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Abstract 

The organic-inorganic hybrid perovskites show excellent optical and electrical properties 

for photovoltaic and a myriad of other optoelectronics applications. Using high-field 

magneto-optical measurements up to 17.5 Tesla at cryogenic temperatures, we have 

studied the spin-dependent optical transitions in the prototype CH3NH3PbI3, which are 

manifested in the field-induced circularly polarized photoluminescence emission. The 

energy splitting between left and right circularly polarized emission bands is measured to 

be ~1.5 meV at 17.5 Tesla, from which we obtained an exciton effective g-factor of ~1.32. 

Also from the photoluminescence diamagnetic shift we estimate the exciton binding 

energy to be ~17 meV at low temperature. Surprisingly, the corresponding field-induced 

circular polarization is ‘anomalous’ in that the photoluminescence emission of the higher 

split energy band is stronger than that of the lower split band. This ‘reversed’ intensity 

ratio originates from the combination of long electron spin relaxation time and hole 

negative g-factor in CH3NH3PbI3, which are in agreement with a model based on the k·p 

effective-mass approximation. 
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Organometallic lead halide perovskites are fascinating solution-processed 

semiconductors because of their excellent charge transport and luminescent properties 

that are imperative for optoelectronic device applications.1-4 In addition, it has been 

noticed that the spin-orbit coupling (SOC) plays an important role in the electronic 

structure of this class of hybrid organic-inorganic materials.5-8 The strong SOC caused by 

the lead and halogen heavy atoms also provides the means of controlling the spin degree 

of freedom, which is lacking in traditional organic semiconductors. Consequently spin-

related phenomena such as magnetic field effect,9,10 inverse spin Hall effect,11,12 Rashba 

spin splitting,14-17 optically spin injection18 and spin-selective optical Stark effect19 have 

been theoretically predicted and experimentally demonstrated in two- and three-

dimensional hybrid perovskites. These recent breakthroughs illustrate that the organic-

inorganic perovskites hold great potential in spin manipulation which is required for 

spintronic applications.20 High-field magneto-optics21-23 and polarization spectroscopy24 

studies have been carried out to elucidate the spin-related electronic band structure in 

inorganic perovskite nanocrystals. 

The method of magnetic field-induced circular polarization (FICPO) has been a powerful 

tool in studying the spin-dependent transitions in semiconductors.25-28 The external field 

introduces an energy splitting between the spin sublevels of the material, which in many 

cases results in circularly polarized absorption and/or emission. As CH3NH3PbI3 has a 

similar but reversed band structure to that of GaAs, (namely S= ½ and L=0 valance band 

and S = ½ L=1 conduction band that further splits into two bands with J=1/2 and J=3/2), 

the FICPO technique is expected to reveal the spin properties of photoexcitations in this 

material too. Indeed high field magneto-absorption was carried out by Miura et al.29,30 in 

few hybrid perovskites which showed a clear Zeeman splitting effect of excitons, from 

which they obtained the exciton g-factors and diamagnetic shifts. More recently Nicholas 

et al. observed Landau levels splitting at high magnetic field from which they obtained 

the exciton binding energies in methylammonium/formamidinium hybrid perovskite.31,32 

In addition, the band structure and exciton levels of these materials have been 

investigated theoretically,33-35 providing useful information that has helped understanding 

the circular polarization of optical transitions in these compounds upon the application of 

magnetic field. 
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The radiative recombination between spin polarized electrons in the conduction band (CB) 

and holes in the valence band (VB) leads to left-(σ-) and right-(σ+) circularly polarized 

photo respectively according to the optical selection rules. Consequently, under an 

applied magnetic field having strength B, the two oppositely circularly polarized PL 

bands split by the Zeeman energy, ΔE(B).36 In addition, if thermal equilibrium is reached 

before recombination sets in, the induced difference between the photoexcitation 

populations of the two energy-split spin states would cause intensity imbalance between 

the two polarized emission bands. Because the Zeeman energy ΔE increases with B, the 

σ- and σ+ emissions would gradually split and shift with B providing a direct 

measurement of the exciton effective g-factor, diamagnetic shift coefficient, c0, and other 

important physical parameters37 of the photoexcitations in the perovskites. 

