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ABSTRACT 

 

 

 

 Revealing the crystal structure of lead halide perovskite nanocrystals is essential for the 

optimization of stability of these emerging materials in applications such as solar cells, 

photodetectors and light emitting devices. We use magneto-photoluminescence spectroscopy of 

individual perovskite CsPbBr3 nanocrystals as a unique tool to determine their crystal structure, 

which imprints distinct signatures in the excitonic sublevels of charge complexes at low 

temperatures. At zero magnetic field, the identification of two classes of photoluminescence 

spectra, displaying either two or three sublevels in their exciton fine structure, shows evidence for 

the existence of two crystalline structures, namely tetragonal D4h and orthorhombic D2h phases. 

Magnetic field shifts, splitting and coupling of the sublevels provide a determination of the 

diamagnetic coefficient and valuable information on the exciton g-factor and its anisotropic 

character. Moreover, this spectroscopic study reveals the optical properties of charged excitons 

and allows the extraction of the electron and hole g-factors for perovskite systems. 



 Lead halide perovskites have proven to be revolutionary semiconductor materials for a new 

generation of low-cost solar cells.
1-6

 In addition to the remarkable photovoltaic performance,
5
 such 

perovskites have high photoluminescence (PL) efficiencies and composition-tunable band gaps, 

and have been used for perovskite-based light-emitting diodes (LEDs)
7-11

, photodetectors
12

 and 

lasers.
13-16

 The recent advances in the colloidal synthesis of strongly emitting perovskite 

nanocrystals (NCs) opens up new possibilities for the fabrication of devices with enhanced 

performances.
17

 Indeed, these materials favorably combine improved optical properties with respect 

to their bulk counterparts, versatile surface chemistry allowing their dispersion into a variety of 

solvents and matrices and eventual incorporation into device architectures. Colloidal nanocrystals 

(NCs) of both methylammonium and cesium lead halides have been recently synthesized with 

precise size and composition control,
18-23

 which opens up opportunities for tunable light sources, 

such as LEDs
24

 and lasers,
25

 based on composition and quantum-size tuning
19

 and to explore their 

use as quantum light sources.
26-28

 Yet, the intrinsic properties of the emitting states in these 

materials remain mostly unexplored.  

 The emission of perovskites at low temperatures stems from the radiative recombination of 

the band edge exciton which is formed by Coulomb interaction between a hole in one of the S-like 

valence-band maximum states 𝐽" = 𝑆" = 1/2, 	𝑆*
" = ±1/2 , and an electron in one of the two-

fold degenerate spin−orbit split-off states (𝐽- = 1/2, 𝐽*
- = ±1/2).29,30

 A symmetry analysis of the 

exciton fine structure in the cubic phase predicts an exciton ground state split in a dark state 00  

with total angular momentum 𝐽-12 = 0 and a triply degenerate bright level with total angular 

momentum 𝐽-12 = 1 and z projections 	𝐽*
-12 = 0,±1.

29,30
 For a tetragonal crystal structure, the 

bright exciton level is split into doubly degenerate bright states 1±  𝐽-12 = 1, 𝐽*
-12 = ±1  and a 

bright state 03  𝐽-12 = 1, 𝐽*
-12 = 0 .

31,32
 Materials with lower crystal structure symmetry, such as 

orthorhombic phase, should display a further splitting of their fine structure.
33

 

