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Chiral-induced spin selectivity in biomolecules,
hybrid organic—inorganic perovskites and
inorganic materials: a comprehensive review
on recent progress

Yingdan Xu and Wenbo Mi 2 *

The two spin states of electrons are degenerate in nonmagnetic materials. The chiral-induced spin
selectivity (CISS) effect provides a new strategy for manipulating electron’'s spin and a deeper
understanding of spin selective processes in organisms. Here, we summarize the important discoveries
and recent experiments performed during the development of the CISS effect, analyze the spin
polarized transport in various types of materials and discuss the mechanisms, theoretical calculations,
experimental techniques and biological significance of the CISS effect. The first part of this review
concisely presents a general overview of the discoveries and importance of the CISS effect, laws and
underlying mechanisms of which are discussed in the next section, where several classical experimental
methods for detecting the CISS effect are also introduced. Based on the organic and inorganic
properties of materials, the CISS effect of organic biomolecules, hybrid organic—inorganic perovskites
and inorganic materials are reviewed in the third, fourth and fifth sections, especially the chiral transfer
mechanism of hybrid materials and the relationship between the CISS effect and life science. In addition,
conclusions and prospective future of the CISS effect are outlined at the end, where the development
and applications of the CISS effect in spintronics are directly described, which is helpful for designing
promising chiral spintronic devices and understanding the natural status of chirality from a new
perspective.

The chiral-induced spin selectivity (CISS) effect has not only revolutionized spintronic devices, but also motivated a new round of exploration of life and Earth.
The interactions between electron spin, magnetic field and polarized light show the spin filtering ability of chiral biological systems, making the CISS effect an
attractive wider research topic. In this review, the key developments of spin polarized transport in various chiral materials are summarized, where the
mechanisms and experimental measurement techniques of the CISS effect are also discussed. More importantly, the biological significance of the CISS effect
and the mechanisms of chirality transfer between chiral organic molecules and inorganic frameworks are described in this review, which is helpful for the
exploration of life science and the preparation of hybrid organic-inorganic materials. In the future, the CISS effect will become the key to breakthroughs in
bioscience and spintronics. Ten potential research contents on the CISS effect are proposed in this review, which involves chiral spiral magnets, chiral
composite materials, chiral topological materials and so on. The insight gained from this review will provide help for the research of mechanisms and device
applications related to the CISS effect, which will also make the outlook for chiral functional materials clearer.

1. Introduction

and devices are associated with magnetic materials.> However,
due to weak spin-orbit coupling (SOC) and hyperfine inter-

Using electron spin as a medium for logical operation has
revolutionized the electronic technology and information
storage." It is commonly believed that spin-based applications
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action, the spin relaxation time of organic molecules is longer,
which is conductive to the transport of spin polarized carriers.
In the past two decades, organic molecules have been widely
studied as spin transport media.’” In 1984, Mason first rea-
lized the connection between spin and chirality, and found
that the weak interaction difference between electrons with
opposite spin states led to different ground states of chiral

This journal is © The Royal Society of Chemistry 2023
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enantiomers.’ In 1994, Wang et al”® proposed that ‘left-
handed (right-handed)’ electrons generated by SOC accounted
for the majority in right-handed (left-handed) molecules. Based
on the electronic transmission in chiral stearyl lysine, the
chiral-induced spin selectivity (CISS) effect was proposed by
Naaman’s group at an experimental level in 1999, which
describes the phenomenon that chiral materials with broken
inversion symmetry tend to transport electrons in one spin
direction and block the other.® Since then, a lot of chiral
organic molecules'®'* have been demonstrated to be spin
filters, where the efficiency of electron transport depends on
the spin direction.

Due to the effective magnetic field generated by the coupling
of electron velocity and chiral potential, the degeneracy of spin
energy levels in chiral molecules is broken.'”> When electrons
move in a chiral potential field, their spin direction tends to be
parallel or antiparallel to the velocity."” The discovery of the
CISS effect provides a new strategy for manipulating electron’s
spin through organic materials.'®'” Based on scanning tunnel
energy spectra, Alpern et al.'® found the unconventional super-
conductivity on the surface of Nb film adsorbed chiral helical
molecules, paving a way for the application of chiral spintronic
devices in the field of superconductivity. The successful appli-
cation of polyalanine molecules in silicon-compatible nano-
magnetic memory devices at room temperature has increased
the ratio of 0 (high-resistance) to 1 (low-resistance states) to
3:1, making it viable to fabricate nanoscale memory devices."’
The adsorption layer composed of chiral polymethyl methacry-
late can be used as a switch for the magnetization of Co,
reducing the current density for reversing magnetization to
10" electrons per square centimeter, which promotes the
performance improvement of modern magnetic random access
memory.>°

The ubiquity of chiral molecules indicates their importance
in living systems. Spin dependent electron transport properties
can be manipulated by applying both polarized light and
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magnetic fields.”’* For example, circularly polarized light
induced efficient magnetization by spin torque transfer
through a hybrid of quantum dots (QDs) and chiral mono-
layers, which changes the direction of magnetization of Ni
films and exhibits a difference of 5% between the magnetiza-
tion results of opposite helical circularly polarized light.”®
Charge transfer in chiral oligopeptide hybrid CdSe nano-
particles can be regulated by adjusting the magnetization
direction of a ferromagnet, where light serves as a switch of
spin channels.*® The spin filtering ability of the D96N mutant
of bacteriorhodopsin (bR) was markedly weakened under light
illumination, providing the evidence for light-regulated spin
polarization (SP) in living organisms.>” Thus, the interactions
between light, spin, chirality and magnetic fields are the key to
breakthroughs in life sciences and spintronic devices. However,
systematic analysis of these interactions in life processes has
rarely been reported from the perspective of chirality and spin.
In recent years, chiral hybrid organic inorganic perovskites
(HOIPs) have attracted much attention in spintronics due
to the strong SOC and spin dependent chiral optical
characteristics.”®*>' The enantiomers of chiral HOIPs exhibit
different absorption characteristics for circularly polarized
light, which can be adjusted by using organic or inorganic
components.”® Traditional research studies on chiral HOIPs
mainly focus on the photovoltaic properties and applications in
solar cells,** while recent experimental results®*** indicate that
chiral HOIPs also exhibit spin dependent charge transport
mediated by the CISS effect. The combination of chiral mole-
cules and FASnI; promotes the formation of layered structures
and facilitates hole transportation, which increases the power
conversion efficiency of solar cells to 10.73%.>* Inorganic
materials are widely used in daily life because of their char-
acteristics of hardness, high temperature resistance and corro-
sion resistance, where the CISS effect has been confirmed in
chiral crystals, nanoparticles and oxides.*® Under heat induc-
tion, the electromagnetic characteristics of inorganic VO, based
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Fig. 1 Schematic diagram for the progress of spin polarized transport
processes and theories related to the CISS effect. The CISS effect provides
a new idea to manipulate electron’s spin, which has important applications
in life science, spintronics, electrochemistry and optoelectronics.

chiral metamaterials change from insulator to metal, the slow
light effect of which is of great significance to control light
polarization.*”

The spin polarized transport properties of chiral organic
biomolecules, hybrid organic inorganic materials and inor-
ganic materials are systematically reviewed in this work, where
the theoretical mechanisms and experimental techniques of
CISS are also summarized. Effects of influencing factors, such
as light, chirality, magnetic field and voltage, on spin polarized
transport processes are discussed, especially in life-related
processes. In addition, the most straightforward statements
regarding the development prospects and potential research
contents of the CISS effect are presented, which are conducive
to exploring life science, breaking through the magnetic storage
technology limitations and promoting the manufacture of high-
density spintronic devices (Fig. 1).

2. Chiral-induced spin selectivity
effect
2.1. Laws and mechanism

The word ‘chiral’ is derived from a Greek word and describes
the property of asymmetry, that is, one enantiomer can be
converted to the other by a mirror symmetry operation. Sup-
pose that A, B, C and D are four different groups connected to a
central carbon (C) atom, which are arranged asA > B > C > D
from the largest to the smallest group. When the smallest D
group is placed at the farthest position in the vision, the other
three groups facing the observer can be ranked from large to
small, according to which the clockwise (CW) configuration is
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called Rectus (R) and the counterclockwise (CCW) one is called
Sinister (S). Chiral structures couple electron’s spin direction
and velocity. The CISS effect describes the tendency of chiral
materials to transport electrons with one spin direction while
blocking those with the other, which endows chiral molecules
with the ability of spin filtering.*® SP is defined as

L — 1

SP=—t_—
I +1

1)
where I, and I_ usually represent the theoretical electron
intensity, the spin direction of which is parallel and antiparallel
to velocity. Experimentally, I, and I_ can be concretized into
other physical quantities, such as the Faradaic current at
specific bias voltage under ‘up’ and ‘down’ magnetic field.
According to the reported spin transport processes related to
the CISS effect, when electrons move through a chiral potential,
the spin direction tends to be parallel or antiparallel to electron
velocity.*® It is important to note that chiral structures favor the
transfer of only one spin, but in principle, all excited electrons
or holes can be transferred by chiral molecules. From a micro-
scopic point of view, electrons are indistinguishable, and in a
laboratory framework, each electron’s spin has the same prob-
ability in all directions. Assuming sufficient time for electrons
to pass through a chiral material, all excited electrons will be
transferred through the chiral system with the ‘correct’ spin
direction.

To explore the advantages of natural selection of chiral
enantiomers in life processes, it is necessary to understand
the mechanisms of the CISS effect. In general, spin polarized
transport processes are associated with magnetic materials and
large SOC. Hence most explanations for spin polarized trans-
port in organic molecules are limited to introducing a large
SOC in hydrocarbons, which is much larger than that observed
experimentally.>® Under the influence of SOC, electron spin is
coupled with momentum, resulting in a certain correlation
between the spin direction and velocity direction.*® Chiral
structures lead to an inhomogeneous charge distribution,
resulting in a chirality-induced electric dipole moment inside
the chiral molecule, which prevents the delocalization of elec-
trons and makes them more localized.*" Mirror symmetric
chiral structures of enantiomers lead to mirror symmetric
electron arrangement, which results in a mirror symmetric
dipole electric field. E, is defined as the component of dipole
electric field that is perpendicular to electron’s velocity direc-
tion. When electrons move along the helical axis of chiral
enantiomers, E felt by electrons is in the opposite direction,
which has opposite effects on the electron velocity. When
considering the influence of chiral potential on electron spin,
the SOC term in the Hamiltonian can be written as*?

eh
Hsoc = 3 (P X Echiral) = AS - lehiral (2)

where Echira and lenirar are potential and orbitals related to
chirality. When the electron’s velocity direction changes, the
spin direction is also altered, resulting in an effective magnetic
field that is generated by the joint action of the chiral structure

This journal is © The Royal Society of Chemistry 2023
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and electric dipole moments. This effective magnetic field
controls electron’s spin direction and breaks the degeneracy
of spin energy levels in the chiral structure, which can be
estimated using the motion law of charge in magnetic field.
Suppose that an electron of mass m moves around in a chiral
molecule with helix diameter d, then

d _my 3)
2 @‘Beff|

where e stands for electron charge and v stands for electron
velocity. When d =1 nm and the kinetic energy is 1 eV, SOC can
be deduced to be about 390 meV, which is used to control
electrons with one spin direction, while the SOC of C atoms is
about 6 meV.*° The presence of effective magnetic field has an
amplifying effect on SOC in organic molecules. According to
the relationship between magnetic field, Lorentz force and
electron velocity, the direction of effective magnetic field
should be consistent with the direction of electron transport,
which explains why the spin direction tends to be parallel or
anti-parallel to the velocity direction.*® The theories reported
earlier can be divided into three categories, the first of which
is the tight binding model, used to describe the electron
transfer through large helical molecules such as nucleic
acids and oligopeptides.”>™*” The spin filtering efficiency
strongly depends on the deoxyribonucleic acid (DNA) sequence,
which is mainly determined from the combination of base
pairs (bps).** The second is the spin dependent scattering
theory.*®*® The third is to consider large SOC from metal
substrates® (such as Au and Ag) and induce spin selectivity
during the transmission process through the selectivity of
orbital angular momentum.®® However, all these methods
assume abnormally large SOC in chiral molecules and do not
clarify how chiral structures and dipole moments affect spin
polarized transport processes.’>

In recent years, research on spin polarized transport of
organic molecules has been increasingly improved, and new
advances®*”* have also been made in the theory of the CISS
effect, which tries to explain from many perspectives and forms
a diverse situation.

(i) Based on the Onsager reciprocal principle, Dalum et a
proposed that the CISS effect disappeared when thermal aver-
aging was performed on all electronic states, and attributed the
generation of large SP to the existence of accidental degeneracy
in molecular spectrum.

