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Magnetochiral charge pumping due to
charge trapping and skin effect in chirality-
induced spin selectivity

Yufei Zhao 1,4, Kai Zhang 2,4, Jiewen Xiao1, Kai Sun 2 & Binghai Yan 1,3

Chirality-induced spin selectivity (CISS) generates giant spin polarization in
transport through chiral molecules, paving the way for novel spintronic
devices and enantiomer separation. Unlike conventional transport, CISS
magnetoresistance (MR) violates Onsager’s reciprocal relation, exhibiting
significant resistance changes when reversing electrodemagnetization at zero
bias. However, its underlyingmechanism remains unresolved. In this work, we
propose that CISS MR originates from charge trapping that modifies the
electron tunneling barrier and circumvents Onsager’s relation, distinct from
previous spin polarization-based models. Charge trapping is governed by the
non-Hermitian skin effect, where dissipation leads to exponential wavefunc-
tion localization at the ferromagnet-chiral molecule interface. Reversing
magnetization or chirality alters the localization direction, changing the
occupation of impurity/defect states in themolecule (i.e., charge trapping) – a
phenomenon we term magnetochiral charge pumping. Our theory explains
why CISS MR can far exceed the ferromagnet spin polarization and why chiral
molecules violate the reciprocal relation but chiral metals do not. Further-
more, it predicts exotic phenomena beyond the conventional CISS framework,
including asymmetric MR induced by magnetic fields alone (without ferro-
magnetic electrodes), as confirmed by recent experiments. This work offers a
deeper understanding of CISS and opens avenues for controlling electrostatic
interactions in chemical and biological systems through the magnetochiral
charge pumping.

Chirality is a fundamental concept in chemistry, physics, and
biology1. Recently, chirality was reported to generate spin polariza-
tion that is far larger than an ordinary ferromagnet (FM), called
chiral-induced spin selectivity (CISS)2. CISS opens exciting pathways
to design unconventional spintronic devices using chiral molecules,
perform chiral separation via magnetism, and explore the spin-
selective biological process3,4. However, the physical mechanism
underlying CISS is elusive and debated5,6, although some spin

polarization-based models7–10 reflect some consistent features with
experiments.

In experiments, CISS is commonly probed by a two-terminal
magnetoresistance (MR)11–18 where the chiral molecule is sandwiched
between an FM electrode and a nonmagnetic lead (see Fig. 1d for
illustration). The resistance changes by flipping the electrode magne-
tization (M). Because MR exhibits a feature similar to a magnetic tun-
neling junction, chiralmoleculeswere usually presumed to induce spin
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polarization. The CISSMR increases with bias andmolecule length and
can be even larger than 60% in reports18–20, although the FM electrode,
such as Ni, exhibits only 20% spin polarization. Despite the tre-
mendous theoretical efforts5 that were made to interpret the induced
spin polarization by chiralmolecules, it is still impossible to rationalize
the giant CISSMR ratio by assuming even 100% spin polarization in the
molecule and matching it to the FM contact (20%).

Furthermore, the CISS MR exhibits fundamentally distinct
symmetry8,21–25 in the current-voltage (I–V) behavior (see Table 1 and
Fig. 1b, c) from another known chirality-induced phenomenon called
electrical magnetochiral anisotropy (EMCA)26. EMCA refers to the resis-
tance that depends on the current (I) and magnetic field (B) for a chiral
conductor, Rχ=R0(1 +αB2 + βχB ⋅ I), where βχ= −β−χ and χ =± stands for
chirality. The B2 term represents the ordinary MR while the B ⋅ I term
represents the unidirectional resistance like a diode (see Fig. 1b). EMCA
was observed in many chiral solids26–32, where the MR is usually a few
percent or even less. In addition, the intrinsic magnetic order plays a
similar role to the magnetic field and enhances EMCA in experiments29.
As summarized in Table 1, EMCA respects Onsager’s reciprocal relation
while CISS MR violates such reciprocity. Figure 1c illustrates the I–V
relation of CISS MR. Onsager’s reciprocal theorem originates in the
microscopic reversibility of thermodynamic equilibriumandposes strict
constraints onmacroscopic conductivity33. The reciprocity requires that
two-terminal conductance remains unchanged as reversing time
(B/M→ −B/−M), i.e.,G(B/M) =G( −B/−M)∣V→033–35, which holds for EMCA
and ordinary transport but not for CISS MR. Actually, EMCA can be
derived by weakly perturbing the equilibrium ground state to the non-
linear order in the semiclassical theory36–38 while CISS MR will require

