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Abstract 15 
 16 

Using circularly-polarised broadband transient absorption, time-resolved circular photoluminescence, 17 

and transient Faraday rotation spectroscopy, we report that spin-dependent interactions have a 18 

significant impact on exciton energies and spin depolarisation times in layered Ruddlesden-Popper 19 

hybrid metal-halide perovskites. In BA2FAPb2I7, we report that room temperature spin lifetimes are 20 

largest (3.2 ps) at a carrier density of ~1017 cm-3, with increasing depolarisation rates at higher exciton 21 

densities. This indicates that many-body interactions reduce spin-lifetimes and outcompete the effect of 22 

D’yakonov-Perel precessional relaxation that has been previously reported at lower carrier densities. 23 

We further observe a dynamic circular dichroism that arises from a photoinduced polarisation in the 24 

exciton distribution between total angular momentum states. Our findings provide fundamental, and 25 

application relevant insights into the spin-dependent exciton-exciton interactions in layered hybrid 26 

perovskites. 27 
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Excitons are quasi-particles composed of an electron and hole that are bound together by Coulomb 1 

attraction. A detailed picture of the spin-dependent properties and spin relaxation mechanisms of these 2 

states in low-dimensional semiconductors is crucial for applications that utilise spin-dependent 3 

properties, such as circularly polarised emission in spin-LEDs, circularly polarised laser systems and 4 

spin valves.1–5 Spintronic semiconductors that incorporate a spin degree of freedom are split between 5 

materials with low spin orbit coupling (SOC) for long spin lifetimes, and those with high SOC for 6 

efficient spin generation and manipulation.6,7  7 

 8 

Lead-halide perovskite semiconductors fall into the second category, as orbital angular momentum and 9 

spin are coupled by the strong SOC experienced by carriers around the heavy lead and halide atoms that 10 

constitute the conduction and valence bands.8–10 Since the total angular momentum 𝐽 is conserved in 11 

optical transitions, the selection rule Δ𝑚𝑗 = ±1 must be fulfilled for circularly polarised 12 

photoexcitation.11,12 This rule governs the allowed optical transitions between the electron’s state of 13 

total angular momentum projection 𝑚𝑗 = ±
1

2
 in the plane perpendicular to photon propagation. It is 14 

important to note that, due to strong SOC, the 𝐽 = 1/2 electron states are not spin pure (𝑚𝑗  = ±1/2 15 

total angular momentum projections contain a ratio of 2:1 or 1:2 spin up:down), while the 𝑆 =  1/2 16 

hole states are spin pure.12,13 The term exciton 𝐽-polarisation is herein used to refer to the total angular 17 

momentum polarisation within the exciton population, although we note that a polarisation in 𝐽 contains 18 

both orbital and spin contributions. Spin relaxation of electrons and holes has been studied in the 3D 19 

bulk perovskites, with reports indicating a fast spin flip of the hole (<1ps) and longer-lived spin 20 

polarisation of the electron (~3ps).12 In the layered perovskite structure 𝐽-polarised exciton lifetimes 21 

exceeding 1 ns at 4 K and quantum beats between excitonic states under an applied magnetic field have 22 

been shown.13,14 However, many body interactions, which have been shown to play a role in the optical 23 

properties of perovskites, have not yet been addressed in the context of spin, despite their expected 24 

importance in the presence of strong SOC.15,16   25 

 26 

The Ruddlesden-Popper layered hybrid perovskites are self-assembled quantum well structures, with 27 

dielectric screening that is reduced from the bulk phase by the inclusion of large organic cations between 28 

the semiconducting perovskite layers. In such quantum well systems, optical excitation generates high 𝑘 29 

or lowest energy excitons (with binding energy up to ~300 meV) for absorbed photon energies below 30 

the conduction band, and  interacting free charge carriers for excitation into the conduction band.17 31 

