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Abstract

This review relates recent advancements in chiral-based spin-electronic devices obtained using
suitable combinations of organic, inorganic and hybrid materials. Specifically, the focus is on how
chirality can be suitably used to control spin in practical applications, with reference to spintronic
sensors and consumer devices. Interestingly, the physical mechanism by which that control can
be implemented is the chiral-induced spin selectivity (CISS) effect, which connects the structural
chirality of a material with its electronic spin-selective transport properties. The CISS effect is
based on the observation that the charge transmission in chiral systems is spin selective, this
experimental evidence points to the existence of a relation between the electron spin and the
structural handedness of the matter. This unique structure/transport relationship can be exploited
in designing a wide number of spintronics devices, from memory to transistors, logic gates and
molecular g-bits.

Keywords: CISS, Spintronics, Optoelectronics, Chiral induction, Spin-dependent
electrochemistry
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1. Chirality and Chiral Induced spin-selectivity (CISS) effect

Chirality is an exceptionally transversal and interdisciplinary field of science, profoundly
connected to biology, chemistry, physics and mathematics as well, as shown in Figure 1. It is
observed in nature from most fundamental molecule of life such as DNA and protein to the
macroscopic level such as nautilus, shells, snail, flowers, or imprinting of clockwise and counter-
clockwise rotating permanent magnetizations in soil and ground material due to corresponding
positive and negative polarities of lightning current.!> Chirality as a concept is often conveyed
in terms of the left and right handed specular images, which is by far an over-simplified picture
1) Barron suggested the classification of “true” and “false” chirality, where true chirality refers
to time-invariant enantiomorphism and false chirality to time-noninvariant enantiomorphism?3-*
i1) fundamental physical quantities as the angular momentum, the magnetic field associated
with a current (Biot-Savart law) and the spin are tightly related to the concept of handedness,
just to mention a few.> Topics deeply related with the concept of handedness, and apparently
unrelated to “chirality/handedness”, are 1) magnetism, where polar and axial vectors play a
central role? 2) spin and all of the related implications and applications spintronics (spin-valve
based logic gates).>”’
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Figure 1: Chirality in nature (a-d), in 2d geometry: Archimedean spiral r(6) = 8 calculated in
the 0 <0 < 1000 range (e), schematic presentation of Chiral induced spin selective effect when
chiral molecule is in contact with ferromagnetic substrate(f,g).5*

o

Moreover, just thinking of how nature developed life on planet Earth gives a clear idea of
the importance of chirality: with few exceptions, it is well-known the great majority of amino
acids, proteins, and bio-related molecular architectures are chiral and present a single
handedness in nature. i.e. proteins are typically right-handed, this is known as the
“homochirality problem”, a yet to be solved fundamental conundrum.!® Applications
concerning chirality span from 1) sensors!!~!3 able to detect important molecules for human
health like insulin and glucose 2) separation (resolution) of racemic mixtures'4'7 3) drug
synthesis in pharmaceutical industry 4) chemical reactivity'#2° 5) chiral induction?!-?? 6) light-
driven molecular motors.?* Chiral recognition and enantioselectivity are commonly assumed
to arise from a simple geometrical effect (a vision especially well rooted within chemists and
biologists), typically described by “lock and key” and “Three-Point Interaction” qualitative
models.?*
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L-enantiomer D-enantiomer

L-selector L-selector
Figure 2: Schematic representation of of the three-point chiral-recognition model, depending

on the enantiomer handedness, L or D, with fixed orientation of the chiral “selector”. The sites
‘A’, ‘B’, and ‘C’ experience different interactions with the ‘a’, ‘b’, and ‘c’ centres. Reproduced
from reference 25 with permission from Nature Publishing Group, copyright 2020.

