describe spin polarization of the scattered electrons.
However, the results of Ref. 25 were based on idealized TB
models of twisted polyacetylene, and a more realistic, ab initio
implementation of the vector formalism remains a future goal.
In fact, phenomenological ingredients are required for a sizeable

magnetization to arise in equilibrium when non-magnetic elec-
trodes are used. Breaking time-reversal symmetry by such means
enhances the magnetization and allows it to emerge without the
need for ferromagnetic electrodes.
Zollner et al.26 explored the role of SOC in NEGF transport
by showing that SOC introduces "imaginary" (spin-dependent)
terms in the Hamiltonian — that is, imaginary matrices when
operators are expressed in a time-reversal-invariant (spatial)
basis — which are essential for maintaining Hermiticity rather
than indicating broken time-reversal symmetry. These terms are
sufficient for non-zero spin polarization to coexist with inversion
symmetry, suggesting that chirality is not even a prerequisite
for spin polarization. A careful symmetry analysis39 further
reveals that the presence of a longitudinal mirror plane in the
transport device, as may occur for certain achiral molecules and
contact configurations, imposes no constraints on the transverse
spin polarization but forces the longitudinal component to
vanish. The transverse component, however, also vanishes if the
molecular junction possesses a longitudinal symmetry axis39. A
similar cancellation is expected when transport is dominated by
the intrinsic molecular properties of the junction rather than by
the interface,§ and the molecule is either free to rotate about
that axis or can exist in multiple, energetically quasi-equivalent,
rotated configurations. These individual conformations are gen-
erally asymmetric and can produce spin polarization, but their
contributions cancel once configurational averaging is taken into
account, leaving room only for a longitudinal spin-polarization.
Structural chirality becomes crucial precisely at this stage: in
achiral molecules a mirror plane exists which enforces com-
plete cancellation of the polarization of the ensemble; for chiral
molecules, on the other hand, the accessible configurational space
is intrinsically symmetry-broken and lacks such mirror symmetry,
thereby allowing a net (longitudinal) spin polarization to emerge.

It is in this sense that SOC-induced terms embody a manifesta-
tion of true chirality, as defined by Barron44, where time-reversal
symmetry is preserved while parity is broken. Yet, the appar-
ent PT symmetry observed in many CISS transport experiments
points to deeper, symmetry-based mechanisms underlying spin
selectivity, false equilibrium, and symmetry breaking - all ulti-
mately rooted in the relativistic structure of space–time and its
transformations. The structure of the fundamental homogeneous
Lorentz group, when extended to complex transformations, nat-
urally accommodates PT as a fundamental symmetry of physical
systems¶. Within this broader perspective, phenomena such as
the non-Hermitian skin effect, recently invoked in the explana-
tion of some CISS-related effects42, emerge naturally as mani-
festations of complex symmetry operations, further linking CISS

§ This situation represents the opposite limit of a conventional magnetic tunnel junc-
tion, and care must therefore be taken when extrapolating results or intuition from
the latter framework.

¶ In the complex homogeneous Lorentz group, only two disconnected components ap-
pear — rather than the four of the real Lorentz group emerging in special relativity
— since the complex extension connects the real-identity group to its PT counter-
part.
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phenomenology to non-hermitian physics. This perspective fur-
ther aligns with more advanced theoretical frameworks, such as
the multipole formalism recently introduced in the literature24.
On the other hand, the role of time-reversal symmetry in CISS
remains an active topic of debate per se44–48. While some in-
terpretations emphasize the need of T-symmetry breaking under
non-equilibrium or magnetic boundary conditions, others support
the idea that spin selectivity, as an intrinsic property of the sys-
tems, does not require a violation of T symmetry35,49,50, as the
latter is already broken when a current flows through the system,
as already discussed above.

New Directions for CISS Theory

Theoretical models of CISS are increasingly focusing on recon-
ciling the discrepancy between observed spin polarization and
the relatively weak intrinsic spin-orbit coupling (SOC) expected
in organic molecules composed of light atoms. In tight-binding
effective Hamiltonians, the SOC values required to reproduce
the experimental spin polarization often exceed several tens of
meV - orders of magnitude higher than the atomic SOC that can
be expected in the chiral molecules typically investigated. Early
approaches that considered only electronic degrees of freedom,
without coupling to vibrational or environmental modes, typi-
cally failed to account for the observed magnitude of the effect.
There have been attempts to attribute the enhanced SOC to
the metallic leads as, for example, in Ref 51, thereby invoking
orbital-to-spin angular momentum conversion or spin-transfer
torque at the interfaces. However, these explanations of the
CISS effect have encountered mixed success. For instance, while
Adhikari et al.52 observed such an effect in a low-temperature
spin valve, Kettner et al.53 found that spin polarization in
helicene monolayers remains largely invariant across different
leads (Cu, Ag, Au), despite the huge differences that SOC has on
the electronic states involved, undermining the lead-dominated
SOC hypothesis.
To address these limitations, several theoretical efforts have
proposed alternative mechanisms or incorporated additional
bosonic and fermionic degrees of freedom within DFT or tight-
binding frameworks. In Ref. 54 authors propose that electronic
exchange couplings can significantly influence the interaction
between chiral molecules and magnetic substrates. In a different
proposal by Fransson and coworkers, 21,55 electron-electron
interactions lead to spin-selective exchange fields, yielding finite
spin polarization even in the absence of large atomic SOC. Simi-
larly, Fay and Limmer described spin-selective recombination in
donor-bridge-acceptor systems via incoherent hopping pathways,
with spin selectivity emerging from a non-adiabatic regime of
spin-orbit interactions56. Electron-phonon couplings have also
been shown to play a significant role: Fransson demonstrated
that the spin-dependent electron-vibration coupling, in presence
of finite SOC, introduces an exchange splitting between spin
channels, yielding polarization on the order of tens of percent
using realistic parameters57. Polaron-based mechanisms have
also been proposed as a route to enhanced spin selectivity in
chiral systems 58,59. Zhang et al. further supported these findings