understanding the far out-of-equilibrium phase. We stress that device
ground states for ±M at thermodynamic equilibrium should be rigidly
equivalentbecause they are time-reversal partners toeachother, and the
equilibriumphase is unchanged in timebydefinition. Then, it is puzzling
to observe varied zero-bias conductance between ±M in a CISS device.

The chiral molecule was commonly regarded as a spin filter3,4 in
which electrons exhibit opposite spin polarization after transmitting
through the chiralmolecule fromopposite directions.However, recent
theoretical works21,22,39 pointed out that reflected electrons by the
chiralmolecule exhibit the same spin polarization as transmitted ones,
and the chiral molecule actually acts as a spin polarizer39. As illustrated
in Fig. 1a, the right (left)moving electrons canbepolarized to spin right
(left) for both transmitted and reflected electrons. Such a direction-
dependent spin polarization was also revealed by recent ab initio
calculations40. The right(left)-moving electrons generate low (high)
resistance if their spin is parallel (anti-parallel) to the polarization of
the FM electrode. Therefore, the I–V curve exhibits a diode-like feature
(see Fig. 1b), i.e., current-direction-dependent conductance. The sign
of reification switches if reversing the magnetization or molecule
chirality, presenting EMCA. The spinpolarization in the context of CISS
directly leads to the EMCA transport, consistent with recent experi-
ments with chiral conductors26–32. To understand the CISS MR from
chiral molecules, however, we need a mechanism beyond the spin
polarization because of the fundamental symmetry reason, regardless
of the origin of spin-orbit coupling (SOC) from metal contacts or
organic molecule7,8,17.

In the zero bias limit, many CISS experiments12,14,17,23 showed a
clear violation of Onsager’s relation by G(M) ≠ G( − M)∣V→0, indicating

Fig. 1 | Chirality-driven magnetoresistance (MR) including the electrical mag-
netochiral anisotropy (EMCA) and chirality-induced spin selectivity (CISS).
a Transmitted (solid line) and reflected (dashed line) electrons through a chiral
molecule get spin-polarized (indicated by small yellow arrows) for unpolarized
incident electrons. In a perturbative picture, because the spin polarization relies on
the incident direction, the resistance is direction-dependent when the spin polar-
izer is connected to a ferromagnetic electrode (magnetization indicated by the red/
blue arrows), leading to EMCA rather than CISS MR. b, c shows the typical I–V
curves for EMCA and CISS MR, respectively. The violation of Onsager’s relation is
characterized by the change of zero-bias conductance upon switching the elec-
trode magnetization. d In a CISS device, the ferromagnet-molecule interface

exhibitsmagnetization (M), spin-orbit coupling (SOC), chirality (χ), and dissipation.
A chiral chain model (light blue) is adopted to represent the interface with coex-
isting M, SOC, χ, and dissipation. (e) At the interface, the wave function is expo-
nentially localized toone sidedue to thenon-Hermitian skineffect (NHSE)when the
currentflows.MerelyNHSE leads to EMCA - another interpretationof EMCAbesides
the spin polarization. If an impurity state(circle) exists on the molecule side, the
asymmetric wave function due to NHSE can control this state occupied (electron-
trapping) or empty. f Schematics of energy profile for the electron-trapping state
and no trap state as two metastable phases. NHSE drives the switch between two
phases by reserving M (or χ), i.e. the magnetochiral charge pumping.
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that switching M drives the system to different metastable states and
consequently leads to varied conductance. If so, what kind of meta-
stable statesmatter here? Given that a CISS device and EMCA share the
same symmetry condition, both inversion symmetry-breaking and
time-reversal symmetry-breaking, what causes different transport
behaviors between CISS and EMCA? Answers to these questions will
help to understand the nature of CISS. In experiments, EMCA involves
metals or doped semiconductors, while CISS MR commonlymeasures
insulating chiral molecules (see Table 1). In CISS, for example, the
typical resistance is in the GΩ scale11. Therefore, we speculate that the
insulating nature of chiral molecules can be essential for under-
standing CISS MR, which was rarely appreciated in the literature. In a
molecular tunneling junction, it is natural to use the potential barrier
(U) to characterize the tunneling conductance. Then we aim to resolve
how electrode magnetization ( ±M) or chirality modifies the potential
barrier when charge flows through the CISS device. Some recent
works9,10,25,41 discussed that induced spin accumulation might change
the effective potential at non-equilibrium. But this spin accumulation
scenario would apply to chiral conductors and thus, fail to distinguish
chiral insulators from chiral metals. In this work, we explore the
induced charge trapping that directly modulates the potential, which
is significant for the insulating chiral molecule but negligible for the
chiral metals/doped-semiconductors. It should be noted that carrier
trapping is a commonly observed phenomenon in molecular
transport42–45 and usually exhibits a long-lived lifetime46–49.