Thus, chiral recognition, and enantioselectivity as well, are still sitting on the Three-Point
Interaction cartoon as represented in Figure 2, although it was proven to be not effective in a
number of cases.?> Recently, spin-based exchange interactions have been proposed to rule
chemical reactivity in the field of chiral-induction, i.e. the ability of a chiral compound to
induce chirality in an achiral system.?¢

Moreover, the physics underlying the emerging of specific interactions between chiral
systems and spin polarized electrons is currently an open question, together with electro
magneto-chiral dichroism”!%?7 and the Chiral Induced Spin-Selectivity (CISS) effect.!%-28-31

Beyond the high purely scientific interest, CISS effect recent results obtained in inorganic
systems such as chiral crystals,>? perovskite’33* and MOF with hybrid organic/inorganic
composition, 3 pave the way towards the development of stable spintronic devices to be
developed within the CISS framework, by using suitably designed chiral materials. Indeed, in
some of the explored systems spin polarization values not far from 100% have been observed till
this date.%3¢

1.1 The CISS effect

In a nutshell the CISS effect is the recognition that a flow of electrons transmitted through
a chiral system emerges as spin-polarized, as it is schematically depicted in Figure 3.

Direction of majority charge carriers
.

North South

Figure 3: Schematic representation of the CISS effect. A ferromagnetic material, under the
application of a magnetic field, is exploited as a spin injector. An adsorbed layer of chiral
enantiopure polypeptide acts as a spin-filter.

1.2 Theoretical models for the CISS effect
The theoretical understanding of the physics underlying CISS remains a subject yet open
to discussion. Indeed, recent theoretical papers comparing charge transmission in achiral vs

3
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chiral simple organic systems, show that a fundamental role is played by spin-orbit coupling
(SOCQC), Figure 4,37 in the charge transmission process,*® and that charge transmission is much
more efficient in the case of chiral systems.?®

(+) !(-)
CNXE W pev= AP Eg;

AP\« -1

Figure 4: Schematic representation of how SOC, in a system with handedness, could induce spin-
filtering, i.e. CISS effect. The small spin polarization, AP, arises from the SOC, and causes a spin
blockade because of the Pauli principle. Which is proportional to the singlet—triplet energy gap,
Esr, in the molecule. The purple and green curves represent the charge distribution occurring upon
applying the electric field across the system featuring handedness, here presented schematically
as a coil. The yellow and dotted lines represent the electrodes Fermi energy and the electric field
across the system. Reproduced from reference 37 with permission from American Chemical
Society, copyright 2020.

Then some recent articles address the role of electronic properties, “helical” molecular

orbitals, in promoting spin polarization even in the case of tunnelling-base charge transport.3840:41
Continuum effective model for electrons in the helical molecules causes robust coherency in the
electron tunnelling*?> and Onsager reciprocity explains the coupling energy between the contact
and chiral molecular are the defining parameters which cause spin polarization.*>* A rather
different view underlies the approach of Jonas Fransson,* where the spin-selective effect was
proposed to be due to selective scattering with chiral phonons, a particularly interesting approach
since it is able to correlate spin-polarization as a function of temperature.3?
Anyhow, the theoretical explanation of the CISS effect is still an open ground, apparently also
featuring a rather high parcellation in addressing different forms of effects related to spin-filtering:
theory of CISS in transmission, in transport, in chemical reactions.*® Indeed, a crucial aspect is
how to properly measure/quantify handedness-induced-effects on the electron spin, involving the
measurement of suitable quantities, like optical rotation or Hall-potential, or quantification of
products following a chemical reaction in classical wet-chemistry synthesis, enantiomeric excess
(ee%). Basically, every possible application relies on typical experimental tools to probe the effect
of chiral-induced spin-selectivity. This perspective deals with the CISS effect, and thus the main
focus regards the electron spin/handedness interactions and the different possible ways to detect
and quantify the relevant experimental manifestation. Of course a major role here is played by the
detection of spin-polarization (SP%), even though in the field of CISS, due to the various strategies
to get at SP% this is a subject which needs to be rationalized.*’*
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2. Recent Demonstration of Spin Polarization in Various Molecular System

Spintronics is emerging as a crucial applicative field relevant to recent developments in
electronics, related to the implementation of quantum computing technologies, where organic
based semiconductors appear of particular interest for practical applications®’, of course the
possibility to couple the flexibility of tailoring complex molecular architectures with CISS paves
the way to a number of possible experimental approaches to the problem of how get control on
spin polarized currents.

