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Hybrid organic—inorganic perovskites with diverse
lattice structures and chemical composition provide an ideal material
platform for novel functionalization, including chirality transfer.
Chiral perovskites combine organic and inorganic sublattices,
therefore encoding the structural asymmetry into the electronic
structures and giving rise to the spin-splitting effect. From a
structural chemistry perspective, the magnitude of the spin-splitting
effect crucially depends on the noncovalent and electrostatic
interaction within the chiral perovskite, which induces the local
site and long-range bulk inversion symmetry breaking. In this regard,
we systematically retrospect the structure—property relationships in
chiral perovskite. Insight into the rational design of chiral perovskites
based on molecular configuration, dimensionality, and chemical
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composition along with their effects on spin-splitting manifestation is presented. Lastly, challenges in purposeful material design and

further integration into chiral perovskite-based spintronic devices are
physics, we believe that this Perspective will propel the application

outlined. With an understanding of fundamental chemistry and
of multifunctional spintronic devices.
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Lattice distortion

Hybrid organic—inorganic perovskite has demonstrated intrigu-
ing optical and electrical properties, which prompted extensive
development of such a material family within the realm of
multiple optoelectronics including photovoltaics, light emitting
diodes, and photodetectors.' > Following the progress in
perovskite-based optoelectronic devices, the exploration and
evolution of chiral perovskite with various chirality transfer
mechanisms from organic components to inorganic lattice also
quickened research interest of these compounds in the field of
spintronics applications.é’7

Chiral perovskites combine chiral organic and achiral
inorganic building blocks to facilitate a material system with
promising chiroptical properties, which is attributed to the
chirality transfer from the chiral ligand to the inorganic lattice.
The abundant compositional and structural versatility of chiral
perovskites engenders tunable chiroptical absorption and
emission wavelength, long charge carrier lifetime, low trap
densities, and novel spin-dependent properties. These unique
characteristics empower chiral perovskite-based spintronic
devices have to control over light, spin, and charges, thereby
compensating for the inferior charge transport and optical
response observed in organic chiral materials."~'® Notably, the
intrinsic large spin—orbit coupling (SOC) and tunable Rashba-
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Dresselhaus effect of chiral perovskite offer electron spin
manipulation as a new degree of freedom, which expands the
functionalities of conventional electronic devices by coupling
the electron’s momentum with spin states.'"'*

The extension of chirality in the perovskite lattice via
abundant chemical bonding interactions would transfer the
molecular stereochemistry across length scales and govern the
spatial inversion symmetry breaking in the inorganic lattice. In
this regard, chiral perovskite provides a promising material
platform to study and harness the spin-splitting effect.'*"¢
Based on the broad choice of organic and inorganic components,
both crystal structures and the spin-splitting effect have been
studied in some practical examples of chiral perovskite.
However, the early studies have not been systematically
reviewed to conclude the structure—property relationship that
elucidates the translation of structural chirality to band-splitting.
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Scheme 1. Chemical Strategies on Enhanced Spin-Splitting in Chiral Perovskite
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Figure 1. Representative chiral organic cations and chiral perovskite. (a) Representative chiral organic cations involved in the formation of chiral
perovskite: MBA* (methylbenzylammonium),'® MPEA* (f-methylphenethylammonium),'” NEA* (1-(1-naphthyl)ethylammonium),'> CHEA* (1-
cyclohexylethylammonium),”® 3AMP**(3-(aminomethyl)-piperidine divalent cation),”" X-MBA*(4-fluoro- or chloro- or bromo- or nitro-
methylbenzylammonium),”>** 3FP* (3-ﬂuoropzrrolidinium),24 3APD?*" (3-aminopiperidinium),”> DACH (1,2-diaminocyclohexane),26 a-Alah
(protonated a-alanine),”” 20A (2-octylamine).”® (b) Crystal structures of some typical chiral perovskites.

Besides, the lack of targeted structural design strategies hindered
the rational control and optimization of chiral perovskite.

In this Perspective, we are committed to decoding the
structural feature of chiral perovskite for achieving an enhanced
spin-splitting effect. We focus on the material basis of chiral
perovskites and how this specific material can be qualified for
hosting considerable Rashba—Dresselhaus spin-splitting. Based
on crystal structure analysis, we systematically retrospect the
three structural design strategies that provide guidance for
functionalized spin-splitting chiral perovskite, including molec-
ular configuration, dimensionality, and chemical composition
engineering, as depicted in Scheme 1. Our work suggests that the

1264

synergistic effect of multiple chemical bonding contributes to
the asymmetric lattice distortion and is reflected in the
electronic structure. Finally, a progressive outlook and
challenges are presented for the advancement of chiral
perovskites with diverse spintronic applications.

The effective spin transport and manipulation of chiral
perovskites are prerequisites in a generic spintronic device. In
terms of materials development, a hybrid organic—inorganic
perovskite with a large spin—orbit coupling effect and related
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Figure 2. Rashba and Dresselhaus spin-splitting in a chiral perovskite. Schematic illustration of (a) a spin-degenerate electronic band. (b) Band
dispersion including spin-splitting effect due to the SOC and inversion symmetry breaking. (c) Energy difference (AE) and momentum splitting (k)
between inner (E,, in red) and outer (E_, in blue) sub-bands. Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref 15.
Copyright 2020 The Authors, published by Springer Nature. Schemes of spin textures for (d) pure Rashba and (e) pure Dresselhaus spin-splitting.
Reproduced from ref 12. Copyright 2015 American Chemical Society. (f) Scheme of the Spin Hall effect.