In this article, we propose that the CISS MR originates in charge-
trapping-induced tunneling-barrier modification (as illustrated in
Fig. 1e). At the FM-molecule interface (Fig. 1d) with coexisting mag-
netism, chirality, and SOC, a non-Hermitian skin effect (NHSE)50–55

appears, which is widely demonstrated in topological systems like
photonic lattices and quantum devices56–60. NHSE generates extensive
exponentially localized eigenstates at two sides of the interface due to
dissipation as current flows (see Fig. 1e). The localization direction,
which reverses as flippingmagnetism or chirality, leads to occupied or
empty impurity/defect levels in themolecule side of the interface, and
thus generates electron/hole-trapping, which we call the magne-
tochiral charge pumping effect. The trapped charge has a long lifetime
as a metastable state (Fig. 1f), survives at zero bias, and consequently
alters the electron tunneling barrier in the whole device. Therefore,
CISS MR refrains from Onsager’s relation due to charge trapping and
can show significantly larger MR than expected from the electrode
spin polarization. The charge-trapping model is consistent with the
experimental observation that local charging at the FM-molecule
interface lasts long and modifies the surface potential61,62. We further
anticipate that CISSMRmay appearwithout FM electrodes but with an
external magnetic field because NHSE also exists in this case, as ver-
ified by very recent experiments63,64. Because charge trapping requires
stabilization by the insulating layer, we predict that CISS MR will
diminish and evolve into EMCA if the chiral insulator becomes more
metallic. The magnetochiral charge pumping will provide further
insights into the magnetism-modulated charge transfer in chirality-
related chemical and biological reactions65–69.

Results
The induced spin polarization in chiral molecules was frequently
regarded as the MR ratio in literature. However, resistance rather than

spin is the directly measured quantity in transport. Thus, we circum-
vent the illusive spin polarization70 and focus on MR in this work. As
discussed above, the nonequilibrium spin polarization in the context
of CISS directly leads to EMCA, which is independent of model details
such as the origin of SOC. In the following, we will reveal NHSE at the
FM-molecule interface. Because NHSE can alter the occupation of
defect/disorder states in the molecule side and then lead to charge
trapping there. The trapped charge can survive even at zero bias and
modulate the tunneling barrier sensitively, circumventing Onsager’s
reciprocal relation. Finally, we will propose a simple tunneling barrier
model that can reproduce essential features of CISSMRandextract the
barrier information from experiments.

Non-Hermitian skin effect
EMCA can also be understood by NHSE besides the spin polarization
scenario. NHSE is widely studied in dissipative (nonequilibrium)
systems such as photonic lattices and is characterized by exponen-
tially localized eigen wavefunctions at system boundaries, as a
topological phenomenon. In realistic materials, NHSE requires dis-
sipation and breaking of both time-reversal symmetry and inversion
symmetry53,56,71. In the CISS device (Figs. 1d, 2a), the FM-molecule
interface is the only region combining three ingredients, M (time-
reversal breaking), χ (inversion-breaking), and SOC (couplingM and χ
together), satisfying the NHSE condition. In the following, we employ
a chiral chain model consisting of two parts, as illustrated in Fig. 2a.
The left part represents the interface region, which includes both M
and SOC. The right part models the insulating molecule region. In
addition, we introduce an impurity site between these two parts to
serve as a charge-trapping center. Neither the molecule region nor
the impurity site includesM or SOC to represent a realistic molecular
device.

