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ABSTRACT 

We investigated the coherent evolution of the electronic spin at low temperature in high-quality 

𝐶𝐻!𝑁𝐻!Pb 𝐼! polycrystalline films, by picosecond-resolved photo-induced Faraday rotation. We 

evidenced that this coherent evolution can be tuned by choosing the pump-probe energy within 

the lowest optical-absorption band, and we explained it as the result of two main contributions: 

the localized electron and the localized hole. Their corresponding amplitudes ratio is not constant 

across the lowest absorption band –an observation which disqualifies a free exciton from being at 

the origin of the electronic spin coherent evolution. We measured a spin coherence time of 

localized electrons (holes) of 4.4 ns (3.7 ns) at 1.635 eV, which evolves to about 7 ns at 1.612 eV 

(the hole coherence time remains almost constant at lower energies). Finally, we give a global 
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image of the spin coherent evolution in bulk metal halide perovskite, which overcomes recent 

controversies. 
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Hybrid metal-halide perovskites such as Methylammonium lead iodide 𝐶𝐻!𝑁𝐻!𝑃𝑏𝐼! (MAPI) 

are the center of a huge quantity of studies, due to their outstanding optoelectronic properties and 

the possibilities opened in the photo-voltaic field. Clear signatures of excitons have been 

evidenced in low-temperature magneto-absorption experiments of this material [1] and other 

perovskite materials [2-4], with the consequent determination of the exciton binding energy and 

its effective mass. As more conventional high-purity bulk semiconductors [5-7], the 

photoluminescence spectra (PL) seem to be dominated by defects or impurity related 

luminescence [8-11]. First-principle calculations have demonstrated a particular physics of 

defects in MAPI, characterized by comparable formation energies for dominant donor and 

acceptor defects, and the presence of shallow energy levels for dominant intrinsic defects 

[12,13].  

Hybrid halide perovskites are highly promising materials also due to their large and tunable spin-

orbit coupling, spin-dependent optical selection rules, and their predicted electrically tunable 

Rashba spin splitting [14-15]. Due to the presence of heavy atoms (Pb, I), the spin-orbit coupling 

is very important in lead perovskite materials and makes then possible the optical generation of 

electronic spins. The counterpart of this important spin-orbit coupling is that spin relaxation and 

dephasing mechanisms are enhanced; the created electronic spins could then relax in a very fast 

manner. Recently, spin relaxation times of the order of ns have been observed at low temperature 

in bulk MAPI polycrystalline films [16] and also in bulk CsPbBr3 crystals [17]. At higher 
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temperatures, the spin relaxation time becomes shorter, in the picosecond range [16,18-20]. 

Odenthal and coworkers, in Ref. [16], have interpreted their observations at low temperature as 

resulting from a quantum beating associated to the fine exciton structure in orthorhombic 

material; meanwhile, in Ref. [17], Belykh et al. interpreted their results as the signature of 

localized electrons and holes at separated spatial areas. The relative role of free or localized 

carriers and free or localized excitons is a key question in a large variety of optical effects and 

spin dynamic processes in semiconductor materials. That is why, we are interested here to give a 

global understanding of the spin dynamics in bulk perovskite materials at low temperature.  

In this work, we have measured in MAPI polycrystalline films the transverse spin coherence 

time by means of a photo-induced Faraday rotation technique (PFR) [21]. Thanks to the 

picosecond resolution of the experimental setup, we can select different excitation energies with 

a band-width of about 1 meV. We have found that is possible to tune, in this way, the coherent 

electronic spin evolution signal by exciting at different energies. We demonstrate the optical 

orientation of localized electrons and holes in this perovskite material at low temperature by 

different analyses and discussions.  

