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Chirality transfer induced spin selectivity effect in a molecule-metal heterojunction
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The chiral geometry of the organic molecule is considered to be crucial to the chiral-induced spin selectivity
(CISS) effect. However, the fundamental mechanism responsible for CISS is still debated. In this paper, we pro-
pose a mechanism of chirality transfer from chiral molecules to metals by interface coupling in a molecule/metal
heterojunction. It is found that the transferred charges present a chiral distribution even in the achiral metal. Using
a tight-binding model and tunneling theory, we focus on the induced chiral interface and the strong spin-orbit
coupling of the metal, and predict a sizable CISS effect. This work provides a different perspective for us to
understand the CISS effect.
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I. INTRODUCTION

Chiral-induced spin selectivity (CISS) effect, which was
observed in systems with broken symmetry of chirality, re-
sults from the coupling of the moving spin and chirality due
to the spin-orbit coupling (SOC) [1–5]. In a chiral system,
the spin asymmetry of the transport electrons depends on its
chirality. For example, the introduction of chiral molecules
leads to chirality-dependent photoelectric effect and electric
transport effect [6–9]. Promisingly, the CISS effect makes
it possible to control the spin degree of freedom of elec-
trons without an external magnetic field, thus allowing the
use of electron spin to process information in memory and
logic devices without the need for a permanent magnetized
ferromagnet [10–12], as well as the construction of chiral-
induced spin light-emitting diode devices [13] and efficient
chiral-molecule-based switching of magnetic systems at room
temperature [14,15]. Even though the great potential of appli-
cations of the CISS effect on spintronics is promising and the
development in this field is fast, the fundamental mechanism
of it is still debated. Guo et al. suggested that the moving
electrons are subjected to a helical electrostatic potential in
a chiral molecule, resulting in the so-called chiral-induced
SOC which is responsible for the spin-polarized transmission
[16,17]. In experiments, the chirality is usually introduced
by chiral organic molecules. Considering the strong electron-
phonon coupling of organic materials, the resulting polaron
transport within a helical molecule is also important for spin
polarization, and a synergistic effect of the carrier velocity
and density on CISS is proposed [18,19]. Fransson studied
the effects of SOC interactions on spin-dependent electron-
phonon coupling and found that it results in exchange splitting
between spin channels and leads to a spin polarization of tens
of percent [20] which could even be enhanced by taking into
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account the electron correlation [21]. We need to note that,
for chiral organic molecules, obviously large parameters for
chiral-induced SOC are usually inevitable to get consider-
able CISS to make the theoretical results comparable with
the experimental findings. As we know, however, organic
materials are composed of light elements with low atomic
numbers where SOC is quite weak. In addition, the SOC from
the geometry of chiral organic molecules should be of the
order of a few millielectron volts, which is also too small to
explain the experimentally detected strong spin polarization.
Considering the real situation in CISS experiments where
chiral molecules are deposited or adsorbed on metal substrates
[22–24], Yan et al. proposed that the strong SOC of the metal
substrate plays a crucial role to induce CISS. They indicated
that the spin and orbit are locked within the metal due to
the strong SOC of it, and the electrons with orbital angu-
lar momentum matching the molecular chirality are easier
to cross the interface and enter the chiral layer. Therefore,
an orbital selectivity, together with a spin selectivity, takes
place at the interface [25]. By considering the strong SOC
in the electrodes, Alwan et al. showed that the spin-transfer
torque effect could cause substantial orbital angular momen-
tum polarization to induce the spin polarization observed in
experiments [26].

Besides the achievements in experiments and theory, the
fundamental understanding of CISS and the related chirality-
dependent phenomena is still not clear. Previous studies
revealed that the CISS effect is complicated and not ascribed
to a single parameter. Whether there are other unrevealed
chiral factors that contribute to the CISS effect is not only
of fundamental interest but has practical meaning for novel
spintronic device design [27–31]. In this paper, we propose
a different perspective to understand the CISS effect—the
chirality transfer mechanism. When the metal substrate is in
contact with chiral molecules, a chiral charge distribution will
be induced in the metal, and a spin preference matching the
chirality appears in the metal combined with strong SOC. We
studied the effects of the induced chiral charge distribution on
CISS by modeling the tunneling of electrons. Our theoretical
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FIG. 1. Schematic of the side view (a) and the top view (b) of
the modeled right-handed helix/metal heterojunction. The red dashed
line in (a) indicates the long-range transition between the helical
molecule and the metal layers.

results match well with the experimental studies and demon-
strate the importance of chirality of charge density on CISS.

