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ABSTRACT
Lead halide perovskites have emerged as promising semicon-
ductors for high-performance photovoltaics, light-emitting 
devices as well as quantum information technologies. In this 
review, we highlight the magneto-optical effects in these ma-
terials from both fundamental research and practical appli-
cation perspectives. We summarize the experimental results 
measured for basic physical quantities and the assignment 
of various spectral peaks using the magneto-optical spec-
troscopy. These results provide a solid foundation underlying 
the excellent photo-electronic properties of lead halide per-
ovskites. Additionally, we provide an overview of carrier spin 
precession and its hyperfine interaction with the nuclear spin 
bath in response to the applied magnetic field, which is es-
sential for developing perovskite-based spintronic devices. 
We also illustrate the magnetic-field effects in optoelectronic 
devices, aiming at providing instructions for performance op-
timization. Finally, we discuss several challenging research 
directions towards a comprehensive understanding of the 
perovskite family and their potential applications in quantum 
physics, which might be accessed with the magneto-optical 
techniques. Overall, this review highlights the intriguing possi-
bilities for lead halide perovskites in magneto-optical research 
and technology, and provides insights for future investiga-
tions to advance this promising field.
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1. Introduction

Lead halide perovskite semiconductors with a flexible chemical composition 
of APbX3 (e.g. A = Cs+, MA+ (NH3CH3

+), FA+ (CH(NH2)2
+) and X = Cl–, 

Br–, I–) have attracted huge attention in recent years for their superior op-
tical and electronic characteristics, including broad bandgap tunability [1] 
[2,3], remarkable photoluminescence quantum yield [1,4–6], high defect tol-
erance [7–9], slow carrier recombination [10–13] and long diffusion length 
[14,15]. Unprecedented developments have been achieved for perovskite-
based photovoltaics with the power conversion efficiency being raised from 
3.8% to 25.7% [16–19], as well as for diverse optoelectronic applications 
such as light-emitting diodes [20–22], lasers [23–25] and photodetectors 
[26,27]. Furthermore, competitive exciton dephasing time exceeding hun-
dreds of picoseconds [28,29] and spin coherence time of several nanoseconds 
[30,31] have been revealed, highlighting their great potentials in quantum 
information processing [32] and spintronic devices [33].

In order to maintain the impressive advancement as well as develop fu-
ture multi-functionalized applications based on lead halide perovskites, it is 
of essential importance to establish comprehensive knowledge of fundamen-
tal electronic properties and accurate physical pictures for the energy-level 
structures that dominate the carrier formation, relaxation, transport and 
recombination processes [11,15,34,35]. Magneto-optical spectroscopy rep-
resents a valuable experimental tool to extract intrinsic physical properties 
of the materials in a straightforward manner. The Zeeman splitting and dia-
magnetic shift in the magnetic field, along with Landau levels in extremely 
high fields, yield intuitive information such as the carrier effective masses, the 
corresponding g-factors, the spatial extension of the wave functions and the 
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excitonic energy level structures, which may be difficult to access with other 
methods [36]. Meanwhile, magnetic field effects can be implemented to inves-
tigate the spin-dependent photon-to-charge interconversion photophysical 
processes in real optoelectronic devices by modulating the physical quan-
tities, e.g. photoconductivity, electroluminescence and photoluminescence 
[37], paving the way for improving device efficiency as well as developing 
spin-related applications.

In this review, we focus on the magneto-optical effects in lead halide per-
ovskites to elucidate the underlying physics of fundamental photoelectric 
properties and practical applications. In Section 2, we demonstrate the sig-
nificance of the magnetic field in experimentally determining the material 
basic electronic parameters within both weak- and strong-field regimes, in-
cluding exciton binding energy, carrier reduced mass and effective dielectric 
constant. In Section 3, the assignment of the complex band-edge exciton fine 
structures and phonon replicas with magneto-optical spectroscopy are com-
prehensively reviewed, with emphases on the field-induced state coupling and 
energy shifting. In Section 4, we outline recent breakthroughs in the coherent 
spin manipulation under external magnetic fields, including carrier spin pre-
cession and its hyperfine interaction with the nuclear spin bath. In Section 5, 
we discuss the magnetic field effects in perovskite optoelectronic devices to 
provide implications for performance optimization. These findings represent 
remarkable advances in understanding physical properties of lead halide per-
ovskites, thus offering perspectives on potential research directions that may 
benefit from the magneto-optical effects.

2. Fundamental electronic parameters

Knowledge of the fundamental physical quantities such as the exciton bind-
ing energy (R∗), carrier reduced mass (𝜇) and effective dielectric constant 
(𝜀eff ) is vital for a thorough understanding of the electronic properties as well 
as performance improvement of perovskite-based applications. For instance, 
the exciton binding energy compared with the thermal energy (kT ~25 meV 
at 300 K) determines the operation behavior as excitons or free carriers in 
photoelectric devices, and the reduced mass intimately associated with key 
semiconductor characteristics like carrier mobility and diffusion length plays 
a dominant role in the carrier transport process.

Magneto-optical spectroscopy represents a powerful experimental ap-
proach enabling straightforward evaluation of the basic physical parameters 
mentioned above. In the presence of an external magnetic field, the orbital 
wave functions of charge carriers are localized to the plane perpendicular to 
the magnetic field and the resulting cyclotron motion is featured by the fre-
quency of 𝜔c = eB/𝜇, where e is the electron charge, B is the magnetic field 
amplitude and 𝜇 is the exciton reduced mass given by 1/𝜇 = 1/me +1/mh (me
and mh are electron and hole effective masses, respectively). In the Faraday 
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configuration where the magnetic field is parallel to the light wave vector 
(B ||k, k|| c), the Coulomb interaction in the exciton predominates when the 
cyclotron energy ℏ𝜔c (ℏ is the Planck’s constant) is significantly smaller than 
the exciton binding energy R∗. In this case, the diamagnetic effect can be 
observed since the weak magnetic field can be treated as a perturbation to 
the exciton wave functions. However, the perturbation theory fails in the 
high magnetic field when ℏ𝜔c ≫ R∗, under which the spectral features 
are governed by the free carrier Landau levels. A dimensionless parameter 
𝛾 = ℏ𝜔c/2R∗ is introduced to distinguish the weak (𝛾 ≪ 1) and strong 
(𝛾 ≫ 1) magnetic field regimes [38].

2.1 Weak magnetic field regime

When the parameter 𝛾 is much smaller than unity (𝛾 ≪ 1), the magnetic field 
can be treated as a small perturbation acting on the exciton states. By adding 
the magnetic-field-involving terms to the total Hamiltonian and calculat-
ing the first-order perturbation solution, the modified energy of excitonic 
transitions can be derived [39]: 

