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Abstract: 

Low temperature solution-processed organic-inorganic halide perovskite CH3NH3PbI3 has 

demonstrated great potential for photovoltaics and light emitting devices. Recent discoveries of 

long ambipolar carrier diffusion lengths and the prediction of the Rashba effect in CH3NH3PbI3, 

that possesses large spin-orbit coupling, also point to a novel semiconductor system with highly 

promising properties for spin-based applications. Through circular pump-probe measurements, 

we demonstrate that highly polarized electrons of total angular momentum (J) with an initial 

degree of polarization Pini ~ 90% (i.e., –30% degree of electron spin polarization) can be 

photogenerated in perovskites. Time-resolved Faraday rotation measurements reveal photo-

induced Faraday rotation as large as 10°/μm at 200 K (at wavelength  = 750 nm) from an 

ultrathin 70 nm film. These spin polarized carrier populations generated within the 

polycrystalline perovskite films, relax via intraband carrier spin-flip through the Elliot-Yafet 

mechanism. Through a simple two-level model, we elucidate the electron spin relaxation lifetime 

to be ~7 ps and that of the hole is ~1 ps. Our work highlights the potential of CH3NH3PbI3 as a 

new candidate for ultrafast spin switches in spintronics applications. 

 

Keywords: spintronics, circular pump-probe, spin polarization, spin dynamics, Faraday 

rotation. 
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Low-temperature solution-processed organic-inorganic halide perovskites such as 

CH3NH3PbI3, have recently emerged as the forerunner material in 3
rd

 generation photovoltaic 

technologies with efficiencies approaching 20%.
1
 The origins of their high efficiencies stem 

from their high absorption coefficients
2
 and long range ambipolar carrier diffusion lengths

3
. 

Surprisingly, this family of halide perovskites was also found to exhibit excellent optical gain 

and light emitting properties.
4
 Density functional theory studies not only showed that the band 

structure of CH3NH3PbI3 is strongly modulated by a giant spin orbit coupling (SOC)
2, 5

  in the 

conduction band, but also recently predicted the presence of a Rashba-type splitting in 

CH3NH3PbI3.
6
 These discoveries denote a novel semiconductor system with highly promising 

characteristics for spin-based applications. Nevertheless, studies on spin phenomena in halide 

perovskites are still very limited. While on the one hand, possessing a large SOC is desirable for 

spin injection, on the other hand a large SOC can also severely limit the spin relaxation 

lifetimes.
7
 Detailed studies on elucidating the spin dynamics and understanding the dominant 

relaxation mechanisms
7
 are therefore urgently needed to assess its suitability for spin-based 

applications. 

Spin relaxation lifetimes are typically described using the characteristic times of T1 (also 

known as longitudinal spin relaxation time or spin-lattice relaxation time) and T2* (also known 

as ensemble transverse spin relaxation time or spin decoherence time). Herein, we focus on 

elucidating T1 using circular pump-probe techniques without any external applied magnetic field. 

From earlier studies, it has been shown that in the absence of SOC, CH3NH3PbI3 would have a 

direct bandgap at R point which consist of a six-fold degenerate J = 1/2 and 3/2 (L = 1) 

conduction band (CB) and doubly degenerate J = 1/2 (L = 0) upper valence band (VB).
2, 5, 8

 

However, with SOC, the CB is split into a doubly degenerate lower J = 1/2 band (~1.6 eV from 
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the VB maximum – which corresponds to the bandgap) and an upper four-fold degenerate J = 

3/2 band (~2.8 eV from the VB maximum), where J is the total angular momentum quantum 

number. The upper VB is however unaffected by the SOC – Figure 1(a).
2, 5

 Here, we limit our 

study to near bandgap excitation, i.e. the upper VB and lower CB. 

 

Figure 1: (a) Energy bands of CH3NH3PbI3 at R-point (point group symmetry representation)
5
 with their respective 

levels from vacuum (experimental).
2-3

 Dashed box indicates the bands of interest. (b) Model of near band-edge 

photoexcitation by 

 photon and J-states dynamics of CH3NH3PbI3. The state notation is written as ,

J
J m  where 

J  = ½ is electron’s total angular momentum quantum number and 
Jm  = ±½ is its projection in the z-axis. 

