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Abstract

We investigate the two-pulse photon echo response of excitons in the mixed lead halide

perovskite crystal FA0.9Cs0.1PbI2.8Br0.2in dependence on the excitation intensity and polariza-

tion of the incident laser pulses. Using spectrally narrow picosecond laser pulses, we address

localized excitons with long coherence times T2 ≈ 100ps. This approach offers high sensitivity

for the observation of excitation-induced changes in the homogeneous linewidth Γ2 = 2h̄/T2

on the µeV scale. Through intensity-dependent measurements, we evaluate the increase of Γ2

by 10 µeV at an exciton density of 1017 cm−3 being comparable with the intrinsic linewidth of

14 µeV. We observe that the decay of the photon echo and its power dependence are sensitive

to the polarization configuration of the excitation pulses, which indicates that spin-dependent
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exciton-exciton interactions contribute to excitation-induced dephasing. In cross-linear po-

larization, the decay is faster and its dependence on exciton density is stronger as compared

to the co-polarized configuration. Using a two-exciton model accounting for different spin

configurations we are able to reproduce the experimental results.

Introduction

Hybrid organic-inorganic perovskites such as FA1 – xCsxPbI3 – yBry attract profound attention due

to their potential for stable and efficient photovoltaic or light-emitting devices with adjustable

properties.1–4 Moreover, perovskite semiconductors offer promising properties for spintronic ap-

plications,5,6 where optical methods can be used to establish long-lived spin polarizations.7 Under-

standing the dynamics of optically excited carriers and the role of their spin-dependent interactions

is therefore of high relevance for the optimization of spin transport and light emission properties.

The Coulomb interaction between photo-excited electron-hole pairs leads to the formation of

excitons that dominate the optical response near the band edge at low temperatures. The transient

properties of the exciton resonance upon photo-excitation represent a sensitive probe for Coulomb

interactions in semiconductors. In this context, extensive studies were performed in conventional

semiconductors such as GaAs and quantum well heterostructures using transient pump-probe8,9

and four-wave mixing (FWM) spectroscopy,10 where the important role of exciton-exciton inter-

actions is demonstrated.11,12 The broadening of the homogeneous linewidth Γ2 with the increase

of exciton density nX was attributed to excitation-induced dephasing (EID). Broadenings by about

100 µeV were observed at nX ≈ 1015 cm−3 in bulk GaAs13 and 1016 cm−3 in ZnSe.14 Numerous

FWM studies conducted on GaAs-based structures have shown that polarization-sensitive measure-

ments provide rich information on exciton interactions involving the optical excitation of bound

biexcitons15–17 as well as higher energy unbound biexciton states.18–22 For disordered systems

where excitons are localized at potential fluctuations it was shown that the coherence time T2 ∝ Γ
−1
2

increases23 while the inhomogeneous broadening of the binding energy and the continuum edge

of biexciton states manifests itself as EID.24,25
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Recent studies in two-dimensional WSe2 and MoSe2 reported an increase of Γ2 by about 1 meV

for exciton densities of 1012cm−2, which is larger as compared to conventional semiconductor

quantum well structures when normalized to the exciton Bohr radius.26,27 Theoretical approaches

using local fields to account for exciton-exciton interactions in a MoSe2 monolayer were used to

explain the observation of a destructive photon echo in the six-wave mixing signal.28

In bulk perovskite semiconductors, the exciton binding energy and Bohr radius are compa-

rable to those in conventional GaAs and ZnSe semiconductors. Therefore, similar strengths of

exciton-exciton interactions are expected.29 However, the magnitude of interactions and in particu-

lar their spin dependences are controversial. Polarization-resolved pump-probe studies on CsPbBr3

claimed a pronounced excitation-induced circular dichroism due to spin-dependent Coulomb inter-

actions with a magnitude of about 12 meV at moderate exciton densities of roughly 2×1017 cm−3,30

which is significantly larger than the excitation-induced shifts reported in Refs. 31,32. It has been

demonstrated that at low temperatures the inhomogeneous broadening of optical transitions domi-

nates over Γ2 in organic-inorganic perovskites.33–35 In this case, the nonlinear optical response is

given by photon echoes which can be used to extract rich information on the homogenous linewidth

of the exciton and the role of EID.

In this work, we study the polarization and intensity dependence of the nonlinear optical re-

sponse of excitons in a FA0.9Cs0.1PbI2.8Br0.2single crystal at T = 2K using time-resolved photon

echo spectroscopy. The use of spectrally narrow picosecond pulses for excitation of localized

excitons with a homogeneous linewidth of 14 µeV ensures an exceptional sensitivity for interac-

tion effects on the µeV energy scale. We observe that the decay of the photon echo is shorter

for linearly cross-polarized excitation pulses as compared to co-polarized pulses. Moreover, the

broadening of the homogeneous linewidth is more pronounced in cross-polarized configuration

when increasing the excitation intensity accompanied by an increase in exciton density. To gain

insight into this effect, we continuously vary the linear polarization angle between the excitation

pulses, which allows us to exclude contributions of bound biexciton states with zero total spin to

the polarization-sensitive exciton linewidth. The results are interpreted in terms of spin-sensitive
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EID where excited two-exciton states with parallel spins influence the measured exciton linewidth.

The maximum observed excitation-induced broadening amounts to 10 µeV at an exciton density

of 1.4×1017 cm−3. At this energy scale, spin-dependent interactions are found to play a decisive

role.

Sample and Methods

The studied sample is a solution-grown single crystal of the composition FA0.9Cs0.1PbI2.8Br0.2.

The same sample was previously studied using transient four-wave mixing (FWM) spectroscopy

in Ref. 33, where further details on the growth technique can be found.

FA0.9Cs0.1PbI2.8Br0.2 exhibits a direct band gap of ≈ 1.52eV at T = 2K with a pronounced exciton

feature shifted towards lower energies by the binding energy of 14 meV.36 In Ref. 33, the exciton

coherence time T2 was found to be exceptionally long in the order of 100 ps, which was associated

with the localization of excitons on spatial modulations of the bandgap on the nanometer scale.

