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Abstract

The interest in chiral degrees of freedom occurring in matter and in electromagnetic
fields is experiencing a renaissance driven by recent observations of the chiral-induced
spin selectivity (CISS) effect in chiral molecules and engineered nanomaterials. The
CISS effect underpins the fact that charge transport through nanoscopic chiral struc-
tures has been conclusively shown to favor a particular electronic spin orientation,
resulting in large room-temperature spin polarizations. Observations of the CISS ef-
fect suggest unique opportunities for spin control and for the design and fabrication
of room-temperature quantum devices from the bottom up, with atomic-scale preci-
sion. Any technology that relies on optimal charge transport — i.e., the entire quantum
device industry — could benefit from chiral quantum properties. These can be theoret-
ically and experimentally investigated from a quantum information perspective, which
is presently lacking. There are uncharted implications for the quantum sciences once
chiral couplings can be engineered to affect how well quantum information is stored,
transduced and manipulated. This forward-looking review article provides a survey
of the experimental and theoretical fundamentals of chiral-influenced quantum effects,
and presents a vision for their future role in enabling room-temperature quantum tech-

nologies.
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1 Overview

1.1 Quantum Effects in Chiral Matter

Chiral matter (i.e., structures that can occur with left- or right-handed non-
superimposable symmetry) offers unparalleled opportunities for the exquisite control of elec-
tron and spin transport due to its unique optical, electric and magnetic properties. These
properties are often observed at near-room temperatures, and suggest that quantum devices
based on chiral matter can operate similarly, if properly designed. In this forward-looking
review, we stress the potentiality of chiral matter and fields, in particular with respect to
their hitherto little explored applications in the quantum sciences. We detail how chiral
matter presents advantages for: the scalability and flexibility of molecular architectures in-
terfaced with low-dimensional materials; the transferring of spin information content from
electrons to nuclei; the operating of quantum devices at room temperature and in noisy
photonic, phononic and electronic environments; and the furthering of investigations into
the emergent field of quantum biology.

In particular, the chiral-induced spin selectivity (CISS) effect is an unusual semiconduc-



tor-like behavior first observed in biological structures, and only later replicated in tech-
nological applications, existing even in diamagnetic systems. It describes the fact that, at
room temperature, charge transport through nanoscopic chiral structures favors a particular
component of an electron spin in the direction of propagation — an effect also referred to as
‘spin polarization” — all in the absence of external magnetic fields.

The CISS effect can be physically understood as an electron scattering process in a
molecular potential where spin-orbit interaction is taken into account and where both space
inversion and time reversal symmetries are broken. This combination of physical constraints
translates into spin polarization and spin filtering arising from the transmission probabilities
for the two spin components being different. Chiral molecules and chiral materials can be
controlled to act as both spin polarizers and filters depending on molecular design variables.
The presence of the CISS effect has been established in processes associated with electron
transfer, electron transport, and bond polarization through chiral centers or complex helical
chiral structures.

In technological quantum devices, achieving spin polarization is not trivial and requires
a sophisticated degree of ‘quantum control” via tailored electromagnetic excitation. Nature
seems to have found its own way towards spin polarization. As a consequence of the CISS
effect, chiral isomers (i.e., enantiomers) have opposite electron spin orientation preferences,
which might be explored by the pharmaceutical industry. CISS might also have tremendous
biological implications, as proteins and many biomolecules, including DNA, are chiral. Fi-
nally, it was recently demonstrated that electron transport through the surface of bacteria
is spin-polarized. If spin is harnessed in cellular electron transport processes it opens the
door for quantum information transfer in living environments. In addition, electron transfer
through chiral structures is more efficient than that through comparable achiral structures,
and under some conditions can be temperature-independent — both features being relevant
to all technologies relying on optimal charge transport (i.e., the whole quantum device indus-

try). Finally, the complex responses of chiral molecules to electromagnetic fields, involving



both the electric and magnetic polarizabilities, pave the way to control and to manipulate
interactions and the imprinting of chiral characteristics onto photons, phonons and materials.

Unveiling the quantum mechanisms behind electron spin transport via CISS will allow
the manipulation of the effect to be used for technological and therapeutic advantage —

especially in the quantum sciences — as we aim to demonstrate with this review.

1.2 Outline of Review

We will review fundamental theoretical and experimental aspects of quantum effects in

chiral materials in sections organized as follows:

« In Section 2, we present a comprehensive picture of a broad variety of measurement

results that have been obtained in connection with the CISS effect;

« In Section 3, theoretical predictions and modelling tools that inform the understand-

ing of CISS are described;

« In Section 4, we detail groundbreaking material design strategies that are being de-

veloped to engineer and tune CISS;

« In Section 5, we review potential chirality-mediated effects in biology, and predict

potential future applications in the field;

« In Section 6, we explore the interaction of matter and electromagnetic fields via chiral

degrees of freedom;

« In Section 7, we propose forward-looking applications of the CISS effect in the quan-

tum sciences.

This comprehensive review attests to the tremendous potential of harnessing CISS as
a tool in fields as diverse as spintronics, nanotechnology, besides towards the control of

biological systems at the nanoscale. Importantly, these advances in our understanding and



observations of chirality-based quantum phenomena are poised to be incorporated into a new

phase of spin-based quantum technologies working at elevated, near-room temperatures.

2 Chirality and Spin measurements

2.1 Electrochemistry Experiments

In electrochemical processes, electrons are either removed or added to a chemical system.
As shown schematically in Fig. 1, the redox process of chiral molecules can be spin-selective.
When an electron is approaching a chiral molecule, it induces charge polarization in the
molecule. As a result, an induced electric dipole is formed and the electron is attracted to
the positive pole. It was shown that in chiral molecules, charge polarization is accompanied
by spin polarization, due to the CISS effect,! and which spin is associated with which electric
pole depends on the handedness of the molecule. Therefore, when spin-polarized electrons
approach a chiral system,? its probability to attach to the molecule is higher if the spin on the
positive pole is polarized opposite to the spin of the approaching electron. This restriction
results in enantioselectivity that is a consequence of the electron being spin polarized.?

Recently, it was demonstrated that spin selectivity can control both reduction and oxida-
tion electrochemical processes.* As an example for an oxidation process, electropolymeriza-
tion of 1-pyrenecarboxylic acid was performed on a magnetic electrode (10 nm of Ni and 10
nm of Au on ITO) that was magnetized either ‘up’ or ‘down’ relative to the electrode surface.
Fig. 2a shows a reaction scheme for the formation of polypyrene. Initiation of the reaction
involves electrooxidation of the monomer unit to form a radical cation. The steric constraints
of the pyrene rings lead to a propeller-like arrangement of the monomers; control over their
stereoarrangement imparts axial chirality into the polymer chain. Fig. 2b shows the circular
dichroism (CD) spectra taken of the pyrene polymer films on the electrode surface. In turn,
the red curve shows the CD spectrum with the electrode magnetized in the ‘up’ direction

and the blue curve corresponds to the case for magnetization in the ‘down’ direction. The
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Fig. 1: Illustration of a spin polarization-induced enantioselective reaction mech-
anism. When an electron approaches a chiral molecule, charge rearrangement occurs and
the molecule becomes charge polarized with the electron attracted to the positive pole of the
molecule. Depending upon the molecules handedness (left-handed or right-handed) and the
spin orientation of the electron, the interaction is more favored or less favored for a given
spin polarization. Reproduced with permission from Ref. 3. Copyright 2020 by the Royal
Society of Chemistry.

red and blue curves exhibit opposite Cotton effects in pyrene’s excimer spectral region.