Absorption of 


 pump will raise the angular momentum by   (Δmj = +1). (c) Normalized circular pump-probe 

decay transients with 19 μJ/cm
2
 



 pump and 


 probe (blue), 


 probe (red) and their total (magenta), at 293 K 

(top) and 77 K (bottom). The experimental data is globally fitted using eq. 3 (


 probe and 


 probe) and eq. 4 

(their total). (a) adapted with permission from ref [5]. Copyright (2014) American Chemical Society. 
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From this band-structure, we envisage that instantaneous excitations of near 100% J-

polarized populations of carriers (constituting about –33% spin-polarized electrons – see 

discussion below) in CH3NH3PbI3 can be generated using 1.65 eV left circularly-polarized pump 

pulses (
pump  , by the spectroscopists’ convention of being from the receiver’s/detector’s point of 

view)
9
 resonantly tuned above CH3NH3PbI3’s direct bandgap of 1.63 eV. The negative sign for 

the electrons degree of polarization indicates a spin polarization alignment counter-polarized to 

the direction of injected angular momentum   (see details in Supporting Info). As the  
 

photon carries an angular momentum of   (in the direction of propagation), the absorption of 

such a photon will raise the angular momentum by   (Δmj = +1), in accordance with total 

angular momentum conservation. While the circularly polarized pump defines the spin 

orientation of the carriers in the sample, each probe polarization will trace the different mj states. 

In the later part, these mj = ±½ states will be referred as “J-states”. Tracking the changes to the J-

polarized carrier populations in time with left (
probe  ) or right (

probe  ) circularly polarized probe 

pulses will allow us to elucidate the dynamics of the electron/hole angular momentum flip and 

also model these dynamics with a simple two-level system. Note that mj = +½ (–½) state in the 

CB corresponds to 1:2 mixtures of spin states with azimuthal number ms = +½ and –½ (–½ and 

+½); while the J-states are same as the spin states (mj = ms) for the VB, as shown by eq. 1: 

 
CB

1 1 1 1 1 1 1
2 2 2 2 2 2 2

1 1 1 1 1
2 2V 2B2 2

, , , , , , , , , , , ,
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1 2
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This can be deduced from the Clebsch-Gordan coefficients for a system with L and S coupling. 

We show that the electron’s degree of spin-polarization is –⅓ of electron’s degree of J-

polarization in CB; while for hole in VB, J = S. 

Our findings reveal that the highly J-polarized electrons relaxes within 10 ps, while the 

holes relax on a much faster 1 ps timescale in the polycrystalline CH3NH3PbI3 thin film. Note 

that since each J-state comprises of a unique ratio of the spin-states, J-state relaxation also 

represents spin-state relaxation – details in Supporting Info. Temperature dependent and pump 

fluence dependent measurements indicate that the dominant J-states relaxation channel is the 

intraband spin-flip through Elliot-Yafet (EY) mechanism. Time-resolved Faraday rotation 

measurements uncovered a high degree of photoinduced Faraday rotation as large as 720 milli-

degrees (at wavelength,  = 750 nm) from a 70 nm (± 10 nm) ultrathin CH3NH3PbI3 

polycrystalline film (i.e., corresponding to 10°/μm ± 2°/μm, proportional to J-polarization). 

Comparatively, this value is higher than that for a 0.5 m thick bismuth iron garnet (Bi3Fe5O12) 

film which is ~6°/μm at = 633 nm.
10

 These findings highlight the potential of CH3NH3PbI3 for 

application as ultrafast spin switches in spintronics.
11

  

Our samples comprises of 70 ± 10 nm-thick solution-processed CH3NH3PbI3 films spin-

coated on a quartz substrate. Details on the sample preparation and thickness measurements can 

be found in the Supporting Info. Temperature and fluence dependent degenerate pump-probe at 

750 nm (1.65 eV) slightly above the absorption band edge (~1.63 eV) were performed using ~50 

fs laser pulses, with both pump and probe focused into ~260 μm diameter spot. Three different 

pump polarizations were used for each measurement (right circular  
, linear 

0  and left 

circular  
) to verify the observation of J-states dynamics, while the linear probe polarization 
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was then separated into two equal components of left and right circular polarization by a quarter 

wave-plate and Wollaston prism for separate detection. Each probe polarization will trace the 

different J-states. Experimental details and the verifications on the circular pump-probe setup 

can also be found in the Supporting Info. 