2.1 Hall detection in solid state device
In the case of CISS related measurements the typical Hall-device working principle is overturned:
in fact, in a typical Hall-device the so-called Hall potential difference stems from the application
of an external magnetic field orthogonal to a current flowing in a conductor.’! This concept is
reversed in the case of a Hall-device designed to detect spin-filtering due to the CISS effect. In
this latter case, the Hall device is patterned on a AlIGaN/GaN high electron mobility transistors
(HEMT) heterostructure, featuring a 2-dimensional electron gas (2DEQG) structure 20 nm below
the device surface, the channel. Enantiopure chiral molecules are adsorbed on top of the GaN
surface Measurements can be operated in two modes, one is polarization induced spin
measurement and the other one is spin-polarization obtained via charge transfer, in both cases
spin-polarization is obtained applying a potential difference to the GaN surface, via an
electrochemical cell placed directly on top of the Hall device. Indeed, measurements exploiting
such a complicated experimental setup, showed to be capable to measure spin-polarization due to
the CISS effect in both solid-state configurations’? and wet-chemistry.?®33 Here, Figure 5
summarizes the results in terms of Hall potential, obtained at varying systematically the thickness
of the chiral interface: oligopeptides and DNA base pairs adsorbed on the GaN surface of the
AlGaN/GaN HEMT, which is the channel of the Hall device.”* The integrated electrochemical
cell/Hall-effect based device allows to measure a Hall potential due to spin accumulation in the
AlGaN/GaN channel, due to the CISS effect, i.e. spin filtering, induing spin-accumulation the
Hall-device channel, creation of a magnetic field due to spin accumulation.?6-233 The Hall device,
featuring the chiral interface, was embedded inside a buffer solution, and a gate insulated from the
solution, was located on top of the device, as schematized Figure 5(a). By applying electric
potential between the gate and the Hall device, the adsorbed molecules were polarized (in fact
spin-polarized, in the case of an enantiopure chiral interface), as schematized in Figure 5(b). The
spin polarization, which accompanied the charge polarization, was monitored by measuring the
Hall potential. In short, the electrochemical driven, electric field polarization induces spin-
polarization, and eventually a Hall voltage is measured in the device (due to presence of spin-
polarization, hence an associated magnetic field).26-3
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Figure 5: Schematic illustration of the Hall device for both polarization and spin-electrochemistry
mode (a & b), Hall voltage recorded during the polarization mode gives the information about the
spin polarization in DNA and oligopeptide (c), Hall voltage (d) and corresponding electrochemical
current (e) recorded during the electrochemistry measurement on DNA and oligopeptide.
Reproduced from reference 54 with permission from American Chemical Society, copyright
2020.

In the case of charge transfer wet-chemistry, a spin dependent electrochemical current is
obtained by using a standard three electrodes electrochemical cell, where the Hall-device itself
serves as the working electrode. In this case the Hall voltage is the measure of spin selective charge
transfer from redox couples in bulk solution or chemisorbed on the Hall-device. Figure 5(b)
summarizes the results obtained by this type of studies of interphases built exploiting various
chiral compounds such as DNA and oligopeptides of varying length. These molecules of different
lengths are thiol-terminated and were immobilized on the gold channel of a Hall device chip for
spin selective measurements. Figure 5(c) sets out the result of Hall voltage measurement as a
function of the self-assembled monolayer (SAM) thickness: in units of dSDNA base-pairs and
oligopeptide repeating units, i.e. as a function of the length of adsorbed molecules. Remarkably,
the Hall potential, for a constant gate voltage, increases as the thickness of the chiral interface
increases, in addition the Hall-potential change in sign is consistent with changing the sign of the
gate voltage. A linear relationship holds between the thickness of the chiral interface and the Hall
potential, as shown in Figure 5(d). Eventually, note that the Hall potential (the degree of spin-
polarization to a first approximation) increases and the electrochemical current decreases. A
results consistent with previously published experimental results.>?
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2.2 Hall detection using 3D-electrochemical cell
The CISS effect detection relying on electrochemical measurements is a topic growing in
interest.’%>7 Here it is demonstrated how a classical electrochemical setup is integrated with a
Hall-device, again exploiting a GaN/AlGaN heterostructure with 2-dimensional electron gas
(2DEG) which is acting simultaneously as the working electrode of a electrochemical cell and the