with a polaron transport model, where strong coupling between
electronic motion and lattice vibrations in a helical scaffold
produced comparable levels of spin selectivity55. Vittman et
al.32 introduced the concept of dynamic SOC and demonstrated
the critical role of low-frequency vibrations in generating a
finite spin polarization in an otherwise ineffective single-channel
system. In these approaches, strong electron–phonon couplings
leads to polaron formation, where lattice distortions dynamically
accompany charge transport. The interplay between chirality,
spin–orbit coupling, and polaronic dressing can significantly
modify spin-dependent transport properties, suggesting that
vibronic correlations may amplify CISS beyond purely electronic
models.
On the other hand, some recent work60 has pointed out the
possibility that certain electronic orders can actually exhibit
chirality-related properties even in non-chiral structures and
without atomic displacement, thus stressing the central role of a
spatial symmetry breaking in the electronic subsystem.
Beyond tight-binding models61, group-theoretical ap-
proaches24,62 have offered insights into symmetry constraints
governing CISS. Dednam et al.39 showed that spin polarization
can emerge from the chiral configuration of the entire device
- including the relative orientation of leads - rather than the
molecular structure alone. In such configurations, broken
spatial symmetries alter the elements of the scattering matrix,
enabling spin- and direction-dependent conductance even under
equilibrium and coherent transport conditions63. As already
emphasized above, finite spin polarization is generally expected,
unless special spatial symmetries enforce cancellations, provided
spin-orbit interactions are present. Such exact symmetry con-
ditions are rare in practice, as the asymmetry of the molecular
configuration or the electrode usually breaks them||. In an
alternative vibronic framework, Kato et al.61 proposed a model
in which pseudo-Jahn-Teller coupling between nuclear angular
momentum and electronic states in chiral molecules yields
intrinsically asymmetric spin filtering. The spin selectivity arises
solely from molecular chirality and vibronic coupling, achieving
higher spin polarization than bare SOC mechanisms. However,
this model does not account for spin-flip processes, which may
contribute to the net spin polarization observed experimentally.
These directions suggest that the large effective SOC inferred
from experiments may arise from emergent interactions or
cooperative effects rather than purely atomic contributions64.

Moreover, emergent spin–momentum coupling grounded in
quantum geometry and topological constraints are gaining trac-
tion. These are terms that emerge from boundary conditions,
dynamical correlations, or non-Hermitian effects, even when ex-
plicit SOC terms are absent in the Hamiltonian. The distinction
from conventional SOC, however, can be somewhat blurred. For

|| A nuclear configuration of the molecule–lead junction is, in general, asymmetric and
therefore chiral. Here, “in general” (or “generically”) has a precise meaning: it refers
to situations that are typical, while the alternatives are exceptional. For instance, a
generic pair of vectors in R2 is linearly independent, and a generic square matrix is
invertible. Non-generic cases — symmetric configurations in this context — can be
transformed into generic ones by an arbitrarily small perturbation.
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instance, boundary conditions typically replace confining poten-
tials, and thus the associated electric fields. It is precisely the re-
sulting non-atomic (or structural) spin–orbit coupling associated
with these fields that ultimately arises65. While current models
remain largely phenomenological, their increasing sophistication
provides a framework for future ab initio studies, which may ulti-
mately unravel the microscopic origins of the CISS effect15. De-
spite significant progress, a comprehensive microscopic theory of
the CISS effect remains elusive. Recent perspectives emphasize
that conventional electron-transfer theories may miss key ingre-
dients such as electron–electron interactions, polaronic effects,
and dissipation, suggesting that a full many-body description be-
yond standard approximations may be required to explain spin-
dependent transport in chiral systems66.

Origin of large effective SOC in light-atom molecule

As mentioned above, a persistent challenge in the theoretical
descriptions of the CISS effect is reconciling the large spin
polarization observed in chiral molecular systems with the intrin-
sically weak atomic SOC characteristic of light-element organic
compounds67. The canonical atomic SOC, typically treated
as a relativistic correction to the nonrelativistic Schrödinger
equation, is highly localized near the nuclei and scales with the
fourth power of the atomic number, Z, rendering it negligible
in systems composed primarily of elements such as C, H, N,
and O68,69. In addition, the effective SOC experienced by a
transport channel is energy- and orbital-dependent, which can
make the effects of this coupling negligible even in presence of
heavy species. For example, in Au the conduction channel at the
Fermi level is dominated by s-electrons and therefore it is almost
entirely insensitive to SOC70. Despite this, numerical agreement
with experimental spin polarization often requires effective
SOC values ranging from several meV up to hundreds of meV
- orders of magnitude larger than what atomic considerations
alone would predict. Understanding the origin of this enhanced
effective SOC is thus essential for any physically consistent
theory of CISS. In this context, however, we emphasize a point
that appears to be largely overlooked in the literature: SOC is
necessary to generate spin polarization, but at the same time
SOC renders spin no longer a good quantum number. Thus, SOC
must be present, yet not overwhelmingly strong—it should be
present only to the extent required to enable spin–dependent
effects ("just enough" or “quanto basta”, q.b.). This may help
explain the remarkable efficiency of light-element systems in
producing spin polarization.
One line of inquiry considers the emergence of SOCs from
features of electronic structures beyond the atomic scale. Guo
et al.,71 in a tight-binding framework, modeled SOC in double-
stranded DNA as arising from the gradient of the electrostatic
potential at the helical boundary, rather than near atomic cores.
The SOC term was taken in the general form as:

HSO =
1

4m2c2 ∇V · (σ ×p), (1)

where σ is the vector of Pauli matrices, p is the momentum

operator, and ∇V is the gradient of the electrostatic potential.
This boundary-induced SOC, when combined with a two-channel
transport model and local dephasing mechanisms (simulated via
virtual probes), yielded spin-polarized transmission consistent
with experimental trends (see also Fig. 3 B). Although this SOC
was estimated to be on the order of a few meV, the model’s ef-
fectiveness was attributed more to the inclusion of dephasing
than the SOC magnitude itself. Importantly, the generality of
boundary-induced SOC has not yet been systematically estab-
lished for non-helical or more disordered chiral systems.
Additional studies have explored SOC contributions from circu-
lating electronic currents in ring-like or helical molecular archi-
tectures, yielding similarly modest SOC values. While insufficient
in isolation, these current-induced SOC terms become more rel-
evant when embedded in spin-current or current-density func-
tional theory (CDFT) frameworks72,73, where current-dependent
exchange-correlation potentials can introduce nontrivial spin-
orbit effects74. These effects scale with the number of unpaired
electrons and may thus be significant in open-shell systems. Fur-
thermore, within this context, spin polarization may be under-
stood as a dynamic redistribution of total angular momentum in
response to chiral perturbations, a viewpoint advanced by Wolf et
al.75 and consistent with the conserved angular momentum cur-
rent formalism proposed by An et al.76 Such perspectives support
an orbital-to-spin angular momentum conversion mechanism and
motivate further development of ab initio current-dependent the-
oretical treatments tailored to chiral systems77–79.
From a symmetry-based standpoint, the complete multipole ex-
pansion formalism62 provides a rigorous method to derive asym-
metric SOC terms (e.g., Rashba- and Dresselhaus-like interac-
tions) even in non-periodic molecular systems. Moreover, this
aspect connects chiral magnetic ordering to symmetry-breaking
SOC terms. Foundational developments of symmetry-based mul-
tipole classifications80,81 provide a systematic framework to de-
scribe PT–odd responses, offering a rigorous language to classify
chiral electronic and magnetic structures relevant to CISS. These
terms arise naturally in low-symmetry environments and can, in
principle, generate sizable spin-splitting and direction-dependent
transport. In certain chiral crystals such as CrNb3S6, the ob-
served large CISS signal (e.g., the generation of a sizeable bulk
magnetization through the flow of an electric current along the
principal axis of the crystal) has been attributed to antisymmet-
ric SOC resulting from the crystal’s point-group symmetry82,83.
However, the quantitative assessment of such terms in organic
chiral molecules remains underexplored, and the role of vibronic
coupling and dynamic disorder must be considered in realistic
systems.