(ii) As a result of the interactions between molecules,
charges on molecules are redistributed. Kumar et al.>® proved
that charge polarization in chiral molecules is accompanied by
SP through measuring Hall signals, and speculated that SP
imposes symmetry constraints on the biometric identification
process, which ultimately leads to the selectivity between
enantiomers.>’

(iii) Most theories are based on the one-electron theory.
Fransson®® proposed the use of multi-body theory to account
for the CISS effect, taking into account non-equilibrium condi-
tions, electron correlation and electron-phonon coupling.”®
Compared to the uncorrelated model, SP of the model

Z.SS
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considering electron correlation is increased by 2 orders of
magnitude. Recent studies®® have demonstrated that the elec-
tron correlation caused by molecular vibration is crucial for the
emergence of SP in systems composed of chiral molecules and
ferromagnetic metals, where molecular vibration is a mecha-
nism for breaking spin symmetry.

(iv) Lattice vibrations can induce additional electron tunnel-
ing processes, enhance electron coherence effects and improve
SP.®" Charge transport in chiral molecules is not isolated, but a
product of the coupling of electrons with surrounding lattice
distortion. Zhang et al®" proposed the polaron model to
explain the CISS effect and showed that the coexistence of
polaron and SOC leads to strong spin coherence and a high SP
of up to 70%. In addition, it is found that the helical spacing
should be much larger than the polaron size in order to obtain
higher SP.*!

(v) By calculating the relationship between SP and energy, it
was found that the generalized Fano resonance features appear
in the chiral polyacetylene system.®” Based on the derivation
and calculation of the Fano formula, it was found that a
combination of two similar degenerate states produces a sig-
nificant spin Fano resonance, the width of which increases
linearly with the strength of coupling between the molecule and
lead.®

(vi) On the basis of the electron correlation and vibration
theory, Fransson and Naaman collectively came up with
temperature-dependent experiments and theoretical models,
emphasizing the importance of dissipation and the relation-
ship between the CISS effect and optical activity.®* The appear-
ance of tunable high-order magnetic resonance in chiral spin
soliton lattices suggests a link between vibration and spin.®*
Furthermore, dynamics suggests that CISS is a kind of phe-
nomenon occurring in the excited state, implying that any
mechanism that can maintain intrinsic spin anisotropy
must account for excited state properties, such as electron-
electron or electron-vibration interactions.®® Subotnik et al.
focused on how nuclear dynamics and Berry force manipulate
electronic spin.®®®” When the electronic current is non-zero,
Berry curvature effects lead to spin separation of nuclear wave
packets and SP of current, which could be considerable even
with small SOC.

(vii) Based on the adiabatic perturbation method, effective
Hamiltonian and unitary transformation, Geyer et al.®® derived
a simple analytical expression of the spin-dependent effective
field and revealed its dependence on parameters. This theore-
tical model generates an effective SOC term independent of
momentum, which demonstrates that SP is the result of broken
time reversal invariance when selecting the given angular
momentum of incident electron, which has no obvious depen-
dence on the strength of SOC.%®

(viii) The multi-orbital theory of the CISS effect states that
electron correlation leads to strong instability of electron-hole
pairs, which spontaneously breaks the spin and reflection
symmetry.®® Multi-body correlations caused by electron-hole
pairs can produce a strong SOC at room temperature, which is
sufficient to support the large SP observed in the CISS effect.

Mater. Horiz., 2023, 10, 1924-1955 | 1927
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(ix) Some scholars believe that the free radical reaction in
cryptochrome protein constitutes the basis for magnetic com-
pass sensing in migratory birds.”®”* In 2021, Luo et al. intro-
duced the CISS effect in the electron transfer reactions of
radical pairs and found that CISS enhanced the sensing to
geomagnetic field in three ways.”> Fay used the Nakajima-
Zwanzig theory to explore the influence of electron transfer
on the spins of chiral radical pairs, finding that chirality in
intramolecular electron transfers generates specific coherent
superpositions of spin states.”* Moreover, in the discussion of
Fay et al., SP can be maximized for any non-zero SOC strength,
which helps explain why large spin filtering phenomena occur
in weak SOC systems.>*

(x) Naaman et al.”>’® further refined the dipole electric field
hypothesis, explaining that the high spin selectivity of chiral
molecules results from the interaction between helix-induced
SOC and a strong dipole electric field, where it has also been
confirmed that electron tunneling probability is strongly
dependent on spin.

(xi) The interface theory points out that, in addition to
the chiral structure and large SOC in metal substrates, the
origin of the CISS effect should also involve the spin transfer
torque at spinterface composed of chiral molecules and metal
electrodes, from which it can be concluded that greater inter-
face distance will lead to lower spin transfer torque, which
leads to the decline of SP.

In addition to the above explanations, some scholars have
combined some theories or explored the source of large SOC in
recent years. For example, Diaz et al.”® proposed that the CISS
effect originates from the dual contribution of dipole electric
field and electron-lattice interaction. Based on the tight-
binding model, Varela” and Torres®® focused on hydrogen
bonds in DNA and oligopeptides, respectively, showing that
the spin activity of the CISS effect is determined from the
intrinsic Rashba coupling of helices, and highlighting the great
contribution of hydrogen bonds to SOC. Based on the inter-
action between electrode SOC, chirality and spin transfer
torque at interfaces, Dobi®' proposed the theoretical mecha-
nism of the CISS effect in biomolecular junctions, opening a
new way for the deeper understanding of chiral-spin coupling
in biomolecules.

Despite the debate on the microscopic mechanisms,
chiral molecules are widely regarded as spin filters,®
through which one favored spin transmits and the opposite
spin gets reflected. That is to say, the transmitted and
reflected electrons exhibit opposite SP. Chiral molecule’s
preferred spin depends on the structural chirality. The spin
filter hypothesis was further generalized to argue that a
chiral molecule exhibits transient, opposite SP at two ends,
which is usually used to rationalize experiments on the CISS
effect.®>®* For example, in 2014, three experimental mea-
surements, including spin-polarized photoemission, cyclic
voltammetry with magnetic electrodes and magnetic con-
ducting probe atomic force microscopy (AFM) together
demonstrated the spin filtering properties of helical pep-
tides, as a function of length.%”

50,77
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However, it was demonstrated that SP is not necessarily
conserved in electron transport processes. In 2017, Kumar
et al.>® used an innovative Hall device, without the presence
of an external magnetic field, to show that a voltage-driven
charge displacement in peptide molecules is accompanied by
SP. Based on the orbital polarization effect, Liu et al.®*® pointed
out that chiral molecules act as orbital polarizers and orbital
filters in the processes related to the CISS effect, rather than
spin filters. And in 2022, Wolf et al.*” showed that the spin filter
hypothesis contradicts the principle of prohibition of equili-
brium spin current. Based on the unitary scattering matrix, it
was proved that the transmitted and reflected electrons in the
two-end CISS devices exhibit the same type of SP, which is
actually universal in the two-end spintronic devices. More
precisely, Wolf et al.®” preferred to take chiral molecules as
spin polarizers rather than spin filters. Chiral molecules polar-
ize both transmitted and reflected electrons in the same direc-
tion, which depends on the structural chirality and electrons’
incident direction. And the magnitude of SP depends on the
local SOC in the CISS device. The spin polarizer theory provides
a new way to understand CISS, which rationalized the anom-
alous Hall effect driven by the CISS effect.?®*°

2.2. Theoretical calculations

Large atomic systems of helix structures and complex spatial
structures of organic molecules bring trouble to the theoretical
calculation, which leads to the slow development of the theo-
retical calculations related to the CISS effect. At present, most
of the theoretical calculations reported are based on density
functional theory (DFT) and first principles calculations, which
are used to verify the mechanism or to complement experi-
ments of the CISS effect. The calculation systems include
glycine,’®°" helicene,’” carbon helix,”*** polyaniline,®> methio-
nine (MET)*® and so on.

Based on theoretical calculations, Michaeli et a discov-
ered that the electron transmission of chiral structures is larger
than that of achiral structures. Fig. 2(a) displays the relation-
ship between tunneling transmission, SOC strength and
applied voltage. Fig. 2(b) shows the SP of chiral structures with
different lengths under applied bias voltage, which predicts
that SP is proportional to the molecular length. Volodymyr
et al.*® clearly demonstrated the influence of a helical structure
on the spin polarized transport properties using a molecular
junction model composed of Ni, Au and glycine, which com-
plemented the experimental results’®®” and promoted the
understanding of the connection between helical structures
and the CISS effect. In recent years, exchange interaction has
gradually attracted the attention of scholars in the field of
chirality.”** Dianat et al.®* used DFT to explore the influence of
exchange interaction on the interaction between helical molecules
and magnetic substrates, which showed the influence of exchange
interaction on and the important role of helical molecules in
magnetic response. From the photocurrent results of Fe,N/MET/
Fe,N magnetic tunnel junctions based on the first principles
quantum calculations,”® it can be found that by adjusting
the phonon energy and magnetization arrangement, R-MET

l. 13
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Fig. 2 Curves of (a) transmission and (b) SP as a function of applied voltage, where the color of the curves indicates the strength of SOC and the length
of chiral molecules in (a) and (b), respectively. Reproduced with permission.** Copyright 2016@©Royal Society of Chemistry.

molecules can output full spin polarized photocurrent with
different spin channels. In addition, since the conventional SOC
of atoms is not considered in the calculation method, this work is
strong evidence for the source diversity of the CISS effect, that is,
the spin-orbit correlation in chiral systems may not only be the
contribution of conventional SOC inherent in atoms, but also
include the contributions from electron correlation, SOC of
electrodes, molecular chirality, spin transfer torque and so on.

Chiral molecules can effectively filter spin polarized elec-
trons associated with metal contact and theoretical calculation
has become an important way to study the correlation between
chiral structures and electron spin. Based on the spin valve or
tunnel junction model, the current value or transmission
coefficient under bias voltage or light illumination is calculated
through quantum transport calculations, which is a classical
approach to estimate the CISS effect.

Recently, orbital texture has been shown to provide a
topological perspective for understanding chirality in chemical
and biological systems. Inspired by the chiral electronic struc-
ture of Weyl semimetals, Liu et al.®® studied the orbital texture
in the band structure, which is a topological feature caused by
chirality. Orbital texture refers to the parallel or antiparallel
relationship between orbital polarization L, and momentum,
which means that oppositely propagating electrons carry oppo-
site orbital polarization. Because L, is not a conserved quantity
in molecules, it can be flipped during the transmission pro-
cesses. Chiral molecules can polarize quantum orbitals in the
charge transfer processes. Orbital polarization occurs when
electrons are transferred from a chiral molecule to an inorganic
lead, where orbital polarization causes SP due to SOC. Simi-
larly, SP in the lead also causes orbital polarization due to the
presence of SOC. Electron tunneling is affected by the matching
relationship between the lead orbital polarization and the
chiral molecule’s orbital polarization, which results in chiral
magnetoresistance. Conductance calculations confirm the orbi-
tal polarization effect in chiral helices, which is robust for
temperature fluctuations and independent of the SOC from
chiral molecules. Orbital texture provides a novel method to
estimate the strength of the CISS effect in chiral materials.

2.3. Experimental techniques

Photoemission. Under light illumination, electrons that get
enough light energy will be excited from the object surface and

This journal is © The Royal Society of Chemistry 2023

become photoelectrons, directional movement of which can
generate a photocurrent. SP of the photoelectrons emitted from
a gold substrate is 20% (—22%) under left-handed (right-
handed) circularly polarized light, while zero under linearly
polarized light."® When the gold substrate covered with a chiral
film is irradiated with circularly polarized light, the intensity
signal of the photoelectrons is monitored.” When the polariza-
tion of light changes from CW to CCW, the intensity signal
changes significantly, indicating that the electron transport
through chiral materials is spin dependent.’ In addition, a
Mott polarimeter was used to observe the CISS effect in 2011.°
When electrons are scattered on the Au surface, the scattering
angle depends on two factors, namely, the electron spin and
incident angle. If the electron velocity direction (incident angle)
was controlled by an applied electric field, the scattering angle
distribution is only determined from the electron spin; this is
why a Mott polarimeter can be used to detect the CISS effect. As
shown in Fig. 3(a), linearly polarized light is used to illuminate
the gold substrate.'® Photoelectrons excited from the gold
substrate will pass through the chiral structures and impinge
on the polarization element, leading to a large angle scattering,
which only depends on the electron spin. When the signal
intensity of the two sides of the surface normal is different, it
indicates that the chiral structure has spin filtering ability,
which confirms the existence of the CISS effect.'”

Electricity. Conductive probe AFM is a powerful tool for
detecting the CISS effect. Fig. 3(b) shows the schematic diagram
of experimental measurement, where the two ends of a chiral
molecule are connected to Au and Ni.°® Under an external
magnetic field (permanent magnet), the magnetization
arrangement of ferromagnetic Ni films can be reversed from
‘up’ to ‘down’. Bias voltage is used to control the current
direction, which ensures that spin polarized electrons gener-
ated by Ni films can pass through chiral molecules. The CISS
effect can be verified from the current intensity in different
magnetic field directions, where high current corresponds to
the favorable spin of chirality and low intensity corresponds to
the unfavorable one.

