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Supplementary Figures 

 

 

 
 

Supplementary Figure 1: Scanning electron microscope images of (A) CH
3
NH

3
PbI

3
 bulk films 

prepared with chloride precursor, (B) CH
3
NH

3
PbI

3
 bulk films prepared with acetate precursor. 

The films have a polycrystalline domain size of a few micrometers for the chloride precursor and 

several 100 nm for the acetate precursor. Transmission electron microscope images of (C) CsPbI
3
 

nanocrystals with an average size of approximately 14 nm and cubic shape. 

 

 

 

 



 

Supplementary Figure 2: Ultrafast polarization selective transient absorption kinetics of 

CdSe/CdS nanocrystals thin film (A-C) with ground state bleach peak at 1.85eV. Temporally 

resolved transient absorption response of CdSe/CdS nanocrystals thin film at the indicated probe 

energies. The sample was excited with laser pulses of energy 1.91 eV (FWHM approximately 

25 meV), pulse length of approximately 100 fs, and excitation fluence approximately 10 µJ  

cm-2. The change in the transmission of the probe was measured at the indicated probe energies 

with the linear polarization of the probe pulse aligned either parallel (red) or perpendicular (blue) 

to the linear polarization of the pump pulse. We observe that the data obtained with the pump 

and probe polarizations aligned parallel or perpendicular follow the same kinetics, confirming 

the working mechanism of our experimental setup. 

  



 

 
 
Supplementary Figure 3: Kinetics extracted from polarization selective transient absorption of 

(A) CH
3
NH

3
PbI

3
 bulk films prepared using chloride precursor, (B) CH

3
NH

3
PbI

3
 bulk films 

prepared using acetate precursor, (C) CsPbI
3
 nanocrystal films. Kinetics were measured with the 

linear polarization of the probe pulse aligned either parallel (red) or perpendicular (blue) to the 

linear polarization of the pump pulse. The population kinetics (black) were calculated from the 

parallel (
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. The initially 

polarization-dependent kinetics converge within the first 10 ps after photoexcitation. The energy 

per pulse was approximately 2 µJ  cm
-2

 (CH
3
NH

3
PbI

3 
Cl), 16 µJ  cm

-2
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Supplementary Figure 4: Maps of the polarization selective transient absorption on (A-B) 

CH
3
NH

3
PbI

3
 bulk films prepared using chloride precursor, (D-E) CH

3
NH

3
PbI

3
 bulk films 

prepared using acetate precursor, (G-H) CsPbI
3
 nanocrystal films. (C, F, I) Maps of the 

corresponding polarization anisotropy. The energy per pulse was approximately 2 µJ  cm
-2

 

(CH
3
NH

3
PbI

3 
Cl), 16 µJ  cm

-2
 (CH

3
NH

3
PbI

3 
acetate) and 3 µJ  cm

-2
 (CsPbI

3
). 

 

  



 

 

 

Supplementary Figure 5: (A) Scanning electron microscope image of a CH
3
NH

3
PbBr

3
 bulk 

film prepared with acetate precursor. The films have a polycrystalline domain size of several 100 

nm. (B-C) Kinetics and spectra extracted from polarization selective transient absorption of 

CH
3
NH

3
PbBr

3
 bulk films prepared with acetate precursor. Kinetics and spectra were measured 

with the linear polarization of the probe pulse aligned either parallel (red) or perpendicular (blue) 

to the linear polarization of the pump pulse. The population kinetics and spectra (black) were 

calculated from the parallel (
∆𝑇

𝑇
)
∥
 and perpendicular (

∆𝑇

𝑇
)
⊥

 data using the formula 
(
∆𝑇
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)
∥
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3
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(D-F) Corresponding maps. The excitation energy per pulse was approximately 1 µJ  cm
-2

. 

 



 

Supplementary Figure 6 Ultrafast polarization selective transient absorption spectra of bulk 

CsPbBr3 thin film (A, B). Spectrally resolved transient absorption response of bulk CsPbBr3 

perovskite thin film at the indicated time delays. The sample was excited with laser pulses of 

energy 2.43 eV (FWHM approximately 25 meV, shaded area), pulse length of approximately 

100 fs, and excitation fluence approximately 10 µJ  cm-2. The change in the transmission of the 

probe was measured at the indicated time delays with the linear polarization of the probe pulse 

aligned either parallel (red) or perpendicular (blue) to the linear polarization of the pump pulse. 

We observe a stronger increase in transmission (photoinduced bleach signal) when the pump and 

probe pulse polarizations are aligned parallel. 