It is well known that the crystalline structure of all-inorganic perovskite CsPbBr3 materials 

depends on the temperature and the growth procedure: An orthorhombic crystallographic phase is 

usually reported for bulk CsPbBr3 at room temperature, and a series of phase transitions to 

tetragonal and then to cubic was observed when increasing the temperature.
34,35

 The crystal 

structure is one of the many physical properties that can differ between nanometer-sized and bulk 

crystalline materials.
36

 It also has a major impact on the optical properties of inorganic 

perovskites
37,38

 and thus on their suitability for photovoltaic or light emitting applications. For 

instance, a metastable cubic phase can be retained in inorganic perovskite nanostructures
6,19

 at 



room temperature and even down to cryogenic temperatures because of the large contribution of 

surface energy.
6
 Since the energy of the excitonic sublevels is strongly influenced by the crystal 

structure, magneto-photoluminescence spectroscopy of individual NCs is a unique tool for the 

identification of the crystalline phase of NCs, as degenerate states can split due to the Zeeman 

effect and field-induced state-mixing can modify oscillator strengths to reveal hidden "dark" 

states.
39,40

  

In this letter, we report magneto-optical investigations of single inorganic perovskite NCs at 

liquid helium temperatures, revealing the spectral fingerprint of three bright states assigned to the 

band-edge exciton. At zero field, the observation of two classes of luminescence spectra, displaying 

either two or three sublevels in their exciton fine structure, is attributed to the existence of two 

possible crystalline structures with different degrees of symmetry. Magnetic field shifts, splitting 

and coupling of the sublevels provides a determination of the diamagnetic coefficient and valuable 

information on the Landé g-factors and their anisotropic character. Moreover, this spectroscopic 

study reveals switches of the emission between the exciton multiplet and a red-shifted single line, 

which splits into two components under magnetic fields. This line is attributed to the recombination 

of a charged exciton (trion) and its Zeeman splitting allows us to extract the electron and hole g-

factors in these systems. 

 CsPbBr3 NCs with a schematic crystal structure presented in Figure 1a were synthesized by 

a wet-chemical method
19

 (See the Supporting Information for details). Their light absorption 

spectrum when dissolved in toluene extends from the green excitonic absorption peak at 2.47 eV to 

the UV range (Figure 1b). Under light excitation at 488 nm, the NCs exhibit a bright green 

photoluminescence centered at 2.41 eV, with a high color purity (full width at half maximum - 

FWHM - of 93 meV) and a PL quantum yield exceeding 50% at room temperature. High-resolution 

transmission electron microscopy (HRTEM) images reveal that they have cubic shapes with 

average sizes of 8-10 nm (Figure 1c). A cubic perovskite crystal structure at room temperature was 

refined from X-ray diffraction measurements (see Figure 1d). Previous works
19

 on this kind of 

colloidal NCs reported a cubic crystalline structure while a recent crystallographic study of large 

(12.5nm) CsPbBr3 NCs at room temperature showed a better refinement of the structure assuming 

an orthorhombic Pnma space group than with a cubic Pm3m
41

 space group. However, Bragg 

diffraction data of smaller (6.5nm) NCs could not be fitted by Rietveld refinement because of 

extreme peak broadening and increased background signal, and low angle Bragg reflections only 



suggest a non-cubic crystal structure.
41

 The optical spectroscopy approach described hereafter will 

allow identifying the crystal structure of perovskite NCs at low temperature. 

 

Figure 1. Basic structural and optical characteristics of CsPbBr3 perovskites NCs. (a), Schematic of 

the crystal structure of CsPbBr3 perovskites. (b) Absorption (blue) and PL (red) spectra of CsPbBr3 

NCs dispersed in toluene. The cyan arrow indicates the excitation wavelength used in our studies. (c) 

A HRTEM image of CsPbBr3 perovskite NCs. (d) X-ray diffraction pattern of CsPbBr3 perovskite NCs 

at room temperature. 

 

 A home-built scanning confocal microscope operating at cryogenic temperatures is used to 

image single NCs deposited by spin-coating on a clean glass coverslip. It is based on a 0.95 

numerical aperture objective which is inserted in a magnetic cryostat together with the sample and 

a piezo-scanner. The objective axis is parallel to the magnetic field, allowing magneto-optical 

studies in the Faraday configuration. The emitted photons are filtered from the scattered excitation 

light by a bandpass filter (35 nm FWHM centered on 520 nm) and sent to a single-photon-counting 

avalanche photodiode and a spectrometer. PL decays are recorded with a conventional time 



correlated single-photon-counting setup using a pulsed laser source (optical parametric oscillator at 

488 nm, 200 fs pulse width, 80 MHz repetition rate). 