First, to characterize the optical transition energies, we have measured the absorption spectra of 

MAPI samples as a function of temperature. The evolution of the absorption peak at low energy 

is consistent with the orthorhombic-tetragonal transition as shown by other authors [22] (see 

Figure S1(a) in SI). Figure 1 (a) shows the absorption spectrum measured at 10 K. The PFR 

measurements being performed at 2 K, we have also drawn the estimated absorption spectrum at 

2 K, using the extrapolation of the energy position of the absorption peak (see Figure S1(b) in the 

SI).  We tuned the pump-probe energy within the lowest absorption band of MAPI centered at 

1.635 eV (see Figure 1(a)). Figure 1(b) shows the time-evolution of the PFR signal as the pump-

probe energy changes from 1.612 eV to 1.646 eV, when a transverse magnetic field B = 200 mT 

is applied in Voigt geometry, at T = 2 K.  Two components are revealed by the Fast Fourier 

Transform (FFT) of the PFR signal (see Fig. 1(c)), in agreement with recent results in a similar 

MAPI sample [16]: the low-frequency amplitude is noted Ah and the high-frequency one Ae.  
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Fig. 1: (a) Absorption spectra obtained on MAPI sample at T = 11 K (solid black line), and T = 2 

K (red dotted line) calculated by extrapolation (see section I of the SI); the arrows in the spectra 

indicate the excitation energies chosen to perform PFR experiments. (b) PFR signals obtained on 

MAPI sample at a fixed magnetic field B = 200 mT and T = 2 K, at different energies. (c) FFT of 

the corresponding PFR signals. (d) Evolution of the amplitudes vs energy of the two 

contributions extracted from the fit of PFR signal at different energies with Eq. (1) or Eq. (4). (e) 

PFR signal obtained at E = 1.635 eV (black points) and fit (red solid line) of the Eq. (1) to the 

experimental data. 

The PFR signal near the maximum of the absorption peak is well described by the expression: 

𝜃! =  𝐴!𝑒!!/!!,!
∗ cos 2𝜋𝑓!𝑡 + 𝜑! + 𝐴!𝑒!!/!!,!

∗
cos 2𝜋𝑓!𝑡 + 𝜑! ,     (1) 

where 𝑓!, 𝑓! are the two oscillation frequencies identified in the FFT, 𝑇!,!∗ , 𝑇!,!∗  the corresponding 

dephasing times at the given magnetic field, and 𝜑! and 𝜑! the initial phases. Figure 1(e) shows 
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the fit of the PFR signal at B = 200 mT and 1.635 eV using Eq. (1). The PFR signal is also given 

in Figure 1(b) for different pump-probe energies. At the lowest energy, we need a third 

component with a very short dephasing time and a frequency comparable to 𝑓! (this new 

frequency cannot be defined with precision because of the short dephasing time of this 

component). The energy dependence of the ratio Ae/Ah obtained from the fitting of the PFR 

signals at different energies is presented in Fig. 1(d).  As we can see, both contributions, Ae and 

Ah, are maximal near the absorption maximum and the amplitude ratio Ae/Ah depends on the 

pump-probe energy, being maximum at 1.635 eV.  

In Ref. [16], the authors interpreted the measured coherent evolution as the result of exciton 

quantum beats, with two frequencies associated to the hole and the electron, respectively. For an 

free exciton, the ratio Ae/Ah should remain constant across the lowest absorption peak. Here, we 

clearly demonstrate that this is not the case. 

Even if the existence of exciton quantum beats is theoretically possible due to the exciton fine 

structure of MAPI orthorhombic materials [23-27] its observation depends on different 

parameters and is generally an exceptional event. In orthorhombic perovskite materials, four 

energetically closely spaced transitions can be excited by a circularly polarized short pulse, and 

after excitation, the induced polarizations in the medium oscillate with slightly different 

frequencies. Their interferences could be at the origin of exciton quantum beats (see section 3 in 