channel of Hall-effect device: in an experiment coded as three -dimensional spin-dependent
electrochemistry (3D-SDE).2¢
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Figure 6: Optical image of the actual hall device(a) along with schematic illustration of the device
3D-spin electrochemical system (b) and sample with silver quantum dots (QDs) (c). (i) and (ii)
corresponding measurements of spin current and Hall potential. (iii) 3D graphical representation
of the experimental data concerning the applied potential, current and Hall potential. (iv) Hall
potential as a function of the chiral adsorbed monolayer thickness. Reproduced from reference
[26] with permission from John Wiley and Sons Ltd, copyright 2017.

Eventually, it is obtained a quantitative relationship between Vy,; vs Monolayer-thickness, Figure
6 (iv). Suggesting a tight relationship between the Hall potential (which is due to the spin
selectivity), induced by the electrochemical potential which is driving the charge transfer across
the Hall-device/solution interface, and the length (thickness) of the chiral interface (adsorbed
enantiopure peptides). In addition, the Hall device it proved to be able to discriminate surface
handedness chiral recognition in Hall/cyclic-voltammetry curves concerning the case of
enantiopure chiral ferrocene (FC) redox probe. The latter present in bulk solution. In this
experimental architecture a fundamental role is played by the presence of the 2DEG, as it is
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discussed in detail in the relevant paper, the physics underlying the essential presence of a 2DEG
is yet to be understood.

2.2 Magneto-conducting AFM:
Recent advancements in experimental aspect of the CISS effect concern molecular architectures
spanning from supramolecular structures®¢ to helicenes®® and chiralized (chirality is induced by
the presence of an asymmetry inducer, quite often the camphor sulfonic acid is used) polymers>®,
also inorganic systems such as Ni oxide®? and perovskites by Vardeny group,®>* cobalt and cupper
oxide®!-%? and some 2D materials.5?

In a recent paper it has been obtained a rather high spin-polarized charge transmission in
chiral-induced poly aniline (cPANI). Aniline was used to create a chiral polymer in the presence
of an asymmetric catalyst: enantiopure R- and S-camphor sulfonic acid. In-situ chiral induction
during electropolymerization clearly shows the handedness present in both the R-cPANI (R-
camphorsulfonic acid chiral induced PANI) and S-cPANI (S-camphorsulfonic acid chiral induced
PANI). Theoretical calculation proved that helicity in polymer is induced by coupling of chiral
catalyst via exchange interactions. Magnetic field dependent AFM measurement shows around
55% spin polarization, SP%, calculated by using equation SP = (I, — laown)/ (Iup + laown
) * 100. Chiralized cPANI turned out to be a very robust and consistent system, featuring a quite
stable over time spin selective charge transmission (compared to SAM adsorbed at the
electrode/solution interface). Figure 7a sets out the schematic of magneto-conductive AFM
(mcAFM) measurement. Note that, the current in both the magnetization directions was recorded
on several spots on the sample surface, and the final average data are presented in the Figure 7
(b) & (c). Remarkably, note the symmetric behaviour of the current vs potential curves upon
flipping the magnet (north Up and Down) placed under the electrode, the flipping of the magnet
reverse the majority of the spin carrier in the bottom nickel electrode (substrate), on the whole this
gives the information about the spin filtering capability of the chiralized PANI polymer.
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Figure 7: (a) Magnetic conducting probe AFM measurement (mcAFM) in the presence of 0.3
T external neodymium magnet. Averaged current voltage (I-V) scan for (b) R-CSA/PANI and
(c) S-CSA/PANI. Reproduced from reference 31 with permission from John Wiley and
Sons Ltd, copyright 2020.
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2.3 Magnetoresistance Detection