We construct a tight-binding model for the chiral chain, incorpor-
ating orbital-dependent dissipation in the left part (see Supplementary
Information for details). This left part exhibits NHSE, characterized by
localized eigenstates at the boundaries. As illustrated in Fig. 2c, d,
positive magnetization ( +M, ⇒ ) causes wave functions to localize at
the left open boundary, while negative magnetization ( −M, ⇐ ) gen-
erates states localized in the junction region. The impurity state, due to
its coupling with the interface part, is highly sensitive to NHSE.
Depending on the magnetization ( ±M), its wave function is either
drawn away fromormore localized at the impurity site (seemore details
in Supplementary Information). In contrast, wave functions in the
molecule part are only marginally affected by NHSE. NHSE induces
unidirectional tunneling through the system. For instance, the left-side
localization of eigenstates (Fig. 2d) enhances electron tunneling from
right to left while suppressing tunneling in the opposite direction, as
reported in the literature53. Consequently, the unidirectional tunneling
resistance can be reversed by altering eitherM or χ, giving rise to EMCA,
which respects the general reciprocity (also see Supplementary Fig. S7).
Thus, EMCA serves as the transport signature of NHSE, while NHSE
represents the spectroscopic manifestation of the system out of equi-
librium. Here, solely NSHE cannot violate the Onsager’s relation to
produce CISS-type MR.

We note that NHSE comes from the interplay betweenM, χ, SOC,
and dissipation. It vanishes if one of them disappears in our model.
Specially, dissipation is essential for NHSE. In a CISS device, it

Table 1 | Summary of CISS MR and EMCA in experiments

MR-type Materials Resistance Onsager’s Relation

CISS-MR Insulating chiral molecules 1 ~ 1000MΩMR ≥60% Violated G(M) ≠ G( −M)∣V→0
EMCA Chiral metals/ semiconductors 1 ~ 100ΩMR ~ 1% or smaller Preserved G(M) =G( −M)∣V→0
The conductance is represented byG(V,M), which depends on the bias voltage (V) and electrodemagnetization (M). Representative values of resistance andmagnetoresistance (MR) are taken from
refs. 12,14–16,18,23 for CISS-MR and refs. 26–32 for EMCA.
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originates from the current-related dissipation due to scattering by
lattice, disorder, interface, etc. Because the chiral molecule is typically
anisotropic, conduction channels with distinct orbital features (e.g., π
and σ orbitals) may dissipate differently. Thus, we include orbital-
dependent dissipation in the model. In addition, the role of dissipa-
tion/dephasing was discussed to study spin polarization in earlier
theoretical works on CISS72–74. We should also note that NHSE cannot
emerge from the finite-temperature effect at thermodynamic equili-
brium, because energy dissipation and gain between electrons and
environment (e.g., lattice vibrations9) compensate each other in
this case.

Charge trapping and barrier modification
When dissipation diminishes at zero bias, NHSE disappears. Then,
merely NHSE cannot explain the violation of Onsager’s reciprocity.
Therefore, we need the charge trapping effect which survives at
zero bias.

Conceive a localized impurity level between left and right parts in
the model of Fig. 2a, which may come from interface states (e.g., thiol
bonds75,76), structural defects, or extrinsic impurities (e.g., oxygen77 or
water78,79). This state acts as charge(electron/hole)-trapping centers in
the insulating molecule side. The key question is how the charge-
trapping can be controlled by M and χ, to which we attribute NHSE.