 Figure 2a shows a representative confocal image of single CsPbBr3 NCs at 2 K under a 

moderate excitation of 50 Wcm
-2

. The luminescence intensity of most of the single NCs is 

remarkably stable, as exemplified by the time trace of a single NC presented in Figure 2b. Shot-

noise-limited intensity fluctuations could be measured over more than ten seconds of acquisition 

times. The PL decay of single CsPbBr3 NCs at 2K is monoexponential with a decay time of the 

order of ~180 ps, as exemplified in Figure 2c, which is similar to that reported for the mixed-halide 

CsPb(Cl/Br)3 NCs of comparable sizes.
28

 The remarkable spectral stability of the NCs at 2K over 

minutes of integration time (see Figure S1 in the Supporting Information) allows the acquisition of 

high quality PL spectra, which reveal the band edge exciton fine structure. As displayed in Figure 

2d and 2e, the PL spectra at low cw excitation intensities are composed of ultrasharp peaks (with a 

resolution-limited width ~170µeV) attributed to the exciton recombination zero-phonon-lines 

(ZPLs). The spectral sharpness of these ZPLs affords the opportunity to investigate subtle 

differences in the band-edge exciton fine structure from one NC to the other. On the basis of 

investigations on 57 single NCs, the fine structures of NCs at zero magnetic field can be classified 

into two types: the type-one (~ 55% of the NCs) is characterized by two ZPLs as displayed in 

Figure 2d, while the type-two (~ 45% of the NCs) is composed of three ZPLs as displayed in 

Figure 2e. Interestingly, the temperature dependence of the PL spectrum up to 9 K does not show 

any evolution of the relative weights of the ZPLs (see Figure S3 in the Supporting Information), 

which supports an assignment of these lines to recombination lines of bright exciton states having 

very similar oscillator strengths.
42

 The PL spectra also display two phonon replicas which are 

redshifted by 3.7 meV and 6.3 meV from the ZPLs. These sidebands are attributed to the nearly 

degenerate first transverse optical (TO) phonon modes.
43

 The relative weight of these phonon 

replicas with respect to the ZPLs is distributed among NCs. For instance, the Huang-Rhys factors 

for the first and the second optical phonon modes are 0.13 and 0.09 in the case of the NC displayed 

in Figure 2d, while they are 0.04 and 0.02 for the NC shown in Figure 2e. 



 

Figure 2. Spectroscopic characteristics of single CsPbBr3 perovskite NCs at 2 K. (a) Confocal PL 

image of several single CsPbBr3 NCs dispersed in PMMA at 2 K, excited at 488 nm with a cw intensity 

of 50 Wcm
−2

. The color bar marks the PL intensity. (b) Time trace of the PL intensity of a single 

CsPbBr3 NC at 2 K, measured under a 488 nm cw excitation intensity of 50 Wcm
−2

 and with a bin time 

of 10 ms. The distribution of photon counts per bin is well fitted with a Poisson distribution calculated 

using the mean number of counts per bin (red curve). (c) Background subtracted PL decay of a single 

CsPbBr3 NC at 2 K using a 488 nm pulsed excitation with an averaged intensity of 50 Wcm
−2

. The red 

curve is a mono-exponential fit with a lifetime of ~180 ps. The grey curve corresponds to the 

instrument response function. (d) PL spectrum of a type-one single CsPbBr3 NC at 2 K recorded over 

10 s at an excitation intensity of 50 Wcm
−2

. (e) PL spectrum of a type-two single CsPbBr3 NC at 2 K 

recorded over 1 min at an excitation intensity of 50 Wcm
−2

. The peaks labeled Ai are attributed to the 

ZPLs of bright exciton fine structure states. The peaks TOj are assigned to the j
th

 transverse optical 

phonon sidebands of the ZPLs. The PL intensities of all lines have a linear dependence on the 

excitation intensity at these levels of excitations (see Figure S2), excluding any biexcitonic origin. 