We use a polarization- and time-resolved FWM technique that is schematically illustrated in

Fig. 1(a). A modelocked Ti:Sa laser is used as a source of pulse trains with a repetition rate

of 75.75 MHz and pulse duration of 3.3 ps (associated with the intensity profile; spectral width

≈ 0.4meV). The pulses are split into two excitation paths with an adjustable delay of τ12 and re-

spective wavevectors k1 and k2. The sample is placed in a helium bath cryostat where it is cooled

down to the temperature of 2 K. The pulses are focussed to a spot size of roughly 150 µm on the

sample surface. We study the photon echo response resulting from the third-order polarization

P(3) ∝ E∗
1 E2

2 emitted in the phase-matched direction 2k2 −k1, where Ei are the electric field am-

plitudes of the optical pulses and ki their respective wavevectors. The central photon energy of the

picosecond laser pulses is tuned to the exciton resonance at ≈ 1.51eV, which dominates the FWM

spectrum of the system as shown in Figure 1(b). We stress that the FWM spectrum is strongly

inhomogeneously broadened where the inhomogenous broadening (≈ 16meV) exceeds the homo-

geneous exciton linewidth 14 µeV by three orders of magnitude. We thus deal with a system of
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localized, and thus energetically discrete, exciton states in a disordered environment.

The magnitude of the FWM electric field is detected using the time-resolved heterodyne tech-

nique, where the signal pulse is brought to interference with a strong reference pulse with ad-

justable delay τref relative to the first excitation pulse. Figure 1(c) presents an exemplary time-

resolved photon echo response of the system where the delay of first and second pulse is set to

25 ps inducing a photon echo pulse centered at 50 ps. A measurement of the decay of the photon

echo amplitude exp(−2τ12/T2) as a function of τ12 allows us to measure the decoherence time

T2 corresponding to the homogeneous linewidth Γ2 = 2h̄/T2. The relative polarization of optical

pulses and the detected polarization as well as the excitation fluence are controlled by combinations

of wave plates and Glan-Taylor polarizers.

Figure 1: (a) Schematic picture of the experimental setup for time- and polarization-resolved four-
wave mixing spectroscopy as described in the main text. (b) Four-wave mixing spectrum of the
studied FA0.9Cs0.1PbI2.8Br0.2crystal exhibiting a broad peak at the exciton resonance. The spec-
trum is measured for temporally overlapping first and second pulses, i.e. τ12 = 0. All subsequent
measurements are performed for a central photon energy of 1.52 eV. (c) Exemplary time-resolved
photon echo pulse. Vertical dashed lines show the temporal positions of the first and second pulses.
(d) Decay of the photon echo amplitude as a function of τref = 2τ12 for a total laser fluence of
0.3 µJ/cm2 measured in the polarization configurations HHH and HVH. Red lines are fits to sin-
gle exponentials. (e) Homogenous linewidth Γ2 measured in HHH and HVH as a function of the
total laser fluence. Red dashed lines are fits to linear functions.
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Excitation-induced dephasing

We aim to quantify the contribution of EID to the homogenous linewidth of excitons in FA0.9Cs0.1PbI2.8Br0.2.

For this purpose, we measure the exciton coherence time T2 as a function of the applied laser flu-

ence. The fluence of the first pulse is constant at 0.1 µJ/cm2, while the fluence of the second

pulse is varied. First, all pulses are horizontally polarized and the signal is detected in the same

polarization (configuration denoted as HHH in the following). Figure 1(d) shows the decay of the

photon echo amplitude as a function of τref = 2τ12 for a total laser fluence of 0.3 µJ/cm2. A fit to

an exponential function yields the decoherence time of T2 = (91±1)ps corresponding to a narrow

homogeneous linewidth of Γ2 = 2h̄/T2 = 14 µeV, thus reproducing the results presented in Ref.

33. The homogeneous linewidth increases linearly with the applied laser fluence with a slope of

3 µeV/µJcm−2 as shown in Figure 1(e). On top of Figure 1(e), we recalculated the total laser

fluence to the exciton density nX , for which we assumed an absorption coefficient of 104 cm−1.37

The maximum broadening at the highest estimated exciton density of 1.4×1017 cm−3 amounts to

approximately 10 µeV.

Surprisingly, a pronounced horizontally polarized photon echo signal is observed when the first

and second pulses are linearly cross-polarized (configuration denoted as HVH), which is not ex-

pected from non-interacting excitons.15,38 The decay of this signal is with T2 = (75±1)ps notably

shorter than observed in HHH, Figure 1(b). This difference in decoherence times increases when

increasing the total laser fluence as we present in Figure 1(e). Here, the increase of the linewidth

in HVH exhibits a larger slope of 5 µeV/µJcm−2. In this way, the ratio between the decoherence

rates in HVH and HHH increases from ≈ 1.2 for zero fluence (linearly extrapolated) to ≈ 1.4 in

the observed range of laser fluences. Thus, both the intrinsic linewidth as well as the strength of

the observed EID effect are sensitive to the relative polarization of the excitation pulses. This ob-

servation hints at the importance of the spin degree of freedom in the interaction of photo-excited

excitons. In general, the increase of the linewidth may be related to the heating of the crystal lattice

by laser excitation. However, a temperature-induced broadening should be independent of the po-

larization configuration. To gain additional insight into the polarization dependence of the exciton
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resonance, we make use of the photon echo polarimetry technique in the following.