The chirality of the polymer-coated electrode was confirmed by performing cyclic voltam-
metry with a chiral ferrocene (Fc) redox couple. Fig. 2c shows voltammetry data collected
using the polypyrene-coated films as working electrodes for two different enantiomerically
pure solutions of chiral ferrocene: (S)-Fc (black) and (R)-Fc (red). It is evident from the
voltammetric peak currents that the ‘up’ grown electrode is more sensitive to the (S)-Fc,
whereas the ‘down’ grown electrode is more sensitive to the (R)-Fc. Similar dependencies for
redox properties with chiral working electrodes have been reported previously, and further
corroborate the chirality demonstrated in the circular dichroism measurements.This result
demonstrates how chiral spin transport can lead to highly amplified downstream chemical
products.®

Spin-related effects have also been observed in cyclic voltammetry (CV) experiments
performed under an applied magnetic field on a non-ferromagnetic electrode modified with a
thin electroactive oligothiophene film.® When flipping the magnet’s north /south orientation,

the CV peaks of two achiral, chemically reversible Fe(III)/Fe(II) redox couples in aqueous
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Fig. 2: Reaction scheme and chirality in electropolymerized polypyrene. (a)
Reaction scheme for the polymerization of 1-pyrenecarboxcylic acids into polypyrene which
exhibits a helical twist (see main text for more details). (b) Circular dichroism spectra for
electrodes coated with polypyrene where a magnetic field was applied Up (red) or Down
(blue) during electropolymerization. (c) Electrochemistry measurements on (S)- (black) or
(R)-ferrocene (red) with the Up (left) or Down (right) polypyrene-coated working electrodes.
Reproduced with permission from Ref. 4. Copyright 2020 by John Wiley and Sons.

or organic solution undergo impressive potential shifts (up to nearly 0.5 V depending on
protocol conditions), by changing the film’s (R)- or (S)-configuration. This observed effect

is another manifestation of the spin-chirality relation in electrochemical processes.

2.2 Enantioseparation Experiments

The relation between spin and chirality via the CISS phenomenon naturally leads to
consider the possible interaction between chiral molecules and ferromagnetic surfaces.” !
This interaction should be spin sensitive due to short-range magnetic exchange interactions-

as chiral molecules approach the surface, charge reorganization and spin polarization, which
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depend on the handedness of the molecules, should take place. We refer below to two specific
examples of this mechanism:

i) It has recently been demonstrated that magnetization switching of ferromagnetic thin
layers can be induced solely by adsorption of chiral molecules without external magnetic
fields or spin polarized currents.” The mechanism by which chiral molecules can induce the
magnetization switching is shown in Fig. 3. The effect of adsorbed chiral molecules on the
properties of a ferromagnetic substrate has been demonstrated by studying the adsorption
of L- and D-oligopeptides a on a thin ferromagnetic film, with magnetization not initially
defined. The direction of the magnetization depends on the handedness of the adsorbed chiral
molecules. Importantly, less than 10'® electrons per cm? are sufficient to induce a reversal of
the magnetization on the ferromagnetic layer in the direction perpendicular to the surface
(the current density required for common mechanisms in modern magnetoresistive random
access memory such as spin-transfer torque, is 10% electrons per cm?). The high efficiency
of magnetization results from the molecule-substrate exchange interaction. As such, this

concept could be used to achieve simple surface spintronic logic devices.

(i)

Fig. 3: Chiral-induced spin selectivity effect and ferromagnetic substrates. As a
chiral molecule approaches the ferromagnetic (FM) substrate, its charge polarization gen-
erates a spin polarization at the two ends of the molecule. For a specific enantiomer, the
interaction between the magnetized surface and the molecule (circled in blue and red) fol-
lows a low-spin or a high-spin potential, depending on the direction of magnetization of the
substrate. Reproduced with permission from Ref. 10. Copyright 2018 by The American
Association for the Advancement of Science.

ii) Conversely, it has been shown that enantiomers can be separated by adsorbing them

on a ferromagnetic substrate with magnetization perpendicular to the surface.' Unambigu-

11



ous enantioselectivity on a ferromagnetic substrate has been obtained for a variety of chiral
molecules and magnetic substrates. Namely, while one enantiomer adsorbs faster when the
magnetic dipole is pointing up, the other adsorbs faster when the substrate is magnetized
in the opposite direction. The interaction between the chiral molecules and the magnetized
substrate is not affected by the magnetic field but by the interaction between the spin-
polarized molecule and the spin of the electrons on the substrate. As above, the effect is
associated with the magnetic-exchange interaction of the spin-polarized molecules with the
spin-polarized substrate. This phenomenon opens up prospects for a novel and generic ap-

proach to enantiomeric separations, which are critically important to the chemical industry.

2.3 Molecular Electronics Experiments

Naaman and co-workers reported a large asymmetry in the transmission probabilities
of polarized electrons by thin films of chiral molecules.'? This was supported by electron
transmission experiments through chiral monolayers using scanning tunneling microscopy
(STM) demonstrating that chiral systems can act as spin filters and spin polarizers, >
allowing the preferential transmission of only one spin component. Theory indicates that this
is possible due to enhanced spin-orbit interactions and a space and time reversal symmetry
breaking — the result of transport through chiral symmetries and an electrochemical gradient
induced through an external voltage or a free energy gradient. !0

Break-junction devices provide an alternative class of measurements that utilize nanos-
tructured, moveable electrodes to make contact to a single molecule to study the charge
transport properties.!™ 2% In this system, two electrodes are brought into and out of contact
in the presence of the molecules of interest. As the two electrodes are withdrawn the current
is measured. When a molecule binds between the two electrodes a plateau is observed in
the current vs. distance trace, and by measuring thousands of these traces it is possible to

statistically determine the conductance of a single-molecule junction. These systems have

been used extensively for studying charge transport in chiral molecules such as DNA, 2125
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RNA,?527 PNA,?® peptides,?”*° and proteins,*"*? and have been utilized to explore spin-
selectivity in a variety of molecules in recent years by either applying a magnetic field or
using a spin-polarized electrode to inject specified spins. 334

Recently, these approaches have been combined to explore spin-selectivity in a diamag-
netic, helical peptide chain which formed an a-helix.'® These experiments allow measure-
ment of the spin polarization power of a chiral molecule and provide direct evidence of the
spin-filtering capabilities of these systems. By changing both the chirality of the molecule
(by using both L- and D- isomers) and the magnetization orientation of the injecting elec-
trode, they were able to demonstrate a clear change in the charge transport properties of
the molecular system through these four iterations, and determine a spin polarization power
(capability to spinpolarize electrical current) of 60%.

Moving forward in this area suggests that nucleic acid-based systems may provide a
fruitful framework for understanding CISS behavior at the single-molecule level as there is

a large variety of conductance measurements on these molecules,?! 2

synthetic approaches
will allow facile control over both the length and helical pitch of the molecules, and although
there can be some structural changes when DNA is dehydrated,® 3" the helices can survive
both vacuum and wide-temperature ranges.®

The conductive probe and spin-exchange methods used to test spin-dependent transport
or charge redistribution involve multiple contacts or molecules within an interface, which
may convolute spin-selective tunneling effects across individual chiral molecule bridges. Al-
ternatively, scanning tunneling microscopy break junction (STM-BJ) techniques provide a
measurement of conductance through single molecules, enabling hundreds to thousands of
measurements for statistically relevant analyses. Using a spin-polarized STM-BJ method,
Aragones et al. demonstrated that conductance between ferromagnetic Ni tips and Au sur-
faces bridged by sulfur-terminated a-helical peptides (cysteine residues) depended on tip

magnetization direction and handedness (L or D) of aminoacid residues,® as shown in Fig. 4.

The results highlight a direct correlation between electron spin polarization and transport.

13



Still, experimental evidence is lacking that can unambiguously distinguish incoherent hop-
ping from coherent tunneling in spin-dependent conductance through the chiral molecular
framework. Moving forward, systematic investigation of the dependence of monomer se-
quence, length, and molecular dipole on conductance using spin-polarized STM-BJ tech-

niques could be used to categorize spin filtering due to the CISS effect in this transport

regime. %’
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Fig. 4: Single-peptide conductance histograms from scanning tunneling microscopy break-
junction measurements with Ni tips magnetized. a) down and b) up for left- versus right-
handed alpha-helical peptides composed of 22 amino acid residues bridges attached to gold
substrates. Insets depict representative current versus pulling traces with well-defined single-
molecule plateau features. Conductance values were extracted from Gaussian fits to the

histograms. Adapted with permission from Ref. 13. Copyright 2017 by John Wiley and
Sons.