 

 To gain a deeper insight into the NCs band-edge exciton fine structure, we studied their 

magneto-optical properties. Figure 3a exemplifies the evolution of the PL spectrum of a type-one 

single NC as a function of the magnetic field amplitude. The well-resolved Zeeman splitting of the 



higher energy line corresponds to the Faraday configuration where a symmetry axis of the NC is 

oriented along the magnetic field. This is a hallmark of the D4h point group symmetry 

corresponding to the P4/mbm crystallographic phase, which has previously been identified only in 

bulk CsPbBr3 at high temperature.
34

 Following the effective mass model of band-edge exciton in a 

uniaxial crystal structure
31,32,44

 and taking the crystal axis along z, the type-one spectroscopic 

behavior suggests the attribution of the zero-field higher energy line to the doubly degenerate bright 

exciton sublevel 1± , while the lower energy line is assigned to the non-degenerate bright exciton 

sublevel 03 . It should be noted that in a minority of cases, we found an inversion of level ordering 

between both bright sub-levels. 

 Zeeman splittings of the bright level 1±  were measured on 17 single NCs, with the data 

showing an evidence for a strong anisotropy of the exciton Landé in these NCs. The distribution of 

the values of 𝑔∥
-12 cos 𝜃 (𝜃 being the angle between the magnetic field and the NC z axis) is 

presented in Figure 3b and points to two sub-populations of NCs. Most of the NCs (12 over 17) 

such as the one exemplified in Figure 3c, do not display measurable Zeeman splitting, while 5 NCs, 

such as the one exemplified in Figure 3a, display a 𝑔∥
-12 cos 𝜃 up to 2. We deduce that the latter 

NCs have their z axis nearly parallel to the magnetic field and therefore estimate 𝑔∥
-12 ∼ 2, where 

𝑔∥
-12 = 𝑔∥

- + 𝑔∥
", 𝑔- and 𝑔" being the electron and hole g-factors,

44
 respectively. Besides the linear 

Zeeman splitting, the 1±  states display clear diamagnetic shifts with a diamagnetic coefficient of 

the order of a few 𝜇𝑒𝑉	𝑇@A, in accordance with previous determinations in hybrid organic-

inorganic lead-halide-based perovskite crystals.
29,45

 

According to effective mass models, a magnetic field parallel to the z crystal axis should 

also induce a coupling between the 03  bright state and the lowest energy dark state 00 .
31,44

 No 

signature of a magnetic brightening of the dark state or lowering of PL intensity of the bright state 

was observed in our experiments where magnetic fields are limited to 7T. We also probed the 

relaxation dynamics of single NCs with and without application of magnetic field. A representative 

example of PL decay is displayed in Figure 3d for the same NC as in Figure 3a. It has a 

monoexponential behavior with a lifetime of ~200 ps, regardless of the magnetic field. This 

suggests that decays are imposed by fast non-radiative relaxation processes which dominate the 

exciton radiative recombination. 



 

Figure 3. Magneto-optical properties of type-one NCs. (a) Evolution of the PL spectrum of a NC 

under magnetic fields ranging from 0 to 7 T. A linear fit of the Zeeman splitting of the high-energy 

ZPL yields 𝑔∥
-12 = 1.9. (b) Left: Histogram of 𝑔∥

-12 𝑐𝑜𝑠 𝜃 for 17 NCs. For the 12 NCs showing no 

Zeeman splitting, the orthogonal g-factor is extracted from 𝑔E
-12 = ΔA − ΔH

A 𝜇3𝐵  and displayed in 

the right histogram. (c) Evolution of the PL spectrum under magnetic fields of another NC, for which 

𝑔∥
-12 = 0. (d) PL decays of the same CsPbBr3 NC at 0 T and at 7 T, under 488 nm excitation with 

averaged intensity of 50 Wcm
−2

. The decays are fitted by mono-exponential curves with lifetimes of 

~200 ps.  