Photon echo polarimetry

Figure 2: (a) Energy band diagram ε(k) in the vicinity of the R-point of the Brillouin zone of
the studied FA0.9Cs0.1PbI2.8Br0.2 perovskite crystal. (b) V-scheme describing the polarization se-
lection rules for optical excitation of the two bright exciton states with spin ±1 with circularly
polarized light σ±. (c) Theoretical polar dependences of the photon echo amplitude in the con-
figurations HRH and HRV (as defined in the text) assuming non-interacting excitons with a level
scheme as shown in (b). (d) Experimentally observed polar dependences for a delay of τ12 = 20ps.
The green line shows a fit of the HRH dependence to a function of the form cos2 ϕ + c. (e) Polar
dependences of the total signal amplitude |Etot| and the linear polarization angle ϕS of the photon
echo signal (blue). Solid lines correspond to the theoretical dependences within the model of non-
interacting excitons.

We apply the photon echo polarimetry technique as introduced in Ref. 38. Here, we detect

the horizontally (H) and vertically (V) polarized components of the photon echo amplitude as a

function of the relative polarization angle ϕ between the horizontally polarized first pulse and

second pulse. The choice of horizontal polarization for the first pulse is arbitrarily chosen since

only the relative polarization angles are relevant. We denote the two measurement routines as HRH

and HRV in the following. Lead halide perovskites exhibit a band structure close to the R-point of

the Brillouin zone that is shown in Fig. 2(a). The lowest energy transition takes place between the

s-type valence band formed from hybridized Pb 6s and halide 5p orbitals and the split-off band of

the p-type conduction band resulting from unoccupied Pb 6p orbitals.39,40 Both bands are two-fold

degenerate with the spin configurations ±1/2 for electrons and holes. This results in two bright

exciton states |X±⟩ with spin ±1. As illustrated by the V-scheme in Figure 2(b), the two exciton
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states can be separately excited from a common ground state |G⟩ using circularly polarized light.

The theoretical dependences of the signal field amplitude in the configurations HRH and HRV are

obtained by solving the optical Bloch equations for the V-scheme as described in Ref.38 and SI

section S1:

|EHRH| ∝ cos2(ϕ) (1a)

|EHRV| ∝
1
2
|sin(2ϕ)| . (1b)

These dependences are visualized as polar plots in Fig. 2(c) in red and blue, respectively. Exper-

imentally, such behavior of non-interacting excitons was observed for example in CdTe quantum

wells38 or in the perovskite single crystal MAPbI3.34 Two aspects should be highlighted. First, the

linear polarization angle ϕS of the photon echo signal is directly set by the polarization angle of

the second pulse

ϕS = arctan
(

EHRV

EHRH

)
= ϕ. (2)

Second, the total signal amplitude

|Etot|=
(
|EHRH|2 + |EHRV|2

)1/2
∝ |cosϕ| (3)

vanishes in the configuration ϕ = π/2, i.e. when the excitation pulses are cross-polarized. This

property results from the fact that the two exciton transitions are not two independent two-level

systems but share a common ground state |G⟩. The population densities ni of the three states

are assumed to fulfill the equation 1 = n++ n−+ nG. Thus, a population of one exciton species

also results in a nonlinear response from the second species as a consequence of the depletion of

the ground state. Moreover, also the spin polarization, i.e. the superposition of the two excited

states gives rise to a FWM response. For linearly cross-polarized excitation pulses, the multiple

contributions to the FWM process cancel each other such that the total signal amplitude is zero.

The observation of a signal in the configuration HVH presented above is thus a clear deviation
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from the assumption of non-interacting excitons.

To further analyze deviations of the measured polar dependences from Equations (1) to (3),

we introduce a delay of τ12 = 20ps between the first and second pulse and measure the photon

echo amplitude at τref = 2τ12 = 40ps in the configurations HRH and HRV. The two resulting polar

dependences are plotted in Fig. 2(d). In HRH configuration, we observe a clear deviation from

the cos2(ϕ) dependence since a pronounced signal is observed in the cross-polarized configuration

ϕ = π/2, which amounts to roughly 35 % of the signal amplitude in co-polarized configuration

ϕ = 0. As highlighted by the green line, the dependence is excellently described by a function of

the form ∝ cos2 ϕ + c, where c is a horizontally polarized signal component which is independent

of the relative polarization between the first and second pulse. The angular dependence HRV

does not qualitatively deviate from the |sin2ϕ| dependence predicted by Eq. (1b). However, the

ratio between the maximum signal strength in HRH and HRV is larger than 2, compare Eqs. (1a)

and (1b). The measured total signal amplitude as well as the linear polarization angle ϕS as a

function of ϕ are compared to Eqs. (2) and (3) in Fig. 2(e). Here, the most striking differences

between the experimental observation and the picture of non-interacting excitons are given by the

finite signal amplitude |Etot| for ϕ = π/2 as well as the strongly modified polarization angle of the

signal ϕS = ϕS(ϕ).

The appearance of a FWM signal for linearly cross-polarized excitation pulses is often associ-

ated with the formation of multi-excitonic complexes.15–17,35,38,41,42 In particular, the binding of

excitons to localized carriers leads to the formation of trions or two excitons may form a biex-

citon state. However, the polarimetric behavior in both cases is qualitatively incompatible with

our findings as we discuss in more detail in SI section S2. Moreover, we note that the biexci-

ton binding energy in a similar perovskite crystal MAPbI3 is 2.4 meV,35 which we regard as a

lower bound for the biexciton binding energy in FA0.9Cs0.1PbI2.8Br0.2since localization typically

leads to an increased biexciton binding energy.43 Because our laser pulses are spectrally narrow,

0.4 meV, the formation of biexcitons is excluded. Instead, we associate all presented observa-

tions with an influence of spin-dependent EID on the nonlinear optical response of the studied
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FA0.9Cs0.1PbI2.8Br0.2crystal, which we theoretically analyze in the following section.