2.4 Scanning Probe Microscopy Experiments

Direct methods of studying spin-selective conductive properties of self-assembled mono-
layers (SAMs) of chiral molecules using scanning probes have been employed with great
success over the past 10 years. In the first experimental demonstration of this methodology,
Xie et al. utilized conductive atomic force microscopy (c-AFM) to measure room temper-
ature magnetization-dependent conductivity through Au-nanoparticle-terminated SAMs of
double-stranded DNA (ds-DNA) on thin film Ni. " Although the variance between individual
measurements is significant, likely due to local variations in electrical contact between the

AFM tip and the Au NP, comparison of current-voltage traces collected under these varying
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conditions reveals a clear asymmetry in the Ni-DNA-AuNP junction conductivity, depen-
dent on the magnetization orientation of the Ni substrate, thereby revealing a preference
for electrons with their spin aligned parallel to momentum in tunneling transport through
right-handed dsDNA. Control measurements conducted with Au instead of Ni thin films
confirm the conduction asymmetry to be predicated on the presence of both a source/sink of
spin-polarized electrons (the magnetic thin film), and a spin-discriminating conductive ele-
ment (the ds-DNA). This behavior starkly contrasts that of standard organic spin valves, in
which organic layers typically take the role of weakly-interacting non-magnetic spacing lay-
ers, carrying spin-polarized electrons from one magnetized material to another.*"*? Instead,
the chiral ds-DNA layer behaves as an active element, more similar to a traditional inorganic
spin valve. Mishra et al. have recently utilized a similar approach to study length-dependent
spin-selectivity in conduction through SAMs of ds-DNA and a-helical peptides.*3

Although the application of SAM-based surface modification methods to reactive metal
thin films such as Ni have been demonstrated,*’ the formation of SAMs on reactive surfaces
is known to be complicated by competitive formation of surface oxide layers, which may
displace molecules, limit molecular adsorption, and worsen film uniformity.“® In the context
of chiral spintronics, this challenge has traditionally been overcome through the use of a
thin inert capping layer, such as Au, which protects the magnetic layer from oxidation.*™*
However, the capping layer must be carefully implemented; thicker capping layers of Au,
which as a heavy element induces strong spin-orbit coupling effects in conducted electrons,
have been shown to lead to spin randomization and nullification of spin-dependent effects
in charge transport through the chiral molecules assembled thereupon.®’°! The capacity to
apply c-AFM to characterize conduction in chiral molecular films without the need for a
capping layer, as exhibited by magnetic c-AFM (mc-AFM), is therefore highly desirable.

Bloom and colleagues applied mc-AFM to study spin-selective conduction through chiral
CdSe quantum dots (QDs) drop cast onto highly ordered pyrolytic graphite (HOPG).?? When

functionalized with chiral ligands, QDs demonstrate strong chiroptical activity as a result

15
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Fig. 5: (a) Magnetic conductive atomic force microscopy measurement of chiral perovskite
thin film experimental schematic. (b)-(d) Current voltage traces collected for thin films of
lead-iodide perovskites containing chiral R-methylbenzylammonium, achiral phenylmethy-
lamine, and chiral S-methylbenzylammonium, respectively, as a function of tip-magnetization
orientation. Reproduced with permission from Ref. 44. Copyright 2019 by the American
Association for the Advancement of Science.

of orbital hybridization between the highest occupied molecular orbitals of the chiral ligand
and the valence band states of the QDs.”® In analogous measurements to those conducted
by Xie et al., Bloom and colleagues characterized the conductivity of these hybrid QD-chiral
molecule junctions as a function of Co-Cr mc-AFM tip magnetization orientation. Once
again, a distinct asymmetry is apparent when comparing current-voltage traces collected
for QDs functionalized with L- vs. D-cysteine ligands. Tip magnetization persistence was
confirmed by comparing magnetic force microscopy images collected of a hard drive before
and after sample analysis.

Subsequent applications of mc-AFM have moved beyond chiral QDs toward character-

izing spin-selective conductivity through thicker films of ordered chiral materials. Lu et al.
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have reported remarkable conduction asymmetries of up to 86% (measured as percent dif-
ference in current at 2V for ‘tip-up’ and ‘tip-down’ magnetization conditions) in solution
processed 50 nm thin films of lead-iodide hybrid perovskites, as shown in Fig. 5.%* Similar
values of spin-selectivity have recently been reported in c-AFM measurements of conduction
through supramolecular chiral nanofibers assembled on Ni thin films capped with gold.®*
By tuning the chirality (R- or S-) of the organic methylbenzylammonium constituent, Lu
and colleagues demonstrated control over the handedness of the perovskite films studied.
More recent reports focusing on similar tin-iodide perovskites have yielded even higher spin-
selectivity values,” nearing 94% and underscoring the value of conductive probe microscopy
as a powerful tool for rapid and direct characterization of novel phenomena in chiral materi-

als, particularly as they continue to grow in relevance for the broader spintronics community:.

2.5 Spin Exchange Microscopy Experiments

Another scanning probe method that instead relies on non-ferromagnetic tips functional-
ized with chiral molecules has enabled local magnetic imaging similar to magnetic exchange
force microscopy.®® Ziv et al. showed that transient spin polarization accompanying charge
redistribution due to the CISS effect in the chiral molecules enabled spin exchange interac-
tions with magnetized samples, distinguishing domains magnetized up vs down by different
forces exerted on the AFM cantilevers close to the sample surfaces.? The different forces
were hypothesized to be a result of either symmetric or anti-symmetric spin alignment in
wavefunction overlap between the molecules on the tips and the magnetized sample. Sim-
ilarly, recent Kelvin-probe force microscopy measurements by Ghosh et al. on ferromag-
netic films coated with chiral SAMs revealed electron spin-dependent charge penetration
across the molecular interface.’® This dependence of wavefunction overlap between magne-
tized materials and chiral molecules on the spin-exchange interaction could be exploited for
proximity-induced magnetization® and enantiomer separations'’ that occur upon molecular

adsorption, or rationalize spin-selective contributions to stereoselective interactions between

17



biomolecules resulting from induced dipole-dipole interactions. '

2.6 Experiments Involving Superconductivity

Spin-selective transport through chiral molecules has also shown unusual conduction phe-
nomena near superconducting interfaces. In particular, chiral a-helical polyaniline molecules
that are in proximity to niobium superconductors through chemisorption on metallic lay-
ers demonstrate unconventional superconductivity. Shapira et al. used scanning tunneling
spectroscopy to analyze a multilayered polyaniline-gold bilayer-niobium substrate and ob-
served zero-bias conductance peaks embedded inside a gap from the tunneling spectra.®’
This zero-bias peak reduced in the presence of a magnetic field but did not split, inferring an
unconventional order parameter that is consistent with equal-spin triplet pairing p-wave sym-
metry. In comparison, the adsorption of non-helical chiral cysteine molecules demonstrated
no change in the order parameter.

Similarly, junctions of superconducting niobium and metallic films bridged by chiral a-
helical polyaniline induced p-wave order-parameters demonstrating phase-coherent transport
through chiral organic films.”® Alpern et al. further analyzed the proximity effects of chiral
films in multilayered superconducting systems and observed that chemically adsorbed alpha-
helix polyalanine can induce magnetic-like state behavior. Specifically, in-gap states were
observed that were nearly symmetrical around a zero-conduction bias that closely resembled
Yu-Shiba Rusinov states,”® see Fig. 6.

Collectively, these observations provide evidence that chiral molecules can behave as mag-
netic impurities when in proximity to superconductors enabling a wide range of applications

of spin-selective transport through superconducting films.

3 Chirality and Spin Theory

The CISS effect has been confirmed by a range of different experimental methods and for a
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Fig. 6: Conductance properties of a low resistance (1202) NbSe;/Au junction
after chemisorption of chiral molecules on the NbSe; flake (~ 25 nm-thick). (a)
Temperature dependence of dI/dV vs. V spectra showing a distinct ZBCP that vanishes at
higher temperatures (but still below T.). Inset: Illustration of a chiral-molecules/NbSes-
flake/Au sample. (b) Temperature dependence of the conductance at zero bias with two
transition temperatures marked by arrows: T. = 7.2 K, where the zero bias conductance
starts to rise due to the Andreev dome and 5.5 K where a ZBCP starts to appear. Inset:
Optical image of the sample with the measurement scheme depicted. (c,d) Perpendicular
(c) and parallel (d) magnetic field dependencies of the conductance spectrum, showing that
in high magnetic fields, yet below the parallel and perpendicular critical fields (He,)of bulk
NbSes, the ZBCP vanishes, revealing an underlying gap. Reproduced with permission from
Ref. 58. Copyright 2019 by the American Chemical Society.

wide range of chiral molecules and materials. Our current understanding of the CISS effect is
that it is a room-temperature magnetic response due to internal molecular fields generated
by electron spin-orbit interaction in chiral systems. This effect survives the inclusion of
many-electron interactions and can co-exist with other magnetic responses, including triplet

radical formation, interstate crossing and singlet fission, which provides a fertile ground for
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spin manipulation. This effect is closely related to exchange interactions, which play a vital
role in molecular recognition and chirality induced effects on magnetic surfaces.