 

NCs which do not display Zeeman splitting have their crystal axis z orthogonal to the 

magnetic field and undergo a magnetic coupling between the 03  bright state and the combination 

state 𝜓K = 1K + 1@ 2 with a coupling strength 𝑔E
- + 𝑔E

" 𝜇3𝐵 2, while the 00  dark 

state is coupled to 𝜓@ = 1K − 1@ 2 with a coupling strength 𝑔E
- − 𝑔E

" 𝜇3𝐵 2.
31,44

 As 

exemplified in Figure 3c, the state mixing is accompanied by a quadratic shift of the ZPLs but no 



degeneracy lifting of 𝜓K  and 𝜓@  is observed under magnetic field. Since the energy position of 

the dark state could not be extracted from the spectra, we could not access to 𝑔E
- − 𝑔E

". 

Nevertheless, one can estimate the orthogonal exciton g-factor 𝑔E
-12 = 𝑔E

- + 𝑔E
" using the field 

evolution of the ZPLs spectral positions corresponding to the eigen-energies of the 03 , 𝜓K  

coupled system. For the 12 NCs with no Zeeman splittings we obtain a 𝑔E
-12 distribution centered 

around ~2.3 (see Figure 3b). Overall, the values of 𝑔E
-12 and 𝑔∥

-12 extracted from this magneto-PL 

of the exciton are in accordance with the numerical values of 𝑔-12 = 𝑔- + 𝑔" deduced from the 

effective mass model.
44

 A separate determination of 𝑔- and 𝑔" for each NC would require further 

investigations of the magnetic field effect on the energy structure of other charge complexes such 

as charged excitons. This point will be discussed further below. 

 We now discuss the magneto-PL properties of the type-two NCs, having a fine structure 

composed of three ZPLs in zero-field. The NC of Figure 4a shows a fine structure where the higher 

and the lower energy lines have pure linear and orthogonal polarizations in zero field, while they 

become circularly polarized with opposite helicities at 7 T. As schematically depicted in Figure 4c, 

the symmetry lowering is the dominant effect in zero field and lifts the 1±  bright states 

degeneracy, producing two split states with linear and orthogonal dipoles. At high magnetic field, 

where the Zeeman splitting becomes larger than the zero-field splitting, the eigenstates tend toward 

genuine 1±  states with circular right and left polarizations. The mid-energy line has no clear 

circular polarization character at 7T and is attributed to a bright state with a transition dipole 

moment parallel to the magnetic field. This behavior recalls similar observations in self-assembled 

semiconductor quantum dots46,47 and colloidal NCs48,49 expressing pronounced quantum 

confinement effects, where symmetry breaking by shape anisotropy leads to a lift of a fine structure 

degeneracy (see Figure 4c). Since our perovskite NCs have a size larger than the exciton Bohr 

diameter (~7nm)19,50 shape effects can be neglected. Type-two NCs are thus attributed to NCs 

having an orthorhombic crystal structure with a reduced D2h point symmetry compared to that of 

type-one NCs (D4h). This crystal structure is consistent with the Pnma crystallographic phase 

observed in bulk CsPbBr3 at room temperature.34
 It should be noted that the pure polarization 

character of the lines displayed in Figure 4 was observed on only 1 over 7 studied NCs, since this 

behavior requires that the broken NC symmetry axis be along the direction of the magnetic field. 

Similar but partial polarization signatures were observed on all other type-two NCs, reflecting the 

random orientation of the NCs with respect to the magnetic field. 

 



 

Figure 4. Polarization analysis of the PL spectral components of a type-two NC under magnetic fields. 