Theoretical analysis of spin-dependent exciton interactions

In this section, we present a theoretical model that accounts for spin-dependent exciton-exciton

interactions, enabling us to reproduce our main experimental observations: the difference in deco-

herence rates in the configurations HHH and HVH (Figure 1(d)), as well as the qualitative shape

of the polar rosettes measured in the configurations HRH and HRV (Figure 2(d)). In the model,

we focus on the effect of EID, assuming that the impact of excitation-induced shifts (EIS) of the

exciton resonance is of minor importance. This simplification is justified by considering that EIS

would lead to quantum beats, which are not observed. Moreover, the presence of macroscopic

EIS is improbable in strongly inhomogeneously broadened systems as the one under study, where

energy fluctuations effectively transform EIS to EID. Here, the energy spectrum of interacting ex-

citons becomes continuous due to the averaging of excitation-induced shifts in disordered systems

or due to a large number of interacting excitons.11,12,25 Within the model presented below, we in-

troduce effective two-exciton states that correspond to excitons probed in a local environment that

depends on the excitation level. In this approach, we also cover potential exciton-carrier interac-

tions, where EID arises due to the scattering of excitons by photo-excited carriers. The exchange

interaction responsible for the spin-dependent part of EID is similar for both exciton-exciton and

exciton-carrier interaction.11,12

Before we present the primary model, we briefly comment on a well-established phenomeno-

logical approach to consider excitation-induced nonlinearities where the optical Bloch equations

are expanded by a population-dependent decoherence rate Γ2 → Γ2+αnX .10 Here, the interaction

constant α measures the increase of the linewidth with increasing exciton density nX . To allow

for spin-dependent exciton interactions, one may further distinguish between the populations of

spin-up and spin-down excitons Γ
±
2 = Γ2 +α↑↑n±+α↑↓n∓, where n± denote the spin up/down

exciton populations and α↑↑/α↑↓ are interaction constants for excitons with the same or opposite
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spin. As shown in detail in SI section S3, this approach indeed can reproduce the qualitative shape

of the polar rosettes measured in the configurations HRH and HRV for the case α↑↓ >α↑↑, i.e. for a

stronger broadening in the presence of excitons with opposite spin. However, the simple approach

using population-dependent decay rates is not capable of reproducing the observed polarization-

dependent decoherence rates (SI section S3). We thus present an alternative model adopted from

References19–22 that takes into account EID based on correlated two-exciton states. The model

makes statements about a polarization-dependent homogeneous linewidth and can quantitatively

reproduce the experimentally observed polar rosettes.

Figure 3: (a) Visualization of the two-exciton model as introduced in the text. (b) Dynamics
of the ratio HVH/HHH as measured for a fluence of 0.2 µJcm−2 and fit to the model Eq. (7)
with the estimated parameters γ↑↑ = (5.6±0.5)µeV and ν = 0.30±0.01. (c) Comparison of the
experimental (red and blue lines) and modeled (black lines) polar rosettes, Eq. (6) and Eq. S19, in
the configurations HRH and HRV, respectively.

We consider a two-exciton model visualized in Figure 3(a) consisting of the ground state |G⟩,

singly excited exciton states |X↑⟩ / |X↓⟩ at energy ε , as well as the three different spin configu-

rations for unbound but correlated two-exciton states |X↑X↑⟩, |X↑X↓⟩, and |X↓X↓⟩ at energy 2ε .

Note that higher correlated states with more than two excitons are not excited when we neglect

nonlinear polarizations higher than FWM. In such consideration, many-body effects can be intro-

duced phenomenologically as excitation-induced shifts or modified decoherence rates of the two-

exciton to one-exciton states.19 As mentioned above, we solely consider modified decoherence

rates Γ2 → Γ2 + γ , where we further distinguish between parallel and antiparallel spins (γ↑↑ / γ↑↓),

as indicated in Figure 3(a). The phenomenological decoherence rates Γ2,γ↑↑, and γ↑↓ are assumed

11



to depend on the applied laser power. The power dependence of the spin-independent part of EID

(γ↑↑ = γ↑↓) may be associated with heating of the lattice, while the spin-dependent part (γ↑↑ ̸= γ↑↓)

is associated with exchange interaction. Calculating the FWM signal of the six-level system in

Figure 3(a) leads to the interference of quantum paths involving the two-exciton to one-exciton

and one-exciton to ground state transitions. In this way, the polarization dependence, as well as

the decay dynamics of the system, is modified with respect to the one-exciton model (Figure 2(b)).

Following References,19,20 we construct the dipole moments of the transitions |X↑↓⟩ → |X↑↓X↑↓⟩

as
√

2(1−ν)µ and of the transitions |X↑↓⟩ → |X↑X↓⟩ as µ , where µ is the dipole moment of the

ground state to one-exciton transitions. The parameter ν , with 0 ≤ ν ≤ 1, accounts for the relative

importance of phase-space filling to the FWM response. In the case ν = 0, phase-space filling is

absent such that there is no FWM response if γ↑↑ and γ↑↓ are negligible. In the case ν = 1, the two-

exciton states |X↑↓X↑↓⟩ do not contribute. We discuss the impact of EID on the polarimetric and

temporal characteristics of this model in the following. Solving the optical Bloch equations for the

six-level system in third-order perturbation with respect to the excitation light fields (Supplement

S4), we arrive at the following temporal dependence of the PE signal measured in the configuration

HRH

EHRH ∝ e−2Γ2τ12
{

cos2(ϕ)
[
1− (1−ν)2e−γ↑↑τ12

]
+

1
2
[
(1−ν)2e−γ↑↑τ12 − e−γ↑↓τ12

]}
,

(4)

consisting of a term proportional to cos2 ϕ and a polarization-independent part unless ν = 0 and

γ↑↑ = γ↑↓. Two special cases are the configurations HHH and HVH

EHHH ∝ e−2Γ2τ12

{
1− 1

2
[
(1−ν)2e−γ↑↑τ12 + e−γ↑↓τ12

]}
(5a)

EHVH ∝ e−2Γ2τ12
1
2
{
(1−ν)2e−γ↑↑τ12 − e−γ↑↓τ12

}
. (5b)