II. MODEL AND CALCULATIONS

At the interface of a molecule/metal heterojunction, charge
redistribution takes place due to the chemical potential dif-
ference. To study its impact on CISS, we consider a system
which is shown schematically in Fig. 1, where the metal layers
are modeled by a simple orthogonal structure with lattice
parameters a = b = 2c = 0.4 nm and the chiral molecule is
modeled by a helical chain with the helix angle θ = 45◦, the
twist angle �ϕ = 120◦, and the helix radius R = √

2c. The
fourfold rotational symmetry axis of the metal and the helical
axis of the helical molecule coincide with the z axis, and the
vertical height of the helical molecule from the metal surface
is 0.2 nm.

The Hamiltonian of the system is depicted as

Ĥ = ĤM + ĤP + ĤC, (1)

where ĤM and ĤP are the Hamiltonians of the metal and
the helical chain, respectively. In the framework of the tight-
binding approach, they are written as

ĤM =
∑

n

εMc†
ncn −

∑
n �=m

tn,mc†
ncm

+
∑
n �=m

iαn,mc†
n

(
eE

n,m × ep
n,m

) · σ̂cm + H.c. (2)

and

ĤP =
∑

n

εPa†
nan −

∑
n �=m

τn,ma†
nam + H.c., (3)

where c†
n = (c†

n↑, c†
n↓) and cn are the creation and

annihilation operators of two-component spinors at site
n. εM and εP are the on-site energies of the metal and
the molecule, respectively. tn,m = t0e−(|Rm−Rn|−lM )/lM is the
transfer integral in the metal, and the transfer integral
of the chiral molecule closely related to its helical

configuration is written as τn,m = τ0e−(|Rm−Rn|−lP )/lP =
τ0e−(

√
4R2sin2[(n−m)�ϕ/2]+(n−m)2(R�ϕtanθ )2−lP )/lP , where Rn is the

position vector of site n. In our model, the transfer integrals
are long-ranged and decay exponentially, with lM = c and
lP = 2

√
3c being the decay lengths of the metal and helical

chain respectively. Since the SOC of the metal is much
stronger than that of the organic molecule, to highlight its
effect on CISS, we only include the SOC of the metal layers
in the present model which is indicated by the third term in
Eq. (2) where σ̂ is the Pauli vector operator. For an electron
hopping from site n to m, ep

n,m denotes the direction vector
of the momentum pointing from Rn to Rm and eE

n,m is the
direction vector of the electric field at Rn,m = (Rn + Rm)/2.
We consider the SOC interaction αn,m = α0e−(|Rm−Rn|−lM )/lM

to be long-ranged and decay exponentially with the same
ratio of electron transfer. The Hamiltonian ĤC describes
the coupling between the helical molecule and the metal
layers. By considering the long-range coupling within the
tight-binding approximation, the Hamiltonian is written as

ĤC= −
∑
n,m

γn,ma†
ncm + H.c., (4)

where the transfer integral is represented as
γn,m=γ0e−(|Rm−Rn|−lC )/lC with lC = (lM + lP)/2. The static
Schrödinger equation Ĥψμ = εμψμ with the electronic
eigenwave function ψμ = ∑

n,s Zμ,n,s|n, s〉 and eigenvalue
εμ could be solved. Then the charge distribution in the
whole system, i.e., the charge at site n is given by
qn = ∑

s qn,s = ∑
μ,s Z∗

μ,n,s fμZμ,n,s with fμ the Fermi
occupation.

In our calculations, the following parameters are set: εM =
1.0 eV, εP = 0 eV, for transfer integrals: t0 = 1.8 eV, τ0 =
1.2 eV, γ0 = 1.0 eV, and for SOC strength α0 = 0.15 eV.

For the simplest case that one Au atom is cou-
pled with one C atom, the charge distribution is
given analytically by qAu = γ 2/[γ 2 + (εM − ε−)2]
and qC = (εM − ε−)2/[γ 2 + (εM − ε−)2] where ε− =
[εM + εP −

√
(εM − εP)2 + 4γ 2]/2 is the ground state

energy and γ denotes the coupling between Au and C atoms.
Obviously, we could see that the difference between εM and
εP results in an unequal charge distribution at Au and C and
leads to charge transfer between the metal and the molecule
across the interface. Besides the on-site energy, the charge
distribution depends on γ . In the right-handed helix/metal
heterojunction, as shown by Fig. 1(a), the terminated metal
atoms at the interface have different coupling strength
with the molecule, which induces the nonuniform charge
redistribution with chiral feature in the metal layers near the
interface. Therefore, the chirality is transferred into the metal
from the chiral molecule.

