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Metal halide perovskite semiconductors (MHSs) are emerging as potential candidates for opto-spintronic
applications due to their strong spin—orbit coupling, favorable light emission characteristics and highly
tunable structural symmetry. Compared to the significant advancements in the optoelectronic appli-
cations of MHSs, the exploration and control of spin-related phenomena remain in their early stages. In
this minireview, we provide an overview of the various spin effects observed both in achiral and chiral
MHSs, emphasizing their potential for controlling interconversion between spin, charge and light. We
specifically highlight the spin selective properties of chiral MHSs through the chirality-induced spin
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selectivity (CISS) phenomena, which enable innovative functionalities in devices such as spin-valves, spin-
polarized light-emitting diodes, and polarized photodetectors. Furthermore, we discuss the prospects of
MHSs as spintronic semiconductors and their future development in terms of material design, device
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1. Introduction

The tunable properties of metal halide semiconductors
(MHSs) have been instrumental in extending their applications
beyond photovoltaics including radiation detectors, light emis-
sion, thermoelectrics and catalysis."> Heavy inorganic atoms
with large spin-orbit coupling (SOC) along with tunable mole-
cular components that break inversion symmetry have enabled
a large library of MHS compositions covering the UV to NIR
regime along with a variety of structural dimensionalities.
Replacing the A-site cation with a chiral ammonium cation
ensures structural inversion symmetry breaking, resulting in a
multitude of exotic properties generally absent in achiral
MHSs.®” In recent years, chiral metal halide semiconductors
(CMHSs) have exhibited several unique spin functionalities
such as circularly polarized photodetectors, spin-polarized
light emitting diodes, chiral phonon-activated spin Seebeck
(CPASS) effect, and chirality-induced spin selectivity (CISS).5™*
These novel properties allow CMHSs to be used as a new tool
to control spin in semiconductor systems and are thus a
strong contender for next-generation spintronic applications.
Traditional inorganic semiconductors offer high charge
carrier mobility but shorter spin lifetimes, while organic semi-
conductors exhibit longer spin lifetimes but limited mobility,
resulting in shorter spin diffusion lengths. MHSs, with their
tunable lattice symmetry, high spin polarization, and signifi-
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cant Rashba splitting at room temperature, provide a unique
opportunity to overcome these limitations.'” Similar to conven-
tional semiconductors, spin injection in MHSs can be
achieved by various mechanisms such as electrical, optical,
and spin pumping.’”® Understanding the spin injection and
transport process in MHSs is crucial for designing efficient
spintronic device architectures and identifying optimal MHS
compositions. Initial studies on MHS spintronics predomi-
nantly focused on 3D achiral halide perovskites based on
methylammonium or cesium cations. However, the arrival of
CMHSs has led to the emergence of a wide variety of chiral
halide perovskites featuring diverse chiral A-site cations with
intriguing spin-dependent properties. A major advantage of
CMHSs is their ability to facilitate spin-selective charge trans-
port based on the handedness of the lattice, as well as their
demonstration of spin-polarized emission at room tempera-
ture. Such properties of CMHSs offer the potential for develop-
ing simpler, tunable spintronic structures capable of operating
at room temperature without magnetic components.

In this minireview, we summarize the various aspects of
spin phenomena in MHSs with a focus on their relevance to
spintronic applications. A general overview of spintronic appli-
cations based on both achiral and chiral MHSs is provided,
emphasizing the spin-selective characteristics of CMHSs.
Emerging phenomena such as CISS and CPASS in CMHSs are
discussed, highlighting their prospects and challenges.
Furthermore, we explore the possible structure-property corre-
lations among different spin parameters such as spin polariz-
ation, magnetoresistance and dissymmetry factors. Finally, we
address the key questions and outline strategies for the future
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development of MHSs as spintronic-type semiconductors. By
integrating insights from material design, structural tunability,
and spin transport mechanisms, this review aims to guide the
realization of high-performance spintronic applications that
leverage the unique capabilities of both achiral and chiral
MHSs.

2. Metal halide perovskites: structure
and functionality

Initial theoretical and experimental investigations into spin-
related properties, such as spin splitting driven by Rashba or
Dresselhaus type effects, were primarily based on 3D MHSs
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(Fig. 1a), such as methylammonium lead iodide (MAPbI;) and
methylammonium lead bromide (MAPbBr;), motivated by the
long charge carrier lifetime observed in MHS photovoltaic
structures."*"® The 3D MHSs exhibited strong SOC and signifi-
cant spin splitting encouraging their application for spintro-
nics. Subsequently, large Rashba spin splitting was also
observed in the commonly used 2D MHS, phenethylamine
lead iodide, (PEA),Pbl,."” The Rashba splitting in layered 2D
MHSs was found to be tunable as a function of layer number
(Fig. 1b), offering an additional degree of control over spin
coherence lifetimes.'® Spin splitting in such centrosymmetric
structures arises due to local asymmetry, cation rotation,