In this work we obtained strong circular polarization of the PL emission in 

polycrystalline CH3NH3PbI3 thin films induced by high magnetic field at cryogenic 

temperatures using light excitation with linear polarization. We measured field induced 

Zeeman energy splitting, ΔE(B) as large as ~1.5 meV at 17.5 Tesla that shows linear 

dependence on B, from which we extract an effective g-factor of 1.32 for the excitons in 

CH3NH3PbI3. An exciton diamagnetic shift in the PL emission energy has been also 

measured, from which we obtained a coefficient c0=0.9×10-5 eV/T2, and exciton binding 

energy EB=17 meV in the orthorhombic CH3NH3PbI3 phase. We also observed a FICPO 

value of up to 20% at 10 K which decreased with the temperature based on the 

competition between spin/thermal relaxation and radiative recombination. However the 

obtained FICPO was ‘opposite’ to the normal Boltzmann distribution; namely the PL 

intensity is stronger for the spin sublevel with the higher energy. This anomalous FICPO 

originates from a combination of negative g-factor for holes in the VB and their shorter 

spin lattice relaxation time than that of the electrons in the CB, in agreement with the k·p 

effective-mass model approximation for CH3NH3PbI3.38 Our work complement the high-

field magneto-absorption results,29-32 and the transient spin dynamics measurement using 

picosecond transient Kerr rotation,39 by providing a steady-state PL method that 

illustrates the spin-selective optical processes40 upon the effect of strong SOC in the 

hybrid perovskites. 
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The CH3NH3PbI3 polycrystalline film was prepared via one-step spin-casting method.41 

For the FICPO measurements, the CH3NH3PbI3 film was placed in a liquid helium 

cryostat (4-150 K), and the magnetic field was provided by a superconducting magnet up 

to ~17.5 T (MagLab, SCM-3). As shown in Fig. 1a, a solid-state laser operating at 486 

nm was coupled into a fiber used as the pump excitation from the substrate side, whereas 

the PL emission was collected in free space and measured with a fiber spectrometer 

(Ocean Optics USB 4000). The optical setup was set in the Faraday configuration, in 

which the excitation and emission beams were aligned along the B direction, which is 

perpendicular to the film plane. The PL emission was separated into σ- and σ+ 

components using a broadband quarter-wave plate (400-800 nm, Thorlabs) followed by a 

linear polarizer. The experimental apparatus was calibrated with an unpolarized light 

source, from which we obtained a systematic error <0.2% in measuring the circular light 

polarization. 

When the CH3NH3PbI3 film is excited above the optical gap, electrons in the CB and 

holes in the VB are photogenerated as shown in Fig. 1b. After ultrafast hot carrier 

thermalization42 the photogenerated electrons and holes form Coulomb bounded e-h pairs 

that lead to excitons, especially at low temperatures since the exciton binding energy, EB 

is of order of tens meV (see below). Subsequently PL is generated from free excitons, 

excitons coupled to phonons (namely ‘phonon replica’), and excitons trapped in native 

defects (defect-related PL).43,44 Indeed the PL spectrum of CH3NH3PbI3 film at 4 K (Fig. 

1c) shows strong PL emission in the near infrared spectral range, which can be 

decomposed into three Lorentzian spectral components. The free exciton emission 

appears at 770.5 nm (or 1.609 eV), whereas the ‘phonon replica’ is at 777.7 nm (or 1.594 

eV) that is 15 meV apart; this is attributed to the strongly coupled longitudinal optical 

phonon mode at ~15 meV.45 This decomposition also explains the observed asymmetry 

of the main PL band towards the red. The third PL component is due to defect-related 

emission at 803.6 nm (or 1.543 eV). The native defects in this case may be reminiscences 

from the high-temperature tetragonal phase in the host of low-temperature orthorhombic 

phase,46 which are trapped upon cooling the sample from room temperature to 4 K. This 

defect state is ~65 meV lower than that of the free exciton, and serves as a native defect 

which may efficiently trap free excitons at low temperature. 
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Following thermalization the photogenerated electrons occupy the lowest CB bottom 

characterized by J = 1/2 (the higher CBs with J=3/2 are split from the J=1/2 CB by the 

strong SOC in this material) and symmetrically the holes reach the VB top characterized 

by S = 1/2. The optical transitions between the CB bottom and VB top are considered to 

be between two spin 1/2 quasiparticles, as shown in Fig. 2a. Consequently the 

recombination of the spin-polarized carriers with ΔJ=±1 and Δm=±1 correspond to the σ- 

and σ+ circularly polarized PL emission.25 Without an applied external magnetic field the 

two σ- and σ+ emission bands are degenerate, as shown in Fig. 2b. In contrast, at B>0 

this degeneracy is lifted due to the Zeeman interaction, where the exciton energy, E is 

expressed by; 