To gain more insights into the non-equilibrium J-states relaxation mechanism and to 

decouple the electron and hole J-relaxation times, we utilize a kinetic model based on a two-level 

system as shown in Figure 1(b). The population kinetics of the electrons (holes) in a given 

, jJ m -state in conduction (valence) band can be described by the following rate equation: 

 
2 2

0

1/2, 1/2 1/21/2, 1/2,

1/2,

1/2

1/2 , , ,/

,

,

1

2

e h e h e ht
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f f fd p
f eA

dt



 

 

 


  
 

 
 

  (2) 

where 
1/2, 1/2

ef


 (
1/2, 1/2

hf


)  denotes electrons (holes) occupation probability for a given electron 

, jJ m -state in CB (VB), 
0  is laser temporal pulse width parameter (Gaussian pulse), p is the 

excitation degree of polarization which is equal to 1 for pure circular excitation as in our case, 
e  

(
h ) is the electrons (holes) J relaxation time, i.e., intraband interstates transfer time or ‘J-flip’ 

(correspond to spin-flip), which is related to T1 through 
1 ,2 e hT  , and 

c  is the spin-independent 

carrier relaxation time. Here, T1 can be related to J relaxation time because J-polarization is 

directly proportional to the spin-polarization; hence they share identical relaxation times. Note 

that 
1/2, 1/2

hf  in VB refers to the hole state with mj = ±½.
12

 Due to the dynamics of state filling, 

the pump-probe signal is proportional to the sum of the electron and hole occupation 

populations, which can be written as: 
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Eqn. 2 can be solved analytically to obtain the following fitting function: 
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The experimental data is then globally fitted (simultaneously) by using eqn. 4 with +½ and –½ 

for  
 and  

 probe signal respectively, to obtain the shared fitting parameter values. Note that 

when the signal from  
 probe and  

 probe are added up, the result will be the total number 

of carriers in both J-states and is independent of the pump polarization as shown in eqn. 5: 
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  (5) 

Figure 1(c) shows that the experimental data (at 293 K and 77 K) for  
 pump excitation 

(with fluence of 19 μJ/cm
2
) are well-fitted using eqn. 4. Following  

 pump excitation, the  
 

probe signal (blue data points) first exhibits a sharp rise (indicating a large photoexcited 

population of electrons in the mj = +½ J-state), which then proceeds with a decay of the signal to 

equilibrium (signifying the depopulation of mj = +½ state). Concomitantly, the  
 probe signal 

(red data points) rises gradually (indicating the filling of mj = –½ state) at a rate that matches the 

decay of the  
 probe signal. In the absence of any external magnetic field, the J-polarized 

electrons approach to an equilibrium with 50% ‘J-up’ (mj = +½ state) and 50% ‘J-down’ (mj = –

½ state). These equalized populations of electrons and holes eventually undergo carrier 

recombination on a nanosecond timescale typical for the CH3NH3PbI3 system.
3
 The sum of the 
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 and  

 probe signals (magenta data points), which shows a sharp rise and continued by an 

approximately constant value within the measurement time window, is also well-fitted eqn. 5 – 

thus validating our preceding discussion on the total number of photoexcited carriers. This result 

clearly shows that the J state-relaxation occurs in a timescale much shorter than the carrier 

recombination lifetime (
,e h c  ), consistent with an intraband population transfer between the 

two J-states i.e., intraband angular momentum flip (J-flip). The intraband J-flip process stops 

after the populations between these two states are balanced.  

Although a 100% J-polarized signal is expected from the selection rules, the maximum  

 
 probe signals in Figure 1(b) immediately after photoexcitation is only about 70% at 293K (or 

~80% at 77K), much lower than the total carrier population (   ). This indicates that only 

such fraction of the photoexcited carriers occupy the +½ mj-state. We attributed this to the 

ultrafast hole spin relaxation process, which occurs much faster than that of the electrons
12

, and 

is comparable to the timescale of our excitation pulse. This is evident from the deconvolution of 

the electron and hole contributions at 77 K as shown in Figure 2(a) (see Supporting Information 

for details of the method). Figure 2(a) shows the plots of population difference between mj = +½ 

and mj = –½ states at 77 K for both electrons 1/2 1/2)( e e ef f f    and holes 1/2 1/2)( h h hf f f    

and that of the difference between the  
 and  

 probe signals (i.e.,    ). The latter is in 

fact equals to the difference between total population of mj = +½ and mj = –½ states of both 

electron and hole, i.e., 
e hf f  . Using the common definition for degree of spin polarization 