These excitons and charge carriers are confined to the inorganic layers by organic cations with a low 32 

dielectric constant, which explains the particularly large binding energy and Coulomb enhancement 33 

factors.18,19 At room temperature most carriers rapidly cool to the lowest exciton state and remain bound 34 

for the full lifetime of the excited state population. This is in contrast to the 3D metal-halide perovskites, 35 

where most resonantly excited excitons quickly dissociate into a dominant population of free 36 



charges.20,21 The room temperature depolarisation of the total angular momentum states in layered 1 

hybrid perovskite structures has been reported to occur on picosecond timescales,13,22,23 but the effect 2 

of many body interactions on the depolarisation mechanism remains unclear, and is the focus of this 3 

study.  4 

 5 

Following the optical selection rules set out above, we excite electrons into one of the two optically 6 

active 𝑚𝑗 states by absorption of circularly polarised photons which carry a total spin angular 7 

momentum of 𝑙 = ±1. We define the resulting exciton 𝐽-polarisation, PE, by  8 

𝑃𝐸 =
 |+1⟩ −  |−1⟩

|+1⟩ + |−1⟩
, 1 

where  |+1⟩ and |−1⟩ are the optically active (bright) exciton states with a total angular momentum of 9 

±1, as determined by the 𝐽 = 1/2 electron and 𝑆 =  1/2 hole.12,24 A population imbalance between the 10 

two exciton states will lead to different absorption of left-handed (𝜎−) and right-handed (𝜎+) circularly-11 

polarised photons—a photoinduced circular dichroism. Here we investigate exciton interactions and 12 

spin depolarisation kinetics  using three complementary spectroscopies: broadband circularly-polarised 13 

transient absorption (CTA), transient grating time-resolved circularly-polarised photoluminescence 14 

(CPL), and time-resolved Faraday rotation (FR). We compare the 3D bulk variant MAPbBr3 to the 15 

layered variant (BA)2(FA)1Pb2I7 (BA, butylammonium; FA, formamidinium), which is composed of 16 

2D inorganic quantum wells, each with a thickness of two unit cells (n=2), and each separated by large 17 

organic cations. 18 

 19 

Spectral Signatures of 𝑱-Polarisation within the Exciton Populations 20 

First, we examine the excited state population dynamics in thin films of the 2D and 3D bulk perovskites 21 

via CTA spectroscopy. These measurements are performed using a broadband probe spanning 490-700 22 

nm (2.53-1.77eV) and a narrowband pump—tuned from 575 nm to 490 nm (2.16 to 2.53 eV) with 10 23 

nm FWHM at 575 nm (37meV FWHM)—that are set to be polarised either right handed circularly (𝜎+) 24 

or left handed circularly (𝜎−). Exciton states with total angular momentum, |+1⟩  or |−1⟩ , are 25 

generated using a 𝜎+or 𝜎− polarised pump pulse, respectively. A co-polarised (counter-polarised) probe 26 

pulse thus probes the exciton states that are initially occupied (unoccupied) by the pump.  27 

 28 



 1 

Figure 1: (a) and (b) Contour plots of circularly-polarised transient absorption (CTA) for layered 2 

perovskite BA2FAPb2I7 under (a) co-circular and (b) counter-circular pump/probe with a wavelength 3 

of 570 nm (2.18 eV)and fluence of   1 µJ cm-2 ( initial photoexcited carrier density of 5 × 1017 cm-3 )  4 

(c) and (d) Subtraction of (a) and (b) from a linearly polarised pump TA map. (c) Indicates a blue shift 5 

in the energy of the co-polarised states. (d) Indicates a red shift in the energy of the counter-polarised 6 

states. Maps plotted on same axis, with same contour intensities for comparison. 7 