ሻേܤሺܧ ൌ ଴ܧ േ ଵଶ ܤ஻ߤ݃ ൅ ܿ଴ܤଶ                                        (1) 

Here g is an effective Landé g-factor, μB is the Bohr magneton, and c0 is so-called 

diamagnetic coefficient. This creates an energy splitting between the σ- and σ+ emission 

bands and a shift of the average emission energy. As seen in Fig. 2b the energy splits by 

nearly 1 nm between σ- and σ+ emission bands at B=17.5 T. We note that the splitting 

due to the Zeeman term, gμBB is linear with B and therefore the g-factor can be extracted 

from the slope with high accuracy. The diamagnetic shift, c0B2 could be also extracted 

from the blue shift of the average PL emission band with B. 

By composing the σ- and σ+ emission bands at different fields, we plot the central 

wavelengths of the free exciton emission band vs. B in Fig. 2c. The accompanied 

‘phonon replica’ emission band behaves similarly; whereas the trapped exciton band 

shows very little shift or split (see Fig. S1).41 We first analyze the diamagnetic shift. 

From a fit to the PL average spectrum using a parabolic shift, c0B2, we obtain c0=0.9×10-5 

eV/T2 in CH3NH3PbI3 (see Fig. S2),41 which is similar to that obtained in III-V 

semiconductors.37 Consequently, we use the traditional relation ࢉ૙ ൌ ħ૝ࢿ૛૝ࢋ૛ࣆ૜, where ħ is the 

reduced Planck constant, ε is the relative dielectric constant, e is the elementary charge, 

and μ is the exciton reduced mass. Using this relation and μ=0.104me
31 we obtain ε=9.1 

for CH3NH3PbI3, and the deviation from its high-frequency dielectric constant (ε∞=6.5) is 

due to exciton screening by polar phonons.35 From our estimated ε value we may evaluate 
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the exciton binding energy, EB using the relation ࡮ࡱ ൌ  ૛. We get EB ~17 meV in theࢿ૛ħ૛ࣆ૝ࢋ

orthorhombic CH3NH3PbI3 phase, which is very close to the previous estimation (16 

meV) based on the Landau levels formation at high field magneto-absorption.31 The 

estimation of binding energy and dielectric constant is within the range of previously 

reported values for the low-temperature orthorhombic phase of CH3NH3PbI3.47 The 

obtained EB value also justifies the use of exciton-related PL emission at cryogenic 

temperatures (since the thermal fluctuation is ~0.3 meV at 4K). 

From the measured spectral difference between the σ- and σ+ emission bands, we 

obtained the Zeeman splitting, ΔE(B) (=gexµBB) vs. B as shown in Fig. 2d. The measured 

ΔE(B) response clearly shows a linear dependence with B having a maximum value of 

~1.5 meV at B=17.5 T. From ΔE(B) response we evaluate the exciton g-factor, gex=1.32 

for the orthorhombic phase of CH3NH3PbI3.29 Recall that for exciton gex = ge + gh and 

therefore both g values may deviate considerably from the free electron g-factor of 2.002, 

due to the strong SOC in this hybrid perovskite. 

In the exciton picture of the PL in CH3NH3PbI3 using the k·p effective-mass 

approximation,38 the four e-h spin 1/2 pair configurations are divided into four exciton 

states with eigenfunctions ψ1, ψ2 and two ψ5
±. ψ1 is a dark state that does not luminesce; 

ψ2 emits linearly polarized light; and only the two ψ5
± excitons emit circularly polarized 

PL. From the model calculation the Zeeman splitting in the Faraday configuration is 

determined by gex=ge∥+gh∥, where the anisotropic g-factors are directed along the crystal 

axis. Alternatively, ge⊥ and gh⊥ are the anisotropic g-factors of electron and hole in the 

Voigt configuration. This model predicts the g-factors for holes as gh∥=-0.472 and gh⊥=-

0.354, and for electrons ge∥=1.672 and ge⊥=2.281, which agrees well with the recent 

experimental results using picosecond transient Kerr rotation (gh⊥=-0.33, ge⊥=2.63).39 

Using the relation gex=ge∥+gh∥ in the Faraday configuration we get from the model 

calculation gex=1.2, also in very good agreement with our result (gex=1.32). 