The spin-orbit coupling that provides a source of magnetic fields for electrons in an atom
is a relativistic effect and is thus weak: on the order of a few meV. However, it is still
possible to generate a sizable spin polarization through cumulative interactions with the
chiral environment. For example, for transport through a large molecule, an electron will
encounter, visit, and pass through many atoms. At each encounter where the electron orbits
the nucleus, the spin-orbit interaction depends on the orbital orientation and will lead to some
weak spin polarization. For a chiral molecule such as DNA the electron spin polarization is
cumulatively enhanced by the preferred orbital orientations of the many surrounding atoms

as it travels through the molecule, leading to the phenomenon of CISS.!?

3.1 Simulations with Chiral Degrees of Freedom

The vast majority of theoretical CISS-related studies have relied on model Hamiltonian
approaches, while conventional electronic structure methods, such as Density-Functional
Theory (DFT) have yet to be fully implemented. %4159 DFT-based spin-dependent trans-
port calculations, within the Landauer approach and including spin-orbit coupling (SOC),
have clearly demonstrated the influence of the helical geometry on the spin polarization!'*'
and they also correctly describe the increase of spin polarization with molecular length as ob-
served experimentally. '%! However, the obtained spin polarizations are much smaller than

the measured ones, suggesting that the theoretical description may be missing some key

ingredients.

Recent experimental'»%% and theoretical® % results have suggested that electronic ex-
change interactions may play a fundamental role, eventually in combination with SOC.% In
particular, exchange-related intermolecular interactions in arrays of helical molecules were
shown to energetically stabilize a broken spin symmetry (singlet) state, the effect being

absent in linear molecules.” As a consequence, a subsequent interaction with magnetized
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surfaces can facilitate a symmetry breaking between enantiomers and lead to enantiomer
discrimination, which would be mediated by exchange interactions. A further indication of
the relevance of exchange contributions was found in:%* a varying percentage of Hartree-Fock
exchange contribution to exchange-correlation functionals strongly influences the size of the
computed spin polarization in model helical molecular junctions.

Another interesting finding from” is the surprising ease with which formally closed-shell
peptide helices can be spin-polarized in equilibrium when brought together in an array-like
fashion, as opposed to isolated helices. The interaction with a metal surface was also found
to be important. While past experience with DFT for spin-polarized molecules suggests
some caution,® these results point to intermolecular interactions and interfaces being im-
portant for the first-principles description of CISS. Likewise, the role of the interface (possibly
combined with the collective properties of molecular assemblies) for magnetic signatures in
electron transport has been explored experiementally.!*?57 Beyond the description of ex-
change/electronic interactions, intermolecular and interface effects, it might be important
to consider nuclear dynamics in addition to the electronic ones.®® ™ As a complement to
these efforts establishing a comprehensive first-principles theory of CISS, chemical concepts

extracted from first-principles calculations on helical molecules, such as electron transport

14,52 64

pathways and imaginary components of the Hamiltonian®® may provide first steps to-
wards understanding structure-property relationships in CISS.

In spite of the many attractive features of the description of CISS within a first principles
framework, theoretical studies have primarily relied on model Hamiltonians, since ab initio
calculations on complex helical structures can be challenging.%*" Most standard implemen-
tations of DFT can treat periodic and/or finite molecular systems, which can necessitate the
inclusion of hundreds or even thousands of atoms in the simulation cell while studying such
a structure. The computational time for ground state calculations using local or semi-local

exchange correlation functionals scales cubically in the number of atoms in the simulation

cell, while those employing Hartree-Fock or hybrid exchange scale as the fourth power. In
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Fig. 7: (a) For a realistic peptide helix, a DFT-based Landauer approach including SOC
yields spin polarization as rather narrow peaks far from the Fermi energy (solid line in the
plot, reported as junction magnetoresistance; PBE).™ (b) For a model helix of equidistant
carbon atoms (capped by two hydrogens at each end), spin polarization over a broad energy
range close to the Fermi energy is obtained, but it can be traced back to SOC transfer
from the gold electrodes rather than resulting from SOC intrinsic to the helix (in the plot,
the Fermi energy is between -5 eV and -4 eV for gold; BSLYP).”™ Note that the exchange-
correlation functional PBE (plot in (a)) features 0% Hartree-Fock exchange, while B3LYP
(used on the right) has 20%, and that the absolute values of spin polarization depend on
this exchange admixture. Importantly, the polarization changes its sign when the helicity is
inverted, and increases with molecular length (plot in (b)). Reprinted with permission from
Refs. 71 and 72. Copyright 2018 and 2020 by the American Chemical Society.

view of this, systematic first principles simulation techniques which treat the helical sym-

metry exactly ™7 (

and therefore employ only a minimal unit cell to represent the system
being studied) and efficient methods for computing exchange interactions " within such a
symmetry adapted framework, are likely to emerge as powerful tools for DFT studies of the
CISS effect in complex helical structures, in the near future.

The development of first-principles descriptions of molecular properties has been (and
still is) profiting from quantitative benchmark experiments.”™ As is often the case in molec-
ular electronics and spintronics, the lack of detailed atomistic control makes it extremely

challenging to come up with such quantitative benchmark experiments for CISS. Therefore,

it is crucial to have systematic experimental studies of the qualitative dependence of SP on
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molecular structures and their arrangements, as recently provided in. % Together with further
related studies, e.g., on the role of local vs. axial chirality or on subtle structural modifica-
tions via chemical substituents or heteroatoms, this could provide a strong foundation on
which further developments of a first-principles theory of CISS could build.

Finally, besides their relevance for the spin transport physics or for Heisenberg-type spin-
spin interactions with magnetic substrates, helicity-dependent electronic exchange effects
may lead to a reconsideration of standard expressions for induction and dispersion forces
between chiral molecules. In fact, and similar to circular dichroism, both electric dipole and
magnetic dipole contributions are required, allowing for chirality-sensitive forces™*° with
potentially far-reaching consequences in, e.g., the study of intermolecular interactions in

biology. These considerations are summarized in the schematic in Fig. 8.
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Fig. 8: In the case of chiral molecules, induction and dispersion forces encoding electric
dipole-dipole interactions require additional modifications to account for exchange-mediated
interactions related to the CISS effect.

The CISS effect observed in single peptide molecules with well-defined chirality (L- and
D-peptides) was recently explained. The transport model was based on the Landauer regime
and using the Green’s function technique. In the presence of spin polarization effects, the
conductance is spin-dependent and the transmission contains the information of the molec-
ular chirality, helicity, and the propagation direction. This theoretical model was able to
explain four possible scenarios of the observed current asymmetries in single chiral molecu-
lar junctions sandwiched between a polarized Ni tip and Au electrodes. '* These four different
scenarios with different conductance show that spin rectification application close to the zero-

bias limit might be possible, and have opened the way for a new generation of molecular
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devices based on spin filtering that can be used to probe novel ideas based on spintronics

and spin-selectivity devices 9.
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Fig. 9: (a) Functionalized gold substrates with individual peptide molecules with well
defined chirality for spin selective nanodevices. (b) Application of CISS in spin rectifiers.
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Starting from the Dirac Hamiltonian for a free electron, Kurian®!' has made an intriguing
prediction in the non-relativistic limit due to a static magnetic field, for a quantum field-
theoretic effect that is orders of magnitude larger than the quantum mechanical Zeeman shift.
Such a discrepancy could be the source of the experimental gap in spin polarization described
by current chirality-induced spin selectivity (CISS) theory. In the low-mass approximation
for free electrons (where chirality coincides with helicity), Kurian derives a symmetry for
such a system that is evocative of spin-to-orbital angular momentum (OAM) conversion
demonstrated in vortex beams, but employing the expectation values for the energy and
chirality shifts. This so-called chirality-energy conversion appears to arise from fundamental
magnetic symmetries of free electrons under the influence of static fields, and such mutually
correlated changes in energy and chirality can be directly measured in nano-, meso-, and
macro-scale systems. A simple example of this sensitive dependence has been demonstrated
in the chirality of nascent crystals and low-energy fluctuations introduced by perturbing the
crystallization solution.®?