  



 

Supplementary Figure 7 Ultrafast polarization selective transient absorption kinetics of bulk 

CsPbBr3 thin film. Temporally resolved transient absorption response of bulk CsPbBr3 

perovskite thin film at the indicated probe energy. The sample was excited with laser pulses of 

energy 2.43 eV (FWHM approximately 25 meV), pulse length of approximately 100 fs, and 

excitation fluence approximately 10 µJ  cm-2. The change in the transmission of the probe was 

measured at the indicated probe energy with the linear polarization of the probe pulse aligned 

either parallel (red) or perpendicular (blue) to the linear polarization of the pump pulse. We 

observe a stronger increase in transmission (photoinduced bleach signal) when the pump and 

probe pulse polarizations are aligned parallel. 

  



 

 
 

Supplementary Figure 8: Rise in anisotropy kinetics of (A) CH
3
NH

3
PbI

3
 bulk perovskite and 

(B) CsPbI
3 

nanocrystals at the specified probe energies. Excitation was performed at 1.72 eV (1 

kHz, 100 fs, 2 µJ cm
-2

) on CH
3
NH

3
PbI

3
 bulk perovskite and 1.90 eV (1 kHz, 100 fs, 3 µJ cm

-2
) 

on CsPbI
3 

nanocrystals. The signal shows a slower rise for lower probe energies below the pump 

energy.  

 

  



 

 
 
Supplementary Figure 9: Fits to the evolution of the transient absorption polarization 

anisotropy in the first picoseconds after excitation in (A) CH
3
NH

3
PbI

3 
bulk thin films and (B) 

CsPbI
3
nanocrystal films. The fits are single exponential decays, with lifetimes as indicated. No 

significant variation in the fitted decay time is found for different probe energies. The energy per 

pulse was approximately 2 µJ  cm
-2

 (bulk film) and 3 µJ  cm
-2

 (nanocrystal film). 

 

  



 

 

Supplementary Figure 10: Polarization anisotropy pump energy dependence. Kinetics of the 

mean anisotropy measured using polarization selective transient absorption. The anisotropy 

decays within the first 10 ps in all iodide samples and within 1 ps in the bromide sample. The 

energy per pulse was approximately 2 µJ  cm
-2

 (CH
3
NH

3
PbI

3 
Cl), 16 µJ  cm

-2
 (CH

3
NH

3
PbI

3 

acetate), 40 µJ  cm
-2

 (CsPbI
3
) and 1 µJ  cm

-2
 (CH

3
NH

3
PbBr

3
). 

 

  



 

 
 
Supplementary Figure 11: Maps of the polarization selective transient absorption on 

CH
3
NH

3
PbI

3
 bulk films CH

3
NH

3
PbI

3
 bulk films (A-D) and maps of the corresponding 

polarization anisotropy (E,F). Samples were excited at approximately 1.72 eV, 1 kHz, 100 fs. 

(G,H) TA spectra near the band edge at different time delays and excitation densities. (I) TA 

kinetics near the absorption onset for different excitation energies. (J) Mean polarization 

anisotropy from 0 to 10 ps over the spectral range 1.64 to 1.68 eV for different excitation 

energies. 

 

  



 

 
 
Supplementary Figure 12 Experimental TA spectra of CH

3
NH

3
PbI

3
 bulk perovskite (pump 

approximately 1.72 eV, 1 kHz, 100 fs, 2.0 uJ cm
-2 

at t = 4 ps, hollow circles and triangles) 

plotted with (A) Modelled TA spectra (solid lines). Blue shows the spectra for pump 

perpendicular to probe, and red shows the parallel configuration. The spectra are modelled as per 

Price et al. [1], with parameters held constant except for the transition dipole moment which is 

given an anisotropy as in Figure 6. See methods section above for model parameters. (B) 

Modelled TA spectra including a change in effective carrier temperature in addition to the 

anisotropic transition dipole moment. The parallel spectrum has an effective carrier temperature 

of 410 K, compared to 310 K for the perpendicular spectrum.  