Magnetoresistance (MR) detection is another experimental technique able to characterize
the behaviour of a spintronic devices, likewise spin-valves which can be used to probe further
the dependence between “molecular structure” and the CISS effect.?*%* By means of MR
measurements it has been recently demonstrated spin polarization in an inorganic chiralized
material, chiral imprinted nickel, prepared using an organic chiral template (enantiopure
tartaric acid).®®© Where chiral-induction was obtained via electrochemical co-deposition of
nickel in a solution containing enantiopure tartaric acid. Figure 8 shows the spin valve
fabricated using chiral Ni and the relevant device configuration and magnetoresistance results.
Asymmetric nature during the magnetic scan was observed which shows spin filtering
behaviour coming from chirality of Ni and while switching handedness of the system it gives
opposite behaviour in spin filtering. Around 1% MR signal is observed from both the helicity
in this spin valve device, which is comparatively lower than the organic counterpart, but this
device was more robust upon time and the thickness of the chiral Ni was easily tuneable during
the electrochemical deposition. In addition, helicity of nickel was also tuneable by simple
switching of the enantiopure catalyst handedness in the electrochemical bath.

Achiral
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Figure 8: (a) Schematic representation of the magnetoresistance (MR) device, experimental
setup: a standard 4-probe configuration is implemented. (b) MR plot with a magnetic field
measured on achiral Ni as a cross-check experiment. (c) and (d) on chiral imprinted Ni, L-TA
and D-TA, respectively. Reproduced from reference 60 with permission from American Institute
of Physics, copyright 2021.

Another example where CISS based spin-polarization is demonstrated exploiting various
technique such as mcAFM, Hall measurement and MR measurement to probe the spin
polarization in a perfectly mirror symmetric and well-ordered controlled polymer on the surface.®
These polymers are thiol (-SH) terminated and able to bind on the gold surface synthesized using
a novel polymerization system. The polymers are poly (4-ethynylbenzoyl-l-alanine decyl ester),
poly (4-ethynylbenzoyl-d-alanine decyl ester), and poly (4-ethynylbenzoyl-2-methylalanine decyl
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ester) (poly-2) named as poly-1L and poly-1D. This was one of a kind of CISS study, where chiral
polymer were perfectly oriented on the surface (as it was verified by FTIR and AFM
measurements).
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Figure 9: Schematic presentation of spin valve, or MR, a device by incorporating chiral molecular
system in a 4-probe geometry (a) MR measurement when poly-1L is used (b) and when opposite
chirality (poly-1D) used (c). The opposite z shape of MR curve signifies that the spin filtering
property depends on chirality of the device. Reproduced from reference 59 with permission
from John Wiley and Sons Ltd, copyright 2020.

Also, one of the interesting features about these polymers is that they are not intrinsically chiral,
but chirality is associated with chiral side group which defines the handedness of the polymer.
One of the techniques presented in this work, in Figure 9, is to measure magnetoresistance and
have shown around 3% change in MR value with reverse Z-type pattern observed by switching
the chirality, compare results in Figure 9 (a) & (b).

3. Spintronic Devices within CISS Framework:

3.1 Probing chiral in-plan chiral crystal
Recently, several papers appeared on high impact journals, where handedness is induced in
perovskite and crystals of inorganic complexes. These systems are functional to demonstrate the
CISS effect, along with various spintronic applications such as in spin-valve devices or related to
circularly polarized light emission. In one of such kind of study, authors resolved the crystal
structure of mirror symmetry crystals with spatially resolved electrical measurements.® In this
work devices based on the spin Hall and inverse spin Hall mechanism to show charge to spin
correlation.® One of the interesting results of these measurements is to probe non-local CISS
effect, and spatial probing of spin-polarization in the form of charge current. Measured potential
difference at three places on the crystal designated as left, right and center electrode while flowing
current from the outermost gold electrode is shown in Figure 10 (b). This is one of the significant
studies where opposite effect in polarity of the voltage have been measured, with respect to

10
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changing the handedness of the crystals, with the observation of spin polarization effects on a
10um length scale.