Understanding the physical basis of CISS®* continues to be a challenge. Nevertheless,
minimal models for the spin-polarization mechanism has helped pave the way in exploring

scenarios, first at a bare bones model scale to then follow by an analytical tight binding ap-
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proach. These involve a first order approximation to the orbitals and couplings involved and
then proceed to a detailed understanding including realistic features of the actual molec-
ular structures involved. The history of theoretical approaches to CISS started trying to
explain experiments of point chiral molecules in gas phase.®*** The theory recognized spin
polarization as a single molecule effect where the spin-active coupling is the SOC between

the scattered electron and the nuclear potential.®*

The theory based on symmetry consid-
erations and geometry of the target-molecule system, agreed well with experiments® but it
was a very small effect where polarization asymmetry was ~ 1074, It was then a tantalizing
surprise when Ray et al.'? reported a much larger effect in chiral self-assembled monolayers
(SAMs) of aminoacids. Once more minimal models were proposed using the Born series.'® A
model of double scattering of single molecules, surmising a SO coupling arising from C, N, O
atoms produced a chirality dependent polarization of a few percent. One of the most striking
predictions of the theory was the existence of energy windows for the optimal action of the
SO coupling® that was later corroborated by Rosenberg et al.®” Additional more sensitive
experiments on DNA SAMs%? showed extraordinary electron polarizations leaving the theory
underestimating the CISS effect by a factor of 10. No further improvements of the theory in
this regime have taken place as far as we know. Further experimental progress*’ allowed for
single molecule measurements, and simple tight-binding minimal models were proposed %:5%
assuming quantum coherence and a large SO coupling as an adjustable parameter to fit the
large polarization reported experimentally. A further step to include geometrical arrange-

ment of the orbitals and atomic source for the SO coupling was taken in,

using an analytical
Slater-Koster approach that identified the transport SO coupling as a first order effect in the
helical geometry. Such a spin-coupling goes to zero in non-chiral geometries and obey time
reversal symmetry with eigenfunctions coming in Kramer pairs.”” An important ingredient
of the minimal model was to include the problem of the electron bearing orbital filling in

determining the energy dispersion of the model. The mechanism for spin-polarization in the

presence of bias is connected to the fact that time-reversal symmetry is broken and a spin
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direction is preferred corresponding to one of the helicity eigenstates of the Hamiltonian. %%

The minimal model for DNA with details of the relation between geometry and transport
eigenstates has recently led to a proposal to use mechanical deformations in order to assess

t?1 and test models.

the orbital involvement in spin transpor

It seems to be clear that the SO coupling is the spin-active ingredient®® for the molecular
length-dependent spin polarization process. Minimal models place the strength of this cou-
pling, of atomic origin, in the range of 1-10 meV®’ and may be modulated by orbital overlap

89,92 and hydrogen bonding as an additional source of the electric field scaling-up the

effects
effective SO coupling, particularly for biological molecules, e.g., DNA and polypeptides.® A
major consideration that the future models must contemplate is that the two main mecha-
nisms involved in charge transport in chiral biological molecules and polymers are tunneling
and hopping. % Which mechanism dominates transport depends on Peierls-like instabili-
ties and heterogeneities intrinsic to the molecule and the environment where the molecule
dwells.”® A simple model for almost filled electron bearing orbitals showed a promising mech-

97 as shown in Fig. 10.

anism for CISS based on spin-selective transmission under a barrier,
The mechanism is based on the torque coupled interplay between electron spin and molecular
angular momentum. Both mechanisms, tunneling and hopping, could be strongly influenced
by spin polarization modifying the effective length of electron transfer. In any event, the
CISS mechanism should be considered in the context of both transport mechanisms.
Coupled to the transport mechanism, all the models proposed to explain CISS have
focused on processes involving quantum coherent aspects, non-unitary proposals have been

9% CISS occurs at room temperature so, how do these quantum mechanisms

contemplated.
survive? Generic voltage-probe leakage is a minimal model to foresee decoherent effects.
In fact, such probes have shown to be a route to spin-polarization as a breaking of time
reversal symmetry would imply. A more explicit model for decoherence would be to include

98,99

the electron-phonon coupling as a major mechanism for decoherence and describe how

electronic and spin degrees of freedom couple to the phonon bath in the tunneling process. A
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first analysis has revealed a partial electron-phonon decoupling to first order in longitudinal
modes'? while the coupling persists for optical modes in DNA. This mechanism could also
operate in oligopeptides. All the theoretical and computational tools associated with this
approach are ready to assess the influence of spin-phonon coupling in electron transfer and

transport in chiral molecules.
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Fig. 10: Spin-orbit interaction and spin selectivity for tunneling electron trans-
fer in DNA. (a) Schematic of DNA molecule with orbitals for electron transport. The p,
orbitals are perpendicular to the baseplanes and coupled by V. Slater-Koster matrix ele-
ments. (b) Plot of spin asymmetry P, as a function of scattering barrier length a and input
momentum k. Adapted with permission from Ref. 97. Copyright 2020 by the American
Physical Society.

4 Engineered Chiral Materials

4.1 Influence of the Substrate Spin-Orbit Interaction on
Experimental Spin Polarization and Chiral-Induced Spin
Selectivity

Early experiments on CISS were performed mostly on gold substrates because the helical
biomolecules studied could at one end easily be thiolized and then form a strong bond
with the substrate. Heavy metal substrates like gold are known to emit electrons with a

preferential spin orientation when excited by circularly polarized light. Their spin orientation
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is linked to the helicity of the light. In noble metals the d-electron spin-orbit coupling
constant increases from 0.1 eV to 0.25 eV, and 0.72 eV, for Cu to Au, respectively.'’! On
single crystal Au(111), circularly polarized radiation in the ultraviolet range just above the
work function excites electrons in the A} < A3A2 transition, from the spin polarized occupied
band into an unoccupied plane wave final band (A}) near the L point of the Brillouin zone.
For Cu and Ag, however, besides an already lower spin-orbit coupling, the initial state is

101 Sych an excitation with

a A} state which produces only a very weak spin polarization.
circularly polarized light then yields longitudinally polarized electrons with respect to the
quantization axis being the k vector of the exciting radiation. It is thus important to excite
the system under normal incidence and also extract the electrons normal to the surface.
For Au(111), spin polarization values up to P = 30% are obtained just above the vacuum
level. 2191 Due to the electronic structure of polycrystalline gold the spin direction is reversed
compared to Au(111), and also the absolute value is significantly smaller. Nevertheless, this
substrate behavior spurred the idea that the strong spin-orbit interaction in heavy metals
reaches out to the helical adsorbates made out of light atoms, like C, N, O, and H.!%?

For these three noble metals systematic experiments on CISS were performed for adsorbed
monolayers of enantiopure hepta-helicene.!%® For linearly polarized excitation light which
produces unpolarized photoelectrons in the substrate, M-helicene yields on Cu(332) a spin
polarization of P = —6.7%, on Ag(110) one of P = —9.0%, and for Au(111) of P =
—8.0%, see Fig. 11 center (blue) histograms. Circularly polarized excitation, which already
produces polarized photoelectrons in Au and to a limited extend also in Ag substrates,
results in the generation of an additional spin polarization. This is in particular noticeable
for Au(111). There, clockwise (cw) circularly polarized light (upper green histograms) yields
a total spin polarization of P = —35% for M-[7]-helicene, while counter clockwise (ccw)
polarized light (lower red histograms) produces only P = —22%. For P-helicene the sign of
the spin polarization switches, and also the action of cw and ccw polarized light on the total

spin polarization is reversed. '
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Fig. 11: Spin polarization of photoelectrons from Cu, Ag, Au substrates trans-
mitted through a monolayer of M hepta-helicene. Green, blue, and red histograms
(from top to bottom) represent excitation by clockwise (cw) circularly, linearly, and counter
clockwise (ccw) circularly polarized light at A = 213 nm, and thus emitting electrons slightly
above the vacuum level of the systems.