A more fundamental approach to the SOC origin involves rela-
tivistic field theory. Shitade and Minamitani84 derived a geomet-
ric SOC by constraining the Dirac equation to a one-dimensional
(1D) curved trajectory embedded in three-dimensional space and
then taking its nonrelativistic limit (some results are shown in
Fig. 3). The resulting SOC term scales as 1/m, instead of the
conventional 1/m2, leading to an effective SOC of approximately
160 meV, sufficient to account for observed spin polarization in
DNA-like helical geometries4,71 (see Fig. 3 B). Intriguingly, this
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Fig. 3 Spin response and transport in coupled-helix models and dephasing regimes.(A) Band structure of the coupled-helix model. The black (solid)
and red (dashed) curves denote the two lower bands (ρ =+1), while the blue (dot-dashed) and magenta (dotted) curves denote the two upper bands
(ρ = −1). Here, dimensionless Edelstein coefficient χzz for inter-helix coupling λ = 0.2 as a function of chemical potential µ. Dotted vertical lines
indicate the band edges. Reproduced from Ref. 84 with permission. Copyright 2020, Institute of Physics. (B) Length dependence of spin polarization
Ps at E = 0.486, ⟨Ps⟩, and conductance ⟨G↑⟩ with dephasing parameter τd . Critical length Nc vs. Γd , extracted from ⟨Ps⟩–N. The solid line shows the fit
Nc ∝ Γ

−1
d . Here, the legends correspond to other three panels. Reproduced from Ref. 71 with permission. Copyright 2012, American Physical Society.

result depends sensitively on the order of the limits taken (geo-
metric constraint versus non-relativistic approximation), indicat-
ing a non-trivial interplay between curvature and relativistic dy-
namics17. In a related but distinct approach, Geyer et al.70 de-
rived a semi-relativistic Hamiltonian starting from the Pauli equa-
tion under strong radial confinement along a helical coordinate.
Their model yielded spin polarization using SOC values in the
5 meV range, attributed to emergent non-Abelian gauge fields
and Zeeman-like terms originating from radial scalar potentials.
The disparity between the magnitudes of effective SOC in these
models suggests that distinct physical mechanisms may be oper-
ative and highlights the need for a unified relativistic framework
to compare and classify different spin-polarizing contributions in
chiral systems.
Collectively, these diverse approaches suggest that the effective
SOC in CISS-active light-atom systems is not simply an atomic
property but an emerging consequence of the geometry of the
system, electronic correlations, dynamic couplings, and relativis-
tic corrections. The current landscape points to several promis-
ing directions for future exploration, including: (i) develop-
ment of ab initio current-dependent DFT methods capable of
capturing orbital-spin conversion, (ii) multipole expansion-based
derivations of SOC in realistic molecular geometries, and (iii)
field-theoretic treatments incorporating geometry-induced SOC
beyond the standard Pauli-Schrödinger formalism**. Although
many of these methods are still in active development, they pro-
vide the theoretical infrastructure necessary to ground CISS in a
quantitatively rigorous and microscopically meaningful way.

** Here, beyond Pauli refers to approaches that avoid ad-hoc SOC additions, instead de-
riving geometry or current-induced SOC terms directly from relativistic field theory
or current-dependent functionals, in full consistency with the Dirac equation which
already contains SOC at the one-electron level

Minimal SOC Assumptions: Competing Theories

An alternative theoretical perspective that has gained traction in
the study of CISS explores mechanisms that operate with min-
imal SOC. These models invoke topological properties of elec-
tronic states, geometric (Berry) phases, non-adiabatic dynamics,
and quantum geometry to explain spin polarization without rely-
ing on large atomic SOC values typical of heavy elements. This
paradigm is particularly appealing for light-atom organic systems,
where experimental evidence of significant spin polarization con-
trasts with the weak intrinsic SOC expected from atomic consid-
erations.
One avenue involves the topological nature of electronic states.
For example, Liu et al.85 proposed that chiral molecules such
as DNA may exhibit nontrivial topological features in their elec-
tronic structure, potentially giving rise to spin-selective trans-
port4. While this model is conceptually rich, it relies on a pu-
tative band structure that may not be applicable to the discrete
energy levels of finite organic molecules used in CISS experi-
ments. A related and more physically grounded insight comes
from crystalline systems: in materials with broken spatial sym-
metries and magnetic textures, the interplay between spin and
orbital degrees of freedom can lead to Hall-like responses and
spin polarization even in the absence of strong SOC86. For
instance, CoNb3S6, an antiferromagnetic semimetal, hosts chi-
ral Dirac fermions and shows an anomalous Hall effect despite
weak ferromagnetic exchange87. Although not yet tested for
CISS, such materials may provide fertile ground for experimen-
tally verifying spin-selective transport induced by chirality and
magnetic structure. Along similar lines, chirality-induced spin po-
larization has recently been predicted in twisted transition metal
dichalcogenides, where Moiré geometry and broken symmetries
give rise to spin-selective responses even without invoking large
atomic SOC88,89. These ideas are further supported by the com-
plete multipole representation formalism62, which connects chi-
ral magnetic ordering to symmetry-breaking SOC terms, and by
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spin-current density functional theory (spin-current DFT), which
has proven successful in modeling topological phases such as the
quantum spin Hall effect72.
In parallel, concepts from geometric phase theory have been em-
ployed to understand spin polarization through nonadiabatic dy-
namics. The Berry phase and related quantities, the Berry cur-
vature, the Berry connection, and antisymmetric geometric fric-
tion offer a unified language for phenomena as diverse as orbital
magnetization90,91, polarization92, and various Hall effects16.
These geometric constructs have also been linked to molecular
vibronic processes such as the Jahn-Teller and pseudo-Jahn-Teller
effects93, which are relevant in the context of CISS. For example,
in a recent work37 a phonon-assisted spin-orbit coupling is pro-
posed as the source of a topological anomalous Hall effect grant-
ing long-range spin-transport in chiral gold. In addition, edge and
finite-size effects in p-orbital helical chains have been shown to
generate nontrivial spin structures even with minimal SOC, high-
lighting the role of geometry and boundary conditions in spin
selection94. Recently, Yao et al.95 formulated spin magnetiza-
tion induced by chiral phonons in terms of the Berry curvature in
phonon-displacement space, capturing the chiral nature of atomic
vibrations. As remarked by these authors, an important aspect of
spin generation by chiral phonons concerns dissipation and angu-
lar momentum conservation. Chiral phonons carry well-defined
angular momentum associated with atomic rotations, which can
be transferred to electronic spin and orbital degrees of freedom
via spin–orbit coupling.
In a closed system, total angular momentum is conserved through
exchange between lattice and electronic subsystems. However,
realistic CISS experiments are inherently open and dissipative, in-
volving coupling to leads, substrates, and phonon baths. In such
cases, angular momentum can be redistributed to the environ-
ment, allowing for steady-state spin polarization under nonequi-
librium conditions. Therefore, dissipation does not merely damp
spin signals but plays a central role in stabilizing observable spin
polarization driven by chiral vibrational modes. This comple-
ments earlier electronic and vibronic Berry-phase studies, extend-
ing geometric-phase concepts to both molecular and crystalline
chiral systems.
In this vein, Subotnik and co-workers99 demonstrated that nu-