We now turn to the field-induced circularly polarization (FICPO) value, P, which is 

defined by the relation P=[PL(σ+)-PL(σ-)]/[PL(σ+)+PL(σ-)]. In general the steady state 

PL intensity, I from an exciton state at field B is given by: 
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ܫ ൌ ஝ೃ஝ೃା஝ಿೃ ݊ሺܤ, ܶሻܰ,                                                        (2) 

where νR is the radiative recombination rate (which is proportional to the transition 

oscillator strength), νNR is the non-radiative recombination rate, n(B,T) is the occupation 

probability at field B and temperature T that follows the Boltzmann statistics, and N is the 

total exciton density under steady state conditions. According to the effective-mass model 

the radiative transition rate νR of ψ5
+ and ψ5

- exciton states is the same, and stays roughly 

the same upon the application of the field.38 Taking the same νNR value for ψ5
+ and ψ5

- 

states, the relative intensities of σ- and σ+ PL bands would depend only on n(B,T). 

Following the Boltzmann distribution in thermal equilibrium, the relative occupation of 

ψ5
+ and ψ5

- states is given by n(B,T)~exp(-ΔE(B)/kBT), where kB is the Boltzmann 

constant and ΔE(B) is the Zeeman energy splitting from Eq.(1). Since the spin relaxation 

time is much longer for electrons than holes,18,39 this prevents the electron spins to reach 

thermal equilibrium before recombination sets in. We thus believe that the PL circular 

polarization, which is proportional to the difference in the σ- and σ+ PL intensities is 

determined by the Zeeman splitting of holes in the VB, ΔEh(B) that would introduce a 

population imbalance, followed by PL emission intensity imbalance that leads to FICPO. 

As shown in Fig. 3b, the PL emission of CH3NH3PbI3 film shows large FICPO value, P 

at 4K. The difference ΔPL=PL(σ+)-PL(σ-) is plotted in a 2D graph in Fig. 3c. The 

maximum ΔPL value occurs at a slightly shorter wavelength than the PL emission peak 

due to the spin splitting between σ- and σ+ emissions. Importantly ΔPL is positive over 

the entire main emission band. This means that the intensity PL(σ+)>PL(σ-) although the 

photon energy E(σ+)>E(σ-), and according to the Boltzmann statistics the occupation 

number density is supposed to be n(σ+)< n(σ-). This ‘anomaly’ originates from, and 

actually validates the negative g-factor of holes in the VB that is due to the strong SOC 

in CH3NH3PbI3.38,39 

By decomposing the PL spectra into three Lorentzian spectral components and 

integrating the intensities of the individual components, the field dependent circular 

polarization, P(B) of the PL emission from the free exciton is shown in Fig. 3d. The 

phonon replica shows a similar P(B) response, but the trap-related PL emission is much 
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less polarized; i.e. P<2% at 17.5 T (see Fig. S3).41 Based on the Boltzmann thermal 

distribution of spin polarized holes in the VB, the estimated Pth value is 

௧ܲ௛ሺܤሻ ൌ ୣ୶୮ሺ௱ா/௞்ሻିଵୣ୶୮ሺ௱ா/௞்ሻାଵ ൌ tanh ሺ௚೓∥ఓಳ஻ଶ௞் ሻ                                        (3) 

However it may be that the spin population does not completely thermalize during the 

exciton lifetime. In fact the population distribution of the exciton spin sublevels is 

governed by the competition between the spin-lattice relaxation time, τs and the 

recombination lifetime, τ=1/(νR+νNR). In this case the circular polarization, P is smaller 

than Pth by a decreasing factor, D (i.e., P=D·Pth) where D=τ/(τ+τs). We note that D~1 if 

the spin relaxation is extremely fast (τs is very short) so that the spin states could reach 

complete thermal distribution. This is the reason that spin-polarized electrons contribute 

very little to the circularly polarized PL, as τs(e) is one order of magnitude longer than 

τs(h).18,39 We can get a good fit with the P(B) response in Fig. 3d using Eq.(3) multiplied 

by D = 0.3 (see Fig. 3d). From this D value we thus obtained τs/τ~2 at 4 K for holes in 

CH3NH3PbI3. 