Earlier it was already shown that the CISS effect occurred for bacteriorhodopsin adsorbed
on aluminum oxide'* and for DNA bound to Si(111),'% both lacking significant spin-orbit
coupling. The action of the helical organic molecules on CISS is thus independent of the
substrate, however, an initial spin orientation may be beneficial in reaching high spin po-
larization. It is thus a promising result that neither heavy substrate elements nor magnetic
substrates are required to generate spin polarized electrons from helical organic molecules.
This lifts possible restrictions in designing spintronic elements, as gralizes the application of

CISS into (electro-)chemistry® and to bio systems. %

4.2 Heavy-Element Insertion

Early investigations of spin-dependent attenuation of electron beams through vapor-phase
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chiral molecules by Mayer and Kessler indicated that the presence of a heavy element, such
a ytterbium, bound to the chiral molecule, could dramatically enhance the transmission

106 These findings agree qualitatively with earlier theoretical models

asymmetry observed.
indicating that the presence of a heavy atom in a chiral molecular environment should en-
hance the spin- and chirality-dependent asymmetry in electron-molecule interactions, likely
due to increased spin-orbit coupling effects.®* These results were further expanded using
chiral bromocamphor derivatives.'%”Subsequent experiments demonstrated that the degree
of spin-polarized electron transmission asymmetry could be modified for nearly identical
molecules simply by substituting the coordinating species. Spin-selective electron trans-
mission asymmetry through vapors of chiral camphor derivatives was observed to increase
roughly along with the atomic number of the coordinated atom, as Pr (Z = 59) < Eu (Z =
63) ~ Er (Z = 68) < Yb (Z = 70).'%® Interestingly, molecules with multiple heavy inclusions,
such as dibromocamphor, did not exhibit higher asymmetries than their singly brominated
counterparts. These trends are further supported by recent experiments carried out on single-
stranded DNA SAMs designed to form DNA hairpins and specifically coordinate Hg?* ions
at thymine-thymine mismatch sites.*’

Employing ultraviolet photoelectron spectroscopy to characterize magnetization-depend-
ent ionization energies of DNA SAMs formed on ferromagnetic substrates, Stemer et al. (see
Fig. 12) reported that the incorporation of a single equivalent of Hg*" into DNA hairpins
constituting only a single helical turn is sufficient for the manifestation of spin-dependent
effects at room temperature. No magnetization-dependent effects are apparent in the sam-
ples composed of identical DNA sans Hg?". At high degrees of metal loading, the tertiary
structure of the DNA hairpins was found to invert. This inversion was accompanied by
a complementary reversal in the preferred magnetization orientation for photoionization.
Analogous to earlier experiments by Kessler and Mayer, % increased incorporation of heavy
constituents did not appear to further increase spin-dependent interaction asymmetries, indi-

cating that multiple heavy inclusions may induce compensating instead of amplifying effects.
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Fig. 12: (a) Schematic depicting spin-dependent photoelectron scattering through self-
assembled monolayers of DNA hairpins on ferromagnetic films, characterized by ultraviolet
photoelectron spectroscopy. Spin-dependent ionization cross sections result in differential
charging, physically manifested as substrate magnetization-dependent photoionization ener-
gies of the chiral organic films. (b,c) Spin selective effects were only observed in short (~ 1
helical turn) DNA hairpins that contained mercury bound at thymine-thymine mismatches
(MM) due to enhanced molecular spin-orbit coupling. (d) Spin selectivity was reversed in
DNA hairpins containing 7 MM and stoichiometric amounts of mercury ions, which was
shown to invert the chirality of the helical hairpins. Reproduced with permission from Ref.
49. Copyright 2020 by the American Chemical Society.

These studies highlight to direct tunability of chiral molecular systems via the incorpora-
tion of heavy species, a powerful tool in engineering highly spin asymmetric systems for

spintronics and quantum computing applications.

5 Chirality in Biology
Chirality plays a fundamental role in a host of physical processes, ranging across vast
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orders of magnitude in scale and including all biological interactions. Researchers have

pondered the origins of this universal handedness from multiple vantage points, including

109 1,81,112

cosmological, " astronomical, '’ astrophysical, ! biomolecular, and quantum field-
theoretic.®! The connection between spontaneous symmetry-breaking, chiral effects, and life
is therefore an intimate one, but this nexus has not been easily understood, considering the
diverse theoretical and experimental tools needed to probe the phenomena.

Such sensitive relationships between the chirality of underlying quantum (charge, spin,
exciton, plasmon) states and biological function abound. Co-author Kurian and colleagues '3
have shown that certain chiral enzyme complexes with palindromic symmetry conserve par-
ity, and that the chirality is essential for the global synchronization of plasmon-like van der
Waals fluctuations and for the symmetric recruitment of energy from DNA substrates for
the formation of double-strand breaks in a site-specific fashion. The application of tools
from quantum optics to describe biological chromophore lattices has resulted in the recent
prediction of ultraviolet superradiance in certain cytoskeletal filaments,''® which exhibit a
stark spiral-cylindrical chiral symmetry (Fig. 13) that is reflected in the excitonic wave-
function distributed over the chromophore network (Fig. 14). The relationship between
this electronic superradiance and its spintronic counterpart is an active area of investigation,
which may be exploited for advanced biosensors and diagnostics.

Exploiting the CISS effect for prediction, control, and enhancement of biological response
is a tantalizing possibility. Take, for example, the case of human immunity, which is of par-
ticular interest in the midst of the COVID-19 pandemic: T-cells initiate the body’s adaptive
immune response by interacting, via their T-cell receptors, with major histocompatibility
complex (MHC) peptides on antigen-presenting cells that have been exposed to pathogens.
MHC molecules are membrane-bound glycoproteins that form unusually stable bound con-
figurations with antigenic peptide ligands (pMHC), displaying them on the cell surface for

recognition by T-cells via T-cell receptor (TCR) engagement.''® TCR activation promotes

several signaling cascades that ultimately determine cell fate by regulating cytokine pro-

32



Fig. 13: (a) Tubulin proteins with scale bar 5 nm (far left) polymerize into microtubules
with scale bar 25 nm (left) with (b) highly ordered arrays of tryptophan amino acids (right
and far right) that absorb radiation in the ultraviolet spectrum. Reproduced with permission
from Ref. 114. Copyright 2019 by IOP Publishing Ltd.
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Fig. 14: The quantum probability of finding the exciton on a tryptophan of a microtubule
segment of 100 spirals with 10,400 tryptophan molecules, is shown for the extended super-
radiant state in lateral view (top) and in cross section (bottom). Lengths are expressed in
nm. Reproduced from with permission from Ref. 114. Copyright 2019 by IOP Publishing
Ltd.

duction, as well as cell survival, proliferation, and differentiation.''” Studies have found
that spin-polarized states of antigenic peptides may affect the ability of a TCR to recognize
different peptides by virtue of conformationally-induced spin moments, rather than sheer
topology-based affinity, a condition that would render the immune recognition process as

fundamentally spin-specific.''>!1® In the work by Antipas et al.,''® different pMHCs with
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Fig. 15: (A) Different peptide structures that are unprotonated. (B) The pair distribution
function (PDF) is shown for the different peptides in (A) as a function of interatomic distance
r. Reproduced with permission from Ref. 115. Copyright 2015 by Frontiers Media SA.

near-identical stereochemistries were complexed with the same TCR, resulting in induced
distinctly different quantum chemical behaviors that depended on the peptide’s electron spin
density and expressed by the protonation state of the peptide’s N-terminus (Fig. 15). Spin-
polarization of different peptides can thus be correlated to downstream signal transduction

pathways and their activations of biosynthesis at the transcriptional level. Other studies
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have shown that noncovalent and dispersive interactions between biological molecules are
key for their functions, in which the electronic charge redistribution in chiral molecules is
accompanied by spin polarization. ' Studying chirality, spin polarization, and downstream
response in pMHC-TCR interactions could therefore help to improve our understanding of
the impact of chiral-quantum effects on the human immune response, and to develop better

tools for therapeutic intervention.

6 Chiral Degrees of Freedom in the Interaction of

Matter and Electromagnetic Fields

6.1 Chirality Imprinting

Handedness, or chirality, may be transferred from a chiral object to an achiral object or
achiral medium, ¢.e., chiral molecules adsorbed on surfaces induce chirality on the substrate.
Indeed, we have found in our theoretical analysis that that CD and optical rotatory dispersion
signatures can be induced through chiral imprinting.'?°"'?? In fact, it is possible for the
magnitude of the imprinted chiro-optical signature to be larger than that of the chiral ‘die’
itself.