E± = E0 ± 1

2
geff 𝜇BB + c0B2 (1)

where E0 is the unperturbed exciton energy, geff  is the effective exciton Lande
g-factor, 𝜇B is the Bohr magneton and c0 is the diamagnetic coefficient. The 
second term in equation (1) describes the linear Zeeman splitting as a re-
sult of the magnetic-field-induced degeneracy lifting of excited states (see 
Figure 1(a)), while the third term represents the diamagnetic shift with the 
quadratic field dependence. For a comprehensive overview on the electronic 
states in magnetic fields as well as detailed derivation for equation (1), we re-
fer readers to ref [39]. The diamagnetic coefficient c0 is directly determined 
by the exciton reduced mass and the spatial extension of electron and hole 
wave functions [43,44]

c0 = e2

8𝜇
r2 (2)

where r2 is the expectation value of the squared in-plane spatial extension. 
Under the assumption of hydrogen model, r2 is proportional to 1/𝜇2 and c0
can be further described by [39] 

c0 =
4𝜋2𝜀2

eff 𝜀2
0ℏ4

𝜇3e2
(3)

where 𝜀0 and 𝜀eff  are the vacuum and effective dielectric constants, respec-
tively. The exciton Bohr radius aB, reduced mass 𝜇 and binding energy R∗ can 
be expressed as [45]
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Figure 1. (a) A schematic view of Zeeman splitting in the magnetic field with the selection rules 
for circular polarizations. (b) Magneto-absorption spectra of MAPbBr3 in the Faraday configura-
tion. The spectra are shown for 𝜎+ polarization (solid lines) and 𝜎– polarization (dashed line). (c) 
Energy shifts as functions of the magnetic field in the Faraday configuration for MAPbBr3. (b) and 
(c) Reproduced with permission from ref [40]. Copyright 2003, Elsevier Ltd. (d) A schematic view 
of the Landau levels (solid lines) and excitonic states (dashed lines) as a function of magnetic 
field. Reproduced with permission from ref [41]. Copyright 2016, Royal Society of Chemistry. (e) 
Sequences resonant absorption features in MAPbI3 showing the free carrier Landau levels corre-
spond to minima. (f ) Fan chart plot of exciton and Landau-level energies as a function of magnetic 
field in MAPbI3. The solid lines and the dashed lines are the fits to the set of Landau levels and the 
exciton transitions, respectively. Reproduced with permission from ref [42]. Copyright 2017, Royal 
Society of Chemistry.
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In these equations, cH = 1.23 × 10–10 eV/T2, aH = 0.53 Å and RH = 13.6 eV 
are the diamagnetic shift, Bohr radius and Rydberg constant of the hydro-
gen atom respectively, and me is the free electron mass. Provided that 𝜀eff  is 
known, these fundamental exciton parameters can all be derived from the 
magnetic-field-induced diamagnetic shift.
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Early magneto-absorption studies of lead halide perovskite crystals in the 
weak-field regime [40,43,45] were performed under the assumption of this 
hydrogen model to determine these physical quantities, as summarized in 
Table 1. In the Faraday configuration, the energy splitting between the 𝜎+

and 𝜎– exciton transitions and the energy shift of the absorption peak can 
both be observed as demonstrated in Figure 1(b), corresponding to the Zee-
man splitting and diamagnetic shift, respectively [40]. The exciton energies 
plotted in Figure 1(c) exhibit the typical parabolic trend with the magnetic 
field, enabling the extraction of geff  and c0 by fitting the curves with equation 
(1). With the dielectric constant 𝜀eff  set to be 4.8 for MAPbBr3 and 6.5 for 
MAPbI3, this work estimated the parameters of aB = 20 Å, 𝜇 = 0.13 me and 
R∗ = 76 meV for MAPbBr3 and aB = 22 Å, 𝜇 = 0.15 me and R∗ = 50 meV for 
MAPbI3. Smaller Bohr radius and larger exciton binding energy in MAPbBr3, 
as compared to those in MAPbI3, were attributed to the reduced dielectric 
screening of the electron-hole Coulomb interaction, due to the larger energy 
gap and the accompanied lower dielectric constant. It is not always necessary 
to choose the value of 𝜀eff  in advance to calculate the electronic parame-
ters. Recently, two distinct hydrogen-like exciton states with the energy of 
Ei = Eg – R∗

i2
 (i = 1, 2 and Eg  is the bandgap energy) have been revealed 

by the low-temperature transmission spectroscopy of CsPbCl3 films, lead-
ing to the direct determination of the exciton binding energy R∗ = 64 meV. 
The magneto-optical experiments have been further involved to achieve the 
values of 𝜇 = 0.202 me and 𝜀eff = 6.56 [46].

However, the simple approximation of c0 proportional to 1/𝜇3 in equation 
(3) may not be valid if the contributions of quantum confinement and dielec-
tric confinement to the exciton spatial extension r2 are considered, especially 
in two-dimensional (2D) perovskites. The exciton wave function cannot be 
strictly confined in plane when the perovskite layer thickness is comparable 
to r2. Moreover, the reduced dielectric screening leads to the enhancement 
of the electron-hole Coulomb interaction, owing to the large dielectric con-
stant ratio between the perovskite layer and the spacing layer [47]. Therefore, 
more complex models based on the first-principles calculations have been 
implemented to support the magneto-absorption spectra, and a monotonic 
decrease of 𝜇 from 0.221 me down to 0.186 me with the increasing layer thick-
ness n from 1 to 5 can be deduced. The larger 𝜇 in 2D perovskites compared 
to their 3D counterparts was explained by the progressive reduction of the 
energy bandgap with the increasing n-value, while the binding energy of hun-
dreds of meV is due to the strong dielectric confinement. In addition, the 
phase transition of 2D perovskites can induce a 30% increase of 𝜇 in the low-
temperature phase, as proved by the significant variation of the diamagnetic 
shift coefficient c0 [48]. The structural origin was interpreted as the different 
distortions of the [PbI4]2- octahedral cages.
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Despite the fruitful information provided by the magneto-optical spec-
troscopy in the weak field limit, it should be mentioned that the resulting 
electronic parameters were derived under the assumption of specific exciton 
models. Particularly, the uncertainty in the determination of 𝜀eff  may bring 
about large deviations of aB, 𝜇 and R∗ from their true values.

2.2 Strong magnetic field regime

In contrast to the magneto-optical methods within the weak-field regime that 
require to presuppose specific exciton models or material parameter 𝜀eff , the 
interband Landau level transitions at high magnetic fields render direct mea-
surements on the exciton reduced mass 𝜇 and binding energy R∗ without any 
prior assumptions. When 𝛾 is much larger than unity (𝛾 ≫ 1), the system is 
almost Landau level-like and the Coulomb interaction is regarded as a small 
perturbation. To calculate the energy levels in this strong-field regime, the 
adiabatic approximation that decouples the in-plane and out-of-plane wave 
functions can be used and the magnetic field effect only acts on the in-plane 
component [39]. Based on this approach, the variations of the valence and 
conduction band-edge energies induced by the free carrier cyclotron motion 
can be calculated as ΔE = (N + 1/2) eB/me,h, where N = 0, 1, 2… represents 
the Landau orbital quantum number. Dipole-allowed transition occurs be-
tween the Landau levels with the same N as illustrated in Figure 1(d) and 
the corresponding transition energy is given by (neglecting the contribution 
from the Zeeman effect) [39] 

EN (B) = Eg + (N + 1

2
) ℏ𝜔c (7)

As a result, a sequence of evenly spaced spectral features above the bandgap 
can be resolved with the separation of ΔEN ,N–1 (B) = ℏ𝜔c = ℏeB/𝜇 (see 
Figure 1(e)), which enables precise extraction of the exciton reduced mass 𝜇. 
The exact value of the bandgap Eg  can also be deduced from extrapolation 
of the Landau levels to the zero magnetic field. To further achieve exciton 
binding energy R∗, a hydrogen-like numerical model in high magnetic fields 
developed by Makado and McGill can be employed, in which the dimen-
sionless parameter 𝛾 = ℏ𝜔c/2R∗ is defined to describe the magnetic field 
dependence of energy levels E (𝛾) [49]. With the knowledge of 𝜇 from the pre-
vious step, the only fitting parameter of this numerical model is R∗. Moreover, 
the energy of 1s and 2s exciton states place an additional strong constraint 
on the determination of R∗, which should be consistent with the zero-field 
eigenenergies of the 3D hydrogen-like exciton states given by Ei = Eg – R∗

i2
. 