 8 

The co- and counter-polarised CTA maps for (BA)2FAPb2I7 in Figure 1 (a,b) show the expected exciton 9 

ground state bleach (GSB) centred at 2.175 eV—energetically at resonance with the exciton absorption, 10 

and ~20meV higher in energy than the Stokes-shifted PL emission (Supporting Figure S1). Further, we 11 

find two 𝐽-dependent photoinduced absorption (PIA) features, one at energies above the exciton bleach 12 

(PIAHigh) and one below the exciton bleach (PIALow), that are indicative of a shift in the absorption peak 13 

to higher, and lower energies respectively (Supporting Figure S2).  14 

 15 

Figure 1 (c,d) present the difference between co/counter-polarised and linear TA spectra (Supporting 16 

Figure S2), which highlight the spectral shifts in optical transitions from J-polarized exciton 17 

populations. These are extracted by subtracting the co- and counter-polarised CTA maps from a TA 18 

map with linearly polarised pump (Supporting Figure S3a). These maps show that the energies of the 19 

excitonic states are shifted by the presence of 𝐽-polarised excitons following photoexcitation: the 20 

counter-polarised states, 𝜎∓𝜎± (pump polarisation, probe polarisation), are shifted to lower energies, 21 

giving rise to PIALow, while the co-polarised states, 𝜎±  𝜎±, are shifted to a higher energy, giving rise 22 

to PIAHigh (further details in Supporting Figure S3-S7). Both PIAs show a polarisation dependent 23 
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response on picosecond timescales while an exciton 𝐽-polarisation is present. After 𝐽-depolarisation, 1 

both PIA features remain visible and are equally present under both co- and counter-polarised probing 2 

for the duration of the exciton lifetime (Supporting Figure S3b). 3 

 4 

These observations have previously been discussed as a broadening of the exciton resonance.25 5 

However, Figure 1 shows well-defined spectral shifts, in opposite directions for interacting excitons of 6 

equal or opposite 𝐽 (independent of the pump helicity, Supporting Figure S4). This is inconsistent with 7 

a scattering based broadening, which would be symmetric. Thus, the broadening mechanism can now 8 

be understood as a 𝐽 dependent shift in energy of the of the |±1⟩ exciton states following interaction 9 

with one another: an energetic splitting of the two-exciton interaction state. 10 

 11 

This splitting can be attributed to exciton-exciton exchange interactions, i.e. the mutual repulsion 12 

(attraction) between excitons with identical (opposite) 𝐽-polarisation, due to the exclusion principle 13 

acting separately on the electrons and holes, as recently reported26–29 and in agreement with the splitting 14 

that has been observed in GaAs quantum wells.30–32 This is a similar idea to the bonding and antibonding 15 

states of a hydrogen molecule33–35. For this reason, a pairing of |+1⟩ and |−1⟩  excitons in real space 16 

(corresponding to the counter-polarised probe) lowers the energy of both exciton species, while a 17 

pairing of two  |+1⟩  (or two |−1⟩) excitons (corresponding to the co-polarised probe) will raise their 18 

respective energies.26,27 This observation is consistent with previous reports of stable bi-exciton 19 

formation with 44 meV binding energy in layered hybrid perovskites with n=1 layer number, and agrees 20 

with the observation of repulsive exciton pair states and exciton fine structure.36,37 Further, our 21 

observation of a 15 ± 3 meV exciton interaction energy (Supporting Figure S2 and S5) is consistent 22 

with other reports for this material.15  23 

 24 

By reducing the exciton density, many body exciton interactions will be reduced. In the 3D perovskite 25 

MAPbBr3, the BA cations are replaced with smaller MA cations. This minimizes the quantum 26 

confinement of excitations and, hence, reduces their excitonic character—lowering the exciton binding 27 

energy to <40 meV as compared to the 300 meV  in the 2D layered perovskite.38,39 Thus, most 28 

excitations in MAPbBr3 evolve to free carriers at room temperature, with primary exciton dissociation 29 

occurring within the first ~200 fs.20,40,41  We therefore expect to find a significant reduction in both 30 