phase transition, and phonon-assisted lattice
deformation.'®>?
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Fig. 1 Schematic structure of achiral (a) 3D and (b) 2D MHSs. (c) Chiral MAPbBr3 structure. Reproduced from ref. 23 with permission from Nature
Publishing Group, Copyright 2023. (d) Structures of (R-MBA),Pbl, and (S-MBA),Pbl,. Reproduced from ref. 24 with permission from the Royal
Society of Chemistry, Copyright 2017. (e) Structures of (R-MBA)Pbls; and (S-MBA)Pbls. Reproduced from ref. 8 with permission from Nature
Publishing Group, Copyright 2019. (f) Structures of (R-MBA),CuCl, and (S-MBA),CuCl,. Reproduced from ref. 25 with permission from American
Chemical Society, Copyright 2021. (g) Post-synthetic ligand treatment of FAPbBrs; nanocrystals. Reproduced from ref. 26 with permission from
American Chemical Society, Copyright 2020. (h) DFT-derived 15-layer inorganic slab models of perovskite crystals with [S-MBA]* ligands.
Reproduced from ref. 27 with permission from Wiley-VCH, Copyright 2022. (i) Structurally chiral MHSs and chirality transfer in achiral MHSs along
with the molecular structure of R/S-BHP. Reproduced from ref. 28 with permission from Nature Publishing Group, Copyright 2024.
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In recent years, there has been a surge in research on the
spin transport properties of CMHSs motivated by the corre-
lation between their structural chirality and spin selectivity. 3D
CMHSs have been developed in the form of meta-structures
and single crystals.*>**?° The addition of nucleation agents,
such as micro- or nanoparticles, has been used to template the
A-site cations into chiral patterns, resulting in chiral 3D MHS
structures (Fig. 1c). Most CMHSs, however, adopt a 2D MHS
structure featuring a chiral ammonium cation at the A-site.
The incorporation of the chiral A-site cation breaks the struc-
tural symmetry of the MHS, generating left and right-handed
chiral structures (Fig. 1d). There are also 1D (Fig. 1e) and 0D
(Fig. 1f) variants; however, majority of the demonstrations of
spin control and functionality are based on 2D CMHSs.*! In a
stricter sense, 1D and 0D structures are essentially hybrid
metal halides rather than perovskites.>> 3D CMHSs in the
form of nanocrystals with chiral ligands on their surface rep-
resent a facile approach for achieving chiroptical properties.>®
Postsynthetic ligand exchange of MHS nanocrystals (Fig. 1g)
with chiral ligands distorts the surface lattice (Fig. 1h) that
penetrates a few unit cells leading to CMHS nanocrystals with
left and right-circularly polarized emission. Interestingly,
recent advancements have shown that CMHSs can also be syn-
thesized using achiral building blocks.?®** This emerging
strategy simplifies the synthetic chemistry and offers new pos-
sibilities. In achiral 2D MHSs, chirality can be remotely
induced by introducing non-ammonium, non-A-site chiral
molecules that do not directly integrate into the MHS structure
but break the symmetry by distorting the inorganic sub-lattice
(Fig. 1i). Such a strategy eliminates the need for mandatory
chiral ammonium cations and expands the library of potential
chiral inducers, offering a broad range of molecules with
diverse sizes and properties for exploration.

3. Spin effects in MHSs

The presence of strong SOC in MHSs combined with their
highly tunable structural symmetry offers a range of spin-
dependent phenomena. These effects include pronounced
spin textures, extended and controllable spin lifetimes, and
circularly polarized light emission. Such properties position
MHSs as promising candidates for next-generation spintronic
applications. In this section, we provide a summary of the
diverse spin-related effects observed in MHSs. We further
explore the emerging field of CMHSs as novel platforms for
controlling spin in a variety of heterostructures and their appli-
cations. The discussion is centered on traditional spintronic
types of applications such as spin-valves that incorporate the
CISS effect, where the selective transport and control of spin-
polarized carriers play a critical role. A comparative analysis of
key performance parameters, including spin polarization
efficiency, circular dichroism (CD) dissymmetry factor, and
magnetoresistance, is conducted to determine if any corre-
lations exist. The integration of these unique properties into
spin architecture offers new opportunities for developing
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highly efficient, energy-saving electronic devices for quantum
information processing, communications, displays, memory
storage, and opto-spintronics.