Thus, the magnetic field dependence of near-band-edge exciton states and 
above-bandgap free-carrier transitions are simultaneously fitted to acquire an 
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accurate value of R∗, as shown in Figure 1(f). Finally, the effective dielectric 
constant can be derived by 𝜀eff = √(RH × 𝜇) / (R∗ × me).

Optical transmission spectroscopy in high magnetic field up to ~150 T 
was first used by Miyata et al. to determine 𝜇 and R∗ in an MAPbI3 film 
[50]. The observation of 1s and 2s excitonic states along with the free car-
rier Landau levels leads to the values of 𝜇 = 0.104 me and R∗ = 16 meV for 
the low-temperature orthorhombic phase (see Table 2), significantly smaller 
than the results previously assumed using a low-magnetic-field approxima-
tion [40,45]. In the high-temperature tetragonal phase, an increase in the 
dielectric screening due to the activation of rotational motion of MA+ cations 
[55] contributes to a smaller exciton binding energy of 12 meV [50], which 
was further supported by the magneto-reflectivity measurements on MAPbI3
single crystals [51]. The negligible impact of microstructure on the Coulomb 
interaction between electron and hole was studied later by Soufiani et al. [42]. 
The thermal disorder on the electrostatic fluctuations and rotational dynam-
ics of the unlocked organic cation are frozen at low temperatures, and thus 
𝜇 and R∗ remain unchanged in MAPbI3 polycrystalline films with various 
morphologies. Extensive magneto-optical studies on MAPbBr3 and MAPbI3
as well as FAPbBr3 and FAPbI3 were reported to reveal that 𝜇 and R∗ in-
crease proportionally to the bandgap [41]. The detailed parameters are listed 
in Table 2 and are consistent with a semi-empirical k⋅p perturbation ap-
proach so that the prediction of 𝜇 and R∗ for other members of perovskite 
compounds can be expected. Through partial substitution of the Pb by Sn, 
smaller 𝜇 and R∗ can be gained with narrower energy bandgap [52]. The lin-
ear scale law of 𝜇 and R∗ with energy bandgap has also been confirmed by the 
magneto-transmission measurements of fully inorganic CsPbX3 perovskites 
[53]. Moreover, this work proved that the Pb-X stretching modes and Pb-
X-Pb rocking modes in lead halide cage are the main factors that determine 
the dielectric permittivity in the low-temperature range. Measurements of the 
reduced mass in phenethylamine (PEA)-based 2D halide perovskites empha-
sized the effects of octahedra distortion imposed by the organic spacers and 
orbital hybridization controlled by the metal cation [54].

3. Energy-level structures

3.1 Band-edge excitons

The formation and radiative recombination of excitons (electron-hole pairs 
bounded by Coulomb interaction) underlie the luminescent properties of 
perovskites or indeed any semiconductors, and therefore are crucial for de-
signing and optimizing the light-emitting and photonic devices [56,57]. The 
degeneracy of the band-edge exciton state is lifted by electron-hole exchange 
interaction, giving rise to several exciton sub-bands [58,59]. These so-called 
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Table 2. Fundamental electronic parameters measured by magneto-optical spectroscopy in the 
strong-field regime.

Material R∗ (meV) 𝝁 (me) 𝜺eff

Strong
Magnetic
Field
Regime

MAPbBr3 [41] 25 0.117 7.5
MAPbI3 [41,42,51] 16 0.102 /

16 @LT 12 @HT 0.104 9.4 @LT 10.9 @HT
16 @LT 5–12 @HT 0.104 9.4 @LT 11–17 @HT

MAPb1–xSnxI3 [52] 16 0.075–0.1 8.0–9.2
FAPbBr3 [41] 22 @LT 24 @HT 0.115 @LT 0.13 @HT 8.42 @LT 8.6 @HT
FAPbI3 [41] 14 @LT 10 @HT 0.09 @LT 0.095 @HT 9.35 @LT 11.4 @HT
CsPbBr3 [53] 33 0.126 7.3
CsPbI2Br [53] 22 0.124 8.6
CsPbI3 [53] 15 0.114 10
(PEA)2PbI4 [54] 260 0.091 /

exciton fine structures in perovskites have been the subject of intense investi-
gations [29,60–65], aiming at promoting their potential applications beyond 
the classical optoelectronic devices [56,66–68], to the regime of quantum 
information technologies [28,29,69,70].

The electronic band structure near the band gap of lead halide perovskites 
is mainly built from Pb and X atomic orbitals, with the conduction band 
edge based on the p-like orbitals of Pb and the valence band edge com-
posed of Pb s-orbitals and X p-orbitals [55,71–73]. Strong spin-orbit coupling 
in the conduction band contributed by the heavy metal (Pb) splits the sex-
tet manifold into doublet J = 1/2 (lower band) and quartet J = 3/2 (upper 
band) submanifolds, with J representing the total angular momentum. There-
fore, the band-edge exciton is formed by the Coulomb interaction between 
a hole in the valence-band maximum states with Jh = 1/2, Jh

z = ±1/2 (pro-
jection on z) and an electron in the conduction-band minimum states with 
Je = 1/2, Je

z = ±1/2. The resulting four-fold degenerate exciton level is split 
by the electron-hole exchange interaction into a spin-forbidden dark singlet 
(J = 0, |0D, Ψ1) and a spin-allowed bright triplet (J = 1). Crystal field together 
with exchange interaction further lifts the degeneracy of the triplet states 
with lower crystal structure symmetries, such as tetragonal and orthorhom-
bic phases, or in the case of shape anisotropy [38,74–76]. To be specific, the 
bright triplet in the tetragonal crystal structure is split into a doubly degen-
erate | ± 1⟩ state (Ψ3±) coupled to circularly polarized light and a |Z⟩ = |0B
state (Ψ2) coupled to linearly polarized light with the electric vector along 
the z-axis. The former is further evolved to two in-plane orthogonal linearly 
polarized |X⟩ = (| + 1⟩ + | – 1⟩) /

√
2 and |Y⟩ = (| + 1⟩ – | – 1⟩) /

√
2 states 

(ΨX/Y ) in the orthorhombic crystal structure. The schematic representation 
of the band-edge exciton fine structures is illustrated in Figure 2 [61].

It was speculated that the Rashba effect, the consequence of the in-
version symmetry breaking in the crystal with strong spin-orbit coupling 
[77,78], would induce a reversion of the bright-dark level ordering in per-
ovskite nanocrystals especially those with large sizes [29,79]. In 2D perovskite 
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Figure 2. Energy-level diagram of the band-edge exciton fine structures resulting from electron-
hole exchange interaction and crystal field splitting. The hypothetical Rashba effect might reverse 
the order of triplet and singlet states. Reproduced from ref [61]. Open access article distributed 
under the creative commons attribution license creativecommons.org/licenses/by/4.0/.

quantum-wells with strong dielectric confinement, the Rashba effect operates 
differently to cause a momentum splitting of an exciton spin-degenerate band 
with same energy [80,81], and the resulting two Rashba-split bands couple to 
the right and left circularly polarized photons, respectively.

3.2 Dark exciton state

Low-temperature magneto-optical spectroscopy plays an irreplaceable role 
in settling the debate on the bright-dark exciton level ordering in perovskite 
nanocrystals. The state-mixing effect induced by the magnetic field can trans-
fer oscillator strength from the dipole-allowed to the dipole-forbidden tran-
sition, thus magnetically brightening the nominally inaccessible dark state 
[59,82].