PIALow and PIAHigh due to their origin from exciton interactions.  31 

Figures 2(a) and 2(b) show CTA measurements on MAPbBr3 which are dominated by a GSB (blue) and 32 

PIA (similar to that reported in MAPbI3
42). As in the layered perovskites, we find 𝐽 dependent signals 33 

of PIALow and PIAHigh that persist after depolarisation for the full lifetime of the excited state population, 34 

but with a significant reduction in strength by ~80 % compared to the layered hybrid perovskite. This 35 

is highlighted in Figure 2(c), which compares the initial CTA spectra of the populated state (co-36 



polarised probe, thus with very few counter polarised charge carriers) to the spectra after exciton 𝐽-1 

depolarisation (integrated 20-100 ps after excitation), at which time we expect to observe PIALow due 2 

to the presence of counter polarised excitons. We find a small decrease of the signal on the red side of 3 

the GSB of MAPbBr3, which we attribute to PIALow from a non-geminate exciton population, as 4 

discussed above for the layered perovskite. Importantly, the significantly reduced PIALow intensity in 5 

the 3D perovskite sample (with respect to the GSB peak) agrees with the reduced exciton population 6 

that is expected due to the smaller exciton binding energy.43–45 This is further evidenced by 7 

measurements on MAPbI3 (Supporting Figure S8) which has even lower exciton binding energy. In 8 

summary, we observe a 𝐽 dependent shift in energy of the of the | ± 1⟩ exciton states due to exciton-9 

exciton interactions in both bulk and layered perovskites following photoexcitation. A sketch 10 

summarizing the electronic shifts in energy levels due to these interactions is presented in Figure 2 (d). 11 

Following the photoexcitation of excitons, new transitions into the bonding/antibonding states become 12 

possible, with the relative transition strength dependent on the population of the | + 1⟩ and | − 1⟩ 13 

exciton states. 14 

 15 

Figure 2: CTA contour plots for bulk perovskite MAPbBr3 under (a) co-polarised probe and (b) 16 

counter-polarised probe, at a pump wavelength of 500 nm (2.48 eV) and fluence of  3 µJ cm-2 . (c) 17 

Comparison of early and long-time circularly co-polarised transient absorption spectra for layered 18 

BA2FAPbI7 (dotted) and bulk MAPbBr3 (solid) perovskites. (d) Schematic depicting the shifts in the 19 

exciton levels after optical excitation as a result of the exchange interaction between excitons. PIAHigh 20 

(PIALow) is the dominant transition at 𝑡 = 0 ps  for probe pulses co- (counter-) polarised to the pump, 21 

as indicated by blue and red arrows. 22 
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Figure 3:  Time resolved CPL spectra of layered perovskite BA2FAPb2I7 samples for 𝜎+detection under 2 

𝜎− or 𝜎+ excitation at 500 nm (2.48 eV), 2 µJcm-2 with a 200 fs laser pulse. Normalised by maximum 3 

of co-polarised emission. (a) Emission spectrum for detection co- and counter-polarised to excitation 4 

at time delays before and after depolarisation.46 (b) Kinetics of the CPL emission integrated over four 5 

spectral ranges, showing a difference in the degree of polarisation. 6 

In contrast to chiral perovskites, CPL from hybrid perovskites must arise from a polarisation in the 7 

carrier distribution. Thus, observing steady state CPL requires spin lifetimes that are sufficiently long 8 

in comparison with the radiative recombination lifetime. Here, we successfully detect and analyse 9 

these processes by employing a transient-grating PL technique (details in Methods section), which has 10 

a temporal resolution around 150 fs. Figure 3 (a) compares the early time spectra of CPL for the 2D 11 

system at 1 ps and at ~10ps, after depolarisation has occurred. The emission centre is located near 12 

2.12 eV, ~60 meV red-shifted from the exciton level observed in TA, and 40 meV lower in energy 13 

than that observed in steady state emission. This discrepancy is within our calibration accuracy. 14 