Here, the signal in HHH configuration has a component arising from the one-exciton to ground

state transitions, which decays at the unperturbed decoherence rate Γ2. Instead, the signal in HVH

12



solely stems from the two-exciton to one-exciton transitions and decays faster as given by the rates

γ↑↑ and γ↑↓. Note however, due to the different signs of the contributions resulting from the anti-

parallel and parallel spin configurations, a finite rise time or, depending on the relative size of γ↑↑

and γ↑↓, a sign inversion of the HVH signal at a non-zero delay τ12 is predicted by the model. As

follows from the qualitative shape of the polar rosette presented in Figure 2(d), the signals in HHH

and HVH share the same sign since no zero crossing for an intermediate polarization angle 0≤ϕ ≤

π/2 is observed. This behavior is compatible with the model if the term ∝ e−γ↑↑τ12 dominates over

the term ∝ e−γ↑↓τ12 in Equation (5b). This condition is realized in two scenarios: First, correlated

states with two excitons of opposite spins |X↑X↓⟩ are absent in the narrow bandwidth of 0.4 meV

of our excitation pulses. Second, the state |X↑X↓⟩ decays significantly faster as the ones with equal

spins |X↑X↑⟩ / |X↓X↓⟩, i.e. γ↑↓ ≫ γ↑↑, which is in agreement with the picture of spin-dependent

EID. In both scenarios, Equation (4) can be simplified to

EHRH ∝ e−2Γ2τ12
{

cos2(ϕ)
[
1− (1−ν)2e−γ↑↑τ12

]
+
(1−ν)2

2
e−γ↑↑τ12

}
.

(6)

Here, the signal in HVH (ϕ = π/2) decays with a rate of Γ2+γ↑↑/2 whereas the main contribution

of the signal in HHH (ϕ = 0) decays at the unperturbed rate Γ2. A finite rise time of the signal

is not expected in both polarization configurations. In this way, the ratio HVH/HHH experiences

decaying dynamics given by

HVH / HHH =

[
2eγ↑↑τ12

(1−ν)2 −1
]−1

. (7)

Here, it is seen that the ratio between the signal in HVH and HHH for τ12 = 0 is determined

by the parameter ν whereas its decay is defined by γ↑↑. Thus, even in the case of weak EID

(γ↑↑ ≪ Γ2), comparable magnitudes of the signals in HHH and HVH can be expected. The model

Eq. (7) is fitted to the corresponding experimental data for a fluence of 0.3 µJcm−2 which yields

γ↑↑ = (5.6± 0.5)µeV and ν = 0.30± 0.01. As shown in Figure 3(b), the resulting curve can
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excellently describe the experimental data for the ratio HVH/HHH. Furthermore, the polar rosettes

in configurations HRH and HRV for τref = 20ps are well described by Equations (6) and (S19b)

with the obtained values for γ↑↑ and ν , Figure 3(c). The model thus is successful in describing

both the polarization-dependent decoherence rates at a given laser fluence as well as the observed

qualitative shape of the polar rosettes. The derived value of the parameter ν , approximately 0.3,

establishes a reasonable scenario wherein excitons are localized, thereby exhibiting a substantial

phase-space filling effect (ν ̸= 0), yet they are not entirely isolated (ν ̸= 1). This is in contrast

to well-isolated excitons in (In,Ga)As quantum dots. The estimated magnitude of the constant

γ↑↑ ranges from (5.6± 0.5)µeV at an exciton density of 0.1× 1017 cm−3 up to (15± 1)µeV at

the highest measured density of 1.4× 1017 cm−3. Thus, the relative impact of exciton-exciton

interactions on the homogeneous linewidth of localized excitons is significant. As a consequence,

the optical nonlinearity associated with the spin-dependent interaction in the system under study is

of comparable magnitude as the phase-space filling mechanism, which manifests itself in a signal

of comparable magnitude in the polarization configurations HHH and HVH.

The agreement between the two-exciton model and the experimental observations is found

under the assumption that interactions among excitons with opposite spins contribute less to the

measured exciton linewidth on the µeV energy scale. A microscopic explanation for this behavior

might be the relaxation to the biexciton state. The biexciton state is energetically located below

the considered unbound two-exciton state. Relaxation of two excitons into this state, for example

through phonon emission, may represent the additional scattering channel that could explain the

spin-dependent exciton interactions presented in this section. The influence of unbound zero spin

states on the measured long-lived photon echo response is therefore negligible.

Conclusions

In conclusion, we demonstrated the important role of the spin degree of freedom for the exciton-

exciton interactions in the mixed perovskite crystal FA0.9Cs0.1PbI2.8Br0.2. As shown in the photon
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echo experiments, the homogeneous linewidth and the strength of excitation-induced dephasing

have a pronounced dependence on the relative polarization of the excitation pulses. The results are

explained by an effective two-exciton model where spin-dependent exciton-exciton correlations

are taken into account. The model suggests a picture in which linewidth broadening on the µeV

energy scale is mediated through the interaction among excitons with the same spin. We evaluated

the magnitude of EID in the range of 10 µeV for exciton densities up to 1.4× 1017 cm−3. Mea-

surements of such small line broadenings are achieved at the temperature of 2 K where the exciton

linewidth is very narrow due to localization at band gap fluctuations and weak phonon scattering.

In this regime, the contribution of the spin-dependent broadening is comparable to the one induced

by the phase-space filling. This opens up the possibility of using polarization-sensitive excitation

for spin-selective control of interacting excitons and exciton complexes, e.g. exciton molecules, in

bulk perovskite semiconductors.
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Supplementary Information

In the following, we derive expressions for the polarization-sensitive four-wave mixing optical re-

sponse at the exciton resonance by employing optical Bloch equations for three distinct scenarios.