To understand in deep the physical details underlying the observed dependence of spin-
polarization on the applied potential difference, i.e. the charge transmission to spin correlation,
authors have performed electrical measurements in the presence of the external magnetic field.
Both the measurements correlate consistently with the spin effect during charge transfer, which
causes opposite polarity in the voltage. Although the causes of spin coherence observed to 10 um
length scale remain to be understood, if it is not supported by higher spin orbital coupling. Authors
also tried to explain this mechanism by spin Hall and inverse spin Hall effect by measuring spin
charge current in the central tungsten electrode, in both the crystal by applying constant current in
the axis direction.
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Figure 10: Crystal structures of a disilicide in both mirror symmetric forms (a). Electron
microscopic image of the fabricated device on a NbSi, crystal, for CISS related measurement
(b). Various CISS related measurement were carried out on this geometry while flowing current
along the chiral symmetric plan to determine the handedness of system (c) & (d). Reproduced
from reference 68 with permission from Nature Publishing Group, copyright 2019.

3.2 Perovskite for chiral emission (spin-LED):
In a recent and elegant example of optical rotation essentially due to the CISS effect, Kim et. al
have demonstrated that circular polarized light emission can be obtained by controlling spin
polarized charge recombination, this by utilizing the chiral layer in a light emitting diode (LED).¢’
This device is named as “spin-LED”, due to the significant role of spin-polarized charge carrier
caused circular polarized emission. The device synthesyzed and characterized in ref. ¢7 is based
metal-halide perovskite, chiral the
methylbenzylammonium moiety using lead iodide. One of the advantages of using metal halide
nano crystals is that they are tuneable in wavelength, with narrow spectral emission and higher
quantum efficiency. These photonic related characteristics make this class of compounds
promising candidates for applications in circularly polarized emission (once suitable chiral groups

on a chiral where centres are present in

11
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are introduced within the molecular system). In this paper authors have also used the magnetic
conducting probe AFM, to measure spin polarization, eventually obtaining around 80% spin
polarization, a quite significant result in these systems. Featuring a 2.6% polarization degree in
circularly polarized electroluminescence (CP-EL) measurements.
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Figure 11: (a)Schematic presentation of fabricated device along with composition of the material
layers demonstrating spin polarization causes by holes within the layer (b) second schematic
diagram showing the spin selective charge carrier recombination and circular polarized emission.
(c) showing difference in electroluminescence of left and right-handed polarization of light. (d)
calculated CP-EL clearly shows the mirror symmetry in emission at ~680nm. Reproduced from
reference 67 with permission from American Association for the Advancement of Science,
copyright 2021.

3.2 Light induced chiral switching polymer for MR devices:
A quite interesting MR device application exploiting the CISS effect was presented in a recent
article by Yamamoto®, where a SAM of overcrowded alkene is chemisorbed on alumina.
Interestingly the compound adsorbed on the substrate surface is light sensitive and works as a
molecular switch, by changing its handedness upon shining light, Figure 12. This molecular
system was utilized in the spin-valve device and was demonstrated to control magnetization by
light pulses on a transparent PEDOT electrode. Authors have also assessed how switching
handedness of the chemisorbed molecules plays an important role in the device performance, this
in terms of controlling the spin alignment in ferromagnetic interface. Photoirradiation on junction
of standard four probe geometry along with exploiting Al,O5 as buffer layer and bottom Ni
electrode are used for this spin-valve fabrication. Antisymmetric MR response was observed from
the device, the MR response switches upon shining the light along with scanning an external
applied magnetic field with a ~4% change in magnetoresistance, making this system quite
interesting for the application in the field of opto-electrinics where circular polarized light-stimuli

12
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are exploited. The same device showed a 44% spin polarization observed in I-V curves obtained
via conducting magnetic AFM measurements.
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Figure 12: (a) Schematic presentation for spin valve in 4 probe geometry where top electrode is
replaced by transparent conducting electrode (Inset: sandwich at cross-section) (b) SEM image of
actual device (c) magnetoresistance measurement with sweeping magnetic field in between -1T
to 1T at various time span. Reproduced from reference 68 with permission from Nature
Publishing Group, copyright 2019.