SI).  To be able to observe exciton quantum beatings, at least two conditions are necessary: a 

resonant excitation and a lifetime and/or a coherence time of free excitons larger than the beating 

period. The resonant excitation can be accomplished in PFR measurements but the 

photoluminescence of MAPI is clearly shifted to lower energies with respect to the maximum of 

the absorption spectrum (see Fig. S1 (c) in SI); that is an indication that the photoluminescence is 

dominated by defects or impurities [8-11] and it is also a signature of the fast relaxation of free 

excitons to localized centers. In this sense, MAPI polycrystalline films behave similarly to other 

more conventional direct-gap semiconductors like GaAs [28,29] or CdTe [30] with smaller spin-

orbit coupling. The latter materials contain p- or n-type impurities even when they are fabricated 

to obtain very high-quality materials by molecular beam epitaxy. The excitons created in 

semiconductor bulk materials in a resonant or quasi-resonant excitation relax very fast to 

localized centers.  
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Figures 2(a) and (b) show the 2K PFR signal measured in the sample for different values of the 

transverse magnetic field (Voigt geometry) at the maximum (1.635 eV) and at the low-energy 

side (1.612 eV) of the lowest absorption band. PFR measurements were fitted by Eq. (1). When 

the excitation energy is shifted to 1.612 eV, the hole contribution with respect to the electron one 

increases. For the amplitudes extracted from the fit, see section 4 in the SI. The corresponding 

FFT have been also represented in the SI (see Fig. S2). Figures 2(c) and (d), upper panels, show 

the dependence of the two extracted angular frequencies 𝜔! = 2𝜋𝑓! (i = e, h) on the applied 

magnetic field 𝐵 at 1.635 eV and 1.612 eV, respectively. The two frequencies increase linearly 

with the magnetic field for both energies. From the slopes of the two linear fits, we obtained two 

Landé factors using the relation: 

                𝜔! =
|!!
!| !!
ℏ

𝐵,      (2) 

where 𝜇!  is the Bohr magneton, ℏ the reduced Planck constant, and 𝑔!! is the transverse Landé 

factor of the corresponding species. At 1.635 eV, we obtain the two Landé factors |𝑔!!| =

0.238  ±  0.002  and |𝑔!!| = 2.593±  0.006, in agreement with the Yu calculations [31], and 

both Landé factors are larger at 1.612 eV.  The observed linear dependence of the beating 
frequencies on the magnetic field leads us to conclude, as we discuss below, that in the PFR 
signal, we do not observe beating of the exciton as previously observed in quantum wells of 
more conventional semiconductors (GaAs, CdTe).  
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Fig. 2. PFR signals for MAPI sample as a function of the pump-probe delay, obtained at T = 2 K 

for several values of a transversal magnetic field, working at the peak energy of the 2K 

absorption spectrum: (a) E = 1.635 eV; and at a lower energy: (b) E = 1.612 eV.                      

(c) and (d), top figures: Experimental data for the Larmor frequency of the electron (blue disks) 

and hole (red disks) for the two studied energies, and linear fits (solid lines) with Eq. (2).                                  

(c) and (d), bottom figures: spin dephasing rates for the electron (blue disks) and hole (red disks) 

and linear fits (solid lines) with Eq. (3). 
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The exciton beatings in a transverse magnetic field, in presence of a fine structure splitting 
(FSS), were first observed in GaAs quantum wells [32,33], because the electronic confinement 
makes easier the observation of the exciton in photoluminescence spectra and enhances the 
electron-hole exchange interaction leading to larger FSS than in the bulk. Later on, exciton 
quantum beats were also observed in quantum dots [34-37]. The frequency of the exciton spin 
beatings obtained under resonant excitation clearly showed a non-linear dependence on magnetic 
field when the FSS is larger or comparable to the Zeeman splitting [32]. In zinc-blende 
semiconductors, the electron-hole exchange interaction split heavy-hole exciton states into two 
dark (showing no allowed optical transitions) and two bright states (at the origin of allowed 

optical transitions) separated by the energy ℏ𝜔!. In an applied transverse magnetic field, the 
exciton quasi-stationary states are linear combination of dark and bright excitons. A circularly 
polarized resonant pump will generate a superposition of the two eigenstates and a beating of the 

exciton at a frequency  𝜔!! + 𝜔!!, with ℏ𝜔! = 𝑔!𝜇!𝐵 (𝑔! is the exciton Landé factor), and the 

magnetic-field-independent 𝜔!. In GaAs quantum wells, the spin coherence time observed was 

of the order of several tens of ps and the bright-dark splitting ℏ𝜔! of the order of 100 𝜇𝑒𝑉. 