clear wave packets propagating near conical intersections experi-
ence large Berry forces capable of inducing spin separation, even
under weak SOC conditions. These findings imply that coupling
between nuclear motion and electronic spin states, mediated by
geometric phase effects, can generate spin polarization in light-
atom molecules. Related work has shown that Berry curvature
contributes an antisymmetric component to the electronic fric-
tion tensor that acts on nuclei embedded in a gapless electronic
environment100, such as near metal surfaces. In reality, this an-
tisymmetric term is spurious101,102: in the common Markov limit
of a fast electronic response, the overall effect of the electronic
excitations (electronic friction) is to cool nuclear motion suffi-
ciently to enforce a true adiabatic limit. The latter comes together
with its gauge fields, namely the Fubini–Study pseudo-electric and
Berry pseudo-magnetic forces101–103. Hence, Berry forces can
naturally emerge in electronically dissipative settings and may

even account for equilibrium spin polarization in metallic sys-
tems. This reinforces the view that so-called “SOC-independent”
routes to CISS are viable, provided that electronic excitations
(non-adiabatic dynamics) are properly included.
While these studies explore spin dynamics arising from nuclear
motion, the explicit role of chirality in such models is not al-
ways addressed. Nonetheless, quantum geometry offers addi-
tional promise. Recent work has applied the Fubini–Study metric
to derive electron-phonon coupling strengths ab initio104, reveal-
ing nontrivial contributions even in topologically trivial systems.
These findings are especially relevant for CISS theories that rely
on vibronic interactions and spin selectivity emerging from nu-
clear motion.
Another perspective emphasizes the role of orbital selectivity in
CISS. In this view, chiral structures preferentially filter electronic
states with specific orbital angular momentum, which can sub-
sequently couple to spin degrees of freedom via spin–orbit in-
teraction105,106. Such orbital filtering mechanisms suggest that
spin polarization may emerge from an initial orbital asymmetry,
even when intrinsic atomic SOC is weak. Recent studies further
explore how orbital texture, interface hybridization, and symme-
try constraints contribute to spin–orbital conversion in chiral sys-
tems20,52,105.
An intriguing but less explored direction involves the concept of
curl forces, introduced by Berry and colleagues91. These nondis-
sipative Newtonian forces, characterized by a non-zero curl, arise
from kinetic energy terms that depend anisotropically on mo-
mentum. Since such forces cannot be derived from a scalar po-
tential, they impose geometric constraints on particle trajectories
and could potentially couple to spin degrees of freedom in chiral
environments. We note that non-adiabatic dynamics generically
generate non-conservative forces on the nuclei that act as elec-
tromotive forces, changing the (Berry) magnetic flux and thus
the molecular geometric phase, in analogy with an inverse Fara-
day–Maxwell induction law107. Whether relativistic Hamiltoni-
ans for helical molecules naturally include these curl forces - and
whether they discriminate between spin helicities - remains an
open and promising question. Taken together, these diverse the-
oretical frameworks-ranging from topological band theory and
Berry-phase dynamics to quantum geometric coupling and curl
forces-offer mechanisms for spin polarization that are fundamen-
tally distinct from traditional SOC-based explanations.
It is important to note that many existing theoretical treatments of
CISS are formulated within effective single-particle frameworks.
While such models capture essential symmetry and geometric
aspects, they may overlook electron-electron interactions, cor-
relation effects, and collective spin dynamics. Several recent
works suggest that multiparticle mechanisms-such as interaction-
enhanced spin polarization, spin fluctuations, and correlation-
driven symmetry breaking—may play a crucial role in ampli-
fying spin selectivity beyond single-particle expectations46. A
comprehensive understanding of CISS likely requires combining
symmetry-based approaches with many-body treatments. Future
progress will likely require integrating symmetry-based single-
particle frameworks with many-body treatments to fully resolve
the magnitude and robustness of CISS.
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Fig. 4 Illustrations of spin-dependent transport and polarization in chiral and helical systems. (A) Non-equilibrium spin density isosurfaces for left-
and right-handed helices under different bias voltages with Au(111) electrodes. Reproduced from Ref. 96 with permission. Copyright 2023, American
Chemical Society. (B) Wavefunction tail amplitude ξ ≫ 1 grows with angular momentum, with spin aligned to velocity. Reproduced from Ref. 97 with
permission. Copyright 2019, American Chemical Society. (C) Transport properties for achiral (gray), chiral (red), and helical (blue) structures shown
in Fig. 1. Here, the term “helical" refers to a specific chiral geometry where N = 16 sites are arranged along a spiral with azimuthal angle φ ∈ [0,4π]

(inset in first panel). The darker blue curve represents the results for the helical configuration. Panels show charge current (upper left), current
spin polarization (lower left), spin polarization normalized by the charge current (upper right), and enantiomeric asymmetry for a 20% spin-polarized
injected current (lower right). Here, the chiral enantiomers are labeled L (darker blue, helix) and D (blue, helix). The faint (in upper right panel) line
indicates zero spin polarization. Reproduced from Ref. 98 with permission. Copyright 2025, American Chemical Society.
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Although further work is needed to incorporate chirality explicitly
in some of these models, their success in generating finite spin
polarization under minimal SOC assumptions suggests that they
may hold the key to a unified understanding of the CISS effect.
These SOC-independent frameworks motivate a closer examina-
tion of dynamical spin processes in chiral systems.