All the above presented work demonstrates the growing field with advance way of probing
the CISS effect and further utilize these materials to control the spin for spintronics application.
Not only this field is limited to ether bulk or molecular level but researchers are now
demonstrating this effect even in 2D materials which would help to further miniaturization
existing electronics for spin-based application.

CISS effect can be utilized by using magnetized, ferromagnetic substrates which controls the
enantiospecific molecule— substrate interactions and guide reaction outcomes. Figure 12(a) depict
the interaction of chiral molecule with a substrate where spin is randomly aligned, because of
helicity of the chiral molecule, molecular handedness is accompanied by charge polarization
eventually inducing spin polarization.®

4. Chiral-recognition, chiral-induction and CISS

A pivotal point for the design and development of innovative applications exploiting the
handedness of chiral systems concerns the interplay between chirality, chiral-induction and spin-
filtering. This section describes a novel perspective on the role that electron spin plays in driving
intermolecular forces active between two chiral molecular systems, more in general between
chiral systems (for example chiral molecules adsorbed on a surface, which eventually behaves as
a surface characterized by specific handedness). The role of the spin arises from the chiral induced
spin selectivity (CISS) effect, related to electrons moving in chiral systems.”®7? Within this field
recent contributions concern the role of spin in the process of enantio-recognition. As it is
demonstrated by straightforward comparison of three systems where a canonical electrochemical
enantio-recognition experiment is carried out by studying the four possible combinations of a
chiralized-surface with chiralized (i.e. handedness in the nanoparticle is induced via adsorption of
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chiral compound) silver nanoparticles (AgNPs are used as chiralized-redox probes), exploiting the
strong chemisorption of an intrinsic chiral thiophene derivative (3,3'-bibenzothiophene core
functionalized with 2,2'-bithiophene wings: BT,T,’3) to impart ad-hoc handedness.

Experiment#1 o2 Experiment#2 | pr—
i : — S.BT2T4 MagDOWN a)
— o — | s
| 3 i R o
A : A 5 A : A E
| 3 0.0 i P 1 [ ——
| ‘é” ) g
1 ] I
| ‘@ | K g
| g ; ET
5
: = —— AUIS-BT2T4 /f R-BTZT4@ANPs :
—— Au/S-BT2T4 I/ S-BT2T4@AgNPs : =~ o
B o1 o1 0.2 gIAEE ) | TSN 02 01 0.0 01 02
Polennar V) i = % Potential (V)
. »
o] —r-BT214 MagUP
i3 b) 67T —— R-BT2T4 MagDOWN b)
z
g \
5 I
Q 0.0 X
=
I
T
E =0.
§
<02 —— AWR-BT2T4 // R-BT2T4@AgNPs
—— AUR-BT2T4 /f SBT2TA@AGNPS 10
?
I

-0.2 0.2 0.2 -0.1 0.0 0.1 0.2
Pot :enl al V) Potential (V)

Experiment#3

) 204 a
] | oo . SBT2T4
=] | ;
I &
-V £ 00]
g 3 MagUP
. +  MagDown
204, ‘
' -2.0 10 UO 1.0 2.0
: Potential (V)

Current (nA)
o )
o o
2
2
N
]
~
=
o
(=]
=
o

-2.04 - MagDown

20 40 00 10 20
Potential (V)