In the Faraday configuration, the magnetic field mixes the dark Ψ1 and 
out-of-plane Ψ2 excitonic states, and promotes the in-plane ΨX/Y  states to 
proceed towards their genuine Ψ3± states with circular polarizations (see 
Figure 3(a)). The corresponding exciton eigenstates are

𝜙1,2
F = a1,2Ψ1 + b1,2Ψ2 (8)

 

E1,2
F = 1

2
[(E1 + E2) ± √(E1 – E2)2 + (ge∥ – gh∥)

2𝜇2
BB2] (9)

 

𝜙3±
F = 𝚿3± (10)

http://creativecommons.org/licenses/by/4.0/
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Figure 3. (a) Scheme of fine structure splitting of the band-edge excitons in the Faraday con-
figuration for a nanocrystal with an orthorhombic crystal structure. Reproduced with permission 
from ref [63]. Copyright 2019, Springer Nature Limited. (b) Time-resolved PL curves recorded from 
CsPbBr3 nanocrystals at 4 K with and without an applied external magnetic field of 10 T. Reprinted 
with permission from ref [83]. Copyright 2018, American Chemical Society. (c) Spectral trail of a 
single CsPbBr3 nanocrystal at 7 T (upper panel) and the spectrum integrated over the spectral 
trail showing a bright triplet, dark singlet and trion Zeeman doublet states at 7 T (lower panel). 
Reproduced with permission from ref [65]. Copyright 2023, Nature Publishing Group. (d) PL spec-
trum of a single FAPbBr3 nanocrystal at 7 T displayed with a logarithmic scale in intensity to show 
the position of the weak optical phonon sideband with respect to the triplet and singlet sub-
levels. Inset: scheme of the two-phonon thermal mixing model between the dark state and one 
bright state. Reproduced with permission from ref [63]. Copyright 2019, Springer Nature Limited. 
(e) Photon coincidence histograms of a single CsPbI3 nanocrystal at various magnetic fields at 4 K, 
showing the weakening of the bunching effect with increasing magnetic fields. Reproduced with 
permission from ref [64]. Copyright 2020, Nature Publishing Group.

 

E3±
F = E3 ± (ge∥ + gh∥) 𝝁BB (11)

where a1,2 and b1,2 are coefficients depending on the magnetic field B, the 
spin-orbit coupling, the crystal field and the energy splitting between the 𝚿1

and 𝚿2 states [36,38,43,84], ge∥ and gh∥ are the electron and hole g-factors 
along B, respectively [38]. Hence the dark 𝚿1 state gains oscillator strength 
from the 𝚿2 state that is linearly polarized along the optical axis, which can 
be collected by a high numerical objective.

The low-lying dark singlet state was initially evidenced by the photolumi-
nescence (PL) dynamics of perovskite nanocrystal ensembles in the magnetic 
field at cryogenic temperatures [83,85]. Typical time-resolved PL curves de-
picted in Figure 3(b) show a bi-exponential decay with a dominant fast 
component (hundreds of picoseconds) and a slow component (tens to hun-
dreds of nanoseconds) [83]. The characteristic time of the latter shortens 
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distinctly with the magnetic field, while its contribution to the total PL in-
tensity grows considerably. Using the three-level model proposed previously 
in colloidal CdSe nanocrystals [59,82], it was estimated by Chen et al. that 
the dark state in CsPbBr3 nanocrystals is located ~7.7 meV below the bright 
states. This energy splitting is highly sensitive to both halide elements and or-
ganic cations, which change the exchange interactions by size confinement 
and charge screening, respectively [83].

By applying an external magnetic field of 7 T in the Faraday configura-
tion, the direct spectroscopic signature of dark exciton emission was first 
provided by Tamarat et al. in the low-temperature PL measurements of sin-
gle FAPbBr3 nanocrystals [63], with the follow-up research on single CsPbI3
[64] and CsPbBr3 [65] nanocrystals by the same group (see Figure 3(c)). A 
field-induced red-shifted emission line emerges in the PL spectrum regard-
less of the triplet structure, and it can be unambiguously attributed to the 
ground dark singlet exciton state. The energy splitting between the dark and 
bright states has been reported to be ~2.5 meV for FAPbBr3 nanocrystals 
with an average size of 9.2 nm [63], ~5 meV for CsPbI3 nanocrystals with an 
average size of 11.2 nm [64] and at least 3.6 meV for nearly-bulk CsPbBr3
nanocrystals [65], which are at variance with the theoretical models based on 
Rashba effects [29,79,86]. Furthermore, a universal scaling law relating the 
bright-dark splitting to the band-edge exciton energy in lead halide perovskite 
nanocrystals has been unveiled, supporting the picture that the exciton fine 
structures are dominated by the electron-hole exchange interaction under the 
combined effects of quantum confinement and screening of the electron-hole 
interaction. As illustrated in Figure 3(d), two-phonon-assisted thermal mix-
ing model involving absorption and emission of longitudinal optical (LO) 
phonons was proposed to explain the reduced relaxation rate between dark 
and bright states, rationalizing the intense emission with such level ordering 
[63,64,87]. Interestingly, the long-lived dark singlet state is proved to promote 
the creation of biexcitons at low temperatures, and thus the magnetic-field-
induced state-mixing effect can be used to tune the photon statistics of single 
quantum emitters (see Figure 3(e)) [65].

Magnetic brightening of the lowest dark state in 2D perovskites PEA2PbI4
single crystals has also been reported, which is separated by 15.5 meV from 
the bright excitonic states in the Faraday configuration [88]. Manganese dop-
ing can further enhance the bright-dark state mixing in the existence of 
magnetic field, either by accelerating the bright-dark relaxation rate or by 
forming an additional radiative recombination channel involving the spin-flip 
mediated by Mn2+ [89].

The Voigt configuration in which the in-plane magnetic field is perpendic-
ular to the light wave vector, i.e. B⊥k, k||c, can be more beneficial to access the 
optically-forbidden dark state. The out-of-plane 𝚿1 and 𝚿2 exciton states are 
mixed with the in-plane 𝚿3± states in the Voigt configuration, leading to two 
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Figure 4. (a) Scheme of fine structure splitting of the band-edge excitons in the Voigt configu-
ration. (b) Transmission spectra of 2D perovskites at zero magnetic field (black) and at B = 65 T 
(colored lines) for (PEA)2SnI4, (PEA)2PbI4, and (PEA)2PbBr4, respectively. Inset shows an expanded 
view of the evolution of the dark state (DX) with increasing magnetic field. Reproduced with per-
mission from ref [90]. Copyright 2021, American Association for the Advancement of Science.

pairs of in-plane states with orthogonal linear polarizations. One pair char-
acterized by the dipole moment along B is labeled as longitudinal, while the 
other pair with the dipole moment perpendicular to B is labeled as transverse. 
The corresponding exciton eigenstates are 

𝜙1,3L
V = c1,3L𝚿1 + d1,3L(𝚿3+ – 𝚿3–) (12)

 

E1,3L
V = 1

2
[(E1 + E3) ± √(E3 – E1)2 + (ge⊥ – gh⊥)2𝝁2

BB2] (13)

 

𝜙2,3T
V = c2,3T𝚿2 + d2,3T(𝚿3+ + 𝚿3–) (14)

 

E2,3T
V = 1

2
[(E2 + E3) ± √(E3 – E2)2 + (ge⊥ + gh⊥)2𝝁2

BB2] (15)

where the coefficients c1,3L, d1,3L, c2,3T  and d2,3T  are functions of the magnetic 
field B, the splitting of the exciton states and the effective g-factors, while ge⊥
and gh⊥ are the respective electron and hole g-factors along B [90]. Therefore, 
the magnetic field transfers oscillator strength from the 𝚿3± to 𝚿1,2 states, 
which can be observed conveniently under in-plane linear polarizations, as 
depicted in Figure 4(a).