Spin Dynamics in CISS Modeling
The emergence of spin-polarized currents in chiral systems, as
described by the CISS effect, cannot be fully understood without
considering the dynamical evolution of spin during charge trans-
port1,3. Unlike spin selection in magnetically ordered systems,
CISS relies on relativistic interactions-particularly SOC in concert
with molecular chirality to induce spin asymmetry in otherwise
nonmagnetic environments39,108 (a schematic representation is
provided in Fig 5 C). This spin selectivity arises not only from
static electronic structure features, but also from time-dependent
spin processes such as coherent precession, relaxation, and de-
coherence. These phenomena are sensitive to both intrinsic fac-
tors, such as molecular symmetry and SOC strength, and extrin-
sic conditions, including environmental interactions and thermal
fluctuations98. In this section, we dissect the key aspects that
govern spin dynamics in chiral media109. First, we discuss the
mechanisms of spin relaxation and decoherence that influence the
preservation of spin polarization during transport110. We then
add how spin-dependent scattering and interference give rise to
dynamic spin filtering in the presence of SOC97. Finally, we high-
light current computational strategies used to model spin evolu-
tion in chiral systems, encompassing both quantum-coherent and
open-system approaches. Together, these perspectives provide a
comprehensive understanding of how spin dynamics underpins
spin selectivity in CISS-active materials (Fig. 4).
The low symmetry and structural complexity of chiral molecules

often lead to anisotropic and spatially varying SOC fields, which
modulate spin relaxation pathways in nontrivial ways. A key con-
dition for effective spin filtering in the CISS framework is the
alignment of spin coherence time with the electron’s dwell time
in the chiral region. If the spin decoheres too quickly, SOC-driven
filtering mechanisms are disrupted; if coherence is maintained
sufficiently, spin asymmetry can be significantly amplified. Theo-
retical approaches such as Lindblad master equations and open-
system density matrix evolution have been instrumental in clari-
fying how coherence loss affects spin selectivity112. These stud-
ies suggest that CISS operates in a delicate regime where partial
coherence and controlled decoherence are both essential to the
observed spin response7.
The transport of spin through chiral molecules is inherently time-
dependent and governed by non-equilibrium processes. Unlike
conventional spin transport mechanisms, CISS does not rely on
intrinsic magnetic order but instead emerges from the entangle-
ment of spin and spatial degrees of freedom in the presence of
SOC and structural chirality113. As charge carriers move through
a chiral potential landscape, SOC induces a spin-dependent asym-
metry in transmission probabilities-favoring spins aligned with
the handedness of the molecular system4. Among the reported
experimental benchmarks, particularly large spin polarization

values were achieved by Al-Bustami et al.9, representing among
the highest CISS-induced spin selectivities reported to date. These
results are in a dynamic form of spin filtering where spin se-
lectivity emerges during the transport process itself. The effi-
ciency of this filtering is contingent on the interplay between
several time scales: the spin precession frequency (determined
by SOC), the electron’s dwell time in the chiral medium. Only
when these scales are favorably matched does dynamic spin po-
larization manifest robustly. Environmental interactions, such as
stochastic fluctuations or vibronic coupling, can either enhance
or suppress this effect depending on their strength and tempo-
ral structure. Modeling approaches that explicitly incorporate
these dynamical effects - such as time-dependent NEGFs (TD-
NEGF) formalism††, high-dimensional wave-packet propagation,
and stochastic Schrödinger equations - have shown that even
weak SOC can give rise to significant spin polarization when com-
bined with molecular asymmetry and partial coherence96 (see
Fig. 4 A). Thus, the CISS effect reflects a fundamentally dynam-
ical mechanism where spin filtering evolves over time under the
influence of both coherent and dissipative interactions27.
Capturing the full complexity of spin dynamics in CISS systems
requires computational methods that account for both relativis-
tic effects and open-system behavior. Time-dependent DFT, par-
ticularly in its four-component relativistic form, provides an ab
initio framework for describing SOC and chiral electronic struc-
ture114. However, TDDFT alone is often insufficient for model-
ing non-equilibrium charge transport or spin decoherence, which
are central to the dynamical nature of CISS21,112. To address
this, NEGF-based transport simulations have been extended to in-
clude spin degrees of freedom and SOC, allowing for the com-
putation of spin-resolved currents through molecular junctions
under bias109. Complementary to these are open quantum sys-
tem approaches-including Lindblad formalisms112, Redfield the-
ory115, and stochastic methods-which model116 the interaction
of spins with thermal and vibrational baths, thereby capturing
relaxation and dephasing dynamics. On a mesoscopic level, tight-
binding Hamiltonians augmented with effective SOC terms pro-
vide a versatile platform for exploring how symmetry, energy level
alignment, and disorder influence spin transport. Recent devel-
opments have also integrated machine learning with quantum
dynamics simulations to efficiently explore vast molecular de-
sign spaces and predict spin-filtering behavior across diverse chi-
ral scaffolds61. These computational advancements, when com-
bined, enable a multiscale perspective on spin dynamics, bridg-
ing fundamental relativistic interactions with observable spin-
selective transport phenomena63. To further rationalize these ef-
fects, symmetry-based and field-theoretical approaches provide a
unifying understanding and perspective.

†† TD-NEGF refers to the extension of steady-state non-equilibrium Green’s functions
onto the real-time Keldysh contour, enabling the treatment of transient and dynam-
ically driven transport.
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Fig. 5 Schematics of spin-related effects under broken P and T symmetries, external fields, and rotational dynamics. (A) Splitting and shift between
bands of different spin (indicated by the arrows) with/without inversion (P) and time-reversal (T ) symmetries. (B) Relations between monopoles
(Q0,M0,T0,G0) and dipoles (Q,M,T,G) via external fields (E, H, J, CPL, Rot.). Reproduced from Ref. 62 with permission. Copyright 2024, Physical
Society of Japan. (C) Schematics of spin-dependent velocities and separation induced by SOC and helicity, leading to transient spin polarization.
Reproduced from Ref. 108 with permission. Copyright 2025, American Physical Society. (D) Spinning cone states illustrating the difference between
true and false chirality as identified by their behavior under the combined effect of P and T transformations. Translating spinning objects and the
concept of true chirality. A cone spinning about its symmetry axis appears chiral under space inversion P, but this chirality is false because the same
configuration can be obtained by time reversal T followed by a 180◦ rotation about an axis perpendicular to the spin axis. When the spinning cone
also translates along the spin axis, this equivalence breaks, resulting in true chirality. The arrow vectors indicate the directions of rotation (spin) and
translation, which together determine the handedness. The same principle applies to translating spinning spheres. Reproduced from Ref. 44,111 with
permission. Copyright 1986, American Chemical Society.
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Integrating Field and Group Theoretical Frameworks