The chirality transfer due to the charge redistribution is
then systemically studied. We define the metal layers with ob-
vious chiral charge distribution as the interfacial region of the
metal. It is found that about 8.55 electrons are transferred from
the metal to the chiral molecule in the heterojunction where
the number of metal sites is NM = 40 and the molecule length
is NP = 27. The net charge redistribution near the interface
is shown layer by layer in Fig. 2 where a two-dimensional
Gaussian distribution centered on the lattice site is adopted as
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FIG. 2. Chiral charge density distribution in the metal corre-
sponding to Fig. 1, numbered from (a) the first layer at interface to
(f) the sixth layer away from the interface.

a continuum approach. The net charges on the four sites of
the first layer are −0.251e, −0.189e, −0.182e, and −0.242e,
where e is the electron charge. After the continuous treatment,
the net charge distribution in this layer is shown in Fig. 2(a).
Obviously, we could see that the charge distribution has no
mirror symmetry for any plane perpendicular to the atomic
layer, which indicates the chirality feature of distribution of
charge density even though the lattice of the metal is achiral.

Further checking the charge distribution in the following
layers, we find that the chirality is maintained within several
layers of the metal and its strength decays slowly. As shown in
Fig. 2, the charge density distribution near the interface shows
strong chiral characteristics. By using the present parame-
ters, we found that the chirality almost vanishes at the sixth
layer and the pattern of the charge distribution returns to the
symmetry of the lattice. Therefore, in a chiral molecule/metal
heterojunction, in addition to the charge transfer, the chirality
transfer occurs consequently. With the above calculations, we
find that the chirality transfer is maintained in the interface
within several layers of the metal. The chiral interface of the
metal, together with the charge interface and spinterface, will
determine the function of an electronic or spintronic device.

Due to the chirality transfer, as we discussed above, the
interfacial region of the metal has the following characteris-
tics: achiral simple orthogonal lattice structure, chiral charge
distribution, and strong spin-orbit coupling. Especially, the
chiral interface together with the strong spin-orbit coupling
of the metal will generate interesting spin phenomena such
as the well-known CISS effect. When an electron is injected
into the molecule region from the metal substrate, at the chi-
ral interface, the electron will move through a helical orbit
with large angular momentum before entering the molecule.
At the same time, the electron spin will be bound to this
helical orbit through the spin-orbit coupling. In this way, we
say that the spin orientation is determined by the molecular
chirality, while the spin polarization intensity is determined by
the spin-orbit coupling of the metal substrate. To validate our
inference, we design a chiral device containing the heterojunc-
tion which is studied extensively in experiments and calculate

the spin polarized transport. Both the chiral molecule and the
interfacial region of the metal with chiral charge distribution
are included in the scattering region as shown in Fig. 3(a).
The two sides of the scattering region are connected to one-
dimensional reservoirs of electrons respectively. The virtual
leads are introduced to simulate the phase breaking and energy
dissipation caused by inelastic scattering that is ubiquitous in
materials.

The transmission of electrons from the pth lead with spin
s′ to the qth lead with spin s is written as

Tqs,ps′ = tr[
qsG
r
ps′Ga], (5)

where Gr = (Ga)+ is the retarded Green function, 
ps (p, q =
B, T, d) describes the coupling between the scattering region
and the pth lead. 
B/T = 1.0 eV for the bottom/top lead and

d = 0.01 eV for virtual leads. Using the method described
in Refs. [32,33], the transmission of electrons with spin s
detected at the top electrode is then given by

Teff,s(ε) =
∑

s′
TTs,Bs′

+
∑
μν

[(∑
s′

TTs,μs′

)
W −1

μν

(∑
ss′

Tνs,Bs′

)]
. (6)