3.1. Spin splitting

The majority of the MHS compositions, which predominantly
consist of heavy atoms such as Pb and I, exhibit significant
spin splitting due to the spin-orbit coupling (SOC) effects. In a
non-centrosymmetric crystal environment, the combination of
SOC and broken inversion symmetry culminates in the crystal
momentum spin splitting of the frontier electronic bands
through the Rashba-Dresselhaus effect. The SOC perturbates
the Hamiltonian of the system, which is proportional to (VV x
p)-o, where V is the crystal potential, p is the momentum oper-
ator, and o is the spin operator, giving rise to specific spin tex-
tures in the conduction and valence bands."® Local asymmetry
in both the potential and the wave function in the core regions
of heavy nuclei governs the spin splitting.>® The Rashba-
Dresselhaus effects are particularly of great importance as they
enable spin-orbitronic functionalities including generating,
detecting, and modulating spin currents.'*?>7*° Breaking of
the inversion symmetry in MHSs is key to observing spin split-
ting, and a number of factors affect the symmetry breaking,
including phase transitions, cation rotation, asymmetric
hydrogen bonding, and surface termination. Significant spin
splitting in MHSs has already been demonstrated experi-
mentally by several different techniques, among which the
Rashba splitting in the single crystal MAPbBr; surface
measured by angle-resolved photoemission spectroscopy
(ARPES) serves as a seminal example."” Fig. 2a-e depict the
spin splitting phenomena for broken inversion symmetry and
band splitting of MAPbBr;. Under SOC, a doubly spin-degener-
ate band splits and shifts in the k space relative to each other.
MAPDBr; shows Rashba splitting in both orthorhombic and
cubic phases with the Rashba parameter (@) being 7 eVA and
11 eVA, respectively, which are among the highest values.
Rashba effects have also been observed in other 3D MHSs
such as MAPbI; and MAPDI,Br;_, and it was attributed to the
presence of ionic impurities and halide alloying, respectively,
leading to inversion symmetry breaking.*® Such spin-splitting
phenomena in MHSs open pathways for exploring a variety of
exotic spin-dependent processes such as the spin-Hall effect,
gate-controlled spin precession, spin and photo galvanic
effects, and chiroptical effects.®

Like their 3D counterparts, 2D MHSs also exhibit strong
Rashba effects, primarily due to inverse symmetry breaking
within their layered structures. The octahedral distortions
along with the alternating organic-inorganic components in
2D MHSs offer additional tunability over symmetry
breaking.?>*® This tunability is particularly relevant in the
context of chirality, as most CMHSs are structurally 2D. In
CMHSs, the chiral A-site cation induces symmetry breaking by
distorting the metal-halide (M-X) octahedra. In contrast to
centrosymmetric MHSs, non-centrosymmetric MHSs exhibit
bond angle disparities (Af) in the M-X-M bonds, leading to
symmetry breaking (Fig. 2f). The in-plane octahedral tilting

Nanoscale, 2025,17, 9895-9906 | 9897
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Fig. 2 (a) and (b) SOC and Rashba effects on VB dispersion. Without SOC, a doubly spin-degenerate band with a single maximum is expected. (c)

Photograph of the single crystals. (d) and (e) In the presence of SOC and inversion-symmetry breaking fields, two spin-split bands are observed
where the strength of the SOC is quantified using the Rashba parameter a. (e) Orientation of the in-plane component of the spin depicted by the
arrows. Reproduced from ref. 15 with permission from APS, Copyright 2016. (f) Schematic showing symmetric (one bond angle, ) and asymmetric
tilting (two bond angles, g and f) of octahedra where asymmetric tilting breaks the inversion symmetry. (g) In-plane (5;,) and out-of-plane (f,ut) pro-
jections for f. (h) Spin polarization of CB and VB subbands projected onto the reciprocal 2D plane perpendicular to the stacking direction for the
CMHS: [S-4-NO,-MBAJ,PbBr4-H,O. The arrows and color scheme represent the in-plane components and the magnitude of the out-of-plane com-
ponent, respectively. Reproduced from ref. 41 with permission from Nature Publishing Group, Copyright 2021.

asymmetry (Af;,) correlates with the degree of spin splitting
(Fig. 2g). Higher Af;, results in an inversion asymmetry within
the inorganic layers (M-X), offering an indication of spin split-
ting."" A comprehensive library of CMHS compositions linking
structural distortions with spin-splitting properties can serve as a
valuable resource for the rapid identification of potential candi-
dates for spintronic applications. Another effective method for
estimating spin splitting involves density functional theory (DFT)
calculations. Spin polarization calculations that reveal opposite
polarizations in split bands indicate a Dresselhaus-type spin
texture, arising from bulk inversion asymmetry (Fig. 2h). Giant
spin splitting exceeding 400 meV, along with persistent spin tex-
tures computed via DFT, has been observed in achiral 3D and 2D
MHSs, making them attractive for applications such as spin field
effect transistors and valley spin-valves."®**> While DFT has
become a standard tool for predicting spin splitting and spin tex-
tures, it is crucial to correlate these theoretical insights with
experimental observations, particularly at room temperature.
Bridging the gap between computational predictions and experi-
mental validation is essential for advancing the design and appli-
cation of MHS-based spintronic devices.