A comprehensive understanding of the CISS effect necessi-
tates the integration of relativistic field-theoretical formulations
with symmetry-based group-theoretical frameworks77. The Dirac
equation114, as a first-order relativistic wave equation, inherently
incorporates the coupling between spin and linear momentum
through its spinor structure117. Within this formalism, the γ5 ma-
trix118 serves as the generator of chirality, allowing the decompo-
sition of Dirac spinors into left- and right-handed components119.
In the weak-relativistic limit, the expectation value of γ5 reduces
to the helicity operator – i.e., the projection of the electron spin
onto its momentum direction – thus acting as a pseudoscalar
quantity that is P-odd and T -even. This symmetry behavior
corresponds precisely to the definition of true chirality as intro-
duced by Barron44 (see Fig. 5 D, from the same reference, for
a visual comparison between true and false chirality, based on
spinning cones) and later generalized by M. Petitjean who ex-
tended the definition of chirality to non-Euclidean metric spaces
and to Minkowski’s space-time120–123, notably connecting to par-
ticles chirality as defined through Dirac’s γ matrices. Another in-
teresting view of chirality was achieved through its direct connec-
tion to the concept of the electric toroidal monopole (G0) within
the complete multipole representation (CMR) formalism (see Fig.
5 A, and B). The CMR framework provides a systematic basis
for classifying all possible symmetry-adapted electronic degrees
of freedom-including charge, spin, orbital angular momentum,
and their combinations via a complete set of multipole operators.
Crucially, it extends the conventional electric (T -even, P-even)
and magnetic (T -odd, P-odd) multipoles by including electric
toroidal (T -even, P-odd) and magnetic toroidal (T -odd, P-
even) components, which are indispensable for representing chi-
ral and time-reversal symmetry-breaking phenomena118. Within
this framework, the G0 monopole plays a central role in describ-
ing the microscopic sources of chirality and has been explicitly
linked to the helicity of Dirac spinors in relativistic quantum me-
chanics. This correspondence establishes a rigorous bridge be-
tween field-theoretical constructs and group-theoretical symme-
try classifications. Moreover, it is worth noting the growing inter-
est in the non-Hermitian skin effect86,124–127, which, by breaking
the conventional bulk–edge correspondence, can lead to the lo-
calization of bulk eigenstates at the system boundaries (i.e., un-
der open boundary conditions). This phenomenon has already
been invoked to explain violations of Onsager reciprocity in chi-
ral systems, in conjunction with charge trapping effects, through
a magnetochiral charge pumping mechanism42.
By leveraging this dual formalism, it becomes possible to iden-
tify and characterize the active multipoles that transform accord-
ing to irreducible representations of the system’s (magnetic) point
group and contribute to spin-polarized transport. External pertur-
bations such as electric fields, magnetic fields, or charge currents
can couple to internal degrees of freedom through multipole in-
terconversion, leading to the activation of chiral responses24,128.
In particular, terms such as the relativistic p ·σ helicity operator,
which appears in transport models of CISS, can be formally un-
derstood as symmetry-allowed couplings between specific G-type

and M-type multipoles in the CMR scheme. Furthermore, spin-
resolved response tensors, including spin conductivity and mag-
netoelectric coupling, can be systematically constructed using the
multipole basis, allowing one to trace the contributions of indi-
vidual symmetry channels.
The integration of relativistic quantum chemistry (e.g., four-
component DFT) with CMR analysis offers a promising path
forward. It enables the extraction and quantification of multi-
pole moments associated with specific spin and orbital config-
urations, potentially overcoming the limitations of conventional
(non-relativistic) DFT approaches that fail to capture the sub-
tle spin–chirality interplay inherent in CISS. This integrated ap-
proach may also facilitate the construction of functionals based on
toroidal multipole densities in extended DFT frameworks, or the
derivation of symmetry-constrained asymmetric spin–orbit cou-
pling (ASOC) terms from first principles129. Altogether, this syn-
thesis of field-theoretical and group-theoretical perspectives128

provides a robust platform for decoding the microscopic origin
of spin selectivity in chiral systems129 and developing predictive
models for spin-dependent transport phenomena130.
Despite significant progress, several fundamental theoretical
questions in CISS remain actively debated. These controversies
include (but are not limited to) the magnitude of spin–orbit cou-
pling required, the adequacy of single-particle descriptions and
the importance of interactions (e.g., electron-electron or electron-
phonon), the role of time-reversal symmetry, the influence of dis-
sipation and many-body interactions, the role of the leads and
their interface with the system in transport experiments, and fi-
nally the connection with topological states/phases. To provide a
structured overview of these open issues, we summarize the prin-
cipal points of debate and possible future directions in Table 1.
This summary aims to clarify where consensus exists and where
further theoretical and experimental efforts are needed. Address-
ing these challenges will require coordinated advances in theory,
materials design, and precision experiments. A unified under-
standing of CISS is likely to emerge from integrating symmetry-
based insights with realistic many-body and non-equilibrium ap-
proaches.

Conclusions and Future Prospects
This mini-review surveys the emergence of the CISS effect from
both experimental and theoretical standpoints, focusing on SOC
and spin dynamics in light-element chiral systems. Despite the
absence of a unified theoretical framework, two complementary
approaches—relativistic quantum mechanics and complete mul-
tipole analysis—offer a promising path forward by connecting
spin–momentum coupling with chirality through symmetry prin-
ciples. Computational evidence supports a direct link between
molecular structure and spin polarization, notably revealing a
correspondence between chirality density and spin current in the
weak-relativistic limit. Moreover, external fields introduce addi-
tional couplings that enrich the theoretical landscape, establish-
ing a solid basis for microscopic models and predictive simula-
tions of spin-selective transport.

Looking ahead, progress in unraveling spin selectivity will rely
on integrating phenomenological models with predictive ab ini-
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Table 1 Summary of major theoretical controversies in CISS and possible directions for resolution.

Controversial Issue Current Debate Possible Resolution / Outlook
Role of SOC and its magni-
tude

Can weak atomic SOC account for
large spin polarization in light-
element systems? Are there other
SOC sources?

Explore geometry-induced SOC,
emergent effective SOC (e.g.,
phonon-assisted), and out-of-
equilibrium, charge- and spin-
current - based and interaction-
enhanced mechanisms via many-
body approaches.

Single- vs. many-body mech-
anisms

Are effective single-particle models
sufficient to explain the observed
magnitude of spin polarizatio?

Develop beyond-mean-field and
correlation-based models; include
electron–electron and (possibly
spin-dependent) electron–phonon
interactions.

Time-reversal symmetry Does CISS require intrinsic T -
reversal symmetry breaking?

Clarify the distinction between in-
trinsic symmetry-breaking and effec-
tive nonequilibrium- or boundary-
induced asymmetries.

Role of dissipation Is dissipation detrimental or essen-
tial for steady-state spin polariza-
tion?

Formulate open-system and
nonequilibrium transport frame-
works incorporating relaxation and
angular momentum transfer.

Role of the leads Is spin polarization of the current re-
sulting from the chirality of the sys-
tem or of the electrodes? What is the
role of the contact region?

Device calculations including signif-
icant portion of the leads and study
the behavior in dependence of their
symmetry, relative orientation and
interface geometry.

Role of topology What are the dominant effects of
the Berry phase that electrons may
acquire when moving through a
chiral system on spin? Are they
through the coupling with vibra-
tions or through pseudo-magnetic
and curl forces?