Rashba—Dresselhaus effect is considered a pioneering candidate
for the next generation of spintronics.'” In this section, we first
discuss the intrinsic characteristics of perovskites for their
implementation in spintronics and the origin of the Rashba-
Dresselhaus effect. Based on these understandings, we try to
reveal structure—property relationships, which would offer
guidance for designating perovskites with structural peculiarities
for enhanced spin-splitting.

The archetypical perovskite with the chemical formula ABX,
usually consists of [BX4]*~ octahedra with monovalent
ammonium cations embedded in the cavities to neutralize the
charges.”” The presence of heavy elements in the crystal
structure induces a strong SOC effect, which would give rise to
the Rashba—Dresselhaus effect in noncentrosymmetric systems.
With the integration of chiroptical properties, photoinduced
spin-charge interconversion in chiral perovskite with spin-
splitting could provide a route to optically addressable
spintronics without the use of external magnetic fields.'>*
Moreover, the fundamental bandgap may become indirect and
influence the dynamics of charge carriers, which potentially leads
to suppressed recombination and a longer charge carrier
lifetime.

Not only the novel electronic structure complication but also
perovskites with both abundant composition and corresponding
crystallographic configurations underlie its advantageous
physicochemical and optoelectronic properties. Within bulk
perovskite, the existence of the spin-splitting effect was
corroborated theoretically and experimentally.'>'**" The
observation of those dynamic or static Rashba effects arising
from structural fluctuations and lattice symmetry alterations
remains a subject under exploration but is still limited.

Through chemically accomplished dimensionality reduction,
the large templating organic ligands disrupt the Goldschmidt
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tolerance criterion and slice the bulk perovskite along different
(hkl) planes or even confine the perovskite lattice within the
nanoscale in three directions. These low-dimensional structures
feature a combination of chiral ligands and inorganic sublattices
for enhancing the transfer of chirality.g’2 As shown in Figure 1,
typical chiral organic cations and perovskite structures are
represented. On one hand, the steric hindrance and bulkiness of
the ligands will lead to different connection modes inside the
inorganic sublattice including corner-sharing, edge-sharing, and
face-sharing.”® Specifically, the amount and rigidness of
substituent groups on or near the protonated ammonium site
will impose different degrees of strain on the inorganic sheets.
On the other hand, the noncovalent intermolecular interactions
inside the organic layer will rearrange the spatial conformation
and packing characteristics of ligands. The different patterns
inside the alternating organic and inorganic layers will therefore
provide enriched tactics to promote symmetry breaking.**

In crystal materials, electronic wave functions are modulated by
the periodic lattice potential, which is manifested as an electric
field denoted as the gradient of crystal potential E = —VV(r). In
the reference frame of electrons, the interaction between the
momentum of electrons and crystal field will generate an
effective magnetic field defined as follows:*”*®

n
—5—I[VV(r) x pl
2m’cgu, vrp (1)

This magnetic field induces a relativistic effect called the
spin—orbit coupling effect. In the absence of either time-reversal
symmetry or spatial inversion symmetry, the spin-degenerate
spin up and spin down states ', and &', in k-space are lifted by
SOC.”*" The valence band maxima and/or conduction band
minima are shifted away from the symmetry points in the
Brillouin zone, which give rise to the Rashba or Dresselhaus

Beff =
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Figure 3. Asymmetric hydrogen bonds and structural symmetry breaking in a chiral perovskite. Hydrogen bonds between equatorial Br atoms and
NEA cations in (a) (Rac-NEA),PbBr, and (b) (S-NEA),PbBr,. (c) Symmetry breaking and its manifestation in Pb—X—Pb bond angle disparity, Af =
B’ — p. (d) In-plane and out-of-plane asymmetric tilting of the octahedron. Reproduced with permission under a Creative Commons CC-BY 4.0
license from ref 22. Copyright 2021 The Authors, published by Springer Nature.

effects, as illustrated in Figure 2a,b."* The magnitude of the spin-
splitting effect can be evaluated both qualitatively and
quantitively. Since the energy band get shifted along the
reciprocal lattice k in the presence of spin-splitting effect, the
magnitude of spin-splitting effect can be studied quantitively
with splitting factors, @ = AE/2kp.”® The splitting factor is
calculated by the eigenvalue difference versus the band edge shift
along the k space (Figure 2c). The occurrence of Rashba or
Dresselhaus coupling is linked to either local or extended
inversion symmetry breaking. Specifically, Rashba coupling is
induced by the structural inversion symmetry breaking while
Dresselhaus effect is attributed to the macroscopic inversion
asymmetry, usually arising from crystal space group of bulk
materials.”"*” Both effects feature characteristic spin textures
and would coexist in one system (Figure 2d,e). The absence of
magnetic properties in chiral perovskites arises from the
preservation of time-reversal symmetry within the electronic
structures. Therefore, the Rashba-Dresselhaus spin-splitting
effect only emerges in perovskite materials that lack spatial
inversion symmetry.”>*’ Once the inversion asymmetry is
induced, the spin-splitting effect will enable the conversion of
unpolarized charge current into net spin current and underlies
the application of many spintronic device concepts, which is
known as spin Hall effect, as shown in Figure 2£.*' ="