Electrochemistry. A redox probe is an important tool for
detecting the CISS effect by electrochemical methods,
where the efficiency of electrons passing through chiral struc-
tures is measured from the degree of redox reaction. As shown
in Fig. 3(c), a permanent magnet is used to control the
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Fig. 3 (a) Experimental settings for verifying the spin filtering ability of ds-DNA by photoemission. Unpolarized photoelectrons are excited from the gold

substrate by linearly polarized light. Reproduced with permission.10 Copyright 2011@©American Association for the Advancement of Science. (b) AFM
experimental settings of the CISS effect. The Ni substrate is covered with monolayer DNA, which is absorbed by Au nanoparticles via mercaptan bonds.
Reproduced with permission.°® Copyright 2011©American Chemical Society. (c) Electrochemistry setup. The polymer is adsorbed on the Ni working
electrode, which is magnetized by an external magnetic field with the magnetic dipole pointing up or down. Reproduced with permission.®® Copyright
2015 © John Wiley and Sons. (d) Schematic diagram of a mixed monolayer of ds-DNA with associated fluorescent dye self-assembled on a gold-capped
multilayer ferromagnetic substrate having perpendicular magnetic anisotropy. Reproduced with permission.1°® Copyright 2017©American Chemical
Society. (e) Schematic structure of a GaN-based magnetless Hall device. Current flows between two electrodes and the Hall voltage is measured
between the transverse set of electrodes. Nanoparticles are attached to the substrate through chiral molecules adsorbed on top of the conductive
channel. Reproduced with permission. ! Copyright 2016 ©Springer Nature.

magnetization direction of the Ni working electrode, which
determines the spin direction injected into chiral structures.®
By controlling the electric potential of metal substrates, a cyclic
voltammetry curve is drawn to show the different transport
barriers of opposite spin states, where a high barrier corre-
sponds to the unfavorable spin and low barrier corresponds to
the favorable one.

Fluorescence signals. An applied magnetic field is used to
switch the spin direction of the ferromagnetic layer. Chiral
mixed monolayers of double-stranded DNA (ds-DNA) with
associated fluorescent dye self assembled on a gold-capped
multilayer ferromagnetic substrate with perpendicular mag-
netic anisotropy. Close contact ensures the charge transfer
between fluorescent dye molecules and ds-DNA. In order
to exclude the influence caused by photo-induced charge
separation and recombination in fluorescence molecules, the

1930 | Mater. Horiz., 2023, 10, 1924-1955

frequency and intensity of laser light were fixed. Under the
experimental conditions used by Abendroth et al., the degree of
fluorescence quenching depends on the electron transfer effi-
ciency from DNA molecules to metal substrates.'”® As the
applied magnetic field direction changes, the fluorescence
intensity shows significant differences, which can be attributed
to the enhanced or suppressed effects of ds-DNA during the
electron transfer process, as described using the CISS effect.
Hall probe device. When the applied magnetic field direc-
tion is perpendicular to the current direction, electrons and
holes gather in opposite directions in a semiconductor due to
the Lorentz force, resulting in a build-up potential. This phe-
nomenon is called the Hall effect, and the build-up potential is
called Hall voltage. A Hall device is a reliable method to detect
the CISS effect. In GaN-based magnetless Hall devices, constant
current flows between the two electrodes and Hall voltage is

This journal is © The Royal Society of Chemistry 2023
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measured between the transverse set of electrodes.'®!

Experi-
mental results showed that no Hall voltage was observed under
dark conditions, while it was detected when the CdSe nano-
particles were illuminated with a laser. Further analysis accord-
ing to the CISS effect shows that spin selective electron
transport occurs when the CdSe nanoparticles are excited,
which leads to spin dependent electron aggregation between
CdSe and substrates, generating an effective magnetic field
required by the Hall effect in the direction perpendicular to
constant current. Thus, the magnitude of Hall voltage is
proportional to the effective magnetic field caused by spin
accumulation, whose symbol reflects the type of spin states
(spin up or spin down).

In brief, there are many methods to measure spin selective
electron transfer, the basic principle of which is eqn (1).
Experiments aim to obtain signals that can reflect the number
of spins passing through chiral materials, which can be reified
as current, potential, magnetic field and even fluorescence
intensity in different measurement methods. In addition to
the several techniques detailed above, experiments using a
magneto-optical Kerr device'®® and a capacitance device'®
have also been reported to explore the CISS effect.

3. Spin polarized electron transfer
through chiral biomolecules

Organic molecules have attracted much attention in spintro-
nics due to their long spin relaxation time and relaxation
length. Dediu et al.® first reported that organic molecules can
act as spin dependent transport channels and Xiong et al.*
successfully designed the first organic spin valve. Light-induced
charge transfer from achiral donor QDs depends on the spin
and chirality of acceptor QDs.'®* Fe;O, nanoparticles coated
with chiral molecules effectively inhibited the formation of
hydrogen peroxide as a by-product during the water decom-
position experiment.'® Furthermore, many biomolecules have
chiral centers. The development of chiral drugs with high
efficiency and low toxicity has become a hotspot in drug
development and application.*®*?” Self assembled monolayers
of polyalanine peptides were used to simulate biofilms to
forecast the advantages of the CISS effect in life processes,
where the combination of chirality and spin is anticipated to
improve the accuracy of biometric identification.">"*® In con-
clusion, the CISS effect has not only driven the revolution in
spintronic devices, but also inspired a new round of exploration
of life and Earth. Most biological macromolecules, such as
nucleic acids, proteins and polysaccharides, exhibit chiral
characteristics and tend to exhibit right-, left- and right-
handed helices in the human body, respectively. Nature’s
preference to screen for one of the chiral enantiomers may
imply a unique advantage of chiral-spin coupling in life."?
Nevertheless, there are few reports analyzing and revealing
the link between electron transport and life sciences from the
perspective of biological system compatibility. This section
summarizes the reports on charge transport of chiral

This journal is © The Royal Society of Chemistry 2023
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biomolecules and discusses the advantages of chirality in the
origin of organisms and life processes.

3.1. Nucleic acids and polysaccharides

Nucleic acids can be divided into DNA, ribonucleic acid (RNA)
and peptide nucleic acid (PNA) in terms of composition, and
divided into single-stranded (ss) and ds in terms of structure,
where two ss-DNA with complementary bps can be hybridized
to form self-assembled ds-DNA. In 2004, Nogues et al.'®’
hybridized two ss-DNA with complementary bps to form self-
assembled ds-DNA between Au substrates and Au nano-
particles. From reproducible conductivity measurements, it
was found that at a bias voltage of +2 V, ss-DNA exhibited
insulating characteristics, whereas ds-DNA exhibited behaviors
similar to those of a wide band-gap semiconductor with a
current of 4 nA. This study demonstrates a significant differ-
ence in the conductivity of ss- and ds-DNA, meaning that ds-
DNA is more likely to transmit charge. Ray et al.''® and Guo
et al."'" proved from experimental and theoretical perspectives
that ds-DNA has strong spin filtering activity, while ss-DNA
almost has no spin polarized transport. Since then, the spin-
selective transport of DNA has been mainly focused on ds-DNA.

Gohler et al.'® used linearly or circularly polarized light with
a photon energy of 5.84 eV to excite photoelectrons under ultra-
high vacuum conditions, and used a Mott polarimeter to
measure the SP of photoelectrons transmitted from the Au
(111) substrate through self-assembled ds-DNA monolayers
with different bp lengths (Fig. 4(a)). It was found that the self-
assembled ds-DNA monolayer played a spin filtering role for
the photoelectrons escaping from the Au (111) substrate, and
the spin filtering ability increased with the increase in bp
length. Monolayer ds-DNA consisting of 78 bps has a high SP
up to 61%, proving the existence of spin polarized transport in
chiral materials. Xie et al.°® conducted research on spin selec-
tive electron conduction of ds-DNA molecules with ferromag-
netic substrates, the experimental setup of which is shown in
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Fig. 4 (a) SP of electrons traversing monolayer DNA, including ds-DNA
(filled circles), ss-DNA (open diamonds), damaged ds-DNA (open triangles)
and polycrystalline Au (111) substrates (open circles). Reproduced with
permission. 1 Copyright 2011©American Association for the Advancement
of Science. (b) Effective barrier for the three oligomers with different bp
lengths when the magnet is pointing up (red) or down (blue). Reproduced
with permission.®® Copyright 2011@©American Chemical Society.
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Fig. 3(b). The spin arrangement of Ni films was regulated by
adjusting the placement of the permanent magnet, and the
current carried by DNA was measured by AFM. The experiment
showed that the effective barrier of ds-DNA would be adjusted
according to the spin direction of electrons, as shown in
Fig. 4(b), which explores the high spin selectivity of single ds-
DNA at a molecular level and proves that the existence of spin
polarized transport does not depend on chiral monolayers,
making the construction of the theoretical model accurate for
a single ds-DNA helix and reducing the difficulty of exploring
spin polarized transport from a theoretical level.”® Zhao et al.**
proposed that the CISS effect of chiral organic molecules can be
studied from three perspectives, chiral structure, SOC and spin
dependent Anderson localization, and predicted the curve
linear relationship between SP, bp length and energy by estab-
lishing a theoretical model of ds-DNA. Although many experi-
ments have demonstrated that the spin polarized transport of
DNA is related to chirality, the underlying mechanism is still
unclear. In 2016, Zwang et al.®’ used electrochemical analysis
to study the CISS effect of ds-DNA under fluid conditions. At
high salt concentrations, CG-repeat sequences in the right-
handed B-form can be flipped into a left-handed zigzag
Z-form helix, both of which can be used as charge transfer
media. It was found that the switch between two secondary
structures (B- and D-) of ds-DNA can be used as the on-off
switch of spin channels (Fig. 5(a)), indicating that the spin
selective charge transport of ds-DNA depends on the secondary
helical structure rather than the isolated molecular chiral
center.
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Fig. 5 (a) Representative data for 30 bp methylated d(mCG);s. Data are
plotted as the difference in current for a reductive sweep when the
magnetic field is pointing up minus the current when the magnetic field
is pointing down. Reproduced with permission.®” Copyright 2016 © Amer-
ican Chemical Society. (b) Length dependence of the current measured for
ds-DNA at a bias voltage of 1 V. Slopes of the linear fits are in aratio of 3: 1.
(c) Histogram summary of SP for various lengths of ds-DNA at a bias
voltage of 2 V. Reproduced with permission.™*> Copyright 2020 ©American
Chemical Society.
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Early research methods on the charge transport of chiral
organic molecules are mainly divided into four types, which are
photochemical technology for solution environments, electro-
chemical methods for DNA attached to surfaces, organic mole-
cules as connecting medium and a photoemission method."*?
In 2017, Abendroth et al.'% creatively used fluorescence micro-
scopy to observe spin-dependent charge transport in self-
assembled ds-DNA monolayers on ferromagnetic substrates,
expanding the observation way of the CISS effect. In recent
years, the focus of research on spin selective charge transport of
DNA molecules has gradually shifted to the mechanism of CISS.
In 2015, Naaman and Waldeck proposed that CISS is a result of
the combined effect of SOC and chiral molecular dipole electric
field.** Salazar et al.''* believed that intermolecular tension
was the breakthrough to explain electron mobility and spin
selective transport in DNA molecules, and took SOC as a
function of the DNA structure and deduced the variation in
molecular kinetic energy and SOC in ds-DNA under longitudi-
nal compression or tensile strain through the Slater-Koster
model. The results indicate that longitudinal stretching can
enhance SOC and compression can weaken SOC, which is of
great significance for the investigation of the CISS effect in
DNA molecules, demonstrating that SP of electron transport
through chiral molecules may be regulated by applying strain.
In 2020, Mishra et al.''> measured the charge transfer and
SP induced by electric field of ds-DNA with different lengths,
which are shown in Fig. 5(b) and (c). In the length range
studied (4-12 nm), the SP of carriers is almost linearly
related to the DNA length, but the spin conduction of DNA
molecules is a nonlinear process. In addition, by fitting the
length of ds-DNA and current, it can be seen that the linear
fitting slope ratio is 3 : 1 when the magnet direction is opposite,
namely, the unfavorable spin decays three times faster than the
favorable one, which shows that due to the coupling of linear
momentum and spin, the transmission of favorable spin is
almost unaffected by backscattering. In addition, new progress
has also been made in the mechanism research from a theore-
tical perspective. Du et al''® found the enhanced effect of
electron-vibration interaction on CISS by introducing the Lang
and Firsov transformation based on the Hamiltonian of ds-
DNA, providing a feasible way to detect vibration-induced SP in
low-dimensional helices.