A kind of handedness can be imparted to excited states using circular polarized excitation.
For example, molecules with degenerate x- and y- polarized excited states, when excited by
left- vs. right-circularly polarized light are complex conjugates of one another (i.e., ¥, =
U* ). If the excited state induces chemistry on a time scale that is fast compared to the
time scale of decoherence, the chemistry may be imprinted by the handedness of the light
excitation. For example, Skourtis'?® has predicted that electron transfer yields may be
influenced by the handedness of circular excitation. Combining circularly polarized excitation

with chiral bridges can thus produce novel effects on electron transfer chemistry as well. 124125
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6.2 Exploring Photonic Chirality through Orbital Angular

Momentum

Photon packets can be described by several quantum numbers that describe their intrinsic
spin angular momentum (SAM) their number state, their energy, and their transverse spatial
mode. For spin and transverse modes the light can carry angular momentum which can
interact both classically and quantum mechanically with a material. While SAM is widely
used for QIP protocols, ' helical transverse chirality (orbital angular momentum, or OAM)
is not commonly used to transmit or encode additional information in the emitted photon
stream from a material. '

Similarly to SAM, OAM modes carry quantized angular momentum in proportion to the
electric field phase difference around a centrosymmetric position. OAM can thus carry quan-
tum information through pure and entangled states.'”® One exciting potential applications
of OAM will be the ability to drive transitions beyond dipole limit.'* Many qubit transi-
tions are defined within a quadripolar or magnetic dipole subspace and such transitions can
only be driven by electric field gradients, carried in the OAM field. Improving the fidelity of
OAM quantum information transfer may require near-field OAM photonics, in visible and
microwave regimes. 130131

Recently researchers have demonstrated that OAM can induce specific quantized tran-
sitions, in an atomic ions,'*? highly bound Rydberg excitons in semiconductors'®* and po-
tentially in non-degenerate valley states of 2D material OAM to drive statespotential for
helics. ** These experiments demonstrate the potential for helical OAM to drive states
amenable for quantum information, and given the two latter cases, extended chiral exci-

tons may be the key to unlocking the potential of chiral transverse modes in information

transduction.
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7 Chirality in the Quantum Sciences

A scientific revolution is underway enabled by quantum information processing (QIP).
Successful quantum hardware will depend both on incremental technological improvements
and on disruptive applications of physical laws underpinning how qubits read, store, and
transduce information. The challenge addressed here is to rethink quantum information
protocols to incorporate chiral ‘handles’s can nanoscale chirality be leveraged to create
innovative approaches to QIP?

Using chirality as a design basis for quantum devices is unprecedented, i.e., aiming to
control spin, charge, and energy transport through molecules and interfaces so that quantum
information can be preserved and transferred at room temperature. A key concept is the
manipulation of the magnetic response in chiral molecules and engineered nanomaterials,
especially via the recently discovered CISS effect. This approach includes controlling the
spin filtering and polarization capabilities of molecules and engineered nanomaterials, and
generating qubits through molecular design, surface architectures, and tailored interactions
with light with chiral degrees of freedom. A complementary focus is the study of quantum
transduction processes at soft-hard material interfaces, involving both the transfer of spin

polarization from electrons to nuclei and field-mediated chirality transfer.

7.1 Spin Superradiance and Chiral-Induced Spin Selectivity

Cooperative effects arise from collective behavior of the constituents of a system, and
therefore they are associated with the system as a whole and not to its individual com-
ponents. These phenomena occur at every scale, ranging from the structure of atoms in
crystals to ferromagnetism, superradiance (SR) and superconductivity, functionality in com-
plex molecules and the emergence of life from biomolecules. '*°

One of the most interesting properties of cooperative effects is their robustness to the

noise induced by external environments. For this reason, cooperative effects could play an
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essential role in the successful development of scalable quantum devices able to operate at
room-temperature.

A well-known example of robust cooperative effect is superconductivity, but other quan-
tum cooperative effects, such as SR, have also been shown to be robust to noise.'*%!*" For
instance, in the case of SR, the coupling of an ensemble of emitters to an external field can
induce an energy gap; this makes superradiant states robust to disorder. Interestingly, the
superradiant energy gap, in certain limiting cases, is the same as the superconducting gap. '**
SR, first proposed by Dicke in 1954, arises from the excitation of an ensemble of individ-
ual two-level systems and results in an emissive, macroscopic quantum state. Superradiant
emission is characterized by an accelerated radiative decay time, where the exponential de-
cay time of spontaneous emission from the uncoupled two-level system is shortened by the
number of coupled emitters. In addition, when the excitation is incoherent,'*’ SR exhibits
a delay or build-up time during which the emitters couple and phase-synchronize to each
other, and which corresponds to the time delay between the excitation and onset of the
cooperative emission.

SR has been observed in a variety of systems,'*! with some of the most recent exam-

ples being cold atomic clouds,'*? photosynthetic antenna complexes,'*® molecular aggre-

144,145 146,147

gates, quantum dots, nitrogen vacancies in nanodiamonds,*® and lead halide
perovskite nanocrystal superlattices.'*’ This effect is relevant in enhancing absorption and
energy transfer, which has been proposed to improve the efficiency of light-harvesting systems
and photon sensors.'** %% SR also leads to spectrally ultranarrow laser beams.'*”

Even if the vast majority systems exhibiting superradiance involve electronic transition
at optical frequencies, SR has also been observed in spin systems.'”® Spin SR have at-
tracted much attention recently due to its many possible applications to sensing and spin
masers. 1% In particular, systems exhibiting spin superradiance could be used to produce

sensitive detectors. Spin SR can be triggered by extremely weak external pulses; given that

the delay time is exponentially dependent on the intensity of the external pulse, measuring
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the delay time of a superradiant burst provides an accurate evaluation of the triggering in-
tensity. Another very interesting application of spin SR is spin masers. %7163 A superradiant
spin system is a source of coherent radiation at radiofrequencies, analogous to lasers oper-
ating at optical frequencies. The maser, with a frequency 0.3-300 GHz and a wavelength
between 1 m and 1 mm, is the microwave analogue of lasers, having several important ap-
plications, e.g., in ultrasensitive magnetic resonance spectroscopy, astronomy observation,
space communication, radar and high-precision clocks.

The key to spin SR and spin maser is the population inversion of the emitters. In spin
systems, population inversion corresponds to spin polarization — which is a precondition for
SR emission and Maser operation when a polarized spin population is present in a microwave
resonator cavity. For this reason it would be very interesting to exploit the CISS effect ™16
in connection with spin SR and spin masers. Indeed, the spin-polarized beam emerging from
chiral molecules due to the CISS effect could be used to induce a SR pulse. SR could thus
help elucidate the CISS effect. A beam of polarized electron spins could be also used to
operate a spin maser when coupled to a microwave resonator cavity. Moreover, it is known
that a polarized electron beam couples with nuclear spins by hyperfine spin-spin interactions.
This coupling would produce a shift of the NMR frequency of nuclear spins and would thus
be able to enhance the coupling between the nuclear spins and the resonator. These effects
could be used both to study the CISS effect and to build more efficient SR or Maser nuclear

spin systems.

7.2 Controlling Spin Polarization and Entanglement in a Hybrid

Chiral Molecule/ Quantum Dot System

=~
165 revealed

To understand CISS has remained a theoretical challenge. A recent study
that the CISS effect vanishes when all electron states with the same energy are equally likely
— a consequence of the Onsager reciprocal principle. The generality of this result means

that the CISS effect needs to be understood in terms of the specific experimental settings.
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Three possible situations were pointed out:'% the electronic states with the same energy not
being equally probable (e.g., for electrons generated optically by a laser), the presence of
accidental degeneracy in the molecular spectrum which enhances the spin-orbit coupling, or
a magnetic lead. More recently, an analysis based on symmetry in electronic transmission

was carried out to gain insights into the origin of CISS.™

Chiral Molecule Quantum Dot

J

gate

Fig. 16: A schematic illustration of a ‘super chiral molecule’ — a coupled chiral-
molecule/quantum-dot hybrid structure, for controlling and manipulating spin polarization
and entanglement. The gate voltage is applied to change the quantum dot structure for
controlling spin polarization.

While strengthening the spin-orbit coupling through, e.g., coupling a chiral molecule to a
heavy metal or a superconductor can enhance spin polarization, control and manipulation are
difficult. A potential approach is to exploit a hybrid structure that couples a chiral molecule
with a two-dimensional (2D) quantum dot to form a ‘super chiral molecule’ for controlling
and manipulating spin polarization, as schematically illustrated in Fig. 16. The idea is
originated from the recent work by some of the authors on controlling spin polarization by
exploiting classical chaotic dynamics'%®'%" and spin Fano resonances. ‘%%

Intuitively, the role of classical dynamics in spin transport is intriguing from the point of
view of classical-quantum correspondence, as spin is a purely relativistic quantum mechanical
variable with no classical counterpart. Nevertheless, due to spin-orbit coupling and because
the orbital motion does have a classical correspondence, the nature of the classical dynamics
can affect spin. Full quantum calculations and a semiclassical theory revealed!'®® that the

spin polarization can be effectively modulated if the geometrical shape of the quantum dot

structure can be modified to produce characteristically distinct classical behaviors ranging
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from integrable dynamics to chaos. Especially, chaos can play orthogonal roles in affecting
spin polarization, depending on the relative strength of the spin-orbit coupling. For weak
coupling with a characteristic interaction length much larger than the system size, chaos
can preserve and even enhance spin polarization. In the strong coupling regime where the
interaction length is smaller than the system dimension, chaos typically deteriorates or even
destroys spin polarization. For 2D materials such as graphene, a quantum dot and its
geometric shape can be realized by applying a properly designed gate potential. The total
spin polarization from the hybrid structure can then be manipulated electrically.