A comprehensive exploration of the Rashba—Dresselhaus spin-
splitting effect in chiral perovskites necessitates a detailed
investigation into structure—property relationships.** The
lattice softness of chiral perovskites provides the solid
foundation for efficient chirality transfer through the chiral
ligand-induced chemical bonding environment. From a
chemical perspective, the interplay among ionic, covalent, and
noncovalent bonds within the perovskite framework instigates
inherent symmetry breaking and influences the magnitude of
spin-splitting. The phenomenon of chirality transfer can be
triggered through four distinct mechanisms: (1) chiral distortion
of the surface lattice; (2) chiral ligand mediated crystallization
into chiral structures; (3) chiral patterning of surface ligands;
(4) electronic interactions between organic and inorganic
sublattices.* "
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In chiral perovskites, the presence of chiral ligands and their
respective mechanisms (1) and (2) are widely observed.
Mechanism (1) is caused by the interaction between chiral
ligands and the surface of core materials (e.g., quantum dots and
nanoplatelets), and mechanism (2) happens in chiral crystal-
structured perovskite requiring a Sohncke space group to
describe the global structure. Chiral perovskite belongs to 65
Sohncke space groups within 11 chiral point groups,
encomPaSSing 1 (Cl)r 2 (Cz); 222 (Dz); 4 (C4)1 422 (D4); 3
(C5), 32 (D3), 6 (Cy), 622 (Dy), 23 (T), and 432 (O). Among
these, five are polar (C;,, C,, C,;, C,, and Cg) and enable
ferroelectricity according to Neumann—Curie principles.6’49
Therefore, from a crystallography perspective, we intuitively
expect that chiral perovskites are potential Rashba materials due
to the inversion symmetry breaking coupled with the SOC
effect. However, it is acknowledged that the incorporation of
chiral ligands often templates low-dimensional structures,
complicating the transformation mechanism of crystal symmetry
into the manifestation of spin-splitting. Merely focusing on
global crystal symmetries may prove to be insufficient for
predicting the strength of band splitting. This is because the
noncentrosymmetric global space groups primarily stem from
the organic ligands, while the inorganic components contribute
to the SOC effect. In some cases, the constituent inorganic layers
almost retain the inversion symmetry despite adopting global
Sohncke space groups with the whole structure, which underlies
limitations in the manifestation of strong spin-splitting.”* With
this fact in mind, understanding the crystal symmetry from its
individual components to the whole structure would allow a
more reliable search algorithm for identifying spin-splitting
chiral perovskite."?

The localized structural features are reported to be scrutinized
by the interoctahedral and intraoctahedral distortion parameters
of [BX,]*" in several instructive works.’”*" The bond angle
variance 67, bond length distortion Ad, and bond disparity
between adjacent octahedrons Af are employed for a
semiquantitative analysis of the local symmetry breaking:

1 12

2 2

o' =— a. — 90

T 2 (@=9%
{i=1}) (2)
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Figure 4. Asymmetric bonding environment induced by various chiral ligands. (a) Schematic illustration of the hydrogen bonds and distortion in the
DFT-optimized structure of MBA,PbI Br, .. Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref 18. Copyright 2022
The Authors, published by Springer Nature. (b) Asymmetric NH;" penetration depth and hydrogen bonds in (R-1NEA),PbBr, and (R-2NEA),PbBr,.
Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref 59. Copyright 2023 The Authors, published by Springer Nature.
(c) Different halogen-halogen interactions in (CIMBA),Pbl, and (FMBA),Pbl,. Reproduced with permission from ref 23. Copyright 2021 John Wiley

and Sons.
6 2
w184
6 sy (4o (3)
Ap=p —p (4)

Here, o; denotes the individual cis X—Pb—X bond angle; d; is the
B—X bond length, and d, corresponds to the mean B—X bond
length; ' and § denote the asymmetric tilted B—X—B bonds, as
shown in Figure 3c. In an ideal octahedron maintaining
inversion symmetry, we can infer a zero 6%, Af with Ad = 1.
Oppositely, the loss of inversion symmetry will indicate a large
variation in bond length and angle, reflecting in a nonzero 6 or
Ap, concomitant with a Ad deviated from 1. By these
descriptors, a more detailed inversion symmetry breaking
picture can be elaborated.

To gain insight into the local symmetry of the inorganic
sublattice, refined structural studies are needed to identify the
bonding interactions and their correlation with the localized
structural features. In low-dimensional chiral perovskite, the
terminal ammonium group ionically interacts with and hydro-
gen bonds to the extended [PbX4]*~ octahedrons, with the tail
groups sterically interfering with the inorganic sheets.”’ The
microscopic asymmetric hydrogen bonds-dominated distortion
and band-splitting have been exemplified by Mitzi’s
group.'¥**** They reported a puckered square arrangement of
the adjacent four octahedra templated by the asymmetric
hydrogen-bonding in (R/S-NEA),PbBr, (NEA 1-(1-
naphthyl)ethylammonium). Within an inorganic layer, on one
side, two equatorial Br atoms H-bond with both NH;" and a-
CH,; groups in NEA*; while on the opposite side, only one
hydrogen bond with NH," is found (Figure 3a,b). The
asymmetric hydrogen bonds induce out-of-plane distortions,
and the conduction band (CB) splits into two branches along
the I'=Z path with AE values up to 1.52 eV. The discontinuity of
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the inorganic lattice cut by the chiral ligand is in accordance with
the lack of band dispersion along the I'=X path, perpendicular to
the inorganic lattice. Consequently, we conclude that the
introduction of distortion or structural asymmetry in the
inorganic sublattice by enriching and strengthening asymmetric
noncovalent bonds would be the core objective to manipulate
band-splitting. Besides, the bond disparity Af, which positively
correlates to the band splitting, could indicate the potential
strength of spin-splitting from a structural viewpoint.