For tunneling transport, when the electron is incident with
an eigenenergy of εμ of the system, the transmission spectrum
will demonstrate a resonant tunneling peak whose properties
depend on the electron eigenwave function ψμ. The calculated
transmission spectrum is shown in Figs. 3(b) and 3(c). The
difference in transmission between spin-up and spin-down
electrons indicates that the electronic transport process is spin
selective. We define the spin polarization of transmitted elec-
trons as P = (Teff,↑ − Teff,↓)/(Teff,↑ + Teff,↓). As shown by the
solid line in Fig. 3(d), with realistic parameters, a sizable spin
polarization of about −15.4% is obtained. The spin polariza-
tion obtained in our calculation is comparable to that detected
in the experiment of α-helical peptides [34]. The parameters
we use here are prototypical, and the spin polarization can
be further enhanced by elaborately adjusting the molecular
geometry and other parameters. Performing the mirror sym-
metry operation on the right-handed helical molecule/metal
heterojunction as shown in Fig. 3(a), the molecular chirality
will be switched to left-handed. Therefore, the induced chi-
rality in the interfacial region of the metal will be switched
accordingly, which results in the reversal of the spin polar-
ization which is reflected by the dashed curve in Fig. 3(d).
We also notice that the spin selectivity of the heterojunction
disappears when the helical molecule is stretched into a linear
one, which is straightforward since the chiral configuration is
eliminated.

In the CISS experiments, the interface coupling could be
modulated by the deposition method and the SOC could be
changed by using different metal as substrate. The dependence
of spin polarization on the interface coupling is shown in
Fig. 4(a). With the increase of coupling strength γ0, the spin
polarization of transmitted electrons is enhanced accordingly
due to the increasing of the induced chirality in the metal,
as we discussed above. Besides larger chirality, the stronger
interface coupling indicates that the induced chiral charge
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FIG. 3. (a) Schematic of the scattering region and the electrodes. The dashed line indicates the coupling at the interfaces. (b) Spin-related
effective transmission spectrum of the modeled right-handed helix/metal heterojunction, where the area marked by blue shading is enlarged
and plotted in (c), and (d) is the corresponding spin polarizations of two enantiomers.

distribution goes deeper into the metal. Therefore, the moving
electrons in the metal transport in a longer path with the chiral
spin-orbit coupling field, which contributes to the spin polar-
ization. The effect of SOC strength α0 on spin polarization is
shown in Fig. 4(b). As α0 increases, the intensities of most
of main peaks increase. Since the SOC of the molecule is
ignored in our model, it is interesting to find that the spin
polarization is still sizable even when the SOC strength α0 is
weak. This result is consistent with the experimental studies
that the substrate material does not have essential influence on
the CISS effect [6].

In experiments, the spin polarization is measured with dif-
ferent lengths of helical molecules [7,35]. For example, in
one experimental study of double-stranded DNA (dsDNA),
the results of spin polarization as a function of the length of
the molecule is shown by the red dots in Fig. 5 [7]. The length

FIG. 4. Spin polarization of different (a) coupling strength γ0 and
(b) spin-orbit coupling strength α0.

is measured in helical turns L. The result of our calculation
is given by the solid line. Although the geometric structure
parameters of the dsDNA molecule are not adopted to model
the chiral molecule in the heterojunction, the following qual-
itative analyses and discussions will not be changed by the
adjustment of molecular structural parameters. Disregarding
the difference in magnitude due to the choice of parameters,
we see that both the experimental data and theoretical results
show similar trends, oscillating periodically with the molecule
length. The oscillation comes from the quantum behavior of
the moving electrons and the long-range transitions [17]. We
can also see that the overall trend of spin polarization in-
creases first and then decreases. Therefore, there is an optimal
length of the chiral molecule for spin polarization. Our results
match the previous study that the CISS effect is apparent
only within a certain length of the chiral layer of several
nanometers [36], and beyond this range of length, the spin

FIG. 5. Dependence of spin polarization on helical turns L. The
black line is the calculated result. The red dots are the experimental
data of spin polarization selected from Ref. [7]. The red dashed line
is a guide to the eye.
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polarization gradually decreases due to the influence of
scattering.

III. CONCLUSIONS

In conclusion, we find the chirality transfer and the chiral
interface in a molecule/metal heterojunction. It is predicated
that the chiral interface will be a key factor for the perfor-
mance of spin and orbit devices. The chiral feature of the
achiral metal is induced by the chiral contact. The chirality
of the charge distribution persists in several layers of the
metal away from the interface, which provides an additional
chiral channel for the moving electrons. Including the chi-
ral interface and the strong spin-orbit coupling of the metal,

with realistic parameters, we obtain a sizable spin selectiv-
ity effect. Our studies propose insights into the fundamental
mechanisms of CISS and we hope to stimulate further studies
on it.
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