In the initial phase (Section S1), we consider the spin degrees of freedom, represented by two

optically active and degenerate exciton states. These states are optically addressed by opposite

circular polarizations of light, corresponding to exciton spin "up" and "down". Further discussion

on other exciton complexes, such as charged excitons (trions), donor-bound excitons, and bound

biexcitons, is provided in Section S2. In the second stage, we introduce spin-dependent nonlin-

ear contributions in the form of local fields. These contributions induce additional dephasing and

energy shifts proportional to the exciton populations in specific spin configurations (Section S3).

However, this approach fails to explain the polarization-sensitive decoherence times. In the last

stage (Section S4), we employ a two-exciton model where exciton-exciton interactions are ac-

counted for by considering two-exciton states with higher decoherence rates compared to single

exciton states. Notably, the decoherence rates of two-exciton states vary significantly between par-

allel and antiparallel spin configurations. This allows us to explain the different coherence times

in co- and cross-polarized configurations.

S1 Non-interacting exciton model

The four-wave mixing response of non-interacting excitons can be calculated using the coupled

equations of motion for the 5 independent elements of the 3×3 density matrix ρ of the V-scheme,

that are the microscopic polarizations p± = ⟨G|ρ|X±⟩, the occupations n± = ⟨X±|ρ|X±⟩ of the

excited states, as well as the spin polarization s+ = ⟨X+|ρ|X−⟩= (s−)∗

d
dt

p± = i∆p±− p±

T2
− iΩ±(1−n∓−2n±)+ iΩ∓s∓ (S1a)

d
dt

n± = i
(

p±Ω
±∗− p±∗

Ω
±)−Γ1n± (S1b)

d
dt

s+ = i(p−Ω
+∗− p+∗

Ω
−). (S1c)
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Here, Γ2 is the decoherence rate, Γ1 is the population decay rate, ∆ denotes the detuning between

central laser frequency and exciton transition energy, and Ω± = µE±(t)/h̄ are Rabi frequencies

with respect to σ± polarized components of the slow varying electric field amplitude E±(t). µ

denotes the transition dipole moment which we assume to be equal for both excitonic transitions.

To calculate the four-wave mixing response resulting from the third order polarization p(3) ∝

E∗
1 E2

2 , we expand the density matrix elements in perturbative order with respect to the electric

field. Further, we assume that the system is initially fully in the ground state, which is justified at

low temperatures of 2 K. In this case, we have to solve the following set of equations to obtain

solutions for the third-order polarizations

d
dt

p±(1) = i∆p±(1)− p±(1)

T2
− iΩ± (S2a)

d
dt

n±(2) = i
(

p±(1)
Ω

±∗− p±∗(1)
Ω

±
)
−Γ1n±(2) (S2b)

d
dt

s+(2) = i(p−(1)
Ω

+∗− p+(1)∗
Ω

−) (S2c)

d
dt

p±(3) = i∆p±(3)−Γ2 p±(3)+ iΩ±n∓(2)+2iΩ±n±(2)+ iΩ∓s∓(2). (S2d)

We consider the first and second pulses as delta pulses centered at t = 0 and t = τ12

Ω
±(t) = Ω

±
1 δ (0)+Ω

±
2 δ (t − τ12). (S3)

This leads us to the following solutions that fulfill the phase matching condition 2k2 − k1

p±(3)(t) = iΘ(τ12)Θ(t − τ12)ei∆(t−2τ12)−Γ2t [(Ω±
2 )

2
Ω

±∗
1 +Ω

±
2 Ω

∓
2 Ω

∓∗
1
]
, (S4)

where Θ is the Heavi-side function. The macroscopic response of an inhomogeneous ensemble

P±(3) ∝
∫

g(∆)p±(3)(t,∆), where g(∆) is usually a Gaussian distribution of detunings, leading to

the photon echo centered at 2τ12. P±(3) represent sources of circularly polarized signal field com-

ponents E±
S . The polarization characteristics of the photon echo amplitude in the configurations

18



HRH and HRV are calculated by constructing linear polarized fields in circular polarization base

as E±
i = Ei exp±iϕi, with linear polarization angle ϕi and total signal field strength Ei. The first

pulse is linear polarized, i.e. ϕ1 = 0. The polarization angle ϕ2 = ϕ of the second pulse is a free

parameter. We arrive at

|EHRH| ∝ |E+
S +E−

S | ∝
|µ|4
h̄3 E∗

1 E2
2 cos2(ϕ) (S5a)

|EHRV| ∝ |E+
S −E−

S | ∝
1
2
|µ|4
h̄3 E∗

1 E2
2 |sin(2ϕ)|, (S5b)

i.e., the dependences given in Eq. (1) of the main text.

S2 Discussion of multi-excitonic transitions

The formation of multi-excitonic complexes potentially has strong implications for the polariza-

tion selection rules in FWM spectroscopy.15–17,35,38,41,42 For example, the binding of excitons to

donors or localized carriers can lead to the formation of trions. The trion selection rules result

from a 4-level scheme shown in Fig. S1(a). Here, both ground and excited states are two-fold

degenerate with electron spin up/down in the ground state and trion spin up/down in the excited

state. In contrast to the exciton, the two circularly polarized transitions are independent of each

other. Therefore, the total signal amplitude is fully independent of the polarization angle ϕ and

the polarization angle of the signal is given by ϕS = 2ϕ . The signal dependences in HRH and

HRV are thus simply given by projection on the horizontal and vertical axis EHRH ∝ cos(2ϕ) and

EHRV ∝ sin(2ϕ), as visualized in Fig. S1(b). The formation of trions is therefore not compatible

with our observations. The same holds for the bound state of two excitons with opposite spin, the

biexciton |XX⟩, with a diamond scheme as depicted in Figure S1(c). The behavior of the exciton-

biexciton system within the photon echo polarimetry technique was experimentally studied in a

MAPbI3 single crystal in Ref.,35 where excitons are only weakly localized. For the biexciton, the

qualitative shape of the HRH dependences has a dependence on τ12 as a consequence of the quan-

tum beats at the frequency given by the biexciton binding energy εXX. The two extreme cases for
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τ12 = nh̄/εXX and τ12 = (2n+ 1)h̄/2εXX, where n is an integer, are vizualized in Fig. S1(d). For

τ12 = (2n+1)h̄/2εXX, indeed a polar dependence which qualitatively resembles our observation is

expected, compare dashed line in Fig. S1(d) with the experimental data in Fig.2(d) in the main text.