The black lines correspond to the PL spectrum of a single NC under zero field (a) and 7 T (b). At 0 T, 

the horizontally (resp. vertically) polarized PL shows a strong horizontal (resp. vertical) polarization 

for the lowest (resp. highest) energy ZPL. At 7T, the circularly polarized 𝜎K (resp. 𝜎@) PL shows a 

strong 𝜎K (resp. 𝜎@) polarization for the lowest (resp. highest) energy ZPL. The central ZPL has no 

clear polarization under magnetic fields. (c) Scheme of Zeeman splitting and polarization properties 

of a bright exciton doublet displaying an intrinsic linearly polarized XY fine structure in zero field.  

 

 Symmetry considerations provide solid foundations for the attribution of type-one and type-

two fine structures to tetragonal (D4h) or orthorhombic (D2h) crystal structures, respectively. In the 

Supporting Information we describe the exciton fine structure using a Frenkel picture, as reported 

previously for 2D
31,32

 or 3D
44

 uniaxial systems (D4h or C4v) in the hybrid inorganic-organic lead 

halide perovskites. To take into account the reduction of the lattice point symmetry to D2h in the 

orthorhombic crystal structure, we start from the D4h basis functions and add to the Hamiltonian 

coupling terms introduced by the additional crystal field (see the Supporting Information). This 

leads to four non-degenerate exciton states, one dark state and three optically active ones having 

orthogonal transition dipole moments, oriented along the three crystal axes (see Figure S6 in the 

Supporting Information). 

 Another important finding with CsPbBr3 NCs studied here is the magneto-optical 

spectroscopic signature of the charged exciton (trion). Most of the studied NCs (~60%) have their 

emission switching between the multiline excitonic fine-structure and a red-shifted single ZPL 

named X* (with a resolution-limited width), as exemplified in Figure 5a (see also Figure S4 in the 

Supporting Information). The distribution of spectral shifts between the lowest-energy fine 

structure ZPL and the X* ZPL ranges from 6 to 24 meV, as shown in the histogram of Figure 5b. 

Similar spectral jumps in the low temperature PL spectra of single colloidal mixed-halide 

CsPb(Cl/Br)3 and CsPbI3 NCs were recently reported.
28,51

 A trion state could for instance be formed 

when an exciton is created in the presence of an unpaired charge carrier in the core of the NC and a 



charge carrier trapped at its surface or in a lattice defect. Interestingly, the integrated intensities of 

the exciton and trion lines are very similar in these NCs, meaning that the quantum yield of these 

two charge complexes are comparable. For one NC which spent sufficiently long residence times 

(few tens of seconds) in neutral or charged states, we could even record separately the PL decay of 

the exciton and trion and found that they are monoexponential with characteristic lifetimes of 270 

ps and 320 ps respectively (see Figure S5 in the Supporting Information). Since radiative 

recombination of the trions is expected to be twice faster than that of excitons,
52

 these 

measurements confirm that the non-radiative processes are dominant in the relaxation of the charge 

complexes in these systems at low temperatures.  

Charged NCs serve as the ideal system to investigate single charge-carrier spin properties, 

in particular to directly measure both	𝑔- and 𝑔" using magneto-optical spectroscopy.
47,53,54 

Indeed, 

in a charged NC, the angular momentum of the ground state is set by the extra-charge carrier, while 

the trion’s one is given by the opposite charge carrier. Therefore, the angular momentum of a 

positively (resp. negatively) charged NC in the ground state is that of the hole (resp. electron) spin. 

Under an external magnetic field, the energy splitting of the ground state is thus ∆"= 𝑔"𝜇3𝐵 (resp. 