A bright-dark splitting ranging from 28 to 32 meV was measured in 
(C4H9NH3)2PbBr4, which is significantly enhanced as a result of strong 
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dielectric confinement, or image charge effect in 2D quantum wells [91]. 
Magneto-transmission spectroscopy in the Voigt configuration performed by 
Dyksik et al. leads to the direct observation of the low-lying dark state in 2D 
perovskites, with the results displayed in Figure 4(b) [90]. It has been revealed 
that the measured splitting is an order of magnitude larger than that in 3D 
perovskite nanocrystals [63–65] which is in agreement with the enhanced ex-
citonic effects in these 2D quantum wells, while the correlation between the 
splitting and the exciton binding energy still stands.

3.3 Bright-exciton fine structure splittings

The physics of bright-exciton fine structure splittings in lead halide per-
ovskites has attracted extensive research interest [29,60–62,76,88,92,93] for 
its potential as an efficient platform to coherently manipulate wave func-
tions [69,94] and exploit quantum logic gates [95]. As reviewed previously, 
the magnetic field effect serves as a unique tool to reveal the exciton fine 
structures, and the response of the bright triplet will be elaborated as follows.

Single perovskite nanocrystals with different structural symmetries exhibit 
single, doublet or triplet peaks of exciton luminescence, typically with linear 
polarizations as a consequence of the electron-hole exchange interaction and 
the crystal field [63,64,76,96]. Under the magnetic field in the Faraday con-
figuration, the genuine bright eigenstates, two of which featured by right- and 
left-handed circular polarizations (𝚿3±) and the other one linearly polarized 
along the z-axis (𝚿2), can be unveiled once the Zeeman effect exceeds the 
zero-field splitting as demonstrated in Figure 5(a–c) [64]. For those single 
nanocrystals with doublet peaks, the orientation, i.e. the crystal axis z with 
respect to the magnetic field c, can be restored by analyzing the evolution 
of PL spectrum with the magnetic field. As exemplified in Figure 5(d, e), 
the doublet will evolve into triplet as the originally degenerate states 𝚿X/Y

go through Zeeman splitting for nanocrystals with a symmetry axis along 
the field, while no extra peak will emerge for those having a symmetry axis 
perpendicular to the field [96]. Magnetic-field-induced excitonic states with 
circular polarizations by the Zeeman effect were observed in bulk 3D and 2D 
single crystals as well [43,45,65,88,92,93], and the resulting unbalanced popu-
lation between the spin-up and spin-down sublevels renders spin polarization 
control towards spintronic devices [88,89,97].

The intrinsic origin of bright-exciton zero-field splitting, which is hundreds 
of μeV in nanocrystals [29,60,64,98] and single crystals [65,88] and can be as 
large as several meV in 2D perovskites [93], has been under the debate. A 
nonlinear energy splitting versus magnetic field strength in a single CsPbBr3
nanocrystal, together with the coexistence of both linear and circular polar-
izations of the same optical transition, was considered as the competition of 
Rashba effect and Zeeman effect [98]. Symmetry breaking by a surface effect 
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Figure 5. (a)-(c) Magnetic splitting and coupling among the fine structure sublevels in single 
CsPbI3 nanocrystals with different crystal structures, revealing the entire spectral fingerprint of 
the bright triplet and the lowest-energy singlet state. The insets show the corresponding diagrams 
of exciton fine structures. (a)-(c) Reproduced with permission from ref [64]. Copyright 2020, Na-
ture Publishing Group. (d) and (e) PL spectra of two types of CsPbBr3 nanocrystal under magnetic 
fields ranging from 0 to 7 T. (d) and (e) Reprinted with permission from ref [96]. Copyright 2017, 
American Chemical Society. (f ) Intensity mapping of the unpolarized PL spectra in PEA2PbI4 in 
magnetic fields from 0 to 30 T. (g) Energies of XU

3  (blue circles) and X L
3  (red squares) in PEA2PbI4 as 

a function of B. Inset: scheme illustrating the polarization and spin configurations of the exciton 
sub-bands at low-field and high-field limits. (f ) and (g) Reprinted with permission from ref [93]. 
Copyright 2020, American Chemical Society.

or a lattice distortion induced by the Cs+ motion, combined with internal 
spin-orbit coupling, satisfies the conditions for the Rashba effect, which is 
dominant in the zero and low magnetic field under 4 T to cause a splitting 
between the singlet and triplet states. At large magnetic fields, the Zeeman 
effect contributes to the linear response of fine structure splitting with the 
magnetic field. However, the Rashba origin remains hypothetical since the 
dark singlet virtually lies under the bright triplet [63–65,88,90], overturning 
the speculation of the Rashba-induced bright-dark state reversion [29,79]. In 
the meantime, it has been declared that the electron-hole exchange interac-
tion combined with symmetry considerations should be responsible for the 
zero-field fine structure splitting [63–65,92,93]. A universal scaling law has 
been unraveled in Ref. 33 to describe the energy splitting between the exci-
ton sublevels as a function of the exciton quantum confinement contributed 
by the long- and short-range exchange interactions. In the case of 2D per-
ovskites, the energy fine structures were also tracked under the magnetic field 
in the Faraday configuration, as illustrated in Figure 5(f, g) [93]. The energy 
splitting up to 2 meV between the upper and lower bands was interpreted as 
a consequence of the exchange interaction, since the Rashba effect only cause 
the momentum mismatch of a spin-degenerate band without energy splitting 
in 2D perovskites [80,81,93].
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3.4 Phonon replicas

The intrinsic soft ionic lattice of semiconductor perovskites is featured with 
diverse vibrations, bringing about distinct exciton-phonon interaction that 
plays a nonnegligible role in the hot carrier cooling and charge transport 
[11,13,99–101]. These lattice vibration modes also manifest themselves in 
spectra as phonon replicas or sidebands when the optical transition is as-
sisted by absorbing or emitting a phonon [28,48,54,87]. Magnetic-optical 
spectroscopy can be helpful to assign the complex absorption, transmis-
sion or PL peaks when multiple phonons with different characteristic en-
ergies are involved with the original excitonic transition. A series of dips 
with equal spacing of 15 meV were observed in the transmission spectra of 
(C6H13NH3)2PbI4, and were attributed to phonon replicas induced by Pb-
I vibration as verified by their evolution under the magnetic field [48]. Since 
the lattice vibrations are unaffected by the magnetic field, the phonon replicas 
should track the evolution of the excitonic peak. The phonon-assisted absorp-
tion states in PEA2PbI4 were also confirmed by the second derivative of the 
𝝈+ and 𝝈– spectra at 65 T, which show the same energy shift in magnetic field 
[54]. Exciton-phonon coupling in (PEA)2(MA)n-1PbnI3n + 1 was investigated 
by Urban et al. with magneto-absorption spectroscopy to reveal a vibronic 
progression of excitonic transition [102]. Additional peaks in the higher en-
ergy side of 1s transition behave uniformly in the magnetic field with the same 
diamagnetic shift, as validated by the perfect overlap of the spectra measured 
at 0 T and 65 T see Figure 6(a, b). These results reinforce the phonon-replica 
assignment and the sidebands with ~40 meV for all samples with different n 
(n = 1, 2, 3) should be related to the PEA ligand vibrations.