  



Supplementary Methods 

Supplementary Method 1, Anisotropy calculations using polar nanoregion model 

The transient absorption at energy 𝐸 and time 𝑡, with pump polarization direction 𝒆̂𝑝𝑢𝑚𝑝 and 

probe direction 𝒆̂𝑝𝑟𝑜𝑏𝑒, in a nanoregion with Rashba axis 𝒓̂, is 

𝛼(𝐸, 𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡) = ∑Π(𝒓̂, 𝒆̂𝑝𝑟𝑜𝑏𝑒 , 𝑡, 𝒌⃗⃗ ) 𝑛(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ )

Ω𝑘

 

where the sum is over the solid angle of all k-points on the constant energy surface 𝐸. Here, 

Π(𝒓̂, 𝒆̂𝑝𝑟𝑜𝑏𝑒 , 𝑡, 𝒌⃗⃗ ) = |⟨𝑐|𝒑⃗⃗ ⋅ 𝑨⃗⃗ 𝑝𝑟𝑜𝑏𝑒|𝑣⟩|
2
 is the transition dipole element squared at k-point 𝒌⃗⃗ , and 

𝑛(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ ) = (1 − 𝑓𝑐(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ )) (1 − 𝑓𝑣(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ )) is the density of available 

optical transitions at k-point 𝒌⃗⃗ . Here, 𝑨⃗⃗ 𝑝𝑟𝑜𝑏𝑒 is the probe vector potential with polarization along 

𝒆̂𝑝𝑟𝑜𝑏𝑒, and 𝑓𝑐  and 𝑓𝑣  are the fractional occupation of the conduction and valence bands with 

carriers at k-point 𝒌⃗⃗ . The time dependence of Π and 𝑛 arise from dynamic evolution of the 

structure away from the initial structure at the instant of pumping. The TDMs Π are dependent 

on the Rashba direction, as are the band structure and wavefunctions.  The density of transitions 

n is Rashba direction dependent because the anisotropy of the initial carrier density is Rashba 

direction dependent. The total absorption of a macroscopic sample is an average over local 

nanoregions with varying Rashba directions  

〈𝛼(𝐸, 𝒆̂𝑝𝑢𝑚𝑝, 𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡)〉 = ∑ Π(𝒓̂, 𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡, 𝒌⃗⃗ ) 𝑛(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ )

Ω𝑘Ω𝑟

 

The transition dipole elements for 𝒌⃗⃗  on the energy isosurface E may be expanded as series in 

spherical harmonics in both the Rashba direction and the k-vector direction 

Π(𝒓̂, 𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡, 𝒌⃗⃗ ) = ∑ 𝐶𝑙𝑟𝑚𝑟;𝑙𝑘𝑚𝑘
(𝐸, 𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡)𝑌𝑙𝑟𝑚𝑟

(Ω𝑟)𝑌𝑙𝑘𝑚𝑘
(Ω𝑘)

𝑙𝑟𝑚𝑟;𝑙𝑘𝑚𝑘

 

Here, the 𝑌𝑙𝑚 are referenced to the lab-frame z-axis: Ω𝑟 is the direction of the Rashba axis 

relative to the z-axis, and Ω𝑘 is the direction of the k-vector relative to the z-axis. The angular 

momentum 𝑙𝑟𝑚𝑟 and 𝑙𝑘𝑚𝑘 correspond to the Rashba direction and k-vector, respectively. The 



coefficient 𝐶00;00 is independent of 𝒆̂𝑝𝑟𝑜𝑏𝑒 , as this term has zero angular momentum. In general, 

the 𝐶 coefficients transform under rotation as 

𝐶𝑙𝑟𝑚𝑟;𝑙𝑘𝑚𝑘
(𝐸, 𝒆̂𝑝𝑟𝑜𝑏𝑒 , 𝑡) =  ∑ 𝐷

𝑚𝑟
′𝑚𝑟

𝑙𝑟 (𝑅)∗𝐷
𝑚𝑘

′ 𝑚𝑘

𝑙𝑘 (𝑅)∗

𝑚𝑟
′𝑚𝑘

′

𝐶𝑙𝑟𝑚𝑟
′ ;𝑙𝑘𝑚𝑘

′ (𝐸, 𝑅𝒆̂𝑝𝑟𝑜𝑏𝑒, 𝑡) 

where 𝑅 is any rotation operator in the full rotation group and the 𝐷’s are Wigner D-matrices. 