3.2. Spin lifetime

Spin lifetime is a critical parameter for efficient spin transport
and plays a vital role in the performance of spintronic devices.

9898 | Nanoscale, 2025, 17, 9895-9906

Several factors influence spin lifetime, including material
defects, spin-phonon interactions, crystallinity, and measure-
ment temperature and techniques. The tunable composition
and structural symmetry of MHSs offer the possibility of
tuning the spin lifetimes in this class of semiconductors. The
most common method for measuring the spin lifetime is cir-
cularly polarized pump-probe (CPPP) spectroscopy (Fig. 3a). In
this method, a circularly polarized pump pulse is used to spin-
orient carriers, while a circularly polarized probe pulse is
employed to monitor the spin-relaxation dynamics.*?
According to the optical selection rules (Fig. 3b) for free car-
riers in MHSs, left or right-circularly polarized light (LCP/RCP)
excites electrons from the valence band (VB) with m; = —1/2 (1/
2) state to the conduction band (CB) m; = 1/2 (—1/2) state while
conserving angular momentum (Z.e. Am; = +1). Although the
CPPP technique is highly relevant for spin devices relying on
photoexcitation, for devices involving electrical spin injection,
spin lifetime measurements using the electrical Hanle effect
are more useful for elucidating the spin-physics. To measure
the spin lifetime using the Hanle effect for a spin-valve com-
prising two ferromagnet (FM) electrodes separated by an MHS
layer, an out-of-plane external magnetic field, B,, is applied
when the magnetization directions of the two FM electrodes
are aligned in the parallel or antiparallel configuration. The
injected spin from one FM electrode will precess due to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(a) Schematic of the circularly polarized pump—probe technique for spin-relaxation dynamics measurement. Reproduced from ref. 43 with

permission from American Chemical Society, Copyright 2024. (b) Spin-dependent optical transitions for CHsNHzPbls near the bandgap. Reproduced
from ref. 16 with permission from Nature Publishing Group, Copyright 2017. (c) Schematic showing the Hanle effect in a MHS spin-valve device. The
quenching response of GMR,.x(B,) due to the spin precession around B, measured for MAPbBrz;, MAPbIs, and FAPbBr3 based spin-valves at 10 K.
Reproduced from ref. 44 with permission from Wiley-VCH, Copyright 2019. (d) Schematic of the time-resolved Faraday rotation measurement in the
Voigt geometry. (e) Time traces of TRFR. (f) Fast Fourier transform (FFT) of the TRFR curves. (g). Oscillation frequencies versus the magnetic field for
the two components (top) and the T2 transverse magnetic field B (bottom). Reproduced from ref. 16 with permission from Nature Publishing Group,
Copyright 2017. (h) Spin lifetime of some representative MHSs at room and low temperatures measured by various techniques such as CPPP, Hanle,

and TRFR.16:18:43-4549-58 pT: room-temperature, LT: low-temperature.

transverse magnetic field while diffusing in the MHS interlayer
toward the opposite FM electrode, causing the resulting mag-
netoresistance to increase or decrease depending on whether
the two FMs are parallel or antiparallel.** The Hanle effect-
based spin lifetimes for MAPbBr;, FAPbBr;, and MAPDI; have
reported values of 802, 788, and 356 ps at 10 K, respectively
(Fig. 3c). Similar spin lifetime values for MA and FA-based
MHSs indicate a negligible effect of the A-site cation, while a
shorter spin lifetime in the case of MAPbI; compared to
MAPDBT; suggests the critical role of halogens as well as an in-
organic sublattice in determining the spin transport behavior.
It should be noted that spin lifetime can also be assessed

This journal is © The Royal Society of Chemistry 2025

using the optical Hanle effect, where the external magnetic
field is applied perpendicular to the photoluminescence light
propagation direction or spin orientation leading to spin pre-
cession and a reduction in the circular polarization of the
emitted PL.*®

A variation of the CPPP technique is time-resolved Faraday
rotation (TRFR). Here, a circularly polarized pump pulse opti-
cally orients spin-polarized carriers along the beam axis and
the rotation of a linearly polarized probe beam is measured in
response as a function of time delay between the circularly
polarized pump and the probe pulse (Fig. 3d). Typically a
transverse magnetic field is applied while exciting the material