Polarons, quasi-particles formed from electronic excitations dressed by lat-
tice vibrations [104,105], have been proposed to be responsible for many 
exotic optoelectronic properties in perovskites such as defect tolerance, mod-
erate charge carrier mobility and reduced carrier cooling rate [106–109]. 
Several proofs obtained by magneto-optical measurements have been claimed 
to support the polaron picture. An effective mass of 𝝁 = 0.185me has been 
determined by the low-field diamagnetic shift in MAPbBr3 single crystals 
[92], which is significantly deviated from the value deduced by the free elec-
tron Landau levels in high magnetic fields [41]. The larger reduced mass 
was regarded as a hallmark of polaronic effects contributed by the strong 
electron-phonon coupling in perovskites. Multiple PL structures with dom-
inant intensity in PEA2PbI4 single crystals have also been ascribed to the 
exciton-polaron emission [88]. These red-shifted PL bands exhibit the same 
linear polarization and magnetic field induced shift as the free exciton tran-
sitions, while no corresponding transitions can be found in the reflectance 
response. Therefore, the authors hypothesized that the dominant PL emis-
sion should be linked to specific lattice reorganizations provoked by free 
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Figure 6. (a) 4 K transmission spectra measured at 0 T (red) and 65 T (blue) for PEA2PbI4. (b) Dia-
magnetic shift obtained for PEA2MAPb2I7 by shifting the 0 T spectra (red curve) to obtain perfect 
overlap with the 65 T spectra (open circles). The two features exactly track each other in magnetic 
field. (a) and (b) Reprinted with permission from ref [102]. Copyright 2020, American Chemical 
Society. (c) Magneto-PL map of the zero-phonon line (black dashed) and polaron (wine dashed) 
in MAPbBr3 nanowires. (d) The extracted peak energies in (c) and the corresponding g-factors. 
Reprinted with permission from ref [103]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim.

excitons. In MAPbBr3 nanowires, several PL peaks (up to 13) with narrow 
linewidths appeared at the high energy side of the zero-phonon line (ZPL) 
and were attributed as hot polarons, which originate from the interaction 
between localized excitons and transverse optical phonons [103]. Magneto-
optical spectra were applied to confirm the polaron origin. As demonstrated 
in Figure 6(c, d), Zeeman splitting of the first polaron and the corresponding 
g-factors similar to those of ZPL can be observed clearly, while the phonon 
energy calculated by subtracting the energy of ZPL from first polaron in-
creases with a value of 0.5 meV at 9 T. The diamagnetic effect was explained by 
the modified phonon wave vector that offsets the electron momentum with 
the vector potential to maintain momentum conservation, and the involved 
phonon mode corresponds to octahedra-twist vibrations. Despite the limited 
report relating the magnetic-field effects of polarons, unique control of exci-
tonic system impacted by lattice deformation can be expected in lead halide 
perovskites.
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4. Coherent spin dynamics

4.1 Spin precession

When two or more near-degenerate transitions are excited with a short optical 
pulse, whose spectral width is sufficiently large to ‘cover’ these eigenstates, a 
coherent superposition state will be generated to induce sinusoidally oscillat-
ing and exponentially decaying signals [110,111]. The oscillation frequencies 
are related to the slightly different transition energies while the decay rates de-
pend on the decoherence processes. This so-called quantum beating reveals 
coherent spin dynamics of excitons/carries and leads to accurate measure-
ments of the corresponding g-factors, decoherence times and energy level 
structures [111].

The strong spin-orbit coupling in lead halide perovskites enables efficient 
optical orientation and manipulation of carrier spin states [112–114], to-
gether with their impressive long spin lifetimes [31,115–117], making these 
materials promising candidates in spintronic applications [118,119]. Time-
resolved Faraday rotation (TRFR) measurements in magnetic fields have 
been employed to explore spin-dependent physics in both perovskite bulks 
[31,115,120–122] and nanocrystals [116,117], with the working principle de-
picted in Figure 7(a). A resonant circularly polarized pump pulse generates 
coherent superposition of the spin states, which produces quantum beating 
in a transverse magnetic field (Voigt geometry), and can be detected via op-
tical Faraday rotation of a linearly polarized probe pulse. This phenomenon 
has also been described as spin precession, and its dependence on the mag-
netic field yields information of carrier g-factors (ge and gh) and transverse 
spin dephasing time (T∗

2 ).
The experimental fulfillment of spin-polarized exciton quantum beating 

was first demonstrated by Odenthal et al. in perovskite MAPbClxI3–x poly-
crystalline films at cryogenic temperatures [31], and soon after several studies 
were reported to elucidate thoroughly coherent spin dynamics in lead halide 
perovskites [115–117,120–122]. A small magnetic field in the Voigt configu-
ration results in the Larmor precession of carrier spin polarization with the 
frequency 𝝎L,e(h) = ∣ge(h)∣ 𝝁BBV/ℏ [123], and therefore the oscillation signals 
in TRFR can be observed, with typical results shown in Figure 7(b) [115]. The 
Faraday rotation dynamics can be fitted well by the sum of two oscillations 
that decay exponentially: 

𝜽F (t) = Aee–t/T∗
2.ecos (𝝎L,et + 𝜙e) + Ahe–t/T∗

2,hcos (𝝎L,ht + 𝜙h) (16)

where Ae(h) is the amplitude of electron (hole) spin signal and T∗
2,e(h) denotes 

the transverse spin dephasing time of electron (hole).
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Figure 7. (a) Schematic summary of the time-resolved Faraday rotation experiment in the trans-
verse magnetic field. Reprinted with permission from ref [116]. Copyright 2020, American Chemi-
cal Society. (b) Kerr rotation dynamics in CsPbBr3 crystal at different magnetic fields. (c) Fast Fourier 
transform spectra of spin dynamics traces from (b). (d) Magnetic field dependencies of elec-
tron (squares) and hole (circles) Larmor frequencies. (e) Magnetic field dependencies of electron 
(squares) and hole (circles) spin dephasing times. (b)-(e) T = 10 K. (f ) Temperature dependence 
of hole spin dephasing time. (b)-(f ) Reproduced with permission from ref [115]. Copyright 2019, 
Nature Publishing Group.

Two distinct Larmor frequencies 𝝎L,e(h) can be evidenced as well by the 
fast Fourier transform spectra in Figure 7(c) and grow linearly with the mag-
netic field, which enables the extraction of the electron and hole g-factors 
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(see Figure 7(d)). Due to the variation between the bandgaps, the obtained 
carrier g-factors may present different magnitude and even sign for differ-
ent perovskite materials [121]. For instance, the g-factors are ge=  + 1 .73
for electrons and gh  =  + 0.83 for holes in CsPbBr3 nanocrystals [117], 
while the values of ge=  + 3 .57 and gh  =  - 1.21 have been calculated for 
FA0.9Cs0.1PbI2.8Br0.2 single crystals [120]. The universal formula of the carrier 
g-factors depending on the bandgap energy has been established by the-
oretical approaches based on the density functional theory and empirical 
tight-binding method [121]. The g-factor anisotropy has also been inves-
tigated to reveal the information on the crystal symmetry by tilting the 
magnetic field in a vector magnet, which concludes that the conduction band 
crystal splitting mainly influences gh and the anisotropy of the interband 
momentum matrix elements affects both ge and gh [121].