The density of transitions for 𝒌⃗⃗  on the energy isosurface E can similarly be written in terms of 

spherical harmonics 

𝑛(𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡, 𝒌⃗⃗ ) = ∑ 𝐵𝑙𝑟𝑚𝑟;𝑙𝑘𝑚𝑘
(𝐸, 𝒆̂𝑝𝑢𝑚𝑝, 𝑡)𝑌𝑙𝑟𝑚𝑟

(Ω𝑟)𝑌𝑙𝑘𝑚𝑘
(Ω𝑘)

𝑙𝑟𝑚𝑟;𝑙𝑘𝑚𝑘

 

The components with odd values of 𝑙𝑟 , 𝑙𝑘 are expected to vanish because of time reversal 

symmetry. Since electron-phonon scattering rates in the halide perovskites occur faster than the 

0.1 ps time scale, we assume that carrier distributions are isotropic in 𝒌⃗⃗  over the ps time scales 

relevant in the transient absorption measurement. Therefore, we consider only the 𝑙𝑘 = 0 

components. Under these conditions, and taking 𝒆̂𝑝𝑢𝑚𝑝 along the lab-frame 𝑧 axis, the lowest 

order expansion for the density of transitions is then  

𝑛(𝐸, 𝒓̂, 𝒆̂𝑝𝑢𝑚𝑝 = 𝒛̂, 𝑡, 𝒌⃗⃗ ) = 𝐵00;00𝑌00(Ω𝑟)𝑌00(Ω𝑘) + 𝐵20;00𝑌20(Ω𝑟)𝑌00(Ω𝑘) 

𝒆̂𝑝𝑟𝑜𝑏𝑒 is along the z axis in the parallel configuration, while it is along the x axis in the 

perpendicular direction. Integrating over Ω𝑟 and Ω𝑘, the transient absorption in the parallel and 

perpendicular directions is found to be 

𝛼∥ = 𝐶00;00(𝐸, 𝒛̂, 𝑡)𝐵00;00(𝐸, 𝒛̂, 𝑡) + 𝐶20;00(𝐸, 𝒛̂, 𝑡)𝐵20;00(𝐸, 𝒛̂, 𝑡) 

𝛼⊥ = 𝐶00;00(𝐸, 𝒙̂, 𝑡)𝐵00;00(𝐸, 𝒛̂, 𝑡) + 𝐶20;00(𝐸, 𝒙̂, 𝑡)𝐵20;00(𝐸, 𝒛̂, 𝑡) 

Using the definition of polarization anisotropy (Equation 1 of main text), and the transformation 

rule for C above (to write 𝐶20;00(𝐸, 𝒙, 𝑡) in terms of 𝐶20;00(𝐸, 𝒛̂, 𝑡)), we obtain 

𝐴 = −
3

2

𝐶20;00

𝐶00;00

𝐵20;00

𝐵00;00
 

which is Equation 3 of the main text.  



Supplementary Method 2, Computational parameters for DFT calculations 

We performed density functional theory calculations of the absorption spectrum using the PBE 

density functional [2] and norm-conserving pseudopotentials [3], in a planewave basis set with 

kinetic energy cutoff of 60 Ry. Spin-orbit coupling was included at a full relativistic level. A 

Monkhorst-Pack [4] grid of 4x4x4 k-points was used for self-consistent evaluation of the charge 

density, while a k-point grid with an effective density of 40x40x40 was used for calculation of 

the absorption spectrum. These calculations were performed with the Quantum Espresso 

software package [5]. 

Supplementary Method 3, Analytical model for transient absorption spectra 

The analytical model developed by Price et al. [1] reproduces experimental TA spectra by first 

calculating an expected change in absorption caused by the state filling of a Coulombically 

enhanced density of states assuming approximately parabolic bands (from Elliot’s theory for 

semiconductor absorption). A small red shift is included, arising from band-gap renormalization, 

along with a free-carrier absorption term. The subsequent absorption is convolved with a 

Gaussian broadening parameter. Applying the Kramers-Kronig relations to this absorption, and 

taking account of the reflections and interference from the perovskite interfaces, gives a 

physically justified model of the transient transmission signal (ΔT/T), which fits well to 

experiment. The parameters used to model the data in Figure S9A are: carrier density = 2.33 × 

1023 m-3, band gap = 1.6245 eV, reduced effective mass = 0.18 me, effective mass asymmetry = 

3, Gaussian broadening parameter = 24 meV, band gap renormalisation red shift = 10 meV, 

exciton binding energy = 16 meV and carrier temperature = 310 K with the transition dipole 

matrix varying according to the data calculated from Fig 6B. For Supplementary Figure 9B, all 

parameters are the same as for Supplementary Figure 9A, with the exception of effective carrier 

temperature: 410 K for parallel, 310 K for perpendicular. The absorption constant is also 

adjusted slightly to compensate for the broader distribution: parallel = 7.42 × 1012 cms-1/2, 

perpendicular =  7.40 × 1012 cms-1/2. 
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