To further verify that the obtained FICPO is governed by a partial thermal equilibrium, 

we measured the circular polarization P(B=17.5 T) vs. temperature, T in the range of 4 to 

150 K,48 as shown in Fig. 4a. We note that P decreases sharply with T, especially in the 

range of T<50 K; this is obvious in spite of the change in PL wavelengths and intensities 

as seen in Fig. 4a. In Fig. 4b we show P(B=17.5 T) vs. temperature compared with the 

predicted value, Pth using Eq.(3) without involving a decreasing-factor. It is clear that 

using Eq.(3) with a temperature independent D does not fit the data. For example a 

decreasing factor of D = 0.3 may fit P(B=17.5 T) at 4 K (Fig. 3d) but this would 

substantially deviate from the measured P(B=17.5 T) values at high temperatures. This 

allows to extract additional information from the measured P(B=17.5 T) vs T. From the 

deviation of the measured P value and Pth value calculated from Eq.(3) at each 

temperature we evaluated the decreasing factor vs. temperature, D(T), and subsequently 

obtained the τs/τ ratio vs. T from D(T) (Fig. 4b inset). We note that τs/τ shows a steep 

exponential decrease with T in the range of T<50 K. 
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It should be mentioned that trions, or called charged excitons may also give rise to 

unusual FICPO properties, as was previously observed in III-V quantum wells.49-51 Very 

recently, the luminescent charged exciton was confirmed to exist in the inorganic 

perovskite CsPbBr3 quantum dots by high field magneto-optical measurement.22,23 

However, in the polycrystalline thin film of CH3NH3PbI3, where the crystal grains are 

usually hundreds of nanometers, no direct evidence has been shown that charged exciton 

significantly contributes to the PL emission,52-54 probably due to the lack of quantum 

confinement and the balanced photogeneration of electrons/holes. We note in passing that 

even if the charged excitons were involved in the PL emission, the obtained “anomalous” 

FICPO would still be explained by a negative g-factor of holes, although the g-factors of 

holes and electrons may need to be re-calculated in this case. 

In conclusion the steady-state measurements of the field induced circular polarization 

emission provides a promising method to estimate τs from τ values, because the circular 

polarization follows the Boltzmann distribution that is modified by the competition 

between the spin relaxation time, τs and exciton recombination time, τ. We conclude that 

the high-field magneto-optical spectroscopy studies in CH3NH3PbI3 show the influence 

of strong SOC on the spin-polarized electronic band structure in hybrid perovskites, 

which is one of the requirements for spin manipulation with potential in spintronics 

device applications. 
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Figure Captions 

FIG. 1. (Color online) The PL emission measurements from the CH3NH3PbI3 film at low 

temperature. (a) Experimental apparatus for measuring the high-field circularly polarized 

PL emission. (b) The photoexcitation species in CH3NH3PbI3 that include photocarriers, 

free excitons (and their phonon replica), and excitons trapped in shallow traps. (c) The PL 

emission spectrum from CH3NH3PbI3 film at T=4 K, which is decomposed into three 

emission bands: namely free exciton, phonon replica and trapped exciton. The fitting is 

based on multi-peak Lorentzian functions. 

FIG. 2. (Color online) Zeeman-type spin splitting in CH3NH3PbI3 determined by the 

circularly polarized PL emission at high magnetic field. (a) Schematic illustration of the 

radiative recombination in CH3NH3PbI3 between spin sublevels of electrons in the CB 

and holes in the VB. (b) Normalized σ+ and σ- circularly polarized PL emission spectra 

at 4 K measured at B=0 and B=17.5 T, respectively, which show a field-induced splitting 

between two transitions. (c) Plots of the central wavelength of the two free exciton 

polarized PL bands at various fields B, showing both Zeeman splitting and diamagnetic 

blue-shift. (d) Energy splitting, ΔE between the σ+ and σ- PL bands vs. B up to 17.5 T 

measured at 4 K. 