∆-= 𝑔-𝜇3𝐵). After a photon absorption and the generation of an extra e-h pair in the NC, a trion is 

created. Due to the pairing of the two holes (resp. two electrons), the lowest-energy eigenstates of 

the trion form a doublet having a total angular momentum set by that of the unpaired electron (resp. 

hole). Under magnetic fields, the trion state splitting is therefore ∆-= 𝑔-𝜇3𝐵 (resp. ∆"= 𝑔"𝜇3𝐵). 

As presented in Figure 5c for the case of a positive trion, the trion recombination generally presents 

four transitions that are shifted in energy by (±	𝑔- ± 	𝑔")𝜇3𝐵 from the zero-field line.
47,53

 We 

could perform magneto-PL spectroscopy of trions on 14 individual NCs (6 of type-one and 8 of 

type-two) and found that all X* lines display a two-line Zeeman splitting, as exemplified in Figure 

5d. The narrow distribution of the trion recombination g-factors presented in Figure 5e is centered 

on ~2.4 for both types of NCs and points to a nearly isotropic character of the magnetic response of 

the charged NCs. There are two possible situations leading to the observation of a Zeeman doublet: 

the first one requires that two of the four transitions are forbidden, which is expected for NCs with 

a D4h symmetry and a z axis oriented parallel to the magnetic field; the second one implies that 

𝑔-or 𝑔" is close to zero. Our findings support the second assumption since NCs are unlikely to be 

all oriented along the magnetic field. Indeed, for type-one NCs, the isotropic trion recombination g-

factor is compatible with the calculations of 𝑔- and 𝑔" derived from effective mass calculations for 



hybrid inorganic-organic lead halide perovskites uniaxial systems,
44

 𝑔" being much smaller than 

𝑔-. 

 

 

Figure 5. Optical properties of trion states at 2K. (a) PL spectra of a single CsPbBr3 NC, 

recorded over 1 s at an excitation of 50 Wcm
−2

. The X structure arises from the neutral 

exciton fine structure, while the X* line is attributed to a trion recombination. (b) Histogram 

of the spectral shift between the peak X* and the lowest energy peak of the X structure, for 39 

single NCs. (c) Recombination scheme for a positive trion under a magnetic field with a hole 

level splitting ∆" smaller than the electron splitting ∆-. (d) Zeeman splitting of the X* line, 

yielding the trion g-factor 𝑔NOPQR = 2.4. (e) Histogram of trion g-factors for 14 NCs. 



   

 

 In conclusion, magneto-PL studies provide spectroscopic signatures of charge complexes 

states in inorganic lead halide perovskite NCs which reveal two distinct crystalline structures 

existing at liquid helium temperatures, an information that could hardly be extracted by other 

methods. Two-line and three-line fine structure emissions at zero magnetic field are the hallmarks 

of tetragonal and orthorhombic phases of the NCs, respectively. Altogether, this first derivation of 

the exciton and trion Landé factors indicates that in these perovskites the electron g-factor is close 

to that of free electrons (𝑔- ∼ 2), while the hole g-factor is much smaller ( 𝑔" ≲ 0.4). These 

spectroscopic findings will guide the development of accurate theoretical models and help to 

improve the understanding of magnetic field effects on the spin-dependent generation and 

recombination processes in perovskite-based materials.54 An open question raised by our work 

concerns the position of the dark state level with respect to the bright levels, and the relaxation rates 

to and from this level. Further investigations will also aim at determining the optical coherence 

lifetime of the emission lines in these NCs, in order to probe their potential for new applications in 

quantum optics technologies. 

 
 
 
 

 

Supporting Information:  

The Supporting Information is available free of charge via the Internet at http://pubs.acs.org. 

Details on the sample preparation and characterization, supplementary experimental data on the 

spectral stability of the NCs, the dependence of their PL intensity on the excitation intensity, the 

temperature dependence of the PL spectrum, the spectral trajectories of the exciton lines and the 

trion lines, emission properties of the same single NC in neutral and charged states under a 

magnetic field of 7T, as well as symmetry considerations on the exciton fine structure.  
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