For lead halide perovskites, the magnetic field dependence of the beating exciton frequencies is 

more complex. At the band edge, the photo-created electron 𝐽 = !
!
;  𝐽! = ± !

!
 and hole 

𝑆 = !
!
;  𝑆! = ± !

!
 lead to four excitonic states split into a dark singlet state 𝑂!  (optically 

inactive) and a bright triplet state 𝑂! , ±1  (optically active). The triplet degeneracy is 
partially lifted in the tetragonal phase, or totally lifted in the orthorhombic phase, via the crystal 
field contributions [24,25] (see also section 3 in SI).  In the orthorhombic phase, three bright 

states are coupled to linearly polarized light and noted 𝑋 , 𝑌  and 𝑍 . The FSS is enlarged in 
confined nanostructures such as nanocrystals. The FSS has then been experimentally evidenced 
firstly in inorganic CsPbBr3-xClx nanocrystals [23, 38-39], then in hybrid organic-inorganic 
FAPbBr3 nanocrystals, made with formamidinium (FA) [40], and more recently in CsPbI3 

nanocrystals [41]. Very recently, the FSS has also been observed in bulk materials such as 

MAPbBr3, with a splitting of bright excitons equal to 200 𝜇𝑒𝑉 [27]. All these experimental 
results have led to a better estimate of the FSS in bulk organic lead halide perovskites, either 
based on formamidinium or methylammonium [25]. The FSS is shown in figure S3-I in SI for 
the three crystal phases: cubic (Oh), tetragonal (D2h) and orthorhombic (D2h). The crystal phase of 
MAPbI3 at low temperature is supposed to be orthorhombic, and the splittings are estimated 

𝛿!" = 400 𝜇𝑒𝑉, Δ𝐸! = 95 𝜇𝑒𝑉 and Δ𝐸! = 205 𝜇𝑒𝑉 (see section 3 of the SI). These values are 
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almost two orders of magnitude larger than the splitting (few 𝜇𝑒𝑉) considered in Ref. [16]. 
Taking into account the recent experimental findings in MAPbBr3 and recent calculations in 
MAPbI3, we have been able to predict the evolution of the exciton beating frequencies as a 
function of the magnetic field (given in section 3 in SI). We underline that we obtain four 
different frequencies that show a clear non-linear evolution versus magnetic field (see SI), not 
observed in our measurements. This expected excitonic behavior is in contradiction with the 
linear behavior of the experimentally observed frequencies with magnetic field. 

Figures 2 (c) and (d), lower panels, show the spin dephasing rate 1/𝑇!,!∗  versus the applied 

magnetic field, obtained at the maximum and at the low-energy side of the absorption spectrum, 

1.635 eV and 1.612 eV respectively. We underline that 𝑇!,!∗  shortens with increasing 𝐵, due to the 

inhomogeneities of the g-factor values. The g-factor distribution width, Δ𝑔!, and the spin 

dephasing time extrapolated at zero magnetic field 𝑇!,!(0) of a single electron or hole can be 

determined using the relation: 

!
!!,!
∗ =

!
!!,!(!)

+ !!!!!
ℏ

𝐵,      (3) 

where 𝑇!,! 0   is also equal to the longitudinal electron or hole spin relaxation time at zero 

magnetic field. Figures 2 (c) and (d), lower panels, show that the extrapolation of the 

experimental data to zero magnetic field leads to the electron and hole spin relaxation times for 

both detection energies. The electron spin relaxation time increases from 𝑇!,! 0  = 4.4 ns at the 

maximum of the lowest absorption band to 𝑇!,! 0  = 7 ns at 1.612 eV; meanwhile we obtain a 

quasi-constant hole spin relaxation time of about 𝑇!,! 0 = 3.5 ns. We underline that, whatever 

the detection energy, the dispersion on the ge factor is much smaller than the dispersion on the gh 

factor. By combining information obtained from the fits in Figs. 2 (c) and (d), we also obtain at 

1.635 eV:  Δ𝑔! 𝑔! = 60% and Δ𝑔! 𝑔! = 1,7%. At 1.612 eV, weaker dispersions,  Δ𝑔! 𝑔! =

49% and Δ𝑔! 𝑔! = 0,6%, are measured.  