Figure 3 (b) demonstrates the depolarisation kinetics integrated over the four different energy regions 15 

of the CPL spectrum indicated in Figure 3 (a). We observe that the blue side of the CPL spectra is 16 

initially more strongly polarised. This is expected from our previous analysis. Blue shifted emission is 17 

only expected for interacting co-polarised excitons. This is most probable when the polarisation is at a 18 

maximum, i.e. at t=0 after photoexcitation. Counter polarised exciton interactions are most probable 19 

once the exciton population has depolarised.  20 

Further, the depolarisation kinetics of the co- and counter-polarised emission spectra match the 21 

polarisation timescales observed in CTA, which are further discussed in the next section (Supporting 22 

Figure S9). To our knowledge, this is the first observation of room temperature CPL in non-chiral 23 

layered hybrid perovskites and confirms that a polarisation in the excited exciton population leads to 24 

polarised emission.  25 

 26 
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Analysis of Mechanisms Limiting Exciton Depolarisation Times 1 

Our observations indicate a driving force towards spin flip upon exciton-exciton scattering in the 2 

layered perovskites. As the photoexcited excitons are localised charge carriers, the probe pulses 3 

specifically interrogate regions of the material where excitons are present. We have shown that the 4 

counter polarised transition requires less energy. Thus, when two exciton wave functions overlap, 𝐽-flip 5 

into the anti-parallel 𝐽 configuration is energetically favoured. We use FR and CTA measurements to 6 

determine the effects of such exciton-exciton scattering on the room temperature depolarisation 7 

kinetics.  8 

 9 

We analyse the exciton depolarisation kinetics between the two eigenstates |+1⟩ and |−1⟩  from the 10 

difference between the co- and counter-polarized CTA spectra, spectrally integrated around PIALow, and 11 

normalised by the total GSB signal. We adapt the definition of 𝑃𝐸  from Equation 1 to track changes in 12 

the exciton polarisation using the definition of 𝑃𝐸
∗ below: 13 

𝑃𝐸
∗(𝑡) =  

[
𝛥𝑇
𝑇

(𝜎𝑝𝑢𝑚𝑝
+ ) −  

𝛥𝑇
𝑇

(𝜎𝑝𝑢𝑚𝑝
− )]|

ΔE(t)

  [
𝛥𝑇
𝑇

(𝜎𝑝𝑢𝑚𝑝
+ ) +  

𝛥𝑇
𝑇

(𝜎𝑝𝑢𝑚𝑝
− )]|

𝐺𝑆𝐵(𝑡)

. 

 

2 

 

 14 

Here, 𝑇 is the probe transmission. The dichroism at a time, 𝑡, is integrated over a consistent energy 15 

range, Δ𝐸 = 2.08 − 2.10 eV, and normalised to the total transmission change at the GSB. This formula 16 

is used to track changes in the exciton polarisation, rather than to quantify the absolute polarisation, 𝑃𝐸 . 17 

The absolute value of 𝑃𝐸  cannot be extracted from the GSB due to the spectral shifts described above 18 

that dominate over phase space filling, (details in Supporting Information, Section 2). 19 

 20 

As the pump photon energy is increased with respect to the exciton peak, we observe a rise time in 𝑃𝐸
∗ 21 

(Figure 4a). This is due to an increase in the exciton cooling time,42,47,48 as the CTA signal in the region 22 

Δ𝐸 increases during exciton cooling—𝑃𝐸
∗ is determined from the thermalized exciton population. 23 

Further, we observe a more rapid decrease in the value of 𝑃𝐸
∗ during cooling (Figure 4b). After cooling, 24 

the depolarisation kinetics are independent of excitation energy and the exciton 𝐽-depolarisation time, 25 