Nanoscale, 2025, 17, 9895-9906 | 9899
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with the circularly polarized light, enabling the same Hanle
effect mentioned above from the optically oriented carriers.'®
Classically, the photogenerated spins precess around the exter-
nal field leading to periodic oscillations in the Faraday rotation
whose frequency is proportional to the g-factor. Quantum
mechanically, there is an oscillating superposition of quantum
states resulting in oscillations in the Faraday rotation over
time. Fig. 3f-h depict the TRFR response of CH;NH;PbCLI;_,
under varying magnetic field strengths. Under zero magnetic
field, a typical bi-exponential decay is observed, which tran-
sitions to an oscillatory response under an applied magnetic
field, a characteristic of quantum beating due to spin preces-
sion (Fig. 3e). The zero field spin lifetime at 4 K exceeds 1 ns,
which is unusually high given the strong SOC in MHSs. Fast
Fourier transform (FFT) spectra of the TRFR signals reveal two
distinct oscillation frequencies (Fig. 3f). These frequencies are
proportional to the applied magnetic field (Fig. 3g) and corres-
pond to g-factors for electrons (—0.33) and holes (2.63). Spin—-
orbit interactions cause the g-factor to deviate from its vacuum
value of 2.*® Understanding and controlling the g-factor (by
doping) under electric and magnetic fields is an important
avenue for tunable spintronic applications.”” While low-temp-
erature spin lifetimes measured by various techniques are typi-
cally high, room-temperature spin lifetimes are almost two
orders of magnitude lower, which is crucial for the develop-
ment of room-temperature spintronics (Fig. 3h). Pure 2D
MHSs generally exhibit short spin lifetimes, with a notable
exception where a ps lifetime has been observed.*® In contrast,
quasi-2D MHSs exhibit spin lifetimes comparable to those of
3D MHSs. Strategies to enhance room-temperature spin life-
time in MHSs need to focus on optimizing SOC, spin-phonon
coupling, and sample quality.

3.3. Harnessing spin effects

Compared to the spin-physics in semi-
conductors, the understanding, control, and application of
spin functions in MHSs are still in their early stages.
Nevertheless, several architectures based on traditional spin-
tronics have been developed to both investigate the fundamen-
tal spin properties and facilitate practical applications. The
two most commonly studied spin properties include spin life-
time (discussed previously) and magnetoresistance in the form
of a spin-valve. In achiral MHSs, high spin lifetimes and
diffusion lengths at low temperatures contribute to the devel-
opment of spin-valves with decent magnetoresistance (MR). A
typical spin-valve consists of two FM electrodes with an MHS
layer sandwiched between them (Fig. 4a). A spin-valve under
an applied magnetic field exhibits low and high resistance
states depending on whether the magnetizations of the FM
electrodes are aligned in parallel or antiparallel, resulting in a
giant magnetoresistance (GMR) response.””> Another notable
demonstration of spin phenomena in achiral MHSs is the
spin-polarized light-emitting diode (spin-LED). In a traditional
spin-LED, spin injection occurs through an FM electrode,
leading to circularly polarized electroluminescence (CPEL)
from the light-emitter layer. It is important to note that for

conventional
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achiral MHSs, an FM electrode and an applied magnetic field
are required to observe CPEL. For MAPDbBr;, 3.1% degree of
polarization (circularly polarized emission) and 0.8% CPEL
have been demonstrated at 10 K.*> While these examples of
achiral 3D MHSs serve as proof-of-concept spintronic devices,
the major limitation lies in their operation at cryogenic temp-
eratures. For widespread practical applications, room tempera-
ture spin effects are critical.

CMHSs offer several advantages over their achiral counter-
parts in harnessing spin, including the potential for room
temperature operation, large spin polarization, and a reduced
number of magnetic layers. CMHSs exhibit natural spin selecti-
vity based on the chirality of their lattice. CMHSs manifest
several intriguing spin phenomena such as chirality-induced
spin selectivity (CISS), the circular photogalvanic effect
(CPGE), circularly polarized light (CPL) emission, and the
chiral phonon-activated spin Seebeck (CPASS) effect. Among
these, CISS plays a central role in realizing room-temperature
CMHS spin-LEDs and spin-valves. In essence, CISS refers to
the colinear spin-polarization of charge carriers as they pass
through a chiral medium.*>®° The first demonstration of CISS
in CMHSs was in a spin-valve where the opposite handedness
of the CMHS structure produced opposite MR responses, indi-
cating that spin-polarized carriers experience CISS as they
transverse the CMHS."" Unlike traditional spin-valves, CISS-
based spin-valves consist of only one FM electrode, as the low
and high resistance states are determined by the chirality of
the CMHS layer and the FM polarization, simplifying the spin-
valve architecture. A significant breakthrough in CISS was the
realization of a room-temperature spin-LED by employing a
spin-selective CMHS layer in conjunction with an achiral emis-
sive layer. Spin-polarized carriers injected into the achiral
emissive layer recombine selectively, emitting CPEL (Fig. 4b).
The spin selectivity of CMHSs has also been explored in
concert with traditional III-V semiconductors, leading to
room-temperature spin accumulation in spin-LEDs with a
CPEL polarization of 15%.°' Additionally, CMHSs can be
employed for CPL detection. When illuminated with LCP or
RCP light, the CPL detector generates unequal photocurrents,
thereby distinguishing the light polarization (Fig. 4c). As
CMHSs have different absorptions for LCP and RCP light, CPL
might lead to dissimilar photogenerated carrier densities.
Consequently, these photogenerated carriers may experience
different drifts during transport, a manifestation of CISS.%?
CPL detectors are essential components in technologies rele-
vant to drug screening and quantum optics.® Beyond 2D
CMHSs, 1D and 0D hybrid metal halides have also been
explored as CPL detectors. In general, 1D hybrid metal halides
exhibit high gcp values that translate into a high degree of CPL
detection.®® CPL detectors are one of the simplest devices for
harnessing the spin-selective properties of CMHSs.