In chiral perovskite, the chiral ligand endows specific structural
symmetry breaking onto the inorganic frameworks and encodes
the asymmetry into their electronic states.”> Hence, the
molecular configuration of these chiral ligands plays a crucial
role in creating an asymmetric chemical environment that
extends across various levels. A chiral ligand comprises three
components: a headgroup (a protonated ammonium), a chiral
center, and tail groups. The headgroup, commonly a protonated
primary ammonium, functioned to ionically interact with the
octahedra; the bulky tail groups, which consist of aliphatic chains
or conjugated rings, varying in steric hindrance mainly affect the
strength of the asymmetric hydrogen bonds; and the chiral
center guarantees both the chirality transfer and inversion
symmetry breaking upon the inorganic lattice. Functionalizing a
single ligand or introducing foreign ligands into the chiral
perovskite system impacts the packing arrangement of ligands,
introduces diverse noncovalent interactions, and governs the
symmetry breaking in the inorganic sublattice. This section
delves into these reported ligands and outlines a preliminary
criterion for molecular configuration design.

https://doi.org/10.1021/jacsau.3c00835
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from ref 61. Copyright 2023 The Authors, published by AAAS. (e) Spin-splitting energy along the S—Y direction in the corresponding chiral
perovskite. Reprinted with permission from ref 62. Copyright 2021 American Chemical Society. (f) Arrangement and orientation of chiral ligands
relative to the inorganic layers. (g) In-plane bond angle disparity illustration. (h) DFT calculation results of spin-splitting in the band structures along
different k-paths for (S-BrMBA),Pbl, and 3.9% doping ratio. Reprinted with permission from ref 65. Copyright 2023 American Chemical Society.

First, by considering the tail group of the chiral ligand, the
structural diversity of the tail group induces various
intermolecular interactions, ultimately governing the Ilattice
distortion of octahedron frameworks. A notable trend is
observed in conjugated ligand-based systems, and the presence
of various aromatic bodies based on benzene, naphthalene, and
other heteroarenes contributes to the existence of a large 7 bond
(T1,%) with delocalized electrons. The intermolecular 7—7x
interactions arising from aromatic rings align the orientation of
ligands and benefit the asymmetric distortion of the inorganic
lattice.”*> Additionally, the p—7 coupling between the aromatic
ligands and halide has been noted to modify the electronic
structure of the 2D perovskite.’® Ma et al. verified the
intermolecular interactions of aromatic MBA (methylbenzy-
lammonium) through the nanoconfined growth of chiral
MBA,PbIBr,_, (Figure 4a). A precise structural analysis of
the strained lattice demonstrated that the stacking conformation
of the MBA" varied depending on the lowest energy
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optlmlzatlon of m—n stacking under different confined
constraints."® As shown in Figure 4a, the distinct intermolecular
distance and angles between ligands induce four distinct
hydrogen bonds and adjust the asymmetric hydrogen bonding
environment. As a result, different conformational stacking of
ligands under micro-strain amplifies the chiral distortion of the
inorganic framework.

The chiral center location and the degree of steric hindrance
also significantly influence lattice distortion and chirality
transfer. In chiral perovskites, when the chirality center is
situated at the a-position, stronger chirality is observed
compared to when it is on f-position;*>* Effective inversion
symmetry breaking is also attributed to the steric hindrance
effect of the chirality center, where the location and bulkiness of
the functional group directly modify the penetration depth and
the strength of the hydrogen bonds. To investigate the steric
hindrance effect, Son et al. chose two structural isomers-based
(R/S-1NEA),PbBr, and (R/S-2NEA),PbBr, (NEA = naph-
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Figure 6. Dimension engineering in chiral perovskite. (a) In-plane and out-of-plane bond angle disparity of the inorganic sublattice in (R-
3AMP)PbBr;. (b) DFT calculated band structures and projected density of states of (R-3AMP)PbBr;. (c) Circular polarized light excited
photoluminescence spectra of (S-3AMP)PbBr, Reproduced with permission from ref 21. Copyright 2022 John Wiley and Sons. (d) Equatorial bond
angle disparity of Pb—Br—Pb in (R-PPA)EAPbBr,. (e) Photocurrent density dependent time under LCP, RCP light illumination at 0 V bias of (R-
PPA)EAPbBr,. Reprinted from ref 71. Copyright 2022 American Chemical Society. (f) Schematic illustration of chirality transfer in perovskite
nanocrystals with chiral ligand decorated on the surface. Reproduced with permission under a Creative Commons CC-BY 4.0 license from ref 73.
Copyright 2022 The Authors, published by John Wiley and Sons. (g) Scheme of the core—shell chiral perovskite nanocrystal. Reprinted from ref 74.
Copyright 2022 American Chemical Society.

Photocurrent density (nA/cm?)

0.5
0

40 80 120
Time (s)

uonsod paposip

Y
uoiod
pajolsipun dujPWWASE-03UD

thylethylamine) according to the position of ethylamine on the para-site of the phenyl rings. By studying the single crystal
naphthyl skeleton.”” The naphthyl facilitates a different blocking structure of (FMBA),Pbl, and (CIMBA),Pbl, in Figure 4c, a
effect on the penetration of amine groups, consequently halogen bond between the para-halogen atom and the axial
promoting distortion of the inorganic frameworks. Specifically, iodine of the octahedron is found to be significantly different.”’
the conformational changes of the naphthyl isomers in both The synergetic effect of halogen—halogen bond interactions and
recumbent and vertical orientations invoke differences in both d-spacing in (CIMBA),Pbl, harnessed the largest distortion. To
the amount and strength of hydrogen bonds. As shown in Figure gain more detailed insight into the structure—property relation-
4b, (R-2NEA),PbBr, exhibits a more severe octahedral ship, Liu et al. recently reported (R/S)-3BrMBA,Pbl, [3BrMBA
distortion, with an asymmetric bond angle disparity (Af) up = 1-(3-bromphenyl)-ethylamine], with the crystal structure
to 14.5°, which could lead to a substantial spin-splitting effect. depicted in Figure 52.°" (S)-3BrMBA,PbI, exhibits a homoge-