The DNA analogue, PNA, can be obtained by replacing the
sugar phosphate backbone with an amino acid backbone,
which can recognize and bind DNA or RNA sequences through
complementary bps to form stable double helix structures.
Mollers et al.''” researched the CISS effect of self-assembled
ds-PNA monolayers, finding that under polarized light illumi-
nation, PNA containing chiral centers exhibited spin filtering
characteristics with an SP of 24%, while the helical PNA with no
chiral centers had a small SP value of 12%, as shown in Fig. 6.
The results confirmed that the preferred carrier spin orienta-
tion was directly related to the helix handedness, and indicated
that the introduction of chiral centers could enhance the spin
filtering ability of double helices, which was consistent with the
discovery of spin selective transport in ds-DNA.°”

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 SP of photoelectrons transmitting through the left (M) and right (P) helices of (b), (d) PNA-PNA consisting of achiral monomers and (a), (e) yYPNA—-
PNA containing numerous chiral monomers. (c) Measurements on bare gold. Red, green, and blue represent measurements under excitation of CCW
circularly polarized, CW circularly polarized and linearly polarized light. Reprinted with permission.**” Copyright 2021©John Wiley and Sons.

Single wall carbon nanotubes (SWCNTS) are a spin filtration
material wrapped with a ss-DNA helix, as shown in Fig. 7(a). In
2015, Alam et al.’* experimentally reported the spin polarized
transport in SWCNTs wound by ss-DNA consisting of 30 alter-
nating G and T bases (d(GT);5s) for the first time. Ss-DNA
provides a chiral potential field and SWCNTs provide a charge
channel. A combination of these two overcomes the obstacles
in the study of the spin selective transport in ss-DNA due to
poor conductivity. According to the magnetoresistance
measurement, it was found that the hybrid system can be used
as a spin filter. The SP decays with an increase in temperature
or bias, which reaches saturation at 0.35 V and is close to 74%
at a low temperature of 12 K, as shown in Fig. 7(b) and (¢)."* In
order to study the universality of the CISS effect in ss-DNA
wrapped SWCNTs, Alam et al.''® used d(T)s;, as ss-DNA to
conduct experiments on the CISS effect by hybridizing
SWCNTs, where the magnetoresistance measurement indicates
that SP reaches 80% and retains the characteristics that decay
with the increasing temperature or bias. These two works
demonstrated the existence of spin selectivity in ss-DNA and
restarted the research on spin polarized transport of ss-DNA by
hybridizing with SWCNTs. Chiral potential induces a coupling
between carrier momentum and spin, based on which Rahman
et al."™® proposed the idea of regulating carrier spin through the
interaction between DNA and SWCNTs, and constructed a spin
filter composed of SWCNTs and ss-DNA, where the SWCNTs
were modified with ss-DNA sequences consisting of d(AC),5 and
d(CC);5, respectively. The results show that different DNA
sequences induce different degrees of SP, indicating that SP
of carriers in nanotubes can be adjusted by constructing
specific DNA sequences, which provides a feasible scheme for
the application of CISS effect, that is, SP of conductive materials
can be induced by the helical functionalization of specific bps.
In addition, magnetoresistance effects also appeared in the
hybrid system made up of SWCNTs and ss-DNA. Rahman

This journal is © The Royal Society of Chemistry 2023

et al.'*® used SWCNTs wrapped with d(AC);s to explore the
connection between magnetoresistance and the CISS effect,
and speculated that in a low temperature range, SP induced
by the CISS effect could increase the carrier localization
length by an order of magnitude, and then affect the
magnetoresistance.

Earlier studies on self-hybridizing ss-DNA have demon-
strated the stability of hairpin DNA at room temperature, which
can be used as molecular beacons to identify DNA molecules at
the base level.'*'"** However, the spin polarized charge trans-
port in hairpin DNA is still unclear. The CISS effect enables the
chiral helix to have spin filtering ability, which is enhanced
with the increasing number of spirals.'** Stemer et al.'* found
spin dependent and chiral selective electron scattering through
the photoemission process of chiral self-hybridizing ss-DNA
monofilms, where Hg”" binds specifically to the base T,
enabling exact control of the amount and location of Hg>" on
hairpin DNA helices. The spin selective charge emission of
ferromagnetic substrates modified with mercurized DNA
helices was measured under ultraviolet (UV) light. For the case
of hairpin DNA monolayers containing Hg>", charges with
different spin directions exhibited photoionization energy
dependent on the substrate magnetization, and for the case
without Hg>", charge emission in different spin directions
showed no difference (Fig. 7(f)-(i)). In addition, when the
increasing amount of Hg>* induces an inversion of the second-
ary structure of DNA helices, the spin selectivity will also
reverse."”

From the point of view of the primary structure, chiral
centers of both polysaccharides and DNA are located in the
monosaccharide components (usually glucose and deoxyri-
bose). Cellulose nanocrystals (CNCs) are composed of chiral
cellulose units that can self-assemble to form left-handed
helical laminas under dry conditions, where the arrangement
of the secondary structure varies with the applied magnetic or
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Fig. 7 (a) Schematic diagram of the composite structure of ss-DNA wrapped SWCNTs. Reproduced with permission.**® Copyright 2020@©American
Chemical Society. The polarization is considered as a function of the voltage (V) and temperature (7). The polarization of SWCNTs coated with d(GT);s as
a function of (b) V and (c) T. Reproduced with permission.! Copyright 2015©John Wiley and Sons. The polarization of SWCNTs coated with d(T)so as a
function of (d) V and (e) T. Reproduced with permission.**® Copyright 2017@Royal Society of Chemistry. (f) Schematic diagram of the structure of self-
hybridizing ss-DNA (DNA hairpins), where the increasing Hg?" results in a change in the chirality of hairpin DNA from right-handed helix (red) to left-
handed helix (green). Photoionization energies collected under field up (red) and down (blue) substrate saturation magnetization conditions for self
assembled monolayers of (g) OMM, (h) IMM and IMM + Hg?* and (i) 7MM + Hg?"; error bars represent the standard errors of the mean. Reproduced with

permission.*? Copyright 2020@American Chemical Society.

electric field (Fig. 8(a)). Hammam et al'*® believed that the
driving force for the changing secondary structure comes from
the electron spin, which emphasizes the importance of the CISS
effect in polysaccharides. The measurement results of Hall
resistance showed that 1,2,3,4-butanetetracarboxylic acid
enhanced the packing density of the helical structure of CNCs
(Fig. 8(d)), resulting in an increase in Hall resistance. In
addition, Hall resistances measured under different magnetic
field orientation conditions are different, which proves the CISS
effect of CNCs, as shown in Fig. 8(g) and (h).

3.2. Amino acids, oligopeptides and proteins

Gene expression is achieved through the synthesis of proteins
controlled by DNA, which are involved in almost all life
processes and considered to be the direct executor of life
activities. Studying the effect of spin on charge transport in
proteins or amino acids is the key to understanding charge
transport in life activities. The CISS effect was proposed based
on the transmission measurement of polarized and unpolar-
ized photoelectrons passing through 5 layers of r- or p-stearoyl

1934 | Mater. Horiz., 2023, 10,1924-1955

lysine films,” which stimulated the research studies on the
relationship between chirality and spin. Carmeli et al.**® used
the self-assembled monolayers of o r- or p-polyalanine polypep-
tides to simulate biofilms and found that adsorption converted
electric dipoles into magnetic dipoles, which made the poly-
alanine polypeptide films magnetic.

Mishra et al.'*® conducted spin dependent photoelectron
transport and electrochemical studies on purple films contain-
ing bR deposited on different substrates. The results (Fig. 9)
showed that purple films containing bR show spin selective
charge transport, where the SP is about 15%. In addition, the
CISS effect is a characteristic of a chiral system and indepen-
dent of the substrate, which may occur in biological systems
and play an important role in the high efficiency electron
transfer process of helical proteins. Photosystem I (PSI) exists
in plants and is one of the electron transfer systems for
photosynthesis. SP of electron transfer can be assessed by
controlling the orientation of PSI monolayers relative to the
Ag substrate. Experimental results show the spin selectivity of
PSI throughout the whole charge transfer path, which reaches

This journal is © The Royal Society of Chemistry 2023
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(a) Changes in the secondary structure of cellulose CNCs in an applied magnetic field. (b) and (c) Configuration scheme of the anomalous Hall

effect sensor. In (b), the cellulose CNCs are in the wet phase, so they are not arranged into chiral structures and have low resistance. In (c), cellulose CNCs
arrange into chiral structures when dried. (d) Hall resistance of cellulose CNCs. In the absence of an external magnetic field, the Hall resistance reaches its
maximum value around 48 h. (e), (f) Anomalous Hall effect sensor configuration schemes and (g), (h) Hall resistance measurement results of cellulose
CNC samples under vertical and in-plane magnetic fields. Reproduced with permission.*?° Copyright 2022 ©American Chemical Society.
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the peak value at 300 K and disappears below 150 K.
Carmeli et al.’®” proposed the conjecture that the chiral struc-
ture of protein complexes plays an important role in determin-
ing high spin selectivity and temperature dependence. These
two experiments demonstrated the existence of the CISS effect
in animal systems and botanical systems, verifying the possi-
bility of spin directed electron transfer in organisms. Since
then, most experiments have focused on the factors influencing
CISS, including light,>”*® environmental humidity,®® struc-
ture,">8°%113 bias'*® and temperature.'®>>°

Einati et al.”” studied the light-operated spin filtering of bR
and its D96N mutant, as shown in Fig. 10(a) and (b), which
shows that the spin filtering ability of the D96N mutant was
significantly reduced under light illumination, while that of
wild-type bR was not affected. This experiment proves that light
can regulate the degree of SP and provides a basis for studying
the relationship between the protein structure and spin filter-
ing ability. Based on the magnetic tunneling junction model,
Xu et al.’® explored the regulation of spin dependent transport
characteristics of chiral MET molecules by light and magnetic

(@)

—~
O
N

field. MET molecules can output fully spin polarized photo-
current with different spin channels by adjusting the photon
energy and magnetization arrangements, which can be used as
switches of the spin channel and photocurrent direction. When
the phonon energy is 4.5 eV, R- and S-MET molecules tend to
transport electrons with different spin directions, demonstrat-
ing the existence of the CISS effect.”® This work provides a
theoretical basis for understanding the magneto-optical cou-
pling of chiral molecules and life sciences, showing that the
spin transport process of amino acids can be modulated by
multiple fields, accompanied by a variety of switching effects
that control spin channels and the photocurrent direction.
Kettner et al.®® proposed a measurement method for charge
transport in oligopeptides at room temperature and established
the dependence of electron transfer and spin filtering ability on
the secondary helical structure, which shows that the CISS
effect is environmentally stable and insensitive to the spatial
environment (dry or wet). As shown in Fig. 11(a) and (b), the
CISS effect disappears when oligopeptides are denaturated. In
the length range studied (2-3 nm), SP of charge transport is
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Fig. 11 (a) Voltammograms of Ni electrodes coated with self assembled oligopeptide monolayers measured before (blue) and after (red) denaturation.
(b) Dependence of the absolute value of longitudinal SP on oligopeptide length. Reproduced with permission.8> Copyright 2015@American Chemical
Society. (c) Histogram summary of SP for various lengths of oligopeptides at a bias voltage of 2 V. Reproduced with permission.™™ Copyright

2020©American Chemical Society.
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at a bias voltage of 1 V. Reproduced with permission.®4 Copyright 2017@©AIP Publishing.

proportional to the length of oligopeptides, and the spin
filtering efficiency per unit length of oligopeptides is more
than twice that of DNA, meaning that the thickness of the spin
filter composed of oligopeptides is smaller.’® The dependence
of charge transport on oligopeptides’ structures was investi-
gated through magnetic conductive probe AFM.** Experimental
results show that the spin selectivity increases with the increase
in chiral length, which is consistent with the report that SP was
proportional to the length of oligopeptides, as shown in
Fig. 11(c).""® Spin filtering ability of oligopeptides can be
regulated by strain. When the tip loading force increases, the
chiral molecules tilt and the tunneling distance is shortened,
which leads to an increase in the current in chiral layers.** The
spin selectivity of oligopeptides decreased with the increase in
tip loading force, which is attributed to the increasing ratio of
spiral radius to pitch and the increasing tilt angle between the
molecular axis and surface normal (Fig. 12(c)). In addition,
research studies on the relationship between the CISS effect
and helical structure have also been reported based on DFT,
which indicate that magnetoresistance of a-helix glycine oligo-
peptides in molecular junctions is about 100-1000 times that of
B-chains, suggesting that the helical structure plays a key role in
enhancing SP associated with the CISS effect.”® The effect of
bias voltage on spin polarized electron transport was specu-
lated based on the effective model Hamiltonian and Landauer-
Biittiker formula."”® By calculating the conductance and SP of
a-helix peptides in contact with non-magnetic electrodes, it has
been found that the spin filtering efficiency can be improved by
appropriately adjusting the magnitude and direction of bias
voltage. When the bias voltage is 0, SP will increase mono-
tonically with the length of o-helix peptides, otherwise SP will
oscillate. It was found that the structure of oligopeptides is
highly dependent on temperature.'®’ Similar to the low-
temperature denaturation process of polypeptides, the o-helix
structure based on alanine and aminoisobutyric acid changes
to a linear structure at low temperature, which initiates a
rearrangement of hydrogen bonds and a reversal of electric
dipole moment orientation accompanied by a change of the
spin channel, opening a new possibility to control electron
spins in organic spintronic devices.'""