The concept of CPL detectors has been extended to synaptic
memristors (Fig. 4d), enabling the creation of unclonable cryp-
tographic keys using polarized light.*® By combining MHS
chirality with neuromorphic functionality, it becomes possible
to realize all-optical memory devices that operate with low

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic of an LSMO/MAPbBr3/Co spin-valve. Reproduced from ref. 45 with permission from Nature Publishing Group, Copyright 2019.

(b) Spin-polarized charge injection and CPEL emission in spin-LEDs. Reproduced from ref. 9 with permission from the American Association for the
Advancement of Science, Copyright 2021. (c) Schematic device architecture of a circularly polarized photodetector. Reproduced from ref. 8 with
permission from Nature Publishing Group, Copyright 2019. (d) Chiroptical synaptic memristor array. Reproduced from ref. 64 with permission from
American Chemical Society, Copyright 2024. (e) CMHS-based piezoelectric device. Reproduced from ref. 65 with permission from Wiley-VCH,
Copyright 2024. (f) Schematic illustration of a 3D-MHS/2D-CMHS photoanode. Reproduced from ref. 66 with permission from Nature Publishing
Group, Copyright 2024. (g) Experimental setup for measuring the photogalvanic current in CMHSs. Reproduced from ref. 62 with permission from
American Chemical Society, Copyright 2021. (h) Spin-momentum locking due to IRE of (PEA),CuCls/FM. Reproduced from ref. 67 with permission
from American Chemical Society, Copyright 2024. (i) Measurement geometry of the CPASS effect in Cu/CMHS heterostructures. Reproduced from

ref. 10 with permission from Nature Publishing Group, Copyright 2023.

power consumption. Furthermore, CMHSs with added piezoelec-
tricity functionality (Fig. 4e) have been demonstrated for ultra-
sound detection under water.®>*® The relatively low mechanical
strength of CMHSs results in significant piezoelectric strain,
which is advantageous for mechanoelectrical energy harvesting.
An emerging application of CISS is in asymmetric catalysis, where
spin selectivity is harnessed to enhance product formation or
suppress byproducts compared to traditional achiral catalysts.®
CISS-based catalysis has also been explored in the context of
CMHSs, with 3D MHSs serving as light absorbers and 2D CMHSs
acting as spin polarizers (Fig. 4f), resulting in a high spin polariz-
ation of 75% for the 2D/3D photoelectrode.®®

In addition to the aforementioned applications, several
other architectures have been investigated to study fundamen-

This journal is © The Royal Society of Chemistry 2025

tal spin properties such as CPGE, spin generation, and the
spin Seebeck effect. CPGE allows for control over the polarity
and magnitude of photocurrents utilizing the chirality of ellip-
tically polarized light in gyrotropic media. This effect arises
from the asymmetric distribution of the excited charge car-
riers’” momentum when exposed to LCP or RCP light, governed
by spin-orbit coupling and angular momentum selection
rules.”® While for CISS, the transport measurement is typically
out of plane (co-linear with the current direction), CPGE is
measured in an in-plane geometry (Fig. 4g). CMHSs exhibit
CPGE when illuminated with polarized light owing to the
Rashba splitting in the electronic bands.®® If the degree of
CPGE can be correlated with the amount of Rashba splitting
in CMHSs, a quantifiable parameter will emerge relevant for
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harnessing spin splitting. Another mechanism to exploit spin
splitting is the interfacial Rashba effect (IRE). Forming hetero-
structures naturally breaks the inversion symmetry at the inter-
face, thereby expanding the material choice. In this context,
heterostructures of Pb-free 2D MHS (PEA),CuCl, with FM have
been shown to act as room-temperature spin generators by the
IRE mechanism (Fig. 4h). IRE in this architecture originates
from strong interfacial orbital hybridization between the MHS
and FM, measured using the spin-torque ferromagnetic reso-
nance (ST-FMR) technique.®”

Similar to CISS, which primarily relates to the spin polariz-
ation of charge carriers, the CPASS effect pertains to chiral
phonons and their influence on spin transport. In CPASS,
chiral phonons with angular momentum transmit spin infor-
mation under a thermal gradient even in the absence of car-
riers, with the resulting spin currents depending on the hand-
edness of the chiral medium (Fig. 4i). The CPASS effect in
CMHSs transfers the angular momentum of chiral phonons to
carriers in a proximal normal metal (copper) measured using
the induced Kerr rotation.'® A major advantage of CPASS is its
applicability to low-conductivity chiral semiconductors and
even insulators, without the need for magnetic contacts.
CPASS demonstrates potential for spin caloritronic appli-
cations, as well as providing insights into the role of chiral
phonons in spin generation and transport in chiral
semiconductors.