As shown above, the impurity state wavefunction is also modified
by NHSE. To avoid confusion, we initialize zero spin polarization for
the impurity in ourmodel. For simplicity, we assume that one impurity
trapsonly anelectron (theunipolar transport case),whichcanbe easily
generalized to hole trapping or bipolar transport. For −M in Fig. 2c,
NHSE tends to keep the impurity state occupied by an electron. Even if
it is empty, NHSE enhances electron transfer from left to right to fill the
impurity level. In contrast, NHSE keeps the impurity level empty at
+M. We should stress that the occupied and unoccupied states are
metastable on the energy surface (see Fig. 1f) and remain robust at zero
bias. Here, NHSE plays a driving force to swap the impurity level
between occupied and empty phases, which depends on ±M (also χ).
The charge trapping can sensitively tune the tunneling barrier in a CISS
device, leading tomagnetization-(also chirality-) dependent resistance
even at zero bias.

To quantitatively demonstrate the barrier modification, we cal-
culated the zero-bias conductance for the device shown in Fig. 2a. For a
given magnetization M, we evaluated the charge-trapping probability
(ρM) from thewave function localization at the impurity site (integrated
in the red shadow region in Fig. 2c, d, where ρ+M/−M ≈ 0.85/0.45). When
an electron is trapped, it can elevate the electrostatic potential by V0 in
the impurity and molecule regions while leaving the interface region
largely unchanged, due to the insulating nature of the former and the
metallic character of the latter. We estimated V0 =

e2
4πϵd � 0:4 eV,

considering a 3 ~ 5 nm characteristic thickness of the chiral molecule
layer and ϵ = 2.1ϵ0

80. For simplicity, we applied a rigid onsite potential
shift of V0ρM to impurity and molecule parts. We then calculated the
two-terminal tunneling probability for ±M (T±M) after attaching a fer-
romagnetic electrode and an ordinary lead. To demonstrate the vio-
lation of Onsager’s relation, we focus on the zero-bias conductance at a
given chemical potential (see Fig. 2e), in which the dissipation vanishes
but charge trapping remains. The resulting T ≪ 1 because it originates
from potential barrier tunneling through the insulating molecule. The
electron barrier height equates to the energy difference between the
electrode’s chemical potential and the molecule’s lowest unoccupied
molecular orbital(see Fig. 2b). Consequently, even a small barrier
modification due to different ρM values can lead to a large change in
T (ΔT = T−M − T+M), characterizing the violation of Onsager’s relation.
Figure 2f shows that the ratio of T change [(ΔT/(T−M + T+M))] can
exceed 50% and even approach 100% for certain chemical potentials.
This further indicates that both the sign and magnitude of CISS MR
depend not only on χ and M but also on device-specific details such
as the chemical potential. In addition, we note that more complex
potential profiles also yield a large T change ratio (see Supplemen-
tary Information) because T is quite sensitive to potential changes in
the tunneling regime.

We stress that the spin polarization may be relevant to CISS MR
but cannot explain the reciprocity violation. The trapped charge by the
insulating molecule is a key ingredient to breaking the microscopic
reversibility and circumventing theOnsager relation. This also explains
why conducting chiral crystals, in which charge cannot be trapped or
trapped charge has marginal influence in resistance, exhibit EMCA
rather than CISSMR. Ourmodel also rationalizes why the CISSMR can

Fig. 2 | Barrier modification in a molecular device. a The two-terminal device
includes an interface region (with M, SOC, and χ) with non-Hermitian skin effect
(NHSE) and anordinarymolecule region (with only χ). b Illustration of the potential
profile across the device. The charge trapping sensitivelymodifies the energy of the
impurity state (dark orange) and the molecule state (yellow) but leaves the inter-
face region nearly unchanged because the interface ismuchmoremetallic than the
molecule region. c, d show the wavefunction distribution of interface (light blue),

impurity (red), and molecule (yellow) states due to NHSE at opposite M. The blue
dashed curve represents the average of interface wave functions. These states are
located in an energy window indicated by the blue shadow along the energy axis in
(b, e, f). The impurity occupation probability is evaluated in the red shadow region
that is centered at the impurity site. (e) The transmissionprobability (T) at different
chemical potentials for oppositeM is calculated for the two-terminal device shown
in (a). f shows the corresponding ratio of transmission change.
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significantly exceed the spin polarization ratio in the FM electrode.
This is because the modified barrier dramatically amplifies the tun-
neling conductance, as demonstrated by our calculations. In addition,
the FM-molecule interface model naturally breaks the 180∘ rotation
symmetry of the device, coinciding with a recent discussion on the
symmetry requirement of CISS MR81.