This journal is © The Royal Society of Chemistry 2023

Similar to the idea of ss-DNA hybrid SWCNTs, hybrid chiral-
achiral materials have also been reported in the field of amino
acid molecules. Michaeli et al.*® applied optics and spintronics
to a hybrid system composed of organic molecules and semi-
conductor nanoparticles, and compared the photoinduced
charge transfer process of chiral polyalanine and achiral hex-
adecane dithiol adsorbed on the Au substrate. The experi-
mental setup is shown in Fig. 13(a), where the self-assembled
organic monolayer is adsorbed on the Au electrode, and CdSe
nanoparticles are attached to the top of organic monolayer. A
Kelvin probe is used to measure the work function variation of
organic molecules, results of which show that ACPD of chiral
polyalanine is an order of magnitude larger than that of achiral
hexadecane dithiol. ACPD is positive in the case of chiral
polyalanine, indicating that hole transfer is more efficient than
electron transfer during the transport via polyalanine. Mondal
et al.”® followed the idea of a hybrid system of organic mole-
cules and CdSe nanoparticles, and replaced the Au substrate
with Co and explored the spin dependent photoinduced charge
transfer process of hybrid oligopeptide-CdSe deposited on a
ferromagnetic substrate by electrochemical and photolumines-
cence methods. Under the illumination with a green laser at a
wavelength of 514 nm, the current passing through chiral layers
changes with the magnetic orientation, where the illumination
results in the reversal of the SP and decrease in the absolute
value, as shown in Fig. 13(c)-(e). The experiments show that the
photoluminescence intensity of nanoparticles can be con-
trolled by adjusting the magnetization direction of the sub-
strate and the photosource can be used as a switch for the spin
channel. In electrochemical cells, the combination of CISS and
durable luminescent materials shows unique advantages in the
sensing of arginine enantiomers, and opens up a new way for
enantiomer selective sensing. Zhang et al.**° designed a ternary
structure composed of inorganic durable luminescent Pr**:Ca-
TiO; with Ag nanoparticles coated with cysteine molecules, as
shown in Fig. 13(f), where the electrons in Pr*":CaTiO; will be
transferred to Ag nanoparticles through the heterostructure,
and then captured by cysteine molecules. UV illumination
promoted the electron transport in this study and fast selective
sensing of enantiomers was achieved based on the CISS
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to the substrate under light excited (middle figure), the measured work function decreases, otherwise (right figure), the work function increases. (b)
Changes in the work function of chiral polyalanine and achiral hexadecane dithiol. Reproduced with permission.t* Copyright 2016@Royal Society of
Chemistry. Spin dependent cyclic voltammograms of (c) Ala8 monolayers adsorbed on ferromagnetic substrates and Ala8-CdSe hybrid structures under
(d) dark and (e) light conditions. Reproduced with permission.2® Copyright 2016@American Chemical Society. (f) Enantiospecific interaction between the
Pri*:CaTiOs@Ag@L-cysteine surface and chiral arginine due to the CISS effect. Reproduced with permission.**® Copyright 2019©Royal Society of

Chemistry.

effect.** Besides binding to nanoparticles, chiral amino acids
can also be hybridized with molecular wires to investigate the
conduction of spin polarized currents in achiral structures.
Measurements of spin polarized current generated by tunnel-
ing of right-handed helical proline oligopeptides based on
conducting atomic force microscopy with magnetic tips and
spin Hall devices indicate that spin polarized currents can be
well maintained in achiral molecular wires, where the current
density can be modulated by changing the length of conjugated
components.'*' As shown in Fig. 14(d)-(f), on increasing the
length of PZn,, molecular wire, spin selectivity of ProgPZn, and

Potential (V)

Fig. 14

difference in the effective barrier for opposite spin states both
increase, indicating that chiral structures are not necessary for
spin current conduction and polarized current generated by the
CISS effect can further propagate in achiral structures.
Aragonés et al'* measured the spin filtering ability of
single chiral peptides for the first time, making spin dependent
electron transport accurate at a molecular level. The direction
of electron transport was controlled by the applied bias
voltage, which ensures that electrons are transferred from the
Ni tip to the Au electrode, as shown in Fig. 15(a). Conductance
is proportional to the electron transmission and higher

(b) .

Pro,PZn,

G — —r—TT1T—T—7—71-8
0 1 2 -2 -1 0 1 2
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(@) Structures of ProgPZn, molecules. (b) Schematic diagram of the experimental setup for magnetic conductive AFM measurements. /-V

responses of (c) Prog, (d) ProgPZny, (e) ProgPZn, and (f) ProgPZns, where blue and red represent different magnetic field orientations. Reproduced with

permission.*! Copyright 2019©American Chemical Society.
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Fig. 15 (a) Semilog conductance histograms of right-handed and left-handed peptides when the magnetic polarization of the Ni tip is up and down,
where the insets show representative current versus pulling traces used to construct the conductance histograms. Reproduced with permission.**
Copyright 2016@©John Wiley and Sons. (b) Adsorption of polyalanine oligopeptides on ferromagnetic substrates, where the magnetic dipole points up
(H+) or down (H-) relative to the substrate surface. SiO, nanoparticles were attached to the adsorbed oligopeptides. (c) Adsorption density of SiO,
nanoparticles under different conditions, and the double arrows represent error bars. Reproduced with permission.*2 Copyright 2018@©American

Association for the Advancement of Science.

conductance corresponds to the preferred spin direction of
chiral peptides. When the magnetic polarization of the Ni tip
is down, the conductance of the p-peptide is larger, while when
the magnetic polarization is up, the conductance of r-peptide
is larger, indicating that magnetic orientation affects the
charge transport process of peptide molecules, two enantio-
mers of which have opposite spin preference. Similarly, most
studies'>?>2¢9819 gp the systems made up of chiral molecules
and ferromagnetic substrates have confirmed that the magnetic
direction of substrates affects the spin polarized transport
through chiral molecules. But the interaction between chiral
molecules and ferromagnetic substrates is not definite, which
may have important applications in enantiomer recognition
and separation. Banerjee-Ghosh et al."** proved experimentally
the interaction between chirality and vertical magnetized sub-
strates which is not controlled by magnetic field, but by the
electron spin direction. The number of SiO, nanoparticles
attached to chiral polyalanine oligomers is taken as a marker

This journal is © The Royal Society of Chemistry 2023

of the adsorption density per monolayer, as shown in Fig. 15(b)
and (c). According to scanning electron microscopy, the particle
concentrations of - and p-polyalanine on magnetic substrates
with different magnetic directions are complementary, while
those of 1- and p-polyalanine on non-magnetic substrates
exhibit no enantioselectivity. Ghosh et al.**® further studied
the enantioselective interactions between ferromagnetic sub-
strates and chiral molecules using Kelvin probes, and found
that electron transport from an electrode to chiral molecules
depends on the magnetic direction of the ferromagnet and
molecular chirality through the spin related contact potential
difference. Enantioselective interaction between a ferromag-
netic substrate and chirality depends on the magnetization
intensity, magnetization direction, molecular chirality and
thickness of the substrate.

In recent years, the research direction on the CISS effect of
amino acids has gradually shifted from exploring the basic
transport properties to using the spin filtering ability to

Mater. Horiz., 2023,10,1924-1955 | 1939


https://doi.org/10.1039/d3mh00024a

Published on 15 March 2023. Downloaded by Y unnan University on 8/14/2025 3:00:07 PM.

Materials Horizons

manufacture spintronic devices,'®"% 3% 13>
ciency of electrochemical reactions
tron transfer in semiconductors.'*®

improving the effi-

136137 and promoting elec-

3.3. Spin, chirality and life science

Efficient charge transfer is one of the important functions of
living systems.'®® Electron transfer experiments in bR'*® and
PSI'*” have verified the existence of CISS in animal and
botanical systems. The correspondence between chirality
and spin transfer provides the possibility of spin-guided elec-
tron transport in biomolecules, which plays an important role
in redox reactions in biological systems and enantiomer spe-
cific recognition of chiral molecules,*>'*® becoming one of the
main research directions of biophysics to explore electron
transport related to CISS in organisms. Multiheme cytochromes
are located on the surface of bacterial cells and are a long-
distance electron transport channel connecting the inside and
outside of cells, enabling microorganisms to obtain energy
from redox minerals.’*! Using magnetic conducting probe
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AFM (Fig. 16(a)), Mishra et al."*' found that electron transport
through the extracellular conduits shows spin selectivity, and
the SP of MtrF and OmcA was up to 37% and 63%, as shown in
Fig. 16(b).

The net magnetic moment generated by spin is one of the
sources of magnetism. Magnetic induction links magnetic
fields to organisms. Different living things can sense different
magnetic signals, including the angle, polarity and intensity.
The phenomenon of birds, fish and turtles'** using the geo-
magnetic field to sense the direction for migration and naviga-
tion has attracted the attention of scientists. Research studies
that attempt to explain magnetic induction have been reported
from the perspective of the CISS effect.”>'** Banerjee-Ghosh
et al.*®® reported that the interaction between chiral molecules
and magnetic substrates is controlled by electron spin. To verify
its universality in nature, selective adsorption of ds-DNA enan-
tiomers has been studied. A fluorochrome was attached to
ds-DNA. By measuring the fluorescence intensity of the Ni
substrate at different adsorption times and in different
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Fig. 16 (a) Scheme of the spin dependent conduction study measurement. (b) SP of MtrF and OmcA (two cytochromes) at different bias voltages.

Reproduced with permission.*** Copyright 2019©American Chemical Society. When the magnetic dipole of the substrate is pointing up (blue) or down
(red), (c) fluorescence spectrum of ds-DNA adsorbed on a ferromagnetic substrate and (d) time dependence of the adsorption process. Reproduced with
permission.**? Copyright 2018 ©American Association for the Advancement of Science. Chronoamperometric studies of the electropolymerization of (e)
S.S- and (f) R,R-EDOT using a ferromagnetic working electrode under the application of a north (red) and south (blue) magnetic field. Reproduced with
permission.*** Copyright 2020@©American Chemical Society. Interaction between two helices with the (g) same and (h) opposite handedness.
Reproduced with permission.* Copyright 2016 © Royal Society of Chemistry.
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magnetic field directions, it was found that the substrate is
more likely to bind to ds-DNA when the magnetic dipole
direction is upward (Fig. 16(c) and (d)). Considering the experi-
ment of self-assembled monofilms of polyalanine simulating
biofilms, the adsorption converts the electric dipole to a
magnetic dipole, which contributes to the magnetism of poly-
alanine films. Based on this, the disruptive view that biofilms
may be magnetic was proposed.’®® Intracellular membrane
structures, such as the nuclear membrane, endoplasmic reti-
culum and Golgi apparatus, play important roles in the recog-
nition and transport of nucleic acids and proteins. If magnetic
biofilms and spin selective adsorption between magnetic sub-
strates and chiral enantiomers both exist, chiralilty- and spin-
controlled enantiomer selective recognition and binding may
be one of the mechanisms of macromolecular transport and
protein synthesis in organisms. Fig. 16(e) and (f) shows the
Ampere curve measured during the polymerization of chiral
organic molecules on a ferromagnetic electrode, where the
colors red and blue represent opposite electrode magnetization
directions."** The change in current density over time can be
divided into three processes. First, the current decreases due to
the initial oxidation of monomers, and then the current
increases with the increase in the oxidized monomers’ concen-
tration. Oligomers appear on the electrode surface as nuclea-
tion sites for the continuous growth of polymers. The slope of
the current is proportional to the polymerization rate. Finally,
polymer growth is restricted and the current reaches saturation.
It can be seen that chirality and magnetization direction
determine the rate of polymerization reaction, where the aggre-
gation of S,S-diphenyl-3,4-ethylenedioxythiophene (EDOT) is
faster under the application of a north magnetic field and
R,R-EDOT aggregates faster under the application of a south
magnetic field, suggesting that chiral molecular aggregation is
affected by the magnetic field direction and verifying the
corresponding relation between magnetism and chirality."**
The origin of life and chirality is a key topic in biophysics,
which means the unification of physics and biology. The
biological recognition process is an important part of biological
processes. Michaeli et al.™® proposed a recognition mechanism
based on the CISS effect, which can enhance the interaction
intensity between molecules with the same chirality. When the
molecules are close enough, the electron clouds will overlap
adequately so that the exchange interactions between mole-
cules cannot be ignored. Here, we consider the electron cloud
overlapping between two chiral helices. The SP of electron
clouds in the overlapping region is antiparallel if the two
helices have the same chirality, and parallel if the chirality is
opposite. The interactions at the ends of chiral helices are
analogous to those of hydrogen molecules containing two
electrons, where each electron is bound to a proton. The
electrons are degenerate when they are far enough apart, and
are in the lowest energy level of hydrogen atoms. But when the
electrons get close to each other, the Coulomb interactions
make them to be non-degenerate states. According to the Pauli
exclusion principle and indistinguishability of identical parti-
cles, electrons with opposite spin can transition between

This journal is © The Royal Society of Chemistry 2023
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protons, which reduces the system energy by reducing the
kinetic energy. Electrons with the same spin cannot transition
between protons, so the system energy is relatively higher.
Therefore, it can be inferred that helices with the same chirality
are more conducive to the transport of electrons and lowering
of system energy, which means that the same chiral molecules
are more likely to connect into polymers. In organisms, the
formation of polypeptides or nucleic acids depends on the
aggregation of amino acids or nucleotides with the same
chirality, which is consistent with the above deduction.