However, the expected quantum beating of the polar dependences is not observed in our experi-

ment, which rules out the formation of biexcitons on the time range of several tens of picoseconds.

We note that the biexciton binding energy in MAPbI3 is 2.4 meV,35 which we regard as a lower

bound for the biexciton binding energy in FA0.9Cs0.1PbI2.8Br0.2 since localization typically leads

to increased biexciton binding energy.43 As our laser pulses are spectrally narrow, 0.4 meV, the

formation of biexcitons is not probable. However, further investigations using spectrally broad

pulses are necessary to experimentally determine the biexciton binding energy.

(a) Trion

|e↓⟩ |e↑⟩

|h↑⟩ |h↓⟩

σ+ σ−

(c) Biexciton

|G⟩

|X↑⟩ |X↓⟩

|XX⟩

ε

ε

εXX

σ+ σ−

σ− σ+

φ

0.5
1(b) φ

0.5
1(d)

Figure S1: (a)/(c) Energy level arrangements for the trion and biexciton systems. (b)/(d) Polar
dependences in the configuration HRH (red) and HRV (blue) for the trion and biexciton systems.
For the biexciton, the polar dependence in HRH has a time-dependence as a consequence of the
quantum beats at the frequency given by the biexciton binding energy. Solid line: τ12 = nh̄/εXX;
dashed line: τ12 = (2n+1)h̄/2εXX, where n is an integer.

S3 Spin-dependent excitation-induced nonlinearities

We modify the optical Bloch equations for the exciton V-scheme (S2) to account for spin-dependent

EID and EIS. Therefore, we introduce excitation-induced decay rates and resonance frequencies

as

Γ
±
2 = Γ2 +α↑↑n±+α↑↓n∓ (S6a)

ω
± = ω0 +β↑↑n±+β↑↓n∓ (S6b)
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where Γ2 denotes the intrinsic decoherence rate and α↑↑/α↑↓ (real and positive) are interaction con-

stants for excitons with the same and opposite spin. Analogously, β↑↑/β↑↓ account for excitation-

induced shifts for excitons with the same or opposite spin. Note that, instead of considering the

exciton linewidth to be proportional to the total exciton density within the inhomogeneously broad-

ened ensemble, we introduce EID separately for each resonance energy. This treatment is a pre-

requisite for the formation of a photon echo signal and is well-justified for localized systems.44

We introduce complex interaction constants V = α + iβ to compactly write the modified equation

of motion for the polarizations (Eq. (S2a))

d
dt

p± = i∆p±−Γ2 p±− iΩ±(1−n∓−2n±)+ iΩ∓s∓− (V↑↓n∓+V↑↑n±)p±. (S7)

Considering the third-order polarization, we modify Eq. (S2d) to

d
dt

p±(3) = i∆p±(3)−Γ2 p±(3)+ iΩ±n∓(2)+2iΩ±n±(2)+ iΩ∓s∓(2)− (V↑↓n∓(2)+V↑↑n±(2))p±(1).

(S8)

Here, it can be seen that through the excitation-dependent decoherence rate and/or frequency shift,

another source term for a third order polarization ∝ n(2)p(1) arises. Considering the phase-matching

condition of our experiment, such third-order polarization arises from the scattering of the linear

polarization created by the second pulse scattered on the population grating created by the first and

second pulses. The total solution for the two third-order exciton polarizations can be written as

p±(3)(t) = ei∆(t−2τ12)−Γ2t
[
(Ω±

2 )
2
Ω

±∗
1

(
1+

V↑↑
2Γ1

(
1− e−Γ1(t−τ12)

))
+Ω

±
2 Ω

∓
2 Ω

∓∗
1

(
1+

V↑↓
2Γ1

(
1− e−Γ1(t−τ12)

))]
,

(S9)
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which leads to the following dependences of the electric field strength in the configurations HRH

and HRV

|EEID
HRH| ∝

|µ|4
h̄3 E∗

1 E2
2 e−2Γ2τ12

{
cos2(ϕ)

(
1+

V↑↑
2Γ1

(
1− e−Γ1τ12

))
+

V↑↓−V↑↑
4Γ1

(
1− e−Γ1τ12

)}
(S10a)

|EEID
HRV| ∝

|µ|4
h̄3 E∗

1 E2
2 e−2Γ2τ12

|sin(2ϕ)|
2

{
1+

V↑↑
2Γ1

(
1− e−Γ1τ12

)}
. (S10b)

Here, we can distinguish between spin-independent and spin-dependent excitation-induced ef-

fects. For spin-independent EID and EIS, i.e. V↑↑ = V↑↓, the signal amplitudes are modified

while the qualitative shape of the polar dependences is unchanged with respect to the model of

non-interacting excitons. For spin-dependent EID and EIS, i.e. V↑↑ ̸= V↑↓, a horizontally polar-

ized signal, solely arising from spin-dependent interaction is expected for linearly cross-polarized

excitation ∝ V↑↓ −V↑↑ independent of ϕ which fits our observations presented above. We thus

can conclude that indeed spin-dependent exciton-exciton interactions can qualitatively explain the

modified polarimetric behavior of the exciton resonance. We discuss in the following if the sim-

plified expansion of the Bloch equations can also quantitatively reproduce the polarimetric and

temporal behavior that we observe.