(η),
7, 12-13

 we defined the parameters: 
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for electrons and holes – plotted in Figure 2(b), for a time delay 0.5 ps after laser excitation 

where the signal rise is cut off (to minimize the effects of backscattered laser light from the 

sample). N


 and N


 denotes the population of spin-up (ms = +½) and spin-down (ms = –½) 

respectively. From the figure, the initial degree of electrons spin polarization 
iniP is about –30% 

(90% J-polarization), which agrees with our initial expectation. The electron spin decays on a 

much longer time scale of 7 ± 1 ps compared to that of the holes 1.1 ± 0.1 ps.  

 

Figure 2: Experimental data with 19 μJ/cm
2
 pump at 77 K. (a) The difference between 


 and 


 signal (magenta) 

is plotted together with the deconvoluted contribution from electrons (blue) and holes (red). 
e

f  (
hf ) denotes the 

population difference between spin-up and spin-down electrons (holes). (b) The degree of polarization dynamics 

after 0.5 ps of holes for spin and J (red), electrons J (blue) and electrons spin (black, absolute value). 

 

Circular pump probe measurements were also performed as a function of temperature and 

fluence to elucidate the J-relaxation mechanism (corresponds to spin-relaxation and has identical 

relaxation time). Figure 3(a) shows temperature dependence of spin relaxation time for both 

electrons and holes, obtained from fits using eqn. 4 (within ±10% accuracy) at a pump fluence of 
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19 μJ/cm
2
. The result shows that for electrons the spin relaxation time generally decreases with 

increasing temperature, but exhibits a weak dependence on temperature as the spin lifetimes 

decreases by factor ~1.6 across the temperature range. Although the holes spin relaxation time 

show a similar decreasing trend with temperature, it is in fact more susceptible to temperature 

effects (as the decrease is about two times larger). 

 

Figure 3: Measured spin relaxation time of electrons (blue) and holes (red) as (a) temperature dependence fitted 

with 
bT  where we obtain b = –0.27 ± 0.06 for electrons and b = –0.55 ± 0.15  for holes and (b) fluence 

dependence (for electrons). Holes spin relaxation time at high fluence is shorter than our temporal resolution and 

hence cannot be measured. 

 

Amongst the three possible spin relaxation mechanisms, only the Elliott-Yafet (EY) 

mechanism is most probable for CH3NH3PbI3. The D’yakonov-Perel’ (DP) mechanism, which is 

applicable to systems without inversion symmetry
7
, is irrelevant because the CH3NH3PbI3 crystal 

structure exhibits inversion symmetry. The Bir-Aronov-Pikus (BAP) mechanism, which is 

applicable to heavily p-doped semiconductor
7
,  is also unlikely as our sample does not contain 

significant amounts of p-doping. Moreover, BAP relaxation rate depends on the exchange 

interaction between electrons and holes which generally can be characterized through the 

exchange (hyperfine) splitting of excitonic ground state.
7, 14

 However this splitting has never 
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been observed in CH3NH3PbI3, plausibly because it is very weak. Hence, we believe that in our 

case, BAP does not play an important role in the spin-flip processes. 

From its weak dependence on temperature, we infer that the spin relaxation occurs mainly 

through Elliott-Yafet (EY) impurities and grain boundaries scattering. We substantiate this 

assignment with the power fits of 
bT   for spin relaxation time vs temperature, where we 

obtained b = –0.27 ± 0.06  for electrons and b = –0.55 ± 0.15, which is close to the theoretical 

prediction 
1/2T   of EY mechanism for scattering by charged impurities.

7
 Figure 3(b) shows 

the fluence dependent electrons spin relaxation time measurement as function of pump fluence at 

293 K. Note that holes spin relaxation time at high fluence is shorter than our temporal 

resolution. The result shows a strong dependence with decreasing trend of spin relaxation time 

with the increasing fluence especially at high fluence, which implies that carrier-carrier 

scattering also contributes to the spin relaxation process. As the spin flip process originates 

mainly from carriers, impurities and grain boundaries scattering, longer spin diffusion lengths 

can be expected from vacuum-deposited CH3NH3PbI3 samples at room temperatures, instead of 

solution-processed samples in this work. Furthermore, it should also be feasible to tune the SOC 

through the replacement of the A cation, i.e., Pb with other transition metals such as Cu and Sn. 