An effective barrier model
The trapped charge (electron or hole) canmodify the injection barrier
at the metal-molecule interface and/or change the barrier profile (e.g.,
shape, height, width) in a complicated way. For further simplicity, we
present an effective model by considering a rectangular barrier with
height U0 and a barrier modulation δU, in the spirit of the widely
adopted Simmons model to simulate the electron transport in mole-
cular junctions82. If the molecule conducts electrons, electron or hole
trapping indicates an increase or decrease in the barrier, respectively,
and vice versa for the hole-conducting case.

We can estimate the transport through a rectangular barrier
U =U0 + δU in the case of eV <U,

I = g½ðU + eV=2Þe�A�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U + eV=2
p

� ðU � eV=2Þe�A �
ffiffiffiffiffiffiffiffiffiffiffiffiffi

U�eV=2
p

�, ð1Þ

where A= 4πl
ffiffiffiffiffiffiffi

2m�p
h , l is the barrier width, g is a constant in unit of con-

ductance,m* is the effective mass. Here, we symmetrize Eq. (1) for ±V
compared to the Simmons model82.

As shown in Fig. 3, I–V curves calculated by Eq. (1) well reproduce
the symmetry of CISS-MR and the variation of zero-bias conductance.
We take U0 = 5eV, δU = 0.2 eV, and m*= 0.28me

80, where me is the free
electron mass. The MR ratio enlarges slightly as increasing bias but
increases dramatically as increasing the barrier width. In literature83,
the CISS-driven spin polarization (P) is frequently defined via the cur-
rent change for ±M,

P =
jIð+MÞ � Ið�MÞj
Ið+MÞ+ Ið�MÞ , ð2Þ

which leads to an unphysical abrupt drop of P near the zero bias.
Instead, we define a similar quantity termed normalized MR (gMR) by
the change of conductance G = dI/dV (or resistance) as,

gMR=
jGð+MÞ � Gð�MÞj
Gð+MÞ+Gð�MÞ � jRð�MÞ � Rð+MÞj

Rð�MÞ+Rð+MÞ , ð3Þ

which exhibits a more reasonable bias dependence near the zero bias
region. Consistentwith experimental observations18–20, wefind thatgMR
increases as increasing the barrier width because barrier width is
proportional to A in Eq. (1). As shown in Fig. 3, one can reach a highgMR
up to 100% by engineering device parameters such as the bar-
rier width.

We stress that gMR qualitatively differs from the so-called spin
polarization (Pχ) in CISS literature despite that they are frequently
considered to be equivalent to each. If we follow the tunneling mag-
netoresistance picture84 regarding tunneling between the FM elec-
trode with spin polarization PFM and chiral molecule, we get
gMR=PχPFM≠Pχ except PFM = 100% which is unrealistic. Known the low
PFM in ordinary FM, gMR≤ PFM obviously contradicts the high gMR in
experiments. Thus, we suggest that gMR may serve a more proper ter-
minology to characterize CISS transport compared to the so-called
spin polarization. In our theory, the large gMR value is caused by the
nonlinear amplification of the barrier tunneling, which is indirectly
related to spin polarization.

Discussions and outlook
The charge trapping due to NHSE circumvents Onsager’s relation and
reproduces the major symmetry of CISS transport. The charge

trapping may occur at the molecule-metal interface, defects, dis-
orders, or impurities, and its microscopic origin may vary among dif-
ferent molecules and devices. Nevertheless, we can make insightful
predictions from the proposed mechanism that relies on NHSE and
charge trapping.