Investigate spin transport in sys-
tems with chiral geometries analyz-
ing various types of forces in various
regimes (topological or not). Device
ab initio calculations of chiral sys-
tems under non-equilibrium condi-
tions and relate their behavior to the
possible presence of topological fea-
tures.

tio approaches. Advancing current- and spin-current DFT, to-
gether with relativistic field-theoretical formulations (e.g., based
on the use of covariant derivatives including the effect of possibly
non-abelian gauge fields) of curvature- and torsion-induced SOC,
will be essential to quantify emergent interactions beyond atomic
limits. Multiscale simulations that combine relativistic quantum
chemistry with open-system dynamics (NEGF, TDDFT, and Lind-
blad formalisms) are needed to capture coherence, decoherence,
and vibronic couplings. Symmetry-based multipole expansions
provide a rigorous framework to classify spin–chirality couplings
across molecules, interfaces, and crystals. On the experimental
side, engineered chiral 2D systems and hybrid organic–inorganic
platforms will serve as key testbeds, while machine learning-
assisted screening can accelerate the discovery of molecular scaf-
folds with enhanced spin polarization. Together, these directions
promise a quantitative, symmetry-based foundation for the ratio-
nal design of chiral platforms in spintronics, quantum informa-
tion, and catalysis.

Appendix: Spin density and (transport) spin polar-
ization
For the sake of clarity, in this Appendix we focus on the somewhat
ambiguous use of the term “spin polarization” and on the more
precise meaning adopted in the main text. Spin polarization al-
ways refers to the spin state of “something,” but it is not always
clear what this “something” is. In the main text, we specifically
used it to describe the spin state of the transmitted current, while
the terms spin density or magnetization were reserved for char-
acterizing electron distributions.

For simplicity we focus on a single electron, but the argu-
ments given here are easily generalized to many-electron systems.
The spin polarization of an electron distribution described by the
spinor ψ(r)≡ {ψσ (r)} is simply the spin-density or (spin) magne-
tization associated to the distribution

m(r) = ψ
†(r)σ ψ(r) = trs(σρ

s(r)) (2)

where trs denotes the trace over the spin degrees of freedom,
ρs(r) = ψ(r)ψ†(r) is the spin density matrix at position r and σ is
the vector of Pauli matrices representing the spin operator in the
standard basis, for some choice of the reference system (here, † is
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the ordinary Hermitian conjugation in C2). This is the spin-vector
component of the local spin-density matrix ρs(r) in the spin de-
composition

ρ
s(r) =

1
2
[ρ(r)+m(r)·σ ] (3)

where ρ(r) is the ordinary (number) density. The latter should be
considered jointly with the (number) density current

j(r) = ℜ

[
ψ

†(r)vψ(r)
]
= ℜ

[
vρ(r,r′)

]∣∣∣
r′=r

(4)

where v = π/m is the velocity operator, π = p− qA/c being the
mechanical momentum, with q the particle charge, c the speed
of light, and m the mass. In the second step, the notation r′ = r
means that r′ must be set equal to r after the velocity operator
has acted on the r-dependence of ρ.

Similarly to the current density, one can introduce the current
spin density

js
αk(r) = ℜ

[
ψ

†(r)σα vk ψ(r)
]
= ℜ

[
σα vkρ(r,r′)

]∣∣∣
r′=r

(5)

This is a rank-2 tensor whose (α,k) component gives the α-
component of the spin current in the k-direction. Greek and Latin
indices are used here to emphasize the different meaning of the
two Cartesian coordinates, although they transform in the same
way under ordinary SO(3) rotations. When the particle current
has a definite direction n̂, we can focus on this direction and de-
fine the spin-current vector

js(r) = ℜ

[
ψ

†(r)σ vn ψ(r)
]
= ℜ

[
σvnρ(r,r′)

]∣∣∣
r′=r

(6)

where vn = v·n̂ denotes the component along n̂. This is a vector
tied to the current flow, connected to the spin state of the moving
electron. If we want to characterize the spin state of the moving
electron, we need to introduce a “velocity-weighted” spin-density
matrix

ρ
s
v =

(vnψ)(r)ψ†(r)+ψ(r)
(
vnψ

)†
(r)

2 j
, j = ℜ

[
ψ

†vnψ

]
(7)

This matrix is Hermitian and correctly normalized with respect
to the magnitude of the number current density j (provided j>0).
It is also positive definite in the quasi-collinear approximation,
that is, when the spinor ψ and its velocity-weighted counterpart
vnψ are nearly collinear in spin space — a condition usually satis-
fied for well-defined transport states. The spin polarization of the
moving electron is then

Ps = trs(σρ
s
v) =

js

j
(8)

This definition suffices for our scopes, though it fails in describ-
ing pure spin currents, where js ̸= 0 despite j = 0. In such cases
the ratio js/ j is ill-defined, and the spin-current tensor js itself
— rather than any normalized polarization — is the meaningful
quantity.

We notice that the spin current density connects to the changes
in time of the spin-density in a way similar to how the ordinary

current density connects to charge variations,

∂tρ =−∇·j =−∑
k

∂k jk (9)

Consider, for instance, a Pauli–Schrödinger Hamiltonian

H =
(πσ)2

2m
+V (10)

and the time evolution of the magnetization

∂tm(r) =
2
ℏ

ℑ

(
ψ

†
σHψ

)
(11)

Using the identity (π × π) = iℏqB/c, which introduces the mag-
netic field B, one finds

σ(σ ·π)2 = σπ
2 −ℏ

q
c

B+ iℏ
q
c

σ ×B (12)

and therefore

∂tm(r) =−∑
k

∂k(js)k +
q

mc
m×B (13)

where (js)k is the kth column of the spin-current tensor. Clearly,
the first term on the right-hand side describes the change of the
spin density due to electron dynamics, while the second describes
spin precession around the magnetic field (if any). Additional
terms in the Hamiltonian (e.g., a spin–orbit coupling term of the
form Λ·σ , involving the momentum operator in the vector Λ)
introduce further torque contributions on the right-hand side, but
do not alter the meaning of js.

Therefore, one should distinguish between a finite spin den-
sity in equilibrium and the notion of spin polarization in trans-
port. The former reflects a static property of the electronic ground
state, while the latter refers to the spin character of the current
collected at a drain terminal.

Author Contributions
RM and MC supervised the project and the manuscript, providing
critical revisions and guidance during the editing process. SKB
collected and organized the information and drafted the original
manuscript in consultation with RS based on his master’s thesis.
MM and ARK reviewed the draft version of the article. All authors
have read and approved the final version of the manuscript.

Conflicts of interest
There are no conflicts to declare.

Data availability
This manuscript is a mini-review and does not include, generate,
or analyze primary research data, software, or code. All informa-
tion discussed is derived from previously published journal arti-
cles and PhD/Master theses.

Acknowledgements
This work is supported by the PRIN initiative of the Italian
Ministry of Research and University (MUR), under grant no.
F53D23001070006-CISS-PRIN22-2022FL4NZ4.