Furthermore, the modification of asymmetric hydrogen neously distributed S with two distinct values, while (S)-
environment through the functionalization of chiral ligands 4BrMBA,PbI, is observed with a more disordered distribution
and ligand doping strategy also holds significance in inducing of 3, suggesting the larger microstrain. Compared to the para-

symmetry breaking.60 Lin et al. synthesized (4-XMBA),Pbl, site substituted Br-MBA, the metaposition of Br atoms in 3-
compounds (X = H, F, Cl, Br) by intentionally halogenating the BrMBA induced a larger polar distortion with Af = 11.9°
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indicating a sizable Rashba effect and a up to 2.21 eV A in the
conduction band, which consists of lead 6p orbitals and a little
iodine Sp, as shown in Figure Sb. The incomplete splitting is
observed in only one direction (B—A) and results in a special
spin texture (Figure Sc). The collected circularly polarized PL
spectra in Figure 5d indicate a degree of polarization up to
~0.52. Besides, it has also been reported by Wei and co-workers
that the halogen substitution will lead to a distinct electrostatic
potential surface of the chiral ligands.®” This local electrical field
induces distortion of the [Pbl;]*~ octahedron. The calculated
band structures in this work suggest the largest a up to 1.209 eV
A in (S-MBACH,F)Pbl; (MBACH,F = 1-fluoro-2-phenyl-
propan-2-ammonium), which is depicted in Figure Se.

Since chemical functionalization needs complicated techni-
ques, ligand doping emerges as a pragmatic approach to
annihilate the structural inversion symmetry elements via highly
directional noncovalent interaction.’® Yan et al. demonstrated
this by introducing a mixed aryl-alkyl perovskite comprising
chiral aryl cations (R/SMePEA = f-methylphenethylammo-
nium) and achiral alkyl cations (C4A = butylammonium). The
one-to-one matched (sp’) CH--z interaction imposes a
noncentrosymmetric P2, symmetry within the perovskite
sheet, indicating the potential existence of spin-splitting,'’
Similarly, Lee et al. tailored the structure and charge transport
properties of perovskite lattice through the incorporation of urea
into S-MBA,PbI,.°* The molecular rearrangement of the urea
and MBA cations is unveiled by solid-state NMR and magic-
angle spinning NMR spectra and realized an Af estimated up to
31.73°, one of the largest observed in chiral perovskites. Xie and
colleagues reported a 3.9% doping amount of S-2-MeBA (2-
MeBA = 2-methylbutylammonium) into (S-BrMBA),Pbl,
(BtMBA = 4-bromo-a-methylbenzylammonium), which en-
ables the distinct structural change and lifts the restricted
distortion of perovskite lattice. The doping strategy leads to a P1
symmetry of the inorganic lattice, which enjoys a Af of 6.07°
(Figure 5f,g) and a spin-splitting of AE = 21 meV (Figure 5h).®®

Ligand versatility in chiral perovskites not only exerts local strain
on the inorganic lattice but also templates the growth of
inorganic lattice with different connectivity modes, forming 2D,
1D, 0D, and nanocrystal patterns. As the bulk lattice gradually
contracts into the chained networks or even 0D clusters, an
increase in chiral organic moieties ratio will greatly promote
symmetry breaking but reduce the orbital overlap and sacrifice
the charge transport to some degrees. In this section, we aim to
convey an idea on dimension engineering to address the balance
between symmetry breaking and semiconductor properties.
The chirality of organic cations is always accompanied by a
branched structure. Therefore, most chiral perovskites are found
to be 2D and quasi-2D configurations because the bulky chiral
ligands can hardly fit into the cavity within the bulk perovskite
lattice. Within the realm of 2D chiral perovskites, they are
further categorized into Ruddlesden—Popper (RP) phases, and
the Dion—Jacobson (DJ) phases, while the alternating-cation-
interlayer (ACI) phase has been rarely reported due to the
limitation of chiral ligands.66 Studies have indicated that
compared to RP phases, DJ phases exhibit a synergistic effect
of polar and chiral structures. The polar structure inherentlgr
generates an electric field, enhancing spin-splitting effects.®”"*
The in-plane polarization in chiral polar perovskite could
manipulate the spin direction of each sub-band by the electrical
reverse of polarization direction along the polar axis. Moreover,
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the diammonium spacers bridged the adjacent inorganic layers
with electrostatic interactions, thus, eliminating the van der
Waals gaps. A more closely packed structure will induce both in-
plane and axial spin-splitting effect. Notably, recent observations
in (R/S-3AMP)PbBr, (3AMP = 3-(aminomethyl)-piperidine
divalent cation) have revealed substantial spin-splitting effects
within this DJ phase.”’ The novel chiral ligand templated a chiral
and polar structure, which occurs with an out-of-plane angle
disparity Aa = 14° and an in-plane A = 9°, as shown in Figure
6a. The splitting factor in this D] phase is calculated up to 0.93
€V Ain the conduction band minimum (Figure 6b). This Dion—
Jacobson chiral perovskite Rashba ferroelectric displays high
CPL sensitivity, which indicates a large spin-splitting effect in the
chiral polar structure (Figure 6c¢).

In 2D phases, the layer-dependent band-splitting in chiral
perovskite also plays an integral role while it is scarcely
discussed. In n = 1 perovskite, the out-of-plane tilt is usually
negligible (with Af,, being very small), and only in-plane
distortion is taken into consideration. In the presence of the
small A-site cations in quasi-2D perovskite (n > 1), the small
cations will play a vital role in the local symmetry breaking like
the bulk perovskite. The steric effects from the A-site cations will
induce out-of-plane distortion, possibly due to the accumulating
internal charge and structural mismatch with the addition of
small cations inside the inorganic layers.”” It is worth
mentioning that some works have also demonstrated that with
the further increase of inorganic layer (n > 2), the distortion
decreases, same as the band-splitting.