(i) If a device traps both electrons and holes, one can expect the
ideal barrier modification as U =U0± δU for ±M. (ii) If a device traps
only electrons/holes, the barrier is switched between U0 and
U =U0± δU. Here, a salient feature is that the conductance for one of
±M is comparable to theM =0 case, showing asymmetricMR between
±M. (iii) If the device does not efficiently trap charge, the CISSMRmay
diminish and change to EMCA. This is consistent with the EMCA
observed in metallic or nearly metallic chiral solids26–31 where charge
trapping can be screened by the metallic background. EMCAmay also
occur for an insulating chiral molecule if the device is ideally clean
without a charge-trapping center. (iv) Because NHSE and EMCA do not
necessarily require an FM electrode, we anticipate that CISS MR may
also occur with ordinary electrodes in an external magnetic field if the
charge trapping condition is satisfied. For example, electrons in a
metallic chiral crystal can feel the magnetic field by the Lorentz force,
and charge trapping may occur at the crystal interface with another
insulating layer that is essential to determine the sign of MR. In this
case, SOC in materials/electrodes is not essential for CISS MR because
themagnetic field directly couples to the electronmotion (orbital). (v)
The amplitude of EMCA (also NHSE) is scaled by SOC in electrodes7,8

because organic molecules usually have negligible SOC. So CISS MR is
also scaled by electrode SOC. The electrode dependence was con-
firmed by observing significantly different MR with Au and Al elec-
trodes in ref. 17 recently.We should stress that CISS-typeMR is directly
determined by the charge-trapping effect despite that it is related to
the SOC. In some cases, it is possible to observe that CISS MR is less
sensitive to SOC while coexisting EMCA is more sensitive to SOC. For
example, when SOC is strong enough to enforce a charge trapping
probability of nearly 100%, further increasing SOC will hardly change
CISS MR despite enhancing EMCA. (vi) The charge trapping usually
comes with local structural distortion at the interface or inside the
molecule. Such distortion may be detected via the change of atomic
bonding, for example, by the Raman spectrum.

Furthermore, we can include the I-V asymmetry due to EMCA or
device asymmetry with (1) and provide a general formula to describe
the I–V relation for chiral molecular devices,

I = g½ðU + eV=2Þe�A �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U + eV=2
p

� ðU � eV=2Þe�A �
ffiffiffiffiffiffiffiffiffiffiffiffiffi

U�eV=2
p

�ð1� γV Þ, ð4Þ

where γ = ðγ0 + γ χ
M Þ=R0 includes γ χ

M due to EMCA and γ0 is a constant
caused by device asymmetry such as different electrodes ormolecular
dipole. Equation (4) indicates a crossover fromCISSMR to EMCA if γ χ

M
is dominant or potential change (δU) is negligible, as discussed above.

We suggest that one can extract key parameters, including γ and
U, by fitting experiments with Eq. (4). For example, we successfully fit
the original experimental I-V relation using Eq. (4) in Fig. 4. For the
same devicewith a given chirality, we globally fit two sets of I–V curves
with ±M by using the same g and A because they are invariant for
±M.(see more details in Supplementary Information) We obtain the
barrier change δU =0.3, 0.1 and 0.5 eV for experiments by Abendroth
et al.61, Gosh et al.62 and Al-Bustami et al.18. The large δU (also large
δU/U) well rationalizes that Al-Bustami et al. observed a much larger
gMR than the other two works. Even if we know little atomic config-
uration of the device, we can still use the barrier model to rationalize
CISS experiments.

Furthermore, Abendroth et al. 61 and Gosh et al. 62 also observed
the work function change ~ 0.1 eV due to switching magnetization for
chiral films on the FM substrate and discussed its correlation to CISS.
As shownabove,weobtain a similarmagnitude in the charge tunneling
barrier change (δU) by fitting their transport results. The barrier is
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related to the energy offset between the metal Fermi surface and
molecule levels, and the work function is related to the difference
between the metal Fermi surface and vacuum. Because both can be
modified by the surface/interface charging effect, it is not surprising to
expect changes of comparable magnitude due to magnetization flip-
ping. In addition, Abendroth et al. showed negligible surface potential
change after they neutralized the surface charging, indicating a direct
correlation between the charging andCISS61. This further supports that
the trapped-charge-induced barrier modulation can be a key ingre-
dient to understanding CISS transport, which correlates to the work
function change.