3.4. Magnetoresistance

Magnetic junctions and their behavior under applied magnetic
fields play a crucial role in various spintronic architectures.
MHSs exhibit significant magneto-photocurrent, magneto-elec-
troluminescence and magneto-photoluminescence responses,
even in the absence of magnetic electrodes, due to magnetic
field-induced spin mixing.”* In the case of MHSs, magnetic
junctions can be exploited for polarized PL emission, spin-
LEDs, and spin-valves.*>”*> Here, we focus on spin-valves as
they provide critical information on spin polarization, spin
transport, and magnetoresistance. Spin-valves also underpin
practical applications such as magnetic sensors, hard disk
read heads, and magnetic random-access memories (MRAM).
Initial works on MHS spin-valves focused on 3D achiral MHSs,
employing two FM electrodes (Fig. 5a). Spin-valves based on
MAPbBr;, MAPDbI;, and FAPbBr; exhibit low-temperature GMR
in the range of 4-25% (Fig. 5b-d), consistent with their spin
lifetime trend.** Under an in-plane applied magnetic field, the
magnetization orientations of the two FM electrodes (e.g.,
LSMO and Co) align either parallel or antiparallel, resulting in
low and high resistance states, respectively. Leveraging the
photoactive properties of MHSs, a high MR of 97% has also
been demonstrated in MAPbI; spin-valves.”?

The advent of CMHSs has introduced new possibilities for
spin-selective transport in spin-valves via the CISS effect. The
handedness of CMHSs is typically determined through CD
spectroscopy which measures the differential absorption of
left- and right-handed CPL. Positive and negative CD values
are observed for CMHSs with opposite chirality (Fig. 5e). This
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opposite chirality manifests as preferential spin-polarized
carrier transport in spin-valves. Unlike traditional or achiral
MHS-based spin-valves, CISS spin-valves are technically half
spin-valves as they require only one FM electrode. In an arche-
typal CISS spin-valve, the CMHS is sandwiched between an FM
and a non-magnetic electrode and the resistance is measured
as a function of applied magnetic field. Depending on the
chirality, carriers experience opposite spin polarization when
passing through the CMHS layer, resulting in an opposite MR
response (Fig. 5f and g). The MR response follows the hyster-
esis loop of the FM electrode. In the case of achiral 2D MHSs
such as (PEA),Pbl,, the MR response is not consistent with the
FM electrode and exhibits anisotropic MR and thus does not
demonstrate CISS (Fig. 5h).

Reports on CMHS spin-valves remain limited, and the MR
values are still relatively low. However, these studies provide
valuable insights into spin transport and its dependence on
various factors. Notably, while the spin polarization (SP) of
CMHSs, as measured by magnetic-atomic force microscopy
(m-AFM), is typically high, this does not always translate into
correspondingly high MR in spin-valves. In addition, the
dependence of MR values on the degree of chirality is not yet
well understood. The circular dichroism dissymmetry factor
(gcp), which accounts for CMHS thickness, serves as a useful
parameter for comparing the degree of chirality among
different CMHS compositions. A comparative analysis of MR
values against their gcp and SP values reveals no clear trend
(Fig. 5i-k). For instance, (R/S-MBA),Pbl, exhibits low gcp but
higher SP and modest MR. In contrast, the mixed CMHS (R/
S-MBA),PbIL,Br, shows lower gop and SP but higher MR. (R/
S-MBA),Snl, has very high SP but spin-valves of this compo-
sition have not been reported. While these comparisons cur-
rently lack a discernible pattern, it is plausible that a trend
may emerge as more studies and data become available.

4. Future outlook

This minireview highlights the emerging spin properties and
applications of achiral and chiral MHSs. The strong SOC
intrinsic to MHSs results in significant spin splitting and long
low-temperature spin lifetimes, establishing MHSs as promis-
ing candidates for spin-based applications and fundamental
investigations. In particular, chiral MHSs exhibit unique spin
functionalities that further broaden their potential as versatile
semiconductors. Future developments are expected to focus on
stabilizing and optimizing MHS compositions, understanding
structure-property correlations, and designing innovative
architectures and heterostructures aimed at harnessing their
spintronic potential.