Beyond 2D structures, the 1D phase also emerges in chiral
perovskites to accommodate the large spatial steric effect of
chiral ligands. In 1D chiral perovskite, edge-sharing and face-
sharing connectivity modes feature pronounced distortion in
bond length and angle, contributing to enhanced symmetry
breaking. For instance, chiral a-phenylethylamine (@-PEA) a has
been reported as a templating cation in the 1D chiral perovskite,
demonstrating a distorted orthorhombic crystal system.”” A
chiral ferroelectric 1D perovskite, (R/S-CYHEA)PbI; (CYHEA
= cyclohexylethylamine) has been proven to form an indirect
bandgap with a strong spin-splitting effect.”® Owing to the
largest fraction of chiral ligands in 1D perovskite, greater
octahedral bond-length distortion, and potentially large
chiroptical response are reported compared with 2D struc-
tures.”® However, the unidirectional extension of the octahedra
in the 1D phase exacerbates the recombination of charge
carriers. Zhu et al. discussed the trade-off between lattice
distortion and charge transport in 2D and 1D structures.”' By
incorporating short-chain ligand EA (EA = ethylammonium)
into the precursor containing the reactants for 1D (R/S-
PPA)PbBr; (PPA = 1-phenylpropylamine), they obtained an
ACI type perovskite (R/S-PPA)EAPbBr,. The packing structure
of this chiral perovskite verifies an acentric P2, space group with
Ap up to 16°, which enriches the chemical methods to promote
asymmetric lattice distortion (Figure 6d). Steady photocurrent
densities under right-handed circularly polarized (RCP) and
left-handed circularly polarized light (LCP) in Figure 6e with g,
of about 0.42 suggest a stable distinguishing ability.

It has also been found that the post-attachment of chiral
ligands onto the nanocrystal surface could engender chirality
transfer, which provides an ideal material platform for structural
tunability.”” The complicated surface chemistry of chiral
perovskite nanocrystals leads to a more intricate chirality
transfer mechanism, including both electronic coupling and
asymmetric lattice distortions.”® As shown in Figure 6f, a
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Figure 7. Chemical composition modification for effective symmetry breaking. (a) Schematic illustration of electronic structure change and lattice
distortion in chiral perovskite through metal substitution. (b) Computed DFT+SOC electronic band structures of (S-MBA),Pb,_.Sn I, derived from
Pb and Sn. Reprinted from ref 54. Copyright 2020 American Chemical Society. (c) Crystal structure of [(R)-#-MPA],AgBil;. Reproduced with
permission from ref 76. Copyright 2021 John Wiley and Sons. (d) XRD patterns of (S—NEA)ZPbI4(1_y)Br4y and (R-NEA),Pbl, 1—y)Bry, with gradually
enlarged d-spacing with Br incorporation. (e) CD spectra of (S-NEA),Pbl,( 1—y)Br4y and (R-NEA),Pbl,( 1) Bl4y- (f) Schematic illustration of the I/Br
replacement and phase transition. Reprinted from ref 81. Copyright 2020 American Chemical Society.

detailed crystallographic study of S-MBA" decorated CsPbBr; conduction band minimum originates from the spin—orbit spin-
nanocrystals reveals that the surface chiral ligands induce a off states of the Pb 6p orbitals,”* the chemical composition of
centro-asymmetric distortion that would theoretically penetrate inorganic lattice and the structure perturbation will directly
fifth layer of the inorganic lattice.”” In addition, a delicate chiral impact the spin-splitting. Because the templating ligands hardly
core—shell structure with an elaborate chemical technique is participate in the construction of the band edge states, in this
realized based on perovskite nanocrystals. By virtue of such a section, we only discuss the compositions of the B/X site and the
chiral-achiral structure with type II band alignment, both the corresponding impact on the manifestation of the spin-splitting
chirality transfer and charge transport can be guaranteed (Figure effect.

6g),74 Theoretical calculations also confirmed a Rashba spjn- In the case of metal cation substitution, the Goldschmidt
splitting effect both in the CB minimum (CBM) and VB tolerance factor should be taken into consideration since
maximum (VBM). different outer electronic structures of metal cations will

determine not only the structural stability but also the
dimensionality of the chiral perovskite. The valence state of

The unique electronic band structure observed in chiral metal cations in perovskites allows categorization into different
perovskites stems from the intricate hybridization of metal and types: divalent metal-based perovskite (involving Pb, Sn, Ge on
halogen atom orbitals. For instance, considering the prototypical the B-site); Trivalent metal-based perovskite (with Sb, Bi on the
MAPDI;, the valence band maximum is a hybridization of I 5p B-site); Tetravalent metal-based perovskite (with Mn on the B-
and Pb 6s orbitals, preserving the s symmetry; whereas the site); and double perovskite (comprising dual metal cations such
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Table 1. Asymmetry Distortion, Splitting Factors, and Degree of Chirality of Chiral Perovskites