The magnetochiral charge pumping is a dynamic process char-
acterized by complex interfacial interactions. When current flows

through a chiral molecular device, magnetization/magnetic field
switching first reverses the interface wavefunction localization direc-
tion via NHSE. This process requires a finite time to modify the charge
trapping state, which is typically close to or larger than the structural
relaxation time due to associated lattice distortions. The barrier
change (0.1 ~ 1 eV) cannot be compensatedby the Zeemanenergy from
electrode magnetization flipping (around 1meV). In this open system,
the required energy to alter the potential profile is provided by the
external current flow. Future work should focus on establishing a
quantitative description of the dynamic interplay between NHSE and
charge trapping to elucidate the underlying microscopic mechanisms.

Our work reveals a fundamentalmechanismof howmagnetism or
magnetic field modifies the charge distribution at the metal-organic

Fig. 3 | The I-V curves calculated fromEq. a–cTheMR increases dramatically as thewidth increases.dThenormalizedMR [gMR, defined in Eq. (3)] increaseswith thewidth.
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interface through nonequilibrium dynamics. Besides chiral molecular
transport, our work can also explain the magnetic substrate-
modulated charge reorganization in protein-protein association65,66,
in which the magnetochiral charge pumping changes the electrostatic
potential of proteins by switching the substrate magnetization. It
paves a pathway to modulate chemistry and biology processes, which
commonly involve chiral materials, by controlling the charge transfer
or the long-range electrostatic potential.

We have another outlook that the recently discovered twisted
van der Waals materials85–87 provide versatile platform for the CISS
effect. In twisted bilayer graphene and twisted transition-metal
dichalcogenides88–91, the in-plane transport has been extensively
studied for flat-band-driven phenomena such as unconventional
superconductivity, Mott insulating states, and Chern insulators. We
conceive a two-terminal vertical device where two electrodes sand-
wich twisted bilayers or multiple layers, as illustrated in Fig. 5. It was
recently proposed that flat bands significantly enhance the EMCA
effect in twisted bilayer graphene37. The EMCA comes from the
coexistence of magnetization (or magnetic field) and chirality. Since
twisted layers are chiral, we introduce magnetism to either one
electrode and/or twisted layers. Many van der Waals materials are
magnetic, such as insulating CrI3

92, semiconducting MnBi2Te4
93, and

metallic Fe3GeTe2
94 and Cr3Te4

16. In addition, twisting between van
der Waals electrodes can also play the role of chirality. The vertical
resistance95 can be measured for the opposite magnetization and for
opposite twist angles. If chiral layers are insulating, we anticipate
CISS-likeMR. If they aremetallic, we expect EMCA-likeMR. Inmost of
the present CISS devices, a thin layer of gold is technically required
to protect the ferromagnetic film. This gold layer results in difficul-
ties in examining the influence of substrate SOC7,8. In Fig. 5,

electrodes can also be made of van der Waals materials (such as
graphite) with negligible SOC, which circumvents this problem
as well as the complexity of metal-organic molecule junction.
Therefore, van der Waals materials provide a versatile platform
to investigate the relation of CISS with SOC, magnetism, and chiral
layer insulation. It would be more exciting to examine the influence
of flat bands37,85, correlation effects, and even superconductivity
in CISS96.

Note: During the review of the manuscript, our predictions (ii)
&(iv) on the asymmetric magnetoresistance in an external magnetic
field were realized in chiral gold nanocrystals63, in which metallic gold
core shows the chiralmorphology and insulating surface capping layer
traps the charge in the magnetochiral charge pumping. A similar
asymmetric magnetoresistance was also observed in a chiral super-
molecular crystal with solely a magnetic field where the charge trap-
ping effect was observed64. Our prediction (v) on the coexistence of
EMCA and CISS was reported in chiral single-molecule junction
measurements97 very recently, in which EMCA is sensitive to SOCwhile
CISS is nearly independent of SOC, and the reciprocal relation is vio-
lated at zero bias.

Data availability
The data for the charge barrier model in a chiral molecular and the
transmission probability for the two-terminal device is available in
Zenodo at https://doi.org/10.5281/zenodo.14205821. Supplementary
information that supports this work is available upon request to the
corresponding author.

Code availability
The Mathematica code used to calculate the charge barrier model,
modify the impurity potential under reversed magnetism, and calcu-
late the transmission probability using the non-equilibrium Green’s
function formalism is available in Zenodo at https://doi.org/10.5281/
zenodo.14205821.
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