Another key parameter given by the fitting of Eq. 16 is the transverse spin 
lifetime T∗

2  that characterizes the spin dephasing and decoherence processes 
in the materials. In an ensemble of carrier spins, the phase difference between 
spins with different Larmor precession frequencies develops fast in time. As 
a result, the frequency dispersion leads to the additional inhomogeneous de-
phasing process and the decoherence is faster in the macroscopic spin system 
than the individual spin. Under the external magnetic field, the inhomoge-
neous dephasing time is due to variations of the carrier g-factors and has a 1/B
dependence, which is given by ℏ/Δge,h𝝁BBV  [111]. As shown in Figure 7(e), 
T∗

2  shortens with the magnetic field strength as a result of the g-factor dis-
persion Δge,h contributed by the sample inhomogeneity and anisotropy [31], 
and the relation can be described as 

1/T∗
2 (B) = 1/T∗

2 (0) + Δge,h𝜇BBV/ℏ (17)

The Δge,h obtained for electrons and holes is of the same magnitude in bulk 
and nanocrystals [31,115–117,120], pointing to the indecisive impact of the 
crystal structure and nanocrystal orientations on the g value heterogeneity 
[116]. More importantly, the spin dephasing time at zero magnetic field T∗

2 (0)
can exceed 1 ns at cryogenic temperatures [31,115,117,120] despite the ex-
istence of the large spin-orbit coupling, indicating their great potentials for 
quantum information processing to manipulate solid-state spin coherence 
[124,125]. Indeed, optical initialization, manipulation and readout of hole 
spins in surface functionalized CsPbBr3 nanocrystal ensembles have been 
realized at room temperature [126].

Temperature dependence of coherent carrier spin dynamics in perovskites 
has also been investigated to gain insights of the spin decoherence mecha-
nisms, such as the phonon-modulated hyperfine field effect, the Elliott-Yafet 
mechanism and the Dyakonov-Perel mechanism [31,115–117,120]. In bulk 
materials, T∗

2  calculated from the TRFR signals in the magnetic field shows 
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an apparent decrease with the elevated temperature, as demonstrated in 
Figure 7(f), which exhibits an activation-type dependence [115,120]: 

1/T∗
2 (T) = 1/T∗

2,0 + we–ΔE/kBT (18)

In the above equation, T∗
2,0 denotes the spin dephasing lifetime at zero tem-

perature, w is the phenomenological factor that characterizes the strength 
of carrier-phonon interaction, ΔE is the activation energy and kB is the 
Boltzmann constant. This Arrhenius-like relationship describes thermally 
activated spin dephasing with a temperature dependence, which may be re-
lated to the hole delocalization or LO-phonon-mediated spin-flip process 
[115,116,120]. However, it has been reported that the carrier spin dephas-
ing time in CsPbBr3 nanocrystals shows slight change in the temperature 
range below 35 K, which has been attributed to the carrier localization in 
quantum-confined nanocrystals [117].

4.2 Hyperfine interaction

The carrier-nuclei interaction that dominates the coherent spin dynamics at 
low temperatures and weak magnetic fields has also been explored in lead 
halide perovskites [115–117,120]. By suppressing the hyperfine interaction 
with a small magnetic field of 0.13 T, the hole transverse spin dephasing 
time T∗

2,h in CsPbBr3 nanocrystals can be 300% increased to 292 ps, which 
approaches the PL lifetime of 312 ps (see Figure 8(a)) [116]. As a compar-
ison, only 20% increase of T∗

2,h from 0 T to 0.125 T has been achieved in 
bulk CsPbBr3 [115]. The different magnetic field response may stem from 
the confinement-enhanced hyperfine interaction in nanocrystals, where the 
surrounding nuclear spin bath, e.g. from proton-bearing surface ligands and 
polymer matrices, has more remarkable impacts on the carrier spin dephasing 
[116,127–129]. Furthermore, the temperature dependence of T∗

2,h measured 
with and without magnetic field displayed in Figure 8(b) unambiguously 
elucidates two spin dephasing mechanisms. Specifically, the magnetic-field-
dependence of T∗

2,h below 50 K corresponds to the efficient compensation 
of the inhomogeneous nuclear spin fluctuations that predominate the spin 
dephasing at low temperatures, while the temperature-dependence of T∗

2,h
above 100 K is attributed to the the coupling of the carrier spins and LO
phonons [116].

Quantitative evaluation of the effective hyperfine field strength has also 
been reported in the literature [115,117,120]. The carrier spin polarization 
produces Knight field that acts on the nuclear spin system by flip-flop hy-
perfine process, and the polarized nuclei induce the Overhauser field in turn 
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Figure 8. (a) Dependence of the Larmor frequency 𝜔L (blue) and ensemble spin-dephasing time 
T∗

2  (green) for CsPbBr3 nanocrystals on the transverse magnetic-field strength. The gray dashed 
line between 0 and 0.16 T is a guide to the eye. For comparison, the black horizontal dashed 
line shows the PL decay time (312 ps) measured at 4.5 K under the same conditions. (b) Ensem-
ble inhomogeneous transverse spin-dephasing times T∗

2  measured for CsPbBr3 nanocrystals with 
and without an applied magnetic field, plotted as a function of sample temperature. (a) and (b) 
Reprinted with permission from ref [116]. Copyright 2020, American Chemical Society. (c) Scheme 
of interaction of carrier spin system (CSS) and nuclear spin system (NSS). (d) TRFR with σ+ (red) 
and σ– (blue) pump. The Overhauser field is either parallel or antiparallel to the external magnetic 
field. The arrows indicate the time shift of the second minimum of the hole spin Larmor precession. 
(e) Dependence of BN,e(h) on pump power at T = 1.6 K (black) and 6 K (red). Right scale shows the 
change of Larmor frequency. (c)-(e) Reproduced with permission from ref [120]. Copyright 2021, 
John Wiley & Sons, Ltd.

to influence the carrier behavior. Experimentally, the dynamic nuclear polar-
ization has been introduced to study the hyperfine interaction of carrier spins 
with the nuclear spin bath (Figure 8(c)) [30,115,120]. A pump beam with fixed 
helicity is used to set the nuclear spin polarization I, which is tilted by an an-
gle 𝜑 from the normal to the sample surface, so that a nonzero projection 
of the carrier spin Se(h) onto the external magnetic field B can be provided. 
The produced nuclear Overhauser field is BN ,e(h) = Ae(h)I/ (ge(h)𝜇B), with the 
direction determined by the sign of the hyperfine coupling constant Ae(h), 
the direction of the nuclear spin polarization I and the carrier g-factors ge(h). 
Consequently, the Larmor precession frequency of the carrier is modified 
as 𝜔L,e(h) = ∣ge(h)∣ 𝜇B (B ± BN ,e(h)) /ℏ, which can be used as a measure-
ment of the nuclear effects. Since the pump helicity governs the Overhauser 
field BN ,e(h) by adjusting the carrier spin Se(h), Faraday rotation dynamics 
with remarkable difference can be observed experimentally by using the 
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counter-circularly polarized (𝜎+ and 𝜎–) pump light (see Figure 8(d)). The 
dynamic nuclear polarization effect manifests itself in the hole precession 
frequency, which changes from 16 rad/ns for 𝜎– pump to 5 rad/ns for 𝜎+

pump in FA0.9Cs0.1PbI2.8Br0.2 single crystals, and it also exists for the elec-
tron causing smaller change in the Larmor frequency though [120]. The 
stronger Overhauser field experienced by holes than electrons has also been 
evidenced in bulk CsPbBr3 (|BN ,h| = 3.1 mT and |BN ,e| = 1.0 mT) [115] and 
CsPb(Cl0.56Br0.44)3 nanocrystals (|BN ,h| = 5.8 mT) [30], which is a unique fea-
ture of lead halide perovskites due to the inverted band structure compared 
to the conditional III-V and II-VI semiconductors [130]. Optically detected 
nuclear magnetic resonance experiments [30,120] together with theoretical 
analysis [30,115,120] have identified that the 207Pb isotope dominates the 
hole-nuclei hyperfine interaction, while much more weak coupling exists for 
the conduction band electrons. As the pump power increases, the nuclear 
Overhauser field BN ,e(h) induced by the optically oriented carriers changes de-
pendently, up to |BN ,h| ≈ –50 mT and |BN ,e| ≈ 6 mT at 1.6 K (see Figure 8(e)) 
[120]. Additionally, the temperature effect on the Overhauser field is stronger 
for holes to cause a non-monotonic response, which has been ascribed to the 
variation of the leakage factor related to the flip-flop process [120].