𝜏, obtained from mono-exponential fit to the 𝑃𝐸
∗ decay, yields 2.5 ps at a photoexcited carrier density of 26 

~1018 cm-3, irrespective of the excitation energy (Figure 4a, inset, and Supporting Figure S10). These 27 

observations, made following the photoexcitation of excitons with increased kinetic energy, can be 28 

explained by both the D’yakonov Perel (DP) and Elliott Yafet (EY) mechanisms. In the DP mechanism, 29 

the increase in the exciton’s crystal momentum increases the effective magnetic field around which 30 

spins precess. This increases the rate of precession and, correspondingly, the depolarisation rate.49 In 31 

an EY dominated regime, the increased scattering rates (due to increased crystal momentum and exciton 32 



Bohr radius) will similarly increase spin relaxation.50  For carrier density below 1016 cm-3, Todd, Riley 1 

et.al. have excluded EY dominated spin relaxation.49 2 

  3 

Figure 4: Exciton 𝐽-polarisation 𝑃𝐸
∗  for BA2FAPb2I7. (a) Depolarisation kinetics for different excitation 4 

energies from slightly below the exciton peak (575 nm/ 2.15 eV) to band excitation ( > 2.34 eV) at a 5 

fluence of 2 µJ cm-2. Kinetics are normalised to the value of 𝑃𝐸
∗(𝑡 = 200 fs) under resonant 6 

(575 nm/ 2.15 eV) excitation. The exciton depolarisation time, τ, is obtained from a mono-exponential 7 

decay fit for 𝑡 > 1 ps and is independent of pump energy (inset). (b) Dependence of 𝑃𝐸
∗ (𝑡 = 1 ps) on 8 

excitation wavelength. (c) Normalised 𝑃𝐸
∗ kinetics for increasing fluence at resonant excitation (575 9 

nm). Value of 𝑃𝐸
∗ (𝑡 = 1 ps) is independent of pump fluence (inset). (d) 𝑃𝐸

∗ decay times obtained from 10 

mono-exponential decay fits to (c). The exciton depolarisation times decrease with increasing fluence. 11 

(e) Fluence series and (f) 𝜏2 decay coefficients from bi-exponential fits of Faraday rotation kinetics. 12 

The same curve is plotted in (d, f) and is obtained by fitting to an inverse square root dependence on 13 

carrier density to the FR data shown in (e). 14 
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To isolate the impact of exciton-exciton scattering on the room temperature spin lifetime, we perform 1 

fluence dependence CTA measurements under resonant excitation, thus ensuring that the photoinduced 2 

phonon population is small (Supplementary Calculation 1). We extend the fluence series carried out by 3 

Todd, Riley et al. beyond a carrier density of 1016 cm-3.49 Contrary to the observations at lower carrier 4 

densities, our fluence series reveals that increasing carrier density above 1017 cm-3 increases the rate of 5 

exciton depolarisation, while leaving the initial polarisation unchanged (Figure 4c, inset). The excitation 6 

photon energy was set slightly below the excitonic peak in these experiments to minimize effects from 7 

phonon scattering. The exciton depolarisation time is obtained from a mono-exponential fit and plotted 8 

as a function of the initial photoexcited carrier density 𝑛 (Figure 4d). Similar observations have been 9 

made in GaAs quantum wells,51 where the Bir-Aronov Pikus mechanism was found to dominate spin 10 

relaxation. Empirically, we describe the carrier dependence of the depolarisation time with a function 11 

𝜏 = 𝐶 + 𝑎(𝑛 + 𝑛𝑐)−0.5  where 𝑛𝑐 is a critical carrier density and 𝐶~0.5 ps is the limit of the 12 

depolarisation time at high carrier densities. Considering the results presented by Todd, Riley et al., we 13 

find a maximum lifetime of 3.2 ps for an initial carrier density of 1 × 1017 cm-3.49 The observed increase 14 

in depolarisation rate at higher carrier density agrees with our earlier analysis that exciton-exciton 15 

interactions make it energetically favourable for a flip of the exciton 𝐽-state to occur. Additionally, it 16 

suggests competing mechanisms that have a different dependence on carrier density: i) D’yakonov-17 