In electronic transport through mesoscopic systems, the various resonances associated
with physical quantities such as conductance and scattering cross sections are characterized

169 Quite recently, a Fano formula was discovered ' to charac-

by the universal Fano formula.
terize the resonances associated with two fundamental quantities underlying spin transport:
spin-resolved transmission and the spin polarization vector. In particular, the Green’s func-
tion formalism was generalized to spin transport and the Fisher-Lee relation was employed
to obtain the spin-resolved transmission matrix, enabling the spin polarization vector to be
calculated and leading to a universal Fano formula for spin resonances. A phenomenon with
implications to control and manipulation is that the resonance width depends on the nature
of the classical dynamics as defined by the geometric shape of the dot. Since characteris-
tically distinct types of classical dynamics including chaos can be readily generated in the
quantum dot through geometric deformations,'™ Fano spin resonances can be modulated
accordingly. This provides a theoretical foundation for the general principle of controlling
spin polarization in the super chiral molecule system through manipulating the classical dy-
namics in the quantum dot, which can be experimentally realized by applying a properly
designed local gate potential profile. Likewise, modulating the classical dynamics in a dif-
ferent way can enhance the spin Fano resonance. The control principle was computationally

demonstrated ™ in a key component in spintronics: a class of nanoelectronic switches, where

the spin orientation of the electrons associated with the output current can be controlled

41



through weakening or enhancing a Fano resonance.

7.3 Quantum Information Storage and Transduction

We believe it is strategic and timely to exploit the distinctive properties of chiral molecules
and chiral material interfaces for developing new room-temperature device technologies in
quantum sensing, quantum storage and quantum computing.

Thus, tailoring orbital angular momentum couplings by acting either on the spin quantum
states acting as qubits and/or on the interaction potentials opens up tantalizing possibilities
for room-temperature transduction of quantum information.

Quantum information processing and quantum sensing have made enormous strides in
the past couple of decades. Superconducting circuits and ion traps have led to a race for
supremacy in quantum computing, whereas ultracold atoms and molecules, NV and other
color centers have enabled a variety of approaches to quantum sensing (e.g., magnetometry,
dark-matter detection, atomic clocks). With the exceptions of NV centers and atomic vapors,
these approaches require extremely low temperatures (mK range) to protect the coherent
states and to allow sufficient time for entanglement to evolve, or measurements to be made.
This constraint restricts their installation to locations with sizable infrastructure support.
Currently, the main drawback of qubits based on defect centers is the difficulty of fabricat-
ing them at specific locations, selectively addressing different centers, and of establishing
quantum information transfer beyond the short dipole-dipole interaction length scales.

In striking contrast to the approaches described above, chemical synthesis of chiral ma-
terials affords the opportunity to build novel quantum information systems from the bottom
up, taking full advantage of the quantum properties of matter on the atomic scale. Chiral
molecular systems differ from current qubit implementations described above in three impor-
tant ways. First, chemical synthesis allows control over the nature of the qubit itself, thus
enabling careful tuning of individual quantum states. Second, covalent and non-covalent

interactions between molecules can be used to construct atomically precise arrays of qubits.
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This approach offers the possibility of controlling and interrogating the properties of a qubit
both in isolation and as part of an array, providing new insights into the quantum proper-
ties of multi-qubit arrays. Third, chiral molecules have the potential to serve as long-range
quantum information transducers.

It may be possible to transfer chiral spin information between electrons and nuclei via
hyperfine interactions, e.g., from within topological insulators to DNA photolyase radical
pair reactions at high temperature. Spin-polarized electrons can be generated on the surface

t.1™ The coupling

of topological insulators (TI) through the application of an electrical curren
of the electron spin to the nuclear spin via hyperfine interactions highlights the ability to
produce dynamic nuclear polarization (DNP).'™!7 A promising application is a rechargeable
spin battery,'™ which could be used as ancillary qubits. From these recent results emerge
two applications: (1) TIs can be used to generate spin-polarized electrons, which can interact
with nearby DNA molecules and biomolecular structures through highly reproducible, high-
precision contacts; (2) Interactions with radical pair states are also possible, particularly in
the context of repair of lesions in duplex DNA, where the repair yield is dependent on the

17 Chiral spin modes on the surface of a

strength and angle of the applied magnetic field.
TI'™ can be used as an additional degree of freedom for manipulating the polarization.
Chiral molecules could also be harnessed for quantum information transduction. Nanochi-
ral materials could be used as quantum wires connecting a node of quantum sensors. For
example, we envision testing chiral materials as tractable, in chip solid-state quantum wires
connecting established quantum sensors (e.g., color centers in diamond, silicon or silicon
carbide), see Fig. 17. Proposals for connectivity among quantum sensors has tradition-
ally relied on dipole-coupled spin buses,!”™ which unfavorably limit the maximal distance
in between nodes, and which can hardly be engineered. Conversely, quantum information
transduction through chiral materials will overcome both these limitations, and have al-

ready been shown to be capable of quantum information transduction and topological-like

transport over longer distances and in complex environments. %
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Fig. 17: Chiral molecules could be used as interconnects or quantum information
transducers that have a longer-range than dipolar-coupled spin buses.

7.4 Decoherence and Entanglement Considerations

An important question for near room-temperature CISS-based quantum information is a
good understanding of the decohering bath. Investigation of single-qubit coherence proper-
ties under controlled noise (electron-electron, electron-phonon scattering) environments will
be needed to inform the design of novel chiral materials and devices for quantum information

™ are a complex result of electronic correlations. If

processing. For example, spin textures’
electron-electron interactions can be effectively decoupled, CISS can still be sustained by
the material, since it results essentially from the spin-orbit coupling and the breaking of
inversion symmetry under electron transfer, transport or polarization conditions. Under-
standing bath dynamics and application of reservoir engineering principles can be achieved

with proof-of-principle experiments relying on controlled charge injection into nanochiral

materials, combined with quantum information/sensing protocols for spin-state prepara-
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tion/control /readout.

Another key issue is entanglement. For a quantum system with multiple degrees of
freedom or subspaces, loss of coherence in a certain subspace is intimately related to the
enhancement of entanglement between this subspace and another one. It would be useful to
investigate intra-particle entanglement between spin and orbital degrees of freedom in the
super chiral molecule system with different types of classical dynamics in the quantum dot.
Of particular interest is the spin degree of freedom in the weak spinorbit coupling regime

166-168

where, as existing studies suggested, it is possible to use classical chaos to significantly

enhance spin-orbit entanglement at the expense of spin coherence.

7.5 Control of Light-Matter Interactions

In addition, taken together, orbital and spin angular momenta provide exciting avenues for
quantum control. The critical challenge for using OAM for quantum control is in enforcing
the interaction of the emitter with the inhomogeneous spatial mode of the electromagnetic
field, which is addressed by the following two questions:

(i) How can one design materials that interact strongly with orbital angular momentum
fields via extended excitonic states? Many delocalized systems already strongly couple to
spin AM through either macroscopic helicity (e.g., helical molecular aggregates) or through
degenerate points in their band structure (e.g., valleytronic 2D materials), but spin AM com-
bined with orbital AM remains experimentally underexplored. It needs to be established how
mesoscopic helicity in novel designed and self-assembled materials can control and enhance
interactions with orbital AM fields.

(ii) How can one implement sub-wavelength optical fields with orbital angular momentum
that will strongly interact with matter? Near-field photonics can create field gradients that
are far stronger than the free-space modes (thus preventing decoherence) and that can be
used to drive high-order transitions (such as electric quadrupole) far more efficiently than

the vacuum (i.e., spontaneous emission). Controlling quantum information via spatially
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engineered electromagnetic fields that provide environmental control of angular momentum

would be transformative for quantum-enabled technologies.

8 Conclusion

In this extensive review, we have presented diverse systems in which chemical, materials,
and electromagnetic chiral degrees of freedom could be harnessed for QIP. Collectively, this
work aims to establish the field of chiral-enhanced QIP. Moving forward, chiral-enhanced QIP
will require a multidisciplinary effort combining cutting-edge materials design and character-
ization with diverse theoretical methods, with long-term goal is to design and control chiral
qubit spin states operating at room-temperature. We firmly believe that a chirality-based

quantum leap will guide the next revolution in quantum devices.
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