5. Magnetic field effects in optoelectronic applications

The electron-hole (e-h) pairs inside the perovskite-based optoelectronic de-
vices may recombine radiatively in the form of excitons or dissociate to free 
carriers to produce photocurrents. They can be divided into parallel and an-
tiparallel spin states with different dissociation and radiative recombination 
rates by taking the spin configurations into account solely [37]. As a result, the 
magnetic field-mediated population redistribution of spin sublevels can lead 
to the modulation of the output physical quantities, such as the photocurrent 
(PC), electroluminescence (EL), photoluminescence (PL) and resistance [37], 
laying an essential foundation for understanding the spin-dependent charge-
to-photon interconversion dynamics in practical applications [131–135].

It was speculated that the large spin-orbit coupling in lead halide 
perovskites caused by heavy atom Pb may shorten the spin relaxation 
time and consequently diminish the magnetic effects [136]. However, 
Zhang et al. observed remarkable magneto-photocurrent (MPC), magneto-
electroluminescence (MEL) and magneto-photoluminescence (MPL) in the 
MAPbI3-xClx photovoltaic devices and films, as shown in Figure 9(a–c) [37]. 
The magnetic field effects (MFEs) have been explained by the Δg  mecha-
nism (the difference between geff  of electrons and holes) in perovskites, which 
causes the difference between carrier Larmor precession frequencies to in-
duce spin-mixing significantly before the spin coherence is lost. Moreover, 
MFEs in perovskite devices with different morphologies were measured to 
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Figure 9. (a) Magneto-photoconductivity (MPC) response measured in the MAPbI3-xClx photo-
voltaic device. (b) Magneto-electroluminescence (MEL) response in the same device as (a) at 
a constant current of 5 mA showing two components. The broad component (MELB) fitted by 
the blue line may originate from the field-induced variation of the non-radiative recombination 
channel, and the narrow component (MELN) fitted by the red line may come from the radiative 
recombination channel. (c) Magneto-photoluminescence (MPL) response of a pristine perovskite 
film grown in similar conditions to the active layer of device in (a). Reproduced with permission 
from ref [37]. Copyright 2015, Nature Publishing group. (d) MPC polarity tuned between positive 
and negative by adjusting the size of the perovskite crystal domain in perovskite films. Reprinted 
with permission from ref [137]. Copyright 2017, American Chemical Society. (e) Schematic of a 
LSMO/MAPbBr3/Co spin valve device structure. (f ) Hanle effect of the giant magneto-resistance 
in MAPbBr3-based spin valve. (e) and (f ) Reproduced with permission from ref [138]. Copyright 
2019, Nature Publishing Group.

unravel that the MFE amplitude and shape should be related to the e-h pair 
lifetime, which depends on the film morphology [37]. Similarly, Hsiao et al. 
observed negative MPL and positive MPC in MAPbI3-xClx solar cells at low 
fields under high excitation powers, proving that the charge recombination 
and dissociation processes are spin dependent [131]. It has been further sug-
gested by Li et al. that the sign of MPC can be regulated by controlling the 
crystal domains in perovskite films (see Figure 9(d)) [137]. The negative and 
positive MPC should be dominated by the decreased dissociation rate of 
spin-antiparallel e-h pairs and the increased diffusion length of spin-parallel 
e-h pairs in large and small domain structures, respectively. Furthermore, by 
applying an external magnetic field to Mn-doped CsPbBr3 nanoplates, the 
photocatalytic efficiency of CO2RR can be greatly improved, which has been 
attributed to the increased spin-polarized photogenerated carriers, extended 
carrier lifetime and inhibited charge recombination [139,140].
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Lead halide perovskite materials have also shown great potentials in spin-
tronics like spin LEDs and spin valves [141–143]. In the pioneering work, 
a spin LED that is able to emit circularly polarized light and a vertical spin 
valve (see Figure 9(e)) that shows giant magneto-resistance have been demon-
strated by injecting spin-polarized carriers into MAPbBr3 films from metallic 
ferromagnetic electrodes [138]. The magneto-resistance response under the 
transverse field has been observed at both parallel and antiparallel magnetiza-
tion configurations, as shown in Figure 9(f). This Hanle effect unambiguously 
confirms the efficient injection and transport of spin-polarized carriers in the 
device, with the extracted hole spin lifetime of ~ 936 ns and spin diffusion 
length of ~220 nm.

6. Conclusions and outlook

The magneto-optical effects in lead halide perovskites have been reviewed in 
this article from fundamental aspects to application development. By means 
of optical measurements in the magnetic fields, accurate determination of ba-
sic physical quantities has been accomplished and the debate concerning the 
exact ordering of bright triplet and dark singlet exciton states have been set-
tled, rationalizing the efficient charge transport and exciton recombination 
in perovskite materials as well as the excellent performance of the relevant 
optoelectronic devices. The carrier spins also show high sensitivity to the ex-
ternal magnetic fields, along with the long spin coherence lifetime, leading to 
spin quantum-state control in perovskite semiconductors including spin ini-
tialization, manipulation and readout in the near future. In-depth analysis of 
the device working principles has been attempted with the assistance of the 
magnetic field effects, thus providing unique instructions for designing and 
optimizing practical applications.

Despite the flourishing and remarkable research in the perovskite commu-
nity, there still remains several interesting puzzles that might be addressed 
with magneto-optical spectroscopy. One open question concerns the po-
laron effects in these structurally soft semiconductors. The quasiparticles 
may manifest themselves as increased carrier effective mass in the relatively 
low magnetic field due to the strong Frohlich interaction with specific op-
tical phonons [144,145], and the bare carrier mass can be probed in the 
high-field regime once the cyclotron motion enables the decoupling from 
lattice vibrations [39]. An anti-crossing behavior between the Landau levels 
in the intermediate range can be expected as an elegant proof of the po-
laron picture in the perovskite materials [36,146,147]. Further, derivatives 
like 2D layered perovskites might serve as a suitable platform for tailoring 
the electron-phonon coupling in the form of self-trapped excitons [148,149] 
or pronounced phonon replicas [48,150–152], which can be flexibly modu-
lated by the quantum and dielectric confinement effects as well as external 
magnetic fields [48].
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Another perovskite counterparts that will benefit from the application of 
the magnetic fields is the single nanocrystal, which has been regarded as a po-
tential high-performance solid-state quantum light source [28,29,60,62,64]. 
Based on the efficient biexciton emission, a single perovskite nanocrystal can 
generate polarization-entangled photon pairs once the bright-exciton fine 
structure splittings can be eliminated with the magnetic [153–155], electri-
cal [155–157] or strain fields [158,159]. Meanwhile, a charged nanocrystal 
with an electron or hole trapped inside provides an ideal pathway to real-
ize advanced spin-photon interface, and the external magnetic field plays 
a vital role in the key steps such as establishing spin states, suppressing 
spin flip-flop process and manipulating a single spin [160–162]. Further-
more, two non-degenerate circularly polarized trion states formed from the 
magnetic-field-induced Zeeman effect, together with nanophotonic waveg-
uides, constitute chiral interfaces that lock the local light polarization to 
its propagation direction [163], enabling the construction of nonreciprocal 
single-photon devices and deterministic spin-photon interfaces [164,165]. 
With the advantages of facile synthesis, flexible tunability and convenient 
integration, the lead halide perovskites are capable of serving as a multifunc-
tional platform for both fundamental research and technology devices, and 
unique control of the matter qubits with magnetic fields in the soft ionic 
lattices will offer opportunities for new physics research and applications. 
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