Perel type precessional depolarisation that dominates at low carrier densities,49 and ii) an exciton-18 

interaction induced depolarisation which dominates at higher densities, and may occur through Bir-19 

Aronov Pikus, as seen in GaAs quantum wells,16,51 or EY scattering mechanisms. This could explain 20 

the discrepancy between theory and experiment that has previously been discussed,13 and reveals the 21 

significance of many body interactions on the exciton spin relaxation time in the 2D hybrid perovskite 22 

materials. 23 

 24 

Unlike TA, which is sensitive to the total angular momentum states, FR measurements are sensitive to 25 

the net spin polarisation (Supporting Figure S11).52 Our CTA results are confirmed by fluence 26 

dependent FR measurements, highlighting that the spin polarisation decays alongside the total angular 27 

momentum polarisation (Figure 4e,f). For future spintronic devices that incorporate layered hybrid 28 

perovskites, these results indicate an optimal carrier density between 1016 and 1017 cm-3 in order to 29 

achieve the longest 𝐽-depolarisation times. This is a manageable carrier density for current devices such 30 

as LEDs.53–55 31 

 32 

Conclusions 33 

We report that the excitonic states of layered hybrid perovskites show 𝐽-dependent energetic shift 34 

following interaction with one another. This explains the origin of the PIA features that have been 35 

observed in the layered perovskites, which have often been discussed simply as a state broadening and 36 



is in agreement with previous reports of many body interactions in similar materials15. Further, we have 1 

shown that exciton-exciton scattering plays an important role in exciton depolarisation. We report that 2 

the D’yakonov-Perel type relaxation mechanism previously identified at low carrier densities is 3 

outcompeted by depolarisation driven by exciton interactions when the carrier density increases above 4 

1017 cm-3. Our results indicate that exciton interactions introduce a driving force towards anti-aligned 5 

projections of the total angular momentum and increase the rate of depolarisation, which is a potential 6 

mechanism for obtaining high luminescence yields as it may limit the dark 𝐽 = 0 exciton population. 7 

Lastly, we highlight that there is an optimal carrier density between 1016 and 1017  cm-3 that should be 8 

employed in devices aiming to utilise spin states in layered hybrid perovskites.  9 



Methods 1 

The excited state carrier dynamics are examined via, CTA. These measurements are performed using a 2 

broadband probe (490-700 nm) and a monochromatic pump (tuned from 575 nm to 490 nm with 10 nm 3 

FWHM at 575 nm). Exciton states with opposite total angular momentum,  | + 1⟩ or | − 1⟩, are 4 

generated using a 𝜎+ or 𝜎− polarised pump. A co-polarised (counter-polarised) beam is then used to 5 

probe the initially occupied (unoccupied) exciton level. CTA spectra for co- and counter-polarised 6 

pump-probe pulses are obtained by rotating the pump polarisation. All three polarization configurations 7 

(co-polarized, counter-polarized, linear) are taken in the same measurement series, by rotating a quarter 8 

waveplate in the pump beam between 0 °, 45 °,  90 °, and, for confirmation of linearity,  −45 °. The 9 

pump intensity was kept constant for the different polarizations. The polarization maps of Figure 1c/d 10 

were calculated by simple subtraction of the circularly pumped measurements from the linearly pumped 11 

one. The transmitted probe beam is dispersed in a monochromator and detected using a CCD array. The 12 

change in transmission, 
Δ𝑇

𝑇
, is calculated as a function of wavelength and pump-probe delay using  13 

Δ𝑇

𝑇
=

𝑇𝑜𝑛 − 𝑇𝑜𝑓𝑓

𝑇𝑜𝑓𝑓
, 

 