Figure 13. Experiment I: chiral recognition electrochemistry. CVs are recorded for all the
possible handedness combinations: a) black Au|(S)-BT2T4|(R)-BT2T4@AgNP, red Au|(S)-
BT2T4|(S)-BT2T4@AgNP. b) black Au|(R)-BT2T4|(R)-BT2T4@AgNP, red Au|(R)-
BT2T4|(S)-BT2T4@AgNP. 0.1 M KCI in aqueous solution is the base electrolyte. Experiment
II: spin-dependent CVs and its Schematic representation. a) Ni|(S)-BT2T4@AgNPs: black line
MagUP, red curve MagDOWN. b) Ni|(R)-BT2T4@AgNPs: black line MagUP, red curve
MagDOWN. Experiment III: Schematic representation of set up: magnetic conductive probe
AFM. Au substrate and Ni ferromagnetic tip: black line MagUP orientation, red line MagDOWN
orientation. a) Au|(S)-BT2T4 interface. b) Au|(S)-BT2T4 interface. Circle dimension in I-V
curves is representative of a 0.1 nA sensitivity, corresponding to a 5% standard deviation on the
largest current value. Right panel summarizes, by straight comparison between the
electrochemical and SDE and mc-AFM data, that in the electrochemical experiment the chiralized
electrode surface acts as a spin-injector. Reproduced from reference 74 with permission from
Wiley-VCH Verlag, copyright 2024.

Then, close comparison with results obtained by spin-polarized interfacial charge transmission
obtained in typical spin-dependent electrochemistry (cyclic voltammetries CV) and spin-polarized
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conduction (mcAFM) show that the chiralized surface behaves like a spin-polarized source/sink
of electrons and moreover that the enantio-recognition process is also driven by spin/handedness
interactions (the basics laying at the heart of the CISS effect). The relevant experimental results
are schematically presented in Figure 13. 74

The previous results are tightly related to the induction of optical rotation in a photo-luminescence
(PL) experiments, where quantum dots are adsorbed on a chiral surface.”> Here the response of
achiral core-shell CdSe/CdS quantum-dots reveals optical rotation as induced by adsorption on a
chiralized layer of poly-aniline (PANI). In this case handedness is obtained by performing the
electropolymerization in a solution containing an enantiopure derivative of camphor, the R- (or S-
) camphor sulfonic acid.”®”” The relevant experimental set-up and optical rotation in PL signal is
shown in Figure 14. This study is one of the kinds where CISS effect was utilized to get polarized
emission at single photon level.”®
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Figure 14. a) Schematic of excitation of colloidal CdSe/CdS QDs sitting on the chiral PANI
surface. b) PL spectra of a 9 ML individual QD recorded for an into-plane surface magnetization
showing a preferred right-handed (purple) circular polarization. ¢) Total photoluminescence
intensity observed from the same QD for magnetization directions into (blue) and out-of (red) the
surface plane. Reproduced from reference 78 with permission from American Chemical
Society, copyright 2024.

Perspectives:

The latter experimental results clearly demonstrate that spin plays a significant role in driving
processes where enantio-recognition (handedness) is involved. Of course, relevant applications
involve both signal encoding via spectroscopic measurements as well as by electrochemically
triggered processes. There is ample room to broadening and developing the active field of research
in connection with the CISS effect.
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1) 2D materials, like TMDs or perovskites, where handedness can be suitably exploited to
break inversion symmetry, allowing to obtain spin-light emitting diodes (spin-LED) as
recently shown by Wu and Wang chiral(amine) perovskite, characterized by an 80% spin
injection polarization and a CP-EL asymmetric factor (gCP-EL) of about 1.6 x 1072.7°

2) Optical probing spin-polarization, as induced by the CISS effect by exploiting photonic
materials allowing to make a quantitative measure of the polarization resolved emission
induced by handedness, our group is actively exploring this research direction. See for
example a recent study where 2D materials are intercalated with chiral compounds, with
application in the field of spintronics.3°

3) Implementation of spin-controlled Q-bits based on chiral molecular architectures, as
described in a recent paper based exploiting thia-bridged triarylamine hetero[4]helicene
radical cation chemisorbed on gold.?!
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