Design Synthesis
Molecular structure Chemical formula Spacegroup AB(°) a(eVA) Chirality degree
strategy method
NH,
CD %120 mdeg (510 nm) Molecular Cooling
(S-MBA)2PbI435.88.89 P212121 5.9 0.75
P=1x10-1 design crystallization
o RH,
Molecular Cooling
(S-4-NO2-MBA)2PbBr4-H20% P2, 12.0 1.398 -
design crystallization
NO,
L
CD ~ 100 mdeg (490 nm) Molecular Cooling
(R-4-CI-MBA)2PbBr422.23 P21212; 149 0.709
gen=3.1x10-3 design crystallization
[~]
Antisolvent
OH CD = -5 mdeg (400 nm) Molecular
)*\/KJH (S-HP1A)2PbBrs** P432:2 13.3 - vapor-assisted
’ g =-3x10-4 design
crystallization
A
Molecular Cooling
(S-NEA)2PbBr41s P2; 14.0 1.52 CD % -20 mdeg (393 nm)
OO design crystallization
Antisolvent
e CD ~-120 mdeg (382 nm) Molecular
< (R-2NEA)2PbBr4%° P2; 14.5 - vapor-assisted
OO g =-2.78 x 10-3 design
crystallization
o . CD ~ 30 mdeg (490 nm) Molecular Cooling
i, (R)-3BrMBA2Pbl461 P2 119 2.21
P=52x10-1 design crystallization
M CD =-10 mdeg (400 nm) Molecular Slow
(S-MePEA)(C4A)PbBr,1? P2, 0.4 -
g =-2.5x10-4 design evaporation
™
/O/L""’ (S-BrMBA)(S-2MeBA)1 Pbls CD ~3 mdeg (508 nm) Molecular Slow
Br P1 6.1 -
(3.9%) ¢ gep=1.88x 10-4 design evaporation
/\-r\,;m
Nty CD ~60 mdeg (425 nm)
. Dimension Cooling
(R-3AMP)PbBr4?! P2, 9.0 0.93 g =18x10-3
NH, engineering crystallization
P=1x10-1
A CD ~-30 mdeg (323 nm) Dimension Cooling
(S-PPA)EAPbBr47! P2, 16.0 -
gen =-2.5x10-3 engineering crystallization
/\ﬁn,
LN
CD =-5 mdeg (402 nm) Composition Cooling
(R-MBA)2Snl45* P21212¢ 0.3 -
P=9.4x10-1 modification crystallization
N
Composition Cooling
(S-B-MPA)4AgBilg’6 P2; - - CD =-17 mdeg (515 nm)
modification crystallization
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as Ag, In in +1 and Sb, Bi in +3 states).30 For example, Lu and
colleagues detailed a Sn-based (R-/S-MBA),Snl, chiral perov-
skite exhibiting significant in-plane distortion of octahedra due
to the closely interacted aromatic ligand via 7—7 stacking.”' The
electronic band structure of Pb/Sn alloys is calculated to vary
across different compositions, as shown in Figure 7a,b. Beyond
the lead-based chiral perovskite, Li et al. developed lead-free
double perovskites, [(R)-#-MPA],AgBil; ((R)-f-MPA = (R)-
(+)-p-methylphenethylammonium, 1-R) and [(S)-S-
MPA],AgBil; ((S)-f-MPA = (S)-(—)-f-methylphenethylam-
monium, 1-S). These compounds consist of an inorganic layer
constructed by the alternating Bils and Agl, octahedron, with
the MPA cations distributed on the both sides (Figure 7¢)./¢
This result provided examples of efficient chiral transfer in lead-
free chiral perovskites. Furthermore, perovskite chiral ferro-
magnets also stimulate research interest by incorporating Mn
into the chiral perovskite system. As ferroelectric hybrid
perovskites are inherently bulk inversion asymmetric, a
significant Dresselhaus spin-splitting effect is anticipated.”"””
Apart from the chemical substitution on the B-site, the halide
component also holds significant importance in the crystal
structure and electronic structure of chiral perovskite. On one
hand, the halide directly dominates the CBM and VBM of the
chiral perovskite, which influences the carrier transport; in the
other, the halogen atoms contribute to the local chemical
bonding with the Pb atoms and thus the site symmetry and the
extended bulk symmetry. In detail, the inversion symmetry
breaking and band splitting in mixed-halide chiral perovskites
are believed to originate from several mechanisms. First, the
band splitting is rooted in the various halide bonding chemistries
caused by different electronegativities of halogen atoms and
enhanced by the symmetry breaking in certain doping ratios; ®
Second, the ion radius difference will promote the band splitting
by a local residual strain, which will give rise to the lattice
distortion in asymmetric s.ys.tems;79 Also, the inversion
symmetry breaking is recently correlated with the ionic defect
that produces a local electric field.* Since the defects can be
directly engineered by alloying halide anions in chiral perov-
skites, the corresponding band structure and splitting will be
modulated. Ahn et al. reported rapid crystalline structure
changes and wavelength tunability of chiroptical phenomenon
in (S/R-MBA),Pbl,(,_,Br,, concerning different iodide/bro-
mide ratios (Figure 7d,e).”" This change is attributed to the
disparity in ionic radius between iodide and bromide, favoring
the occupation of iodide in basal or apical positions with
different blending ratios. Owing to the different electro-
negativity, the occupancy of different halogen anions results in
alterations within the hydrogen bonding environment, con-
sequently impacting the orientation of organic ligands, as
depicted in Figure 7f. This study additionally highlights that the
blending of halides contributes to increased structural instability
within octahedral layers, proposing a potential method for
structural design aimed at amplifying spin-splitting effects.