4. Chiral properties of hybrid organic
inorganic perovskites

Chiral HOIPs were first reported by Billing et al. in 2003, in
which the optical properties of traditional perovskites are
combined with the spin selectivity of chiral materials.'*>**®
Compared with biological macromolecules and inorganic QDs,
chiral HOIPs have the advantages of adjustable band gaps,
superior photoelectric performance and high spin selectivity.**
HOIPs can be arranged into frames of different spatial dimen-
sions by sharing halides in inorganic octahedra. By changing
the layer number and chemical composition of metal halides,
optical and electrical properties of two-dimensional (2D) HOIPs
can be adjusted, which is beneficial in photoelectronic
applications.™*®

4.1. Mechanism of chiral transfer

The mechanism of chiral transfer from chiral organic mole-
cules to achiral inorganic components is an interesting topic in
the field of HOIPs. To maximize the role of chiral HOIPs in spin
dependent quantum transport, the origin and transfer mecha-
nism of chiral activity must be clarified. At present, four
phenomena have been shown to be related to chiral transfer
in hybrid systems.*°

Chiral surface distortion induced by chiral molecules. From
the perspective of adsorption of chiral organic molecules on
achiral inorganic surfaces, it can be considered that the struc-
tural distortion of inorganic surfaces is an effective way of
chiral transfer. It was found that penicillamine'*® and chiral
thiols'*° could strongly distort the surface of CdX (X =S, Se and
Te) nanocrystals, transmitting chiral structures to the nano-
crystal surface and associated electronic states, which success-
fully proved that chiral surface distortion can induce chiral
activity in hybrid materials. In 2017, chiral distortion mediated
by the interaction of chiral organic molecules and inorganic
materials was first observed in chiral HOIPs. The CsPb(I/Br);
perovskite nanocrystals modified with chiral ligands showed
obvious chiral activity in circular dichroism (CD) spectra,
which remained unchanged even after the removal of chiral
molecules.'”!

Chiral crystallization mediated by chiral molecules. Ben-
Moshe et al.'®> proposed the concept of enantioselective
chemistry based on the transformation of HgS from an achiral
phase to a chiral phase, showing that chiral activity is mainly
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contributed by chiral crystal structures. Ahn et a
MBA and S-MBA molecules into a layered lead iodide frame-
work to obtain chiral HOIP crystal films, which exhibit the
chiral space group of P2,2,2;. However, when using racemic
MBA for crystal preparation, the resulting (rac-MBA),Pbl, per-
ovskite has the inversion and mirror plane symmetry element
of the achiral space group P2,/a, which does not exhibit any
chiral optical activity in the CD spectrum.

Supramolecular chiral self-assembly. Chiral ingredients on
inorganic nanoparticle surfaces and amino acids lead to
enantioselective interactions at interfaces, which in turn leads
to the formation of highly distorted chiral helical
morphology.”®* In 2018, through the supramolecular self-
assembly method, Shi et al. found that achiral perovskite
nanocrystals could coassemble with a chiral gelator, through
which a new type of perovskite nanocrystal with circularly
polarized luminescence was successfully prepared.'>

Electronic interactions between chiral molecules and achiral
frameworks. Coulomb dipole-dipole interaction can be used to
transfer chirality from organic molecules to achiral inorganic
frameworks."*® By studying the photoelectric behavior of quasi
2D HOIP crystals with different organic spacer cations, it is
found that the large © bond of the organic spacer plays a key
role in the chiral transfer process, which can change the
electronic configuration of the synthesized crystal through
the coupling effect between the m-electron and p-orbital of
iodide in the inorganic framework. This indicates that through
the fine control of the electronic interaction between chiral
organic molecules and achiral inorganic frameworks, it is
possible to elucidate the origin of chiral transfer in HOIP
systems.®” By regulating the interaction of & electrons in chiral
organic spacer cations, Ma et al.'*® systematically studied the
influence of electronic interactions between chiral organic
spacer cations and inorganic frameworks on the chiral activity
of 2D HOIPs. The space of the templates with different nano-
pore sizes limits the growth of chiral HOIPs, which enables the
precise control of the micro-strain in the 2D nanocrystals. The
study indicates that chiral activity is influenced more by asym-
metric hydrogen-bonding interaction between MBA and inor-
ganic frameworks than the structural distortions of inorganic
components, which plays an important role in promoting the
chiral activity of HOIPs. Wang et al.*>® successfully synthesized
six kinds of chiral antimony halide hybrids including four 0D
edge-shared structures and two 1D corner-shared structures.
Structural analysis shows that the organic ammonium cation
distorts the antimony halide octahedron through asymmetric
hydrogen-bonding interaction, transferring the chirality from
organic sublattices to inorganic sublattices. The optical activity
of chiral antimony halide hybrids is related to organic cations
and structural dimensions, which can be understood through
exciton coupling of dipole-dipole interactions. Controlling the
electronic interaction between chiral organic molecules and
inorganic frameworks becomes a key factor in designing high
performance spin polarized optoelectronic devices.

Additionally, the chiral transfer mechanism was found to be
strongly dependent on the number of chiral ligands."” When
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excess diaminocyclohexane is used to cover the surface of
nanocrystals, chirality of perovskites is mainly caused by dia-
minocyclohexane gathering on the surface in a chiral pattern.
In contrast, when the amount of diaminocyclohexane is low,
the chiral characteristics are mainly caused by surface distor-
tion and electron interaction. In conclusion, the origin and
mechanism of chiral transfer in chiral perovskites largely
depend on the crystal structure and synthesis method, which
is very important for designing new chiral perovskites and
improving the performance of corresponding photoelectric
devices.”®

4.2. Chiral optical behaviors

The photoluminescence response of CH3;NH;PbI; ,Cl, films
was first explored, and the results are shown in Fig. 17(a) and
(b).*®° The SP varies linearly with the magnetic field at a sample
temperature of 18 K and decreases with an increase in sample
temperature when the magnetic field is constant. Based on the
structure of K,NiF,, 2D HOIPs were obtained by replacing K*
with ammonium cations. When the number of inorganic layers
was more than 1, quasi 2D chiral HOIPs evolved.'®" In 2018,
Long et al.*® achieved spin polarized photoluminescence char-
acteristics in quasi 2D HOIPs through chirality transfer and
energy funneling, as shown in Fig. 16(c)-(e). Chiral CD spectra
show that low-dimensional perovskites have spin polarized
photon absorption properties. In addition, due to the different
emission rates of g+ and ¢— polarization photoluminescence, a
3% SP photoluminescence can be observed even in the absence
of an applied magnetic field. However, the spin polarized
photoluminescence can only be achieved under an external
magnetic field of 5 T for 3D achiral perovskites. SP varies
linearly with the magnetic field intensity when the sample
temperature is constant. In 2019, photoluminescence of 2D
(R,S-methylbenzylamine),Pbl, ((R,S-MBA),Pbl,) was reported,
with an average SP of 9.6% and 10.1% for R- and S-type,
respectively.'® As shown in Fig. 17(f), the absolute value of
SP of circularly polarized photoluminescence decreases with an
increase in temperature. Kim et al.'®® investigated the effect of
temperature on photoluminescence of (R,S-MBA),Pbl, films,
results of which were consistent with the reported
conclusions,'® as shown in Fig. 17(g). Long et al.'®* obtained
all-dielectric perovskite metasurfaces from a planar nanostruc-
ture and found a spectral correspondence between the near-
and far-field chirality. By adjusting the electric and magnetic
multipole moments of resonant chiral supramolecules, a CD of
6350 mdeg and an anisotropy coefficient of up to 0.49 can be
achieved. In addition, larger areas of metasurfaces can produce
higher optical activity, which is close to the theoretical limit. In
2022, Ye et al.*® studied the novel type-II core-shell nanocrys-
tals, peripheral shells of which are composed of chiral perovs-
kites and the central core is composed of 3D achiral MAPbBrs;.
As shown in Fig. 18, there is spin dependent charge transport
between the shell and core, which results in the spin polarized
luminescence behavior of the combined type-II core-shell
nanocrystals in the first excitation band of MAPbBr;. This study
provides evidence for the control of the CISS effect in type-II

This journal is © The Royal Society of Chemistry 2023
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Fig. 17 Circular polarization, P, of CHsNHzPbls_xCly hybrid perovskites as a function of (a) applied magnetic field and (b) sample temperature.
Reproduced with permission.?®° Copyright 2015@©Springer Nature. Degree of photoluminescence polarization for (c) racemic- (d) R- and (e) - reduced-
dimensional chiral perovskites as the applied magnetic field varies from —7 T to 7 T. Reproduced with permission.2® Copyright 2018© Springer Nature. (f)
Degree of circularly polarized photoluminescence polarization as a function of temperature of two microplates for each type chiral (MBA),Pbl,
perovskites. Reproduced with permission.'®? Copyright 2019@American Chemical Society. (g) Temperature-dependent absolute average values of
polarized photoluminescence polarization in light-emitting diodes based on (S-MBA),Pbl,/CsPbls CNCs. Reproduced with permission.’®®* Copyright

2021©American Association for the Advancement of Science.

Left-handed CPL Right-handed CPL

Fig. 18 Schematic illustration of spin polarized electron generation for circularly polarized luminescence in the core—shell nanocrystals. Reproduced

with permission.®> Copyright 2022©American Chemical Society.

core-shell nanocrystals and electron-hole recombination in
the core, where the preferred spin state of transferred electrons
is determined from the chiral shell. At room temperature,
the photoluminescence quantum yield of type-II core-shell

This journal is © The Royal Society of Chemistry 2023

nanocrystal films is up to 54%. Additionally, nontoxic block-
like (R,S-NEA),CuCl, and needle-like (R,S-CYHEA)sCu;Cl;, sin-
gle crystals were synthesized in 2023, exhibiting chiral CD
signals.'®®
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4.3. Spin selective electron transfer

Strong SOC, long spin relaxation time, tunable Rashba splitting
and chirality lead to highly spin-dependent properties resulting
from the CISS effect, which is mainly reflected in two physical
processes in HOIPs, including the magneto-optical Kerr effect
and spin dependent charge transport processes. Magneto-
optical detection results based on 2D HOIPs are shown in
Fig. 19(a)-(c).'®> Under light illumination, the Kerr signal of
achiral samples does not change significantly, but decreases
and increases under S-HOIP/NiFe and R-HOIP/NiFe conditions,
respectively. When the magnetic field reverses, the Kerr signal
also reverses, suggesting that chirality dependent spin polar-
ized photocurrents are generated in chiral HOIPs under photo-
excitation, which can be regulated by an external magnetic
field. In 2023, based on the time-resolved magneto-optical Kerr
effect and 2D HOIPs, Kim et al.'®” investigated the transient
spin current generated by chiral phonons in adjacent non-
magnetic conductors. The phase and magnitude of the spin
current are strongly dependent on the chirality and external
magnetic field, which means that the electron spin-phonon
coupling at the interface is driven by a thermal gradient.
Charge transport in 2D chiral lead iodide perovskites was
investigated using magnetic conductive probe AFM, from
which it was found that hybrid system exhibits spin selective
effects caused by the spin polarized tunneling barrier of organic
components.*® Fig. 19(d) shows the CD spectra of R,S-HOIP
films, where the peaks with opposite symbols indicate different
preferences of chiral HOIPs for circularly polarized light.*?