This could possibly lead to longer spin diffusion lengths at room temperatures. 

Lastly, time-resolved Faraday rotation (TRFR) measurements as a function of temperature 

(in zero magnetic field) were also performed to examine the photoinduced magnetization from 

the CH3NH3PbI3 thin films. Figure 4(a) shows a typical pump-induced Faraday rotation signal 

taken at 75 K for  
,  

 and 
0  (linear) pump excitations at 750 nm wavelength. Details on 

the TRFR setup and measurements are given in the Supporting Info. The sign inversion of the 

Faraday rotation signals for opposite circular polarizations of the pump beam and null signal 
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from the linear pump excitation help validate that the photoinduced magnetization is observed. 

Here, the rotation angle is proportional to sample’s magnetization,
7, 14-15

 which originates from 

the photoinduced carrier J-polarization (i.e. 
e hf f  ). No signal was observed from blank 

quartz substrate. Bi-exponential fitting yields the lifetimes τ1 = 0.9 ± 0.1 ps (holes) and τ2 = 4 ± 1 

ps (electrons), which are consistent with the values obtained from the J-flip (or spin-flip) 

measurements (
h  = ~1.1 ps for holes and 

e  = ~7 ps for electrons). Note that magnetization 

lifetime is expected to be half of spin-flip lifetime, since it measures the population difference 

between both spin states, which doubles the rate – (for details see Supporting Info). 

 

Figure 4: TRFR study on CH3NH3PbI3 at fluence 19 μJ/cm
2
. (a) Typical signal of pump-induced Faraday rotation 

which is proportional to sample magnetization, fitted with a bi-exponetial decay function (τ1 = 0.9 ± 0.1 ps and τ2 = 

4 ± 1 ps). Switching pump polarization between  
 and  

 will flip the signal, while no rotation is observed for 
0  polarization. (b) Maximum rotation (peak) as function of temperature. 

 

It is remarkable that a very large pump-induced Faraday rotation of ~720 milli-degrees 

(mdeg) at 200 K is obtained from these nanometric thick (i.e., 70 ± 10 nm) CH3NH3PbI3 films 

(i.e., 10°/μm ± 2°/μm)– Figure 4(b). Comparatively, this value is higher than that for a 0.5 m 

thick bismuth iron garnet film (Bi3Fe5O12) which has ~6°/μm at room temperature (at wavelength 

633 nm),
10

 thick drop-casted (few microns thick) colloidal CdSe quantum dots with cavity 
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enhancement of Faraday rotation at room temperature (~350 mdeg at wavelength 630 nm);
16

 and 

much higher that the ~1 μm-thick MnSe Digital Magnetic Heterostuctures (DMH) at 5 K 

(~0.6°/μm at wavelength 440-510 nm).
15

 Such ultra-large photoinduced magnetization is 

characteristic of the large SOC from CH3NH3PbI3. Temperature dependence of the TRFR signal 

is given in Figure 4(b), where the trend is most likely related to the phase transitions of 

CH3NH3PbI3.   

In summary, we report on the first spin dynamics studies in CH3NH3PbI3 using spin-

dependent circularly-polarized pump-probe techniques. Our findings show that the J-states (or 

spin) relaxation in CH3NH3PbI3 occurs through intraband (J-flips) spin flips within 10 ps (for 

electrons) and 1 ps (for holes) as validated by a simple two-state model. The dominant spin 

relaxation is believed to be the EY impurities scattering mechanism. TRFR measurements 

uncovered a high degree of photoinduced Faraday rotation as large as 720 mdeg from an 

ultrathin ~70 nm CH3NH3PbI3 polycrystalline thin film (i.e., 10°/μm ± 2°/μm). Comparatively, 

this value is much higher than that for magnetic heterostuctures of equivalent thicknesses. 

Importantly, our work highlights the potential of CH3NH3PbI3 as a new candidate for Spintronics 

applications especially as ultrafast spin switches. While current findings suggest some limitations 

in solution-processed CH3NH3PbI3 thin-film for spin-transport purposes due to fast spin 

relaxation, there are, nonetheless possibilities to overcome such shortcomings through 

improvements in sample preparation techniques, e.g., vacuum deposition, or through materials 

engineering, such as both cation and anion replacement in such perovskites, which could be 

further explored as means to tune the SOC. 
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