In the previous section, we reviewed the chemical strategies to
manipulate the spin-splitting by rationally designing the ligand
structure, dimension, and chemical composition of the chiral
perovskite. The asymmetric hydrogen and halogen bonds
between the organic and inorganic sublattice play critical roles
in the symmetry breaking, which manifests in structural
indicator Af and further affects a. Details are summarized in
Table 1. The chiral ligands modulate the band-splitting from the
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molecular level of structures, steric hindrance, and specific
interactions. First, tail groups-induced intermolecular inter-
action, for example, the 7—7 interactions in conjugated ligands,
will enhance the inversion symmetry breaking on achiral parts. It
can be found in Table 1 that NEA* with a larger 7z-conjugated
skeleton will lead to a larger Aff and band-splitting than MBA™.
Second, the steric hindrance effect also contributes to the
inorganic lattice distortion since it will lead to discrepancy in the
penetration depth of amine groups. Moreover, the functional
groups including halogens, hydroxyl groups, and nitro groups
will introduce halogen interaction and some other effects like
dipole moment, benefiting the symmetry breaking. The
functionalized ligand-based chiral perovskite usually enjoys a
larger A} and a by comparing (S-4-NO,-MBA),PbBr, and (R-
4-CI-MBA),PbBr, with (S-MBA),Pbl,. The interplay between
the dimensions and symmetry breaking is also an essential part
of lattice distortion. 1D phases with a larger share of chiral
ligands are demonstrated to promote the efficiency of chirality
transfer; 2D ACI and DJ phases are predicted to exhibit large
lattice distortion while still underexplored due to the limitation
of suitable chemical ligands. Apart from the refined design of the
ligand structure and dimensions, the chemical composition
within the inorganic layers also enriches the distortion motifs.
Chiral perovskite with smaller metal centers including Cu®",
Ge®*, and Sb** will involve the stereochemical expression of ns>
electrons (SE-NSEP).”***> The expression of ns® lone pair
electrons will induce some novel intraoctahedra distortion
including the Jahn-teller effect, atom displacement, and bond
disproportion, which may engender synergetic ferroelectric and
chiral properties.*** The halide component also contributes to
the lattice distortion, since the radius and electronegativity
difference will give rise to the local residual strain and propagate
in the inorganic lattice. To further develop the functionality of
chiral perovskites, 3D chiral perovskites are proven advanta-
geous with smaller exciton binding energy and larger charge
conductivity, which would benefit the charge-based spintronic
devices. Therefore, developing some geometrically suitable
chiral ligands to form chiral 3D perovskites under structural
constraints could motivate rational material design. So far, the
theoretical studies have proved the possibility of 3D chiral
perovskite with the smallest chiral ligands such as CHFCINH;*
or CHDFNH;". The experimental studies urgently need to be
integrated with calculation results to scrutinize the substantial
spin-splitting effect that lies in the electronic structure of 3D
chiral perovskite.**”

As the research investigation moves forward, tremendous
opportunities and challenges will emerge in terms of material
design and device application. In the following discussion, we
envision some prospects, including synthesis, characterization,
and spintronics applications, to fully exploit the potential of
chiral perovskite.

(1) Controlled crystallization and synthesis process: To dig into
the crystal and electronic structure versatility of chiral
perovskite, more complex chiral perovskite systems with
modulated spin-splitting can pose issues for the synthesis
of high-quality single crystals and films. Therefore, proper
synthetic strategies will benefit the rational design of
chiral perovskite with tunable crystal and electronic
structure. Chiral perovskite single crystals are widely
reported with stronger chirality than polycrystal films and
powders, owing to their periodic structure and low trap
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densities. Thus, high-quality chiral perovskite single
crystal is an integral part of advancing the studies in
crystal structure and band-splitting. Currently, the general
synthetic strategies of chiral perovskite single crystal
include aqueous synthesis, cooling crystallization, anti-
solvent vapor-assisted crystallization, slow evaporation,
and nucleation-mediated crystallization.*® Further efforts
are needed to prepare the chiral perovskite with various
compositions and crystal phases by intentionally en-
gineering the reactants and solutions. To exploit the
practical device applications, the deposition of high-
quality thin film preserving single crystal properties also
remains challenging. It is essential to control the
crystallization kinetics of the chiral perovskite to form a
long-range ordered structure. Additionally, various
ligand-dependent crystallization with predicted crystal
phase and structure is required for further promoting the
structure-induced band-splitting.

In-depth structure—property relationships: From a material
perspective, it is important to mention that chirality
transfer does not guarantee the existence of the spin-
splitting effect. Therefore, it is crucial to emphasize the
necessity of examining the structural asymmetry of all
chiral perovskite compounds carefully. Moreover, exper-
imental evidence to corroborate the existence of spin-
splitting effect within characteristic crystallographic
structures is urgently needed to confirm the structure—
property relationship in chiral perovskite. The first direct
evidence of Rashba splitting is revealed by angle-resolved
photoemission spectroscopy (ARPES), which presents
information on the dispersion of band structure.” To gain
more detailed insight into nanoscale variations in
symmetry breaking, scanning tunneling microscopy is
employed to image the octahedra tilting on the surface;*”
circular-polarization resolved pump—probe microscopy
has been developed to link the spatially resolved
propagation of spin currents and the structural
inhomogeneity in perovskite films.”’ Developing system-
atic characterization measurements to study the crystallo-
graphic and electronic structure will pave the way for
establishing a refined structure—property relationship.*
In-depth studies of lattice symmetry, band structure, and
spin-selectivity in electronic transport within various
chiral perovskite systems are also recommended to boost
the development of chiro-spintronic devices.**

Spintronics applications: Multifunctional chiral perovskite
systems with the combination of semiconducting,
chiroptical, and spin-dependent properties present
intriguing prospects. Developing more effective methods
to manipulate spin-splitting could significantly advance
the integration of spin signals into conventional optical
communication systems.’ "> Nonetheless, understand-
ing the diverse mechanisms underlying device function-
alities, including relaxation dynamics intertwined with
spin-splitting effects during device operation, remains a
challenge. A comprehensive exploration of both material
and device operational principles is vital to propel
advancements in spintronics.
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