FIG.  3. (Color online) Field-induced circular polarization in the PL emission of 

CH3NH3PbI3 film. (a) Schematic illustration of the relaxation and recombination 

processes between spin sublevels of electrons in the CB and holes in the VB. The thermal 

spin distribution of holes in the VB introduces unequal PL intensities with σ- and σ+ 

polarizations. Note that the hole g-factor is negative in CH3NH3PbI3. (b) Field-induced 

circularly polarized PL emission bands (σ+ and σ-, red and blue lines, respectively) from 

CH3NH3PbI3 film measured at 4 K and B=17.5 T. (c) False color plot of the difference, 

ΔPL of the circular polarized PL spectra (ΔPL= PL(σ+)-PL(σ-)) at various B fields. (d) 

The circular polarization value, P vs. B for the free exciton band (black squares), and a fit 

using Eq.(3) without (black line) or with (red line) a decreasing factor, D = 0.3. 

FIG. 4. (Color online) The temperature dependence of the PL circular polarization in 

CH3NH3PbI3 film at high magnetic field. (a) False color plot of the PL circular 
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polarization value, P at B=17.5 T as a function of temperature, T between 4 to 150 K. (b) 

The P value for the free exciton PL band measured at B=17.5 T at various temperatures 

(black squares), compared with a theoretical prediction based on Eq.(3) with constant D 

(red line). Inset: the ratio of the spin relaxation time to the recombination time, τs/τ vs. 

temperature extracted from fitting the P value at each temperature, with suitable D using 

Eq.(3) (black squares). The red line is an exponential fit for T<50 K. 
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FIG. 1. The PL emission measurements from the CH3NH3PbI3 film at low temperature. 

(a) Experimental apparatus for measuring the high-field circularly polarized PL emission. 

(b) The photoexcitation species in CH3NH3PbI3 that include photocarriers, free excitons 

(and their phonon replica), and excitons trapped in shallow traps. (c) The PL emission 

spectrum from CH3NH3PbI3 film at T=4 K, which is decomposed into three emission 

bands: namely free exciton, phonon replica and trapped exciton. The fitting is based on 

multi-peak Lorentzian functions. 
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FIG. 2. Zeeman-type spin splitting in CH3NH3PbI3 determined by the circularly polarized 

PL emission at high magnetic field. (a) Schematic illustration of the radiative 

recombination in CH3NH3PbI3 between spin sublevels of electrons in the CB and holes in 

the VB. (b) Normalized σ+ and σ- circularly polarized PL emission spectra at 4 K 

measured at B=0 and B=17.5 T, respectively, which show a field-induced splitting 

between two transitions. (c) Plots of the central wavelength of the two free exciton 

polarized PL bands at various fields B, showing both Zeeman splitting and diamagnetic 

blue-shift. (d) Energy splitting, ΔE between the σ+ and σ- PL bands vs. B up to 17.5 T 

measured at 4 K. 
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FIG.  3. Field-induced circular polarization in the PL emission of CH3NH3PbI3 film. (a) 

Schematic illustration of the relaxation and recombination processes between spin 

sublevels of electrons in the CB and holes in the VB. The thermal spin distribution of 

holes in the VB introduces unequal PL intensities with σ- and σ+ polarizations. Note that 

the hole g-factor is negative in CH3NH3PbI3. (b) Field-induced circularly polarized PL 

emission bands (σ+ and σ-, red and blue lines, respectively) from CH3NH3PbI3 film 

measured at 4 K and B=17.5 T. (c) False color plot of the difference, ΔPL of the circular 

polarized PL spectra (ΔPL= PL(σ+)-PL(σ-)) at various B fields. (d) The circular 

polarization value, P vs. B for the free exciton band (black squares), and a fit using Eq.(3) 

without (black line) or with (red line) a decreasing factor, D = 0.3. 
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FIG. 4. The temperature dependence of the PL circular polarization in CH3NH3PbI3 film 

at high magnetic field. (a) False color plot of the PL circular polarization value, P at 

B=17.5 T as a function of temperature, T between 4 to 150 K. (b) The P value for the free 

exciton PL band measured at B=17.5 T at various temperatures (black squares), compared 

with a theoretical prediction based on Eq.(3) with constant D (red line). Inset: the ratio of 

the spin relaxation time to the recombination time, τs/τ vs. temperature extracted from 

fitting the P value at each temperature, with suitable D using Eq.(3) (black squares). The 

red line is an exponential fit for T<50 K. 
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