Current state-of-the-art spintronic properties or applications
primarily rely on pristine MHS compositions or compositions
with mixed A-site and mixed halides. While doping MHSs has
been difficult due to their self-compensating nature, signifi-
cant progress has been made in incorporating foreign atoms,
forming alloys and developing composites, leading to

This journal is © The Royal Society of Chemistry 2025
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(a) Achiral MHS spin-valve under an in-plane external magnetic field. GMR response of spin-valves based on (b) MAPbBrs, (c) MAPbI3z, and (d)

FAPbBrs. Reproduced from ref. 44 with permission from Wiley-VCH, Copyright 2019. (e) CD spectra of (R-MBA),Pbl, and (S-MBA),Pbl,; showing
opposite signs. MR responses of spin-valves for (f) (R-MBA),Pbly,, (g) (S-MBA),Pbl,, and (h) (PEA),Pbl,. Reproduced from ref. 11 with permission from

the American Association for the Advancement of Science, Copyright
CMHSs. 6874778 yalues in (i—k) are selected for either R or S handedness,

improved electrical properties and even the induction of
ferromagnetism.?”””°®> These doped variants, both in achiral
and chiral forms, can offer additional tunability to the MHS
spin properties. The spin lifetimes of CMHSs remain low com-
pared to their 3D achiral counterparts. Quasi-2D MHSs have
shown promise with improved spin lifetimes compared to pure
2D systems. We believe the recent developments in simplifying
the synthetic chemistry of CMHSs can greatly accelerate the
material screening process and the relevant properties.>®
Compositional design considering spin manipulation needs to
be developed to harness the full potential of CMHSs.

In terms of structure-property correlations, there is a sig-
nificant gap in the literature associating the spin properties
with the MHS composition. In 3D MHSs, it has been observed
that while the A-site cation does not significantly impact the
spin lifetimes, the inorganic framework plays a pivotal role.**
In the case of 2D MHSs, structures with higher layer numbers
demonstrate enhanced spin lifetimes.'® However, spin lifetime
measurements vary based on the techniques used and the

This journal is © The Royal Society of Chemistry 2025

2019. (i-k) gcp, spin polarization (SP), and MR of some representative
whichever is higher.

operating temperatures, emphasizing the need to select appro-
priate methodologies (optical or electrical) based on the
underlying device physics. Emerging insights into the effects
of structural distortions on spin splitting in 2D MHSs under-
score the importance of material symmetry in determining
spin effects.”’ Since spin splitting is an important parameter
for spintronic applications and has strong dependence on the
MHS structure, a correlation between the MHS symmetry and
the resulting spin splitting can serve as a key factor for acceler-
ated materials screening. Developing a comprehensive data-
base of MHS compositions and their spin properties is essen-
tial for fast-tracking material screening for specific spintronic
applications.

The most prominent spintronic applications of MHSs are
spin-LEDs and spin-valves. Spin-LEDs based on the CMHS
spin-filtering layer with either achiral MHS emitter layers or
traditional (III-V) emitter layers have been demonstrated.>®*
However, the long-term stability of spin-LEDs warrants further
attention for their development as a viable technology. Stable
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MHS compositions, interface engineering, and efficient spin-
polarized carrier injections are critical fronts for realizing
high-performance spin-LEDs. CMHS compositions with
enhanced structural and electrical stability can contribute to
the operational stability of spin-LEDs. To this end, core-shell
structures, quasi 2D CMHSs, and 2D/3D heterostructures are
promising candidates.®* ®* Electrical stability under high bias
conditions must also be investigated to understand the role of
ion migration in device performance. Furthermore, innovative
functionalities, such as controlling light polarization via elec-
trical pulses, could pave the way for next-generation MHS-
based spin-LEDs.*® The low electrical conductivity of pure 2D
MHSs poses a bottleneck for spintronic devices, necessitating
strategies to enhance charge transport for efficient spin-polar-
ized carrier collection. Despite the high spin polarization
observed in the case of CMHSs, the MR is still very low. This
brings into question whether the spin polarization measure-
ments by m-AFM are overestimated. In addition, the optimiz-
ation of CMHS spin-valve architecture has not received enough
attention. Spin-valves are important for understanding several
key spin properties such as magnetic field effects, spin injec-
tion and transport efficacy, and spin polarization. Special
attention should be paid to the quality of the CMHS layer and
its interface with the FM electrode in spin-valves to ensure
high MR. More careful measurement and analysis is required
for MHSs to understand the spin properties and their develop-
ment as spintronic semiconductors. The development of
CMHSs with enhanced spin lifetimes and stability, coupled
with advanced characterization techniques, will be crucial for
their integration into novel spintronic technologies such as
neuromorphic computing, quantum information processing,
and spin-caloritronics.
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