View Article Online

Review

High energy CD signals are derived from the optical activity
of organic molecules, while low energy CD response is derived
from the induced optical activity of inorganic frames, which
provides direct evidence for the induced chirality of inorganic
components. When the carriers pass through a film with a
thickness of 50 nm, they cross 36 chiral potentials composed of
organic-inorganic layers, where the maximum SP is up to 86%,
indicating that multiple chiral tunneling processes can
improve the efficiency of spin selectivity. In addition, this
experiment verifies the weak dependence of SP on film thick-
ness, indicating that spin selectivity saturates in a few tunnel-
ing processes and thicker films cannot induce higher SP.
Although the spin filtering ability of (R,S-MBA),Pbl, has
been demonstrated, the hazards of lead to the human body
and environment limit the application of lead based perovs-
kites. Lu et al'®® studied the vertical electronic transport
through (R,S-MBA),Snl, perovskites (50-60 nm), which are
shown in Fig. 20(a) and (b). Compared to (S-MBA),Snl,, the
current in (R-MBA),Snl, is larger when the magnetization
direction is upward and smaller when the magnetization
direction is downward. Under a bias voltage of —1 V, the SP
of (R-MBA),Snl, and (S-MBA),Snl, perovskites is 94% and
—93%, respectively, which is the same as that of lead based
perovskites. In addition to the toxicity of cations within an
inorganic framework, the stability of anions has also attracted
much attention. The inherent oxidation tendency of I" brings
hidden dangers to the stability and useful life of electronic
devices. Lu et al.**® synthesized 1D chiral (R,S-MBA)PbBr; by a
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Fig. 19 The change in Kerr signals for (a) S-HOIP/NiFe, (b) achiral-HOIP/N

Bials (V) Bials (V)

iFe and (c) R-HOIP/NiFe under photoexcitation, when the samples are placed

in an out-of-plane magnetic field. Reproduced with permission. 192 Copyright 2020@©American Chemical Society. (d) CD spectra display derivative
features at 200 to 600 nm, where (R-MBA),Pbl, and (S-MBA),Pbl, exhibit opposite signs. The room-temperature /-V curves of (e) (R-MBA),Pbl, and (f)

(S-MBA),Pbl, obtained by magnetic conductive probe AFM, where the tip i

s magnetized in the north (blue) and south (red), and nonmagnetized (black).

Reproduced with permission.®* Copyright 2019@American Association for the Advancement of Science.

1944 | Mater. Horiz., 2023, 10, 1924-1955

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00024a

Published on 15 March 2023. Downloaded by Y unnan University on 8/14/2025 3:00:07 PM.

Review

View Article Online

Materials Horizons

(MBA),Snl,

T 40F T T T T T

20_% P~ 94% (a)/ ol §P~—93% (b) |
ol

1

1

1

I —

1€ g

1g 8

13 (R-MBA),Snl, -§ (S-MBA),snl, 7|

1 - T!pw - Tipup =

I — Tip down — Tip,,,,.
-60L_1 1 1 1 1 eokli 1 1 1 1

1 10 -05 00 05 10 1.0 -05 00 05 1.0

1 Bias (V) Bias (V)

Perovskite nanocrystals
5

2|  (s-MBA)PbBr, (d)

Current (nA)
o

Current (nA)
o

q

N
'

N

2 ]

0 0
Bias (V) Bias (V)

(MBA)PbB,

|
1
—LCP R-MBA:Br PNC —1LcP S-MBABr PNCs
——RCP ( I ) renes ——RCP ( m ) 1
16F 4} |
1.2F 3l 1
0.8 3 !
8+ - ol
- I
04} 1 1
o0 . . . 0 ; ’ . !
10 11 12 13 14 10 1" 12 13 141
Time (s) Time (s) 1
1
|
1month (@ 1month (f !
2 _ 2}

: / : I
£ s I
g0 = 1| e — i

3 // (R-MBA)PbBr, b (S-MBA)PbBr;
o o —_—i 1

—Tip,, iPyp
-2 -2r 1
2 0 2 !
-2 0 2 - )

Bias (V) Bias (V) |

I = = = e e o Em o e e e E o e E e o o Em e e e e o o e e o e e ]

(R-MBA),CuCl, 41 (S-MBA),CuCl,

N

(h)
=

Current (nA)
o
Current (nA)
o

2 2
/
4 4
4 0 4 4 4
Bias (V) Biag (V)
4 4
(R-MBA),CuBr, (S-MBA),CuBr, ]

N
N

Spin polarization
p
M, ) (K)

’

%20
SN 1.0}
\\Oé Mb\\.

N 2 | Bt ot N
7
Lt 0.6 —— (R-MBA),CuCl,
. %‘ X 04l —— (S-MBA),CuCl,
PR

—— (R-MBA),CuBr,

] (') g (J) ‘@ 0.2

i B o

g 2 —Trfgp g = / _I:i" ’ 0.0 _4 ._2:2 i

, Bias (V)
-4 -4
-4 0 4 -4 0 4
Bias (V) Bias (V)
e o o e o o mm Ee E e Em o o Ee Em e EE EE Em e EE EE EE R EE E e EE EE e mE M e e mE e e E e e me e me Em 1

Fig. 20 /-V curves of (a) (R-MBA),Snl4 and (b) (S-MBA),Snl, films obtained by magnetic conductive probe AFM at room temperature. Reproduced with
permission.®® Copyright 2020@American Chemical Society. /-V curves of (c) (R-MBA)PbBrs and (d) (S-MBA)PbBrs films. (e), (f) Stability test of chiral
(MBA)PbBrs3 films. Spin-dependent charge transport of (e) (R-MBA)PbBr3 and (f) (S-MBA)PbBrs films obtained after 1 month using magnetic conductive
probe AFM, where the probe is magnetized in the up (blue) and down (red) directions. Reproduced with permission. *® Copyright 2020@©John Wiley and
Sons. The -V curves of (g) (R-MBA),CuCly, (h) (S-MBA),CuCly, (i) (R-MBA),CuBr4 and (j) (S-MBA),CuBr,4 films at room temperature when the probe is
magnetized in the upward (blue) and downward (red) directions. Bias dependent SP of (k) (R/S-MBA),CuX4 (X = Br, Cl) films. Reproduced with
permission.”® Copyright 2021@©John Wiley and Sons. Time dependent photocurrent variations of circularly polarized light detectors based on (1) R- and
(m) S-perovskite CNC/SWCNT heterojunctions. Reproduced with permission.’”* Copyright 2022@©John Wiley and Sons.

cooling crystallization method. Compared with 2D (R,S-MBA),-
Pbl,, (R,S-MBA)PbBr; has higher stability and durability to
oxygen, humidity and temperature. The measurement results
of magnetic conductive probe AFM are shown in Fig. 20(c)-(f)."*
The spin filtering efficiency of (R,S-MBA)PbBr; is up to 90%,
which shows no significant attenuation after 1 month, proving
the great spin filtering ability of highly stable hybrid perovskites
and providing an important support for expanding the applica-
tion range of spintronic devices. Chiral (R,S-MBA),CuX, (X = Cl
and Br) combines the low toxicity of Cu*" with the stability of
Cl” and Br, and is a kind of environmental friendly and stable

This journal is © The Royal Society of Chemistry 2023

material. Experimental charge transport results of (R,S-
MBA),CuX, (X = Cl, Br) are shown in Fig. 20(g)-(k)."”° The R-
Type perovskite tends to transport spin-up electrons, while the
S-type perovskite tends to transport spin-down electrons. Under
a bias voltage of 2 V, spin filtering efficiency is up to 90%. In
addition, the spin filtering efficiency decreases with an increase
in voltage. Due to the complex structure of low-dimensional
chiral perovskite crystals, it is still a great challenge to obtain
films with low roughness. In 2022, chiral metal halide crystals
of (R,S-NEA),CoCl, were successfully prepared, in which the
stable CH-7 interaction enables strong film forming ability.'”*
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The CISS efficiency is up to 90%. By adding a tiny amount of
Alg3 to NEA, an ultrasmooth film with a roughness of 0.3 nm
can be obtained. In addition, Wei et al.'”* studied the spin
properties of lead based chiral HOIPs through the first princi-
ples calculations, and found that halogen substitution can
significantly improve the value of spin splitting of chiral
molecules. Compared with the condition without substituting
halogens (13 meV), the spin splitting values after substituting F,
Cl and Br are increased to 73, 90 and 105 meV, respectively.
Calculations show that halogen substitution has a strong
modification effect on the electrostatic potential surface of
chiral molecules.

In conclusion, chiral HOIPs exhibit strong SOC, ferroelec-
tricity, Rashba spin splitting, unique optical selectivity and spin
selective charge transfer, and are an important candidate for
photovoltaic materials and spintronics devices.'”® By changing
the layers and chemical composition of inorganic metal
halides, the optical and spin selective electronic properties of
2D chiral HOIPs can be adjusted. Organic ligands and inor-
ganic frameworks provide the sources of chirality and SOC,
respectively, and can regulate the structure and properties of
chiral perovskites through interactions. Through the theoreti-
cal calculation which simulates heterostructures composed of
perovskite CNCs and SWCNTs illuminated with circularly
polarized light, it is found that heterostructures containing R-
type perovskite CNCs show higher photocurrent when excited
with right-handed circularly polarized light, while heterostruc-
tures containing S-type perovskite CNCs show higher photo-
current when excited with left-handed circularly polarized light,
as shown in Fig. 20(1) and (m). This experimental result shows
that perovskite CNCs can be used as a detector of circularly
polarized light."”* Besides HOIPs, hybrid organic inorganic
materials, such as helical metal peptide,’” chiral helical

() c (screw axis)
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metal-organic frameworks,"”
cation complexes,'”” chiral bioorganic crystals'”® and chiral
molecular intercalation superlattices,’”**%® have also attracted
the attention of researchers. Chiral manipulation of electron
spin will provide a new strategy for the development of
spintronics.

5. Spin selectivity in chiral inorganic
materials

Studying the formation of asymmetrical morphology in crystal-
line structures is an important step to understand the natural
chirality."®" Inorganic materials have the characteristics of
hardness, high temperature resistance, corrosion resistance
and oxidation resistance, and have broad application prospects
in modern industry, national defense and life. The CISS effect
has been demonstrated in three types of inorganic materials,
namely, chiral inorganic crystals, chiral oxides and chiral
nanoparticles.

5.1. Crystals

Current induced magnetization of uniaxial chiral CrNb;Sg
crystals was explored through a superconducting quantum
interference device, the lattice structure and experimental
setup of which are shown in Fig. 21(a) and (b)."®* The results
(Fig. 21(c) and (d)) show that the M-H curve is shifted by the
application of current, which determines the translation direc-
tion of the M-H curve. In order to exclude the effect of Joule
heat on the curve shift, the magnetization contributed by the
[Mm) + M w)]
2 )
which only appears when the current is nonzero. The symbol of

CISS effect (AMeyen) is defined as AMeyen =

Top view

P T R
30 0 30
I (mA)
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Fig. 21 (a) Crystal structure of CrNbsSe. (b) Diagram of the experimental measuring device. (c) M—H curves in the range of +4 kOe for | = 30 and —30
mA. The inset shows M—H curves in the range of =30 kOe. (d) Current dependence of AMeyen at H = 10 kOe. Reproduced with permission.*®2 Copyright

2020©AIP Publishing.
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AMeyen is related to the current direction and the magnetization
intensity induced by current changes linearly with the current
magnitude in chiral systems. Inui et al.'®® studied the spin
transport characteristics of uniaxial chiral CrNb;Ss under zero
magnetic field at room temperature, which involved three
devices with the electrode thicknesses of 6, 9 and 20 nm,.
The chirality of device 3 was different from that of device 1 and
device 2. The experimental results are shown in Fig. 22(c) and
(d), where the absolute value of the curve slope decreases with
the increase in electrode thickness and the SP can be controlled
by changing the current direction and crystal chirality. Besides
the signal of the CISS effect, the signal of inverse CISS (ICISS)
was detected in the same device containing chiral CrNb;Se,
confirming the reciprocal relationship of CISS phenomenon,
which was also demonstrated in the polycrystalline samples of
chiral NbSi, and TaSi,. In order to further explore the CISS
effect in bulk NbSi, and TaSi, polycrystalline samples, Shishido
et al."® conducted position dependent experiments, results of
which are shown in Fig. 22(g)-(j). Spin polarized signals in non-
local measurements indicate that spin polarized phenomenon
occurs regardless of the presence of crystalline grain. The
results demonstrate the robustness of the CISS effect, and also
show that the spin transmission ability over long distances of
chiral crystals is independent of crystallinity. In inorganic
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crystals, long distance spin transport occurs over a distance
of more than 10 um.'® Furukawa et al'®*®'®" reported the
phenomenon of current induced magnetization of Te, and
pointed out that this phenomenon was attributed to band
splitting caused by broken inversion symmetry. Subsequently,
the phenomenon of current induced magnetization has been
linked to the CISS effect and the displacement of the nuclear
magnetic resonance spectrum under pulse current is measured
experimentally. Induced magnetization can be parallel to
applied current according to the chirality of Te, which is in
contrast to the induced magnetization perpendicular to applied
current related to the Rashba effect. Diode effects refer to the
phenomenon that carriers can only migrate in one direction
and not in the opposite direction. In 2022, Chen et al.'®®
revealed the relationship between chiral structures and phonon
excitation, demonstrating the chiral phonon diode effect in
chiral crystals. At a certain frequency, phonons with certain
chirality can only propagate in one direction and not in the
opposite direction.