The excitation-induced contributions predicted by Equations (S10) scale with the ratio between

the interaction constants V and the population decay rate Γ1. Signals of comparable magnitude

in the configuration HHH and HVH thus require a strong influence of EID/EIS. This prediction

is a contradiction to the observation presented in Fig. 1(e) of the main text where EID repre-

sents only a small correction to the intrinsic linewidth. Furthermore, all excitation-induced con-

tributions in Equations (S10) share a prefactor ∝ (1− exp(−Γ1τ12)) that rises on a timescale of

1/Γ1 = T1 ≈ 100 ps.33 In the experiment, no deviations from single exponential decays on that

timescale are observed, compare photon-echo decays in Fig. 1(d) of the main text. Note that

we neglected higher-order terms with respect to the external optical field which lead to a power-

dependent decay of the excitation-induced signal. Even when high-order terms are taken into
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account, the described model is not capable of explaining the polarization-sensitive decoherence

times that we observed in Fig.1(d) of the main text. We thus can conclude that the simplified con-

sideration of interaction effects between excitons through population-dependent linewidths and

shifts is capable of accounting for the additional channels of signal formation but results in wrong

statements of the observed temporal dynamics as well as the relative amplitudes of signals in dif-

ferent polarization configurations.

S4 Four-wave-mixing response of two-exciton model

In this section, we describe the calculation of the four-wave-mixing response of the two-exciton

model depicted in Fig. 3(a) of the main text. We follow a standard perturbative multi-wave mixing

expansion of the density matrix of the system as described for example in Refs. 45,46.

We represent the six states of the two-exciton model as |G⟩=̂ (1, 0, 0, 0, 0, 0)⊤, |X↑⟩=̂ (0, 1,

0, 0, 0, 0)⊤, |X↓⟩=̂ (0, 0, 1, 0, 0, 0)⊤, |X↑X↓⟩=̂(0, 0, 0, 1, 0, 0)⊤, |X↑X↑⟩=̂ (0, 0, 0, 0, 1, 0)⊤,

and |X↓X↓⟩=̂ (0, 0, 0, 0, 0, 1)⊤. The dynamics of the corresponding 6× 6 density matrix ρ is

determined by the Liouville-von Neumann Equation

d
dt

ρ =
i
h̄
[ρ,H+V(t)] . (S11)

Here, H is the Hamiltonian of the bare system (written in rotating frame)

H = diag(0, h̄∆, h̄∆,2h̄∆,2h̄∆,2h̄∆) (S12)

with the detuning ∆ = ωL −ω0 between the laser frequency ωL and the transition frequency ω0.
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The interaction with light is described by the matrix V(t)

V(t) =



0 µE∗
+(t) µE∗

−(t) 0 0 0

µE+(t) 0 0 µE∗
−(t)

√
2(1−ν)µE∗

+(t) 0

µE−(t) 0 0 µE∗
+(t) 0

√
2(1−ν)µE∗

−(t)

0 µE−(t) µE+(t) 0 0 0

0
√

2(1−ν)µE+(t) 0 0 0 0

0 0
√

2(1−ν)µE−(t) 0 0 0


(S13)

where

E±(t) = E±,1eik1·rδ (0)+E±,2eik2·rδ (τ12). (S14)

with the circular polarized electric field components E±,n of the n-th pulse with wave vector kn.

The temporal envelopes of the first and second pulses are assumed as delta functions δ (t) centered

at 0 and τ12 > 0, respectively. The dipole moments of the transitions in Eq. (S13) are motivated in

the main text.

We assume that the two optical pulses are weak such that we can expand the density matrix

according to Equation (S11) into perturbative orders ρ(m). The m-th order is given by

ρ
(m)
ij (t) =

∫ t

−∞

i
h̄

[
ρ
(m−1)(τ),V(τ)

]
ij

e−iΩij(t−τ)dτ, (S15)

where Ωij = (Hii −Hjj)/h̄− iΓij with

Γ =



0 Γ2 Γ2 0 0 0

Γ2 0 0 Γ2 + γ↑↓ Γ2 + γ↑↑ 0

Γ2 0 0 Γ2 + γ↑↓ 0 Γ2 + γ↑↑

0 Γ2 + γ↑↓ Γ2 + γ↑↓ 0 0 0

0 Γ2 + γ↑↑ 0 0 0 0

0 0 Γ2 + γ↑↑ 0 0 0


, (S16)

accounting for phenomenological decoherence rates as introduced in the main text. Note that
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population decay rates are neglected since they do not contribute to the two-pulse photon echo

signal. We assume that the system is initially fully in the ground state, i.e. ρ
(0)
11 (0) = 1, which is

justified considering the low temperature of 2 K of our experiments.

Here, we only consider the lowest perturbative order resulting in a photon echo response m = 3

(four-wave mixing). From the full solution of ρ(3) given by Eq. (S15), we select those terms that

fulfill the phase matching condition of our experiment 2k2 −k1. An arbitrary polarization com-

ponent of the four-wave mixing signal is constructed from the circular polarization components

E±

E+
∝ µ

(
ρ
(3)
12 +ρ

(3)
34

)
+
√

2(1−ν)µρ
(3)
25 (S17)

E−
∝ µ

(
ρ
(3)
13 +ρ

(3)
24

)
+
√

2(1−ν)µρ
(3)
36 . (S18)

In the main text, we discuss the polarization configurations HRH and HRV, where the first pulse

is linearly polarized, the second pulse’s polarization is rotated by an angle ϕ , and the signal is

detected in horizontal/vertical polarization. The circular polarization components of the second

pulse are thus constructed as E±,2 ∝ exp(±iϕ). We arrive at the following expressions for the

photon echo amplitude as a function of delay τ12 and polarization angle ϕ

EHRH ∝ e−2Γ2τ12

{
cos2(ϕ)

[
1− (1−ν)2e−γ↑↑τ12

]
+

1
2
[
(1−ν)2e−γ↑↑τ12 − e−γ↑↓τ12

]}
(S19a)

EHRV ∝ e−2Γ2τ12
sin(2ϕ)

2
{

1− (1−ν)2e−γ↑↑τ12
}
, (S19b)

where Eq. (S19a) is given as Eq. (4) in the main text.
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