When the excitons are optically oriented, they can preserve partially or completely their spin 

orientation during the localization process. Many of the most important findings on spin 

relaxation were obtained in n-doped GaAs thin layers. The study of the electronic spin relaxation 

at low temperature in the insulator regime was explained by the interplay of two main 
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mechanisms whose importance depends on the electron concentration [29]: the hyperfine 
interaction [42], and the anisotropic exchange interaction [43]. It was demonstrated that the spin 
relaxation time can vary by more than three orders of magnitude depending on electron density 
and temperature. In GaAs, the maximum spin relaxation time was of the order of 1 microsecond 
at low temperature [44]. The measured spin relaxation times are quite long to be identified as the 
spin coherence time of exciton in MAPI, since this material has an important electron-hole 
exchange interaction (discussed above). However, the values are consistent with the localization 
hypothesis. In the future, as done in GaAs, more studies are needed to determine the relative 
importance of different spin relaxation mechanisms.   

We have also obtained the magnetic-field dependencies of Ae and Ah (see Figure S4-III (b) of the 

SI). At the maximum of absorption peak, Ah is almost constant for magnetic fields smaller than 

1.6 T. Meanwhile Ae shows a maximum at low magnetic fields and slightly decreases with 
increasing magnetic fields.  Odenthal’s description of exciton beatings predicts the magnetic-
field dependence for the two observed components of frequencies (see Figure S8 in SI of Ref. 
[16]). Under this model, the amplitude of the electron component increases from zero at zero 
magnetic field to a cap value, and the amplitude of the hole component decreases from a 
maximum at zero magnetic field to a cap value similar to the cap value of the electron. We 
underline that our experimental observations do not follow the predicted magnetic-field 
dependence discussed in Ref. [16]. All the discussed evidences concerning the magnetic-field 
dependence of both frequencies and amplitudes lead us to conclude that in the PFR signal, we do 
not observe beatings of the exciton, as previously observed in conventional semiconductors 
(GaAs, CdTe).  

As announced at the beginning, we propose that the two observed frequencies are related to the 
presence of localized electrons and holes. At low temperature by choosing an excitation energy 
in the lowest absorption peak (see Figure 1 a)) we create free excitons but this population of free 
excitons evolves very quickly towards a population of bound excitons due to the presence of 
defects [9, 11, 22]. These excited states recombine radiatively and non-radiatively and lead to 
localized electrons and holes. During all these relaxation processes, and as it is evidenced by the 
measured PFR curves, the initially optical oriented free excitons can transfer their spin 
orientation successively to bound excitons and to localized carriers.  We have developed in SI a 
simple two-level model that we can apply to spin oriented excitons bound to donors or to 
acceptors (the excited state- denoted D0X or A0X respectively in section 4 of SI), and electron or 
hole bound to donors or acceptors respectively (the fundamental state- denoted D0 or A0 
respectively in section 4 of SI). This model predicts also the magnetic-field dependence of the 
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amplitudes of the excited and fundamental states (see section 4 of the SI). Based on our PFR 
measurement in absence of a magnetic field (see Figure S4-IIa)), we assume that the spin 

polarization of the excited states disappears in a very short time (≤ 100 𝑝𝑠 ) compared to the 
fundamental state. In a PFR signal, we then mainly observed the electron or hole bound to 
donors or acceptors respectively (see SI for complementary discussion).  In PFR experiments we 
are always probing a distribution of bound excitons and localized carrriers. At a given laser 
energy each of them contributes, but the weight are different between them. That is why the ratio 
between the electron and hole amplitudes varies across the lowest optical transition of MAPI 
sample (see SI for complementary discussion).  