3 

 

where 𝑇𝑜𝑓𝑓 and 𝑇𝑜𝑛 are the transmission signals of the probe when the pump has been blocked or 14 

unblocked by an optical chopper. The pump-probe delay is increased up to 1.5 ns using an automated 15 

delay stage, and the bandwidth of the laser (10 nm at 575 nm) is sufficient to encompass the entire 16 

exciton resonance. Pulse duration sets the temporal resolution at <150 fs.  17 

 18 

The transient grating time resolved photoluminescence spectroscopy is used to analyse the 19 

photoluminescence (PL) kinetics following excitation from a circularly polarised pulse. This method 20 

was first reported by Chen et. al.56 The PL is collected by a spherical mirror and collimated. It is then 21 

sent through a quarter waveplate and linear polariser that are set to transmit PL that is co-polarised to 22 

the pump pulse of the initial measurement, 𝜎+. Counter polarised PL transients are collected in the same 23 

way by rotating the pump polarisation from  𝜎+ to 𝜎− before the sample. After polarisation filtering, 24 

the PL is sent through a transient grating where it is diffracted. In order to achieve the transient grating, 25 

two 800 nm gating beams are overlapped in time and space onto the surface of fused silica. The 26 

interfering beams give rise to an interference pattern that modulates the refractive index of the fused 27 

silica, creating a grating that only exists for the pulse duration.56 This allows a temporal slice of the PL 28 

decay to be spatially separated from the rest; it’s temporal width is determined by the time window over 29 

which the transient grating exists. The diffracted light is then sent through a spectrometer and onto an 30 

ICCD camera. 31 

 32 



The transient Faraday rotation experiments were performed using a regenerative amplified Ti:Sapphire 1 

system operating at 2 kHz. The pump and probe beams were generated using home-made optical 2 

parametric amplifiers at 515 nm (pump) and 630 nm (probe, below the bandgap), both with bandwidth 3 

of 10 nm. A quarter waveplate immediately before the sample was used to circularly-polarize the pump 4 

beam, while the probe is linearly polarized. The pump was chopped at 1 kHz, and the probe was detected 5 

using a pair of balanced photodiodes placed on a rotation mount after a Wollaston prism pair, such that 6 

by rotating the mount the linearly polarized probe can be perfectly split in half between the photodiodes 7 

at a negative pump probe time delay. Finally, a lock-in amplifier was used to detect the difference 8 

between the signal at the photodiodes with pump on and with pump off, effectively measuring the 9 

rotation of the polarization of the probe induced by the circularly polarized pump. The alignment of the 10 

setup was tested by comparing the signal of the same sample with right-handed versus left-handed 11 

polarization of the pump: a well-aligned setup results in the same signal in both cases, except for a 12 

multiplicative factor of minus one (see Supporting Figure S11). 13 

 14 

Polycrystalline films of 2D halide perovskites are fabricated following the general formula of 15 

𝐴2𝐵𝑛−1𝑃𝑏𝑛𝐼3𝑛+1, where 𝐴 = butylammonium, 𝐵 = formamidinium/methylammonium/caesium, and 16 

𝑛 = 2 or ∞ (bulk MAPbBr3) perovskites (Studies on the variants not reported in the main text yield 17 

identical results and can be found in the Supplementary Information Section III). Lead iodide, 18 

butylammonium iodide, and Formamidinium/ methylammonium /caesium iodide are dissolved in 19 

Dimethylformamide at 0.1 M concentration and ratio of 2:2:1. Glass coverslips were sonicated in first 20 

acetone, then isopropanol for 5 minutes, before 10 minutes of oxygen plasma etching. The precursor 21 

solution was then spin coated at 2000 r.p.m. for 60 s, followed by annealing at 100 °C for 60 s inside 22 

the nitrogen filled glovebox. All chemicals are procured from Sigma-Aldrich. 23 

 24 
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