5.2. Oxides

Photo-electro-chemical water decomposition is a promising
method for hydrogen production, where the CISS effect plays
an important role in improving the efficiency. For example,
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Fig. 22 Experimental measurement devices for (a) CISS and (b) ICISS effect. /-V characteristics of (c) CISS and (d) ICISS at 300 K at O T are provided.
Reproduced with permission 3 Copyright 2020@©American Physical Society. Setups for location-sensitive measurements of (e) CISS and (f) ICISS in
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inorganic electrodes wrapped with chiral molecules can
improve the hydrogen production and reduce by-product
generation.'®*'°° According to the available reports,'>:8490:113
the spin filtering ability of organic molecules is highly depen-
dent on their spatial structure, which leads to the decline of SP
in extreme environments (such as low temperature, high tem-
perature, high acidic and strong alkali, etc.) and restricts the
stability of their spin filtering efficiency. Chiral CuO is a typical
chiral inorganic oxide. In the early 21st century, chiral CuO was
successfully prepared based on electrochemical deposition,
chirality of which was determined from the chiral
precursors.”*** In 2019, Ghosh et al."®® reported the spin
selectivity phenomenon of chiral CuO films and found its
ability of improving efficiency in photo-electro-chemical water
decomposition. The results show that SP of photoelectrons of
CuO films deposited on Au substrates increases with the
increasing thickness of CuO films and reaches saturation when
the film thickness is about 30 nm, as shown in Fig. 23(a).
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Compared with achiral CuO, chiral CuO reduced the over-
potential, and significantly inhibited the generation of H,O,
as a by-product, making an important step in the field of
inorganic materials with spin filtering ability. Zhang et al.’®*
deposited chiral CuO films on foam Ni through the electrolyte
of chiral tartaric acid, where the CuO films prepared with
L-tartaric acid were named r-CuO and those prepared with
p-tartaric acid were named p-CuO. It is found that chiral CuO
has a catalytic effect on the water decomposition process, where
the 3D continuous macroporous frame provides a large reac-
tion area and allows better permeation of electrolyte. As shown
in Fig. 23(b) and (c), in the electrolyte containing r-tartaric acid,
1-Cuo/Ni exhibits higher current density and lower reduction
potential, while p-Cuo/Ni shows opposite characteristics, which
indicates that 1-CuO/Ni and p-CuO/Ni show opposite response
related to chirality. In 2020, Ghosh et al'®® explored the
application of chiral cobalt oxide thin film electrocatalysts in
the oxygen evolution reaction. The spin polarized charge
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Fig. 23 (a) SP of the photoelectrons in the Au/CuQ films varies with the thickness d and chirality. Reproduced with permission.!®* Copyright
2019©American Chemical Society. Electrochemical selectivity test of the surface of (b) L-CuO@Ni and (c) b-CuO@Ni at room temperature. Reproduced
with permission.’®* Copyright 2021©Elsevier. Under parallel (solid lines) and antiparallel (dashed lines) magnetic fields, magnetic CD spectra of (d) chiral
CMFF, (e) chiral CMyF, (f) chiral CMaF, (g) achiral FesO4 (AFF), (h) achiral y-Fe,Os (AyF) and (i) achiral a-Fe,O3z (AaF). Reproduced with permission.*®

Copyright 2022©John Wiley and Sons.
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transfer generated by the CISS effect plays an important role in
the process of reducing overpotential and increasing oxygen
production.

Chiral mesostructured Fe;O, (CMFFs), mesostructured vy-
Fe,0; (CMYFs) and mesostructured o-Fe,O3; (CMaFs) films were
prepared by the calcination method, experimental results of
which are shown in Fig. 23(d)-(i)."°® Ferromagnetic CMFFs and
CM¢yFs show magnetism dependent CD spectra, while antifer-
romagnetic CMoFs show chirality dependent CD spectra, from
which it is speculated that the competition between effective
magnetic field induced by spin and chiral determines the
energy splitting of opposite spins in different magnetic materi-
als. In 2021, chiral mesostructured NiO films were successfully
prepared through the symmetry breaking effect of chiral mole-
cules, including primary nanoflakes with atomically twisted
crystal lattices and secondary helical stacked nanoflakes.'®’
The results of magnetic conductive probe AFM and magnetic
CD confirm the CISS effect of chiral mesostructured NiO films.

5.3. Nanoparticles

In addition to inorganic crystals and oxides, new progress
related to the CISS effect has been made in helical nanowires.
The spin dependent band structure and spin transport of chiral
Au nanotubes were calculated by the relativistic linearized
augmented column cylindrical wave method, which showed
that the chiral induced spin polarized electron transport of
inorganic chiral Au nanotubes can be controlled by torsion,
stretching and compression.’”® Based on the principles of
quantum mechanics, spin dependent electron transport in
chiral inorganic SnIP helical nanowires is derived through a
tight binding model,'®® which shows that the mobility of
electrons in axially chiral structures depends on the direction
of spin angular momentum, velocity direction and the struc-
tural chirality. Fig. 24 shows the electron transport properties of
chiral SnIP nanowires, where M and P denote SnIP nanowires
with left-handed and right-handed helices, CW and CCW
denote wave packet propagation along CW or CCW. For elec-
trons with spin parallel (antiparallel) to the z-axis in M-SnIP
nanowire, the CW (CCW) direction wave packet generates a
faster probabilistic current, while the P-SnIP nanowire shows

Prob. Current (ps?)

[— n;t/x 1)

Population

Prob. Current (ps?) Prob. Current (ps?)

50 100 150 200 0 20
time (fs)

100 150 200
time (fs)
Fig. 24 Electron transport properties in chiral SnIP nanowires, M and
P denote SnIP nanowires with left-handed and right-handed helices,
CW and CCW denote wave packet propagation along CW or CCW,
and 1 and 1 denote spin parallel or antiparallel to the z-axis. Reprinted
with permission.’®® Copyright 2021@©American Chemical Society.
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the opposite behavior. Additionally, in 2022, Liu et al.>*° found
that chiral antipodal nanostructured Au films exhibited
photomagnetic-chiral anisotropy, where the opposite photo-
magnetic fields were generated under unpolarized irradiation.
This effect is induced by the effective magnetic field generated
by the electron movement in opposite chiral helices, overcom-
ing the limitation that precious metals lacking SP cannot be
used as photoelectric materials.

6. Summary and future prospects

In this paper, we summarize the important findings during the
development of the CISS effect. According to the organic and
inorganic properties of materials, progress of spin polarized
transport in various types of materials is reviewed, where the
mechanisms, experimental techniques and biological signifi-
cance of the CISS effect are also discussed. There are various
reported experimental conditions, substrate types, material
properties and observation methods of the CISS effect, but they
still reveal some rules and characteristics of spin polarized
transport in chiral systems. When electrons move in chiral
molecules, the spin direction tends to be parallel or antiparallel
to the electron velocity direction. Generally, SP of charge
transfer increases with the increase in applied voltage in chiral
organic materials. In a specified temperature range, SP of
oligopeptide rises with the increasing temperature. Extreme
environments, such as high temperature, strong acid and
strong alkali, damage the spatial structure of oligopeptides,
denaturing them and making them lose their spin filtering
ability. In addition, within the scope of a certain length, SP is
proportional to the length of chiral molecule or helices, indi-
cating that multiple tunneling processes can improve the
efficiency of spin selectivity. It is worth noting that the SP does
not grow linearly with the length of chiral structures, but
reaches saturation after certain tunneling processes. Light,
humidity, chirality and magnetic field are also the factors
influencing the CISS effect, and their interactions have become
the key to breakthroughs in the development of life science and
spintronics. The spin filtering ability of different chiral systems
may be strengthened or weakened under light illumination,
which is related to the optical sensitivity of chiral molecules.
Structure-dependent charge transport in chiral systems shows
that stress can effectively regulate the spin filtering ability of
chiral materials, which declines with an increase in compres-
sive stress. The relationship between spin filtering and stress
shows that SOC is enhanced by longitudinal stretching and
weakened by compression.

The CISS effect is a promising driving force in spintronics,
making remarkable contributions in the fields of optics,*?
chemistry,?°?°*> biology®**® and quantum nanodevices.>** %7
The magnetoresistance of chiral devices has also attracted the
attention of researchers.?’®?°® Compared with ferromagnets,
chiral structures have the advantages of high SP, excellent
interface, simple preparation process and low cost, which can
help get rid of ferromagnetic electrodes and achieve efficient
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spin injection.”™® The application of the CISS effect in the field
of spintronics has successfully reduced magnetoresistive ran-
dom access memory from micron to a nanometer scale,
which can endow spintronic devices with interesting properties
including electroluminescence and high absorbance,"
demonstrating the advantages of the CISS effect in designing
electronic devices. On GaAs/AlGaAs heterostructures covered
with chiral self-assembled monolayers, a submicron scale local
magnetic field can be generated at room temperature by
applying a bias voltage of 0.1 V.%® Interactions between electron
spin, magnetic field and polarized light show the spin filtering
ability of chiral biological systems,">*'*” which provides a new
exploration direction for life science. At present, flexible appli-
cation of the CISS effect to life science and practical spintronic
devices is still a long way off. Several future directions and
problems concerning CISS effect are discussed here.

(i) Based on the reports on the CISS effect, unconventional SOC
plays an important role in finding materials with high spin
filtering ability, sources of which are usually considered as helical
structures, electronic correlation and lattice vibration. It has
recently been reported that the CISS effect does not depend on
the helical structure.*'*> The exploration of mechanism provides
an important opportunity for the development of the CISS effect.

(if) The research on spin polarized transport of chiral
organic molecules has laid a good foundation for the develop-
ment of the CISS effect. The induction of SP in conductive
materials by helical functionalization of specific bps is an
interesting direction for the development of the CISS effect,
but the underlying mechanism and influence of specific bp on
SP remain unclear. In addition, the spin polarized transport
process of RNA associated with the CISS effect has not been
reported.

(iii) The CISS effect of organic molecules is mainly studied in
biological macromolecules. The spin selective characteristics of
lactic acid and other small chiral molecules has not been
reported. Studies on the spin polarized transport of amino
acids have focused on a few amino acids, such as cysteine,
alanine and proline. The spin transport processes of other
amino acids are still unclear.

(iv) The experiment using self-assembled monolayers of poly-
alanine peptides to simulate biofilms predicts the advantages of
the CISS effect in life process, which establishes a good connec-
tion between the CISS effect and living systems. Enantioselective
binding between chiral molecules and magnetic substrates based
on the CISS effect is expected to improve the accuracy of biometric
recognition, but it still faces many difficulties in device manufac-
turing and practical application. Enantioselective recognition in
organisms controlled by chirality and spin may be one of the
mechanisms involved in macromolecular transport and protein
synthesis, and how the CISS effect controls recognition during life
remains an interesting question.

(v) The research fields involving chiral hybrid organic inor-
ganic materials and spin selective transport of inorganic mate-
rials are still in a fledging period. Spin polarized transport
processes and regulation under light, magnetic field, electric
field and stress are still unclear in most materials.

1950 | Mater. Horiz., 2023, 10, 1924-1955
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(vi) The combination of chiral and inorganic is an attractive
emerging field. Chiral HOIPs open the door to introducing
organic chirality into inorganic frameworks. Is it possible to
introduce inorganic chirality into organic materials? In addi-
tion, composite structures are beneficial to obtain high SP,
such as the combination of ss-DNA and SWCNTs. Based on the
structure of ss-DNA hybrid SWCNTs, what interesting phenom-
ena will be observed when the achiral carbon nanotubes are
replaced with chiral Au nanowires or SnIP nanowires?

(vii) Spin polarized current generated by chiral materials can
be well maintained in achiral molecular wires, indicating that
chiral structures are not necessary for spin current conduction.
In the further propagating processes of spin polarized current
in achiral structures, how to reduce current loss and increase
transmission length is the focus in this research direction. In
addition, it is necessary to propose and develop a more general
preparation method in the field of chiral-achiral composite
material preparation that can solve the shortcomings of current
transfer technology.

(viii) By changing the layers and chemical composition of
inorganic metal halides, the optical and spin selective electro-
nic properties of 2D chiral HOIPs can be adjusted. Non-toxic
lead-free hybrid materials with high stability are urgently
needed for spin filtering in designing spintronics devices.
Therefore, the toxicity of metal cations and the stability of
halogenated anions have attracted researchers’ attention, and
searching for environmentally friendly, stable and efficient
chiral HOIPs has become a new development direction.

(ix) Studies linking chirality to Dzyaloshinskii-Moriya inter-
action are still in infancy. The polarization sign of electron
transport through helical magnets depends on the chirality of
helices. SP increases with the increase in the Dzyaloshinskii-
Moriya interaction strength.>'? At present, switches of magne-
tization based on Dzyaloshinskii-Moriya interaction have been
reported.”'* The relationship between Dzyaloshinskii-Moriya
interaction and spin filtering ability in chiral helical magnets
remains to be further explored.

(x) Chiral topological quantum materials, such as chiral topo-
logical insulators and chiral Weyl semimetals, can generate large
spin currents that are used to drive the spin-orbit torque, which
can effectively move chiral domain walls and magnetic skyrmions,
effectively demonstrating the huge charge-spin conversion effi-
ciency of the spin-orbit torque devices.”"> Combining the CISS
effect with topological quantum matter is an interesting field for
developing novel materials.
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