Table 1 summarizes the relaxation times and Landé factors of the electron and hole measured in 

this work. 

 

 

Table 1. Relaxation times and transversal Landé factors of the electron and hole obtained at 

different energies on MAPI sample. 

 

Finally, we have studied the influence of the pump excitation density on the measured coherent 

evolution of the electronic spin for the two identified species at 1.635 eV, the maximum of the 

lowest-energy absorption band. Fig. 3(a) shows the PFR signal obtained with different pump 

mean intensities varying from 500 𝜇W to 8 mW (the focus spot beam is 8×10!!cm!), at a fixed 

magnetic field B = 200 mT. The PFR signal obtained at higher pump intensities can be described 

by the next expression containing a third contribution with amplitude AX ,, dephasing time 

𝑇!,! 
∗ and frequency fX: 

𝜃! =  𝐴!𝑒!!/!!,!
∗ cos 2𝜋𝑓!𝑡 + 𝜑! + 𝐴!𝑒!!/!!,!

∗
cos 2𝜋𝑓!𝑡 + 𝜑! + 𝐴!𝑒!!/!!,!

∗
cos 2𝜋𝑓!𝑡      (4) 

 

 

Excitation energy (eV) 𝑇!,!(0)(ns) 𝑇!,!(0)(ns) |𝑔!!| |𝑔!!| 

1.635 4.4 3.7 2.593+/-0.006 0.238 +/- 0.002 

1.612 7 3.4 2.723+/-0.003 0.350 +/- 0.003 
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Fig. 3. (a) PFR signals obtained in the magnetic field B = 200 mT using different pump mean 

powers, at the peak energy of the absorption spectrum E = 1.635 eV.  (b) top: PFR signal 

obtained at a pump mean intensity 6.2 W/cm2 (black points) and fit to the data (red solid line) 

with Eq. (1). The focus spot area is 8× 10!! cm!. (b) bottom: PFR signal obtained with a pump 

mean intensity of 99 W/cm2 and fit (red solid line) through Eq. (4).  (c) Spin dephasing times of 

different contributions to the PFR signal, obtained from the fit of the experimental data through 

Eq. (1) or Eq. (4), versus pump intensity (d) Evolution of the ratio Ah/Ae, as a function of the 

pump mean intensities. Inset: evolution of the AX amplitude vs pump mean intensity.  

This third contribution appears at 2 mW and its amplitude increases with the excitation density 

(see Fig. 3 (d), inset). 𝑇!,!∗  is a very short time of the order of tens of ps and we cannot estimate 

precisely the third frequency. We assign this third component to the exciton, whose imprint 

becomes visible when all defects and impurities are saturated at high excitation density. 
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Figure 3 (c) shows that, as the pump mean intensity is increased, the spin dephasing times of 

electron and hole spins slightly shorten. This behavior occurs in II-VI and III-V semiconductors, 

when high photo-excited carrier concentrations shorten the spin relaxation time due to different 

mechanisms [45]. Figure 3(d) represents the ratio of the hole amplitude to the electron one. This 

ratio increases with the density of excitation, whereas it should remain constant if these two 

components were associated with the fine structure of the exciton. 

 

We placed our study, and previous studies in MAPI, in the general context of the spin physics in 

more conventional semiconductor materials, and conclude that experimental results cannot be 

attributed to the beatings of excitons and are more consistent with the localization of electrons 

and holes. We have demonstrated that PFR experiments in picosecond range is an outstanding 

tool to explore spin dynamics in hybrid perovskite materials, revealing clear spectroscopic 

signatures of localized electrons and holes. We have particularly confirmed that, despite a strong 

spin-orbit coupling, both conduction and valence carriers have long spin lifetime in the range 3-7 

ns, making them suitable to spintronic applications. 
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