Journal Name, [year], [vol.],1–19 | 15

Page 15 of 20 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
26

 6
:3

6:
12

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR04557F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04557f


References

1 B. P. Bloom, Y. Paltiel, R. Naaman and D. H. Waldeck, Chem-
ical Reviews, 2024, 124, 1950–1991.

2 K. Ray, S. P. Ananthavel, D. H. Waldeck and R. Naaman,
Science, 1999, 283, 814–816.

3 R. Naaman and D. H. Waldeck, The Journal of Physical Chem-
istry Letters, 2012, 3, 2178–2187.

4 B. Göhler, V. Hamelbeck, T. Z. Markus, M. Kettner, G. F.
Hanne, Z. Vager, R. Naaman and H. Zacharias, Science, 2011,
331, 894–897.

5 A. Kumar, E. Capua, K. Vankayala, C. Fontanesi and R. Naa-
man, Angewandte Chemie International Edition, 2017, 56,
14587–14590.

6 C. Kulkarni, A. K. Mondal, T. K. Das, G. Grinbom, F. Tassi-
nari, M. F. J. Mabesoone, E. W. Meijer and R. Naaman, Ad-
vanced Materials, 2020, 32, 1904965.

7 R. Naaman, Y. Paltiel and D. H. Waldeck, Nature Reviews
Chemistry, 2019, 3, 250–260.

8 H. Lu, C. Xiao, R. Song, T. Li, A. E. Maughan, A. Levin,
R. Brunecky, J. J. Berry, D. B. Mitzi, V. Blum and M. C. Beard,
Journal of the American Chemical Society, 2020, 142, 13030–
13040.

9 H. Al-Bustami, S. Khaldi, O. Shoseyov, S. Yochelis, K. Killi,
I. Berg, E. Gross, Y. Paltiel and R. Yerushalmi, Nano Letters,
2022, 22, 5022–5028.

10 R. Naaman and D. H. Waldeck, Annual Review of Physical
Chemistry, 2015, 66, 263–281.

11 X. Wang, Q. Yang, S. Singh, H. Borrmann, V. Hasse, C. Yi,
Y. Li, M. Schmidt, X. Li, G. H. Fecher, D. Zhou, B. Yan and
C. Felser, Nature Energy, 2024.

12 A. Kumar, E. Capua, M. K. Kesharwani, J. M. L. Martin, E. Sit-
bon, D. H. Waldeck and R. Naaman, Proceedings of the Na-
tional Academy of Sciences, 2017, 114, 2474–2478.

13 G. Long, R. Sabatini, M. I. Saidaminov, G. Lakhwani, A. Ras-
mita, X. Liu, E. H. Sargent and W. Gao, Nature Reviews Ma-
terials, 2020, 5, 423–439.

14 B. Yao, Q. Wei, Y. Yang, W. Zhou, X. Jiang, H. Wang, M. Ma,
D. Yu, Y. Yang and Z. Ning, Nano Letters, 2023, 23, 1938–
1945.

15 P. M. Theiler, S. Driessen and M. C. Beard, Non-Hermitian
Exchange as the Origin of Chirality-Induced Spin Selectivity,
2025, https://arxiv.org/abs/2505.06173.

16 F. Guinea, M. I. Katsnelson and A. K. Geim, Nature Physics,
2010, 6, 30–33.

17 A. d. J. Espinosa-Champo, G. G. Naumis and P. Castro-
Villarreal, Phys. Rev. B, 2024, 110, 035421.

18 N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl,
F. Guinea, A. H. C. Neto and M. F. Crommie, Science, 2010,
329, 544–547.

19 B. Yan, Annual Review of Materials Research, 2024, 54, 97–
115.

20 Q. Yang, Y. Li, C. Felser and B. Yan, Newton, 2025, 1, year.
21 J. Fransson, Phys. Rev. Res., 2023, 5, L022039.

22 Y. Huang, Y. Zhou, X. Guo, Z. Tong and T. Zhuang,
Nanoscale, 2025, 17, 1922–1931.

23 N. Tabassum, B. P. Bloom, G. H. Debnath and D. H. Waldeck,
Nanoscale, 2024, 16, 22120–22127.

24 R. Hirakida, M. Kato and M. Ogata, Phys. Rev. B, 2025, 111,
115150.

25 S. Dalum and P. Hedegård, Nano Letters, 2019, 19, 5253–
5259.

26 M. S. Zöllner, S. Varela, E. Medina, V. Mujica and C. Her-
rmann, Journal of Chemical Theory and Computation, 2020,
16, 2914–2929.

27 K. Banerjee-Ghosh, O. B. Dor, F. Tassinari, E. Capua,
S. Yochelis, A. Capua, S.-H. Yang, S. S. P. Parkin, S. Sarkar,
L. Kronik, L. T. Baczewski, R. Naaman and Y. Paltiel, Science,
2018, 360, 1331–1334.

28 M. Büttiker, A. Prêtre and H. Thomas, Phys. Rev. Lett., 1993,
70, 4114–4117.

29 R. Luo, G. Benenti, G. Casati and J. Wang, Phys. Rev. Res.,
2020, 2, 022009.

30 K. H. Huisman, J.-B. M.-Y. Heinisch and J. M. Thijssen, The
Journal of Physical Chemistry C, 2023, 127, 6900–6905.

31 G. Pasquale, P. E. Faria Junior, S. Feng, E. Collette, K. Watan-
abe, T. Taniguchi, J. Fabian and A. Kis, Nature Materials,
2025, 24, 212–218.

32 C. Vittmann, J. Lim, D. Tamascelli, S. F. Huelga and M. B.
Plenio, The Journal of Physical Chemistry Letters, 2023, 14,
340–346.

33 F. Evers, A. Aharony, N. Bar-Gill, O. Entin-Wohlman,
P. Hedegård, O. Hod, P. Jelinek, G. Kamieniarz,
M. Lemeshko, K. Michaeli, V. Mujica, R. Naaman, Y. Paltiel,
S. Refaely-Abramson, O. Tal, J. Thijssen, M. Thoss, J. M. van
Ruitenbeek, L. Venkataraman, D. H. Waldeck, B. Yan and
L. Kronik, Advanced Materials, 2022, 34, 2106629.

34 J. H. Bardarson, Journal of Physics A: Mathematical and The-
oretical, 2008, 41, 405203.

35 Y. Utsumi, O. Entin-Wohlman and A. Aharony, Phys. Rev. B,
2020, 102, 035445.

36 T. Liu and P. S. Weiss, ACS Nano, 2023, 17, 19502–19507.
37 T. Kumar Das, O. Marelly, S. Yochelis, Y. Paltiel, R. Naaman

and J. Fransson, Advanced Materials, 2025, 37, 2506523.
38 M. Julliere, Physics Letters A, 1975, 54, 225–226.
39 W. Dednam, M. A. García-Blázquez, L. A. Zotti, E. B. Lom-

bardi, C. Sabater, S. Pakdel and J. J. Palacios, ACS Nano,
2023, 17, 6452–6465.
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