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Popular Science Summary

Take a look at your left hand and then your right hand. Although they look iden-

tical, if you put one on top of the other you will see that they do not match up

perfectly,just like a right-hand glove cannot fit your left hand. They are mirror im-

ages of each other but not interchangeable. This property is called chirality.

Chirality can be found in nature, where for example, DNA is in its majority

right-handed. This seemingly innocent property cannot be overlooked, because hav-

ing “the left hand” molecule instead of the right one can have serious consequences,

like the case of the Thalidomide scandal where this medicine was given to pregnant

women to combat morning sickness. While “the left hand” acted as a good medicine,

“the right hand” caused deformities to the fetus and miscarriages, and more than

10,000 children were born with deformities.

This property has been studied in many fields, one of them being spintronics.

This word refers to the field that studies and applies the properties of the spin of an

electron to make devices for carrying and sending information (such as a hard disk

drive, quantum computers or even AI). Now you might be asking yourself: what is

the spin of an electron? Short answer: no one really knows. Longer answer: it is a

property that the electron “just has” and it can be either up or down.

So in order to make devices for spintronic applications you need a material that

has most of its electrons in either its up or down form, that is how the information

is sent and preserved.

In this work we want to study perovskites, a class of materials that have a

particular structure that is very good for interacting with light. We want to study

for how long the spin up or down information is kept when chirality is added to

these materials. Perovskites are not chiral, but scientists discovered that when a

chiral molecule is placed next to one, it behaves like a chiral material.

In this work we have studied chiral perovskites and how long they keep their spin up

or down information, using light, because light interacts differently with the right

or left hand of a material. We have shown that there is a dependency when using

”right” or ”left” light with these chiral perovskites and obtained the amount of time

the spin up or down information is kept, giving new insights for future spintronic

applications.
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Abstract

Chirality is the property of an object that cannot be superimposed onto its mirror

image. Chiral materials exhibit circular dichroism (CD) which can selectively pop-

ulate one spin state over the other upon optical excitation, creating a spin-polarized

carrier population. In chiral hybrid organic-inorganic perovskites, chirality is trans-

ferred from the organic spacer to the inorganic framework, making these materials

strong candidates for spintronic applications where spin polarization can be gener-

ated optically without external magnetic fields. The spin lifetimes of these materials

depends on the measurement technique and the standard helicity-difference method

carries implicit assumptions that limits its physical transparency. Here we investi-

gate the spin dynamics of (R/S/RAC-MBA)2PbI4 with circularly polarized transient

absorption ( CP-TA ) and obtain the lifetimes by the hellicity-difference method and

we also propose a new kinetic model to obtain the spin rate constant. Thin films

were characterized by steady-state absorption and circular dichroism spectroscopy

and CP-TA with 480 nm pump and 8µJ/cm2 fluence for different pump-probe po-

larization configurations was used to study the carrier dynamics.

The spin lifetimes were obtained by the helicity-difference method and for a coupled

two-population kinetic model that separates the carrier decay into its different contri-

butions including excitonic recombination (kr), Auger-Meitner recombination (kA),

and spin relaxation (ks). Both methods confirm polarization-dependent dynamics

and faster spin relaxation in the racemic sample than in the pure enantiomers, con-

sistent with the chiral organic molecule prolonging spin polarization through the

chiral induced spin selectivity ( CISS ) effect. The kinetic model yields spin life-

times of 43-249 ps, shorter than the 136-751 ps extracted by the helicity-difference

method, confirming that spin lifetime is a model-dependent quantity. These results

establish new insights into the quantification of spin relaxation rates in chiral hy-

brid perovskites and highlight the need for standardized approaches in this rapidly

growing field.
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Chapter 1

Introduction

The ability to manipulate the spin degrees of freedom in a solid state is also known

as spintronics. This emerging field studies devices that use spin polarized currents

for processing and storing information offering new frontiers in optoelectronic de-

vices. When a disequilibrium is created in spin population we have what is called

spin polarization. From spintronics both fundamental and more practical questions

arise. On the fundamental side one may ask themselves how can this spin polariza-

tion be created, how long this disequilibrium on the spin states can last and how can

one detect it. Traditionally external magnetic fields have been used to create spin

polarization. In 1999 Naaman’s group observed that when electrons passed through

a chiral organic molecule, the spin orientation depended on the handedness of the

chiral molecule with one spin orientation being preferred over the other [30]. This

phenomenon now known as chirality-induced spin selectivity (CISS) provided a new

way of polarizing spin without the use of magnetic fields [26]. Although highly stud-

ied, CISS remains not fully understood and a complete theory is still lacking [12].

Yet ,this phenomenon has been studied in different fields and its applications tested.

Chirality - the property of an object that cannot be superimposed onto its mirror

image - is the structural requirement for CISS to occur. Bringing CISS from iso-

lated organic molecules into a solid-state semiconductor requires a material where

chirality and strong spin-orbit coupling ( SOC ) coexist. Metal halide perovskites

are well suited for this. They consist of a heavy-metal halide inorganic framework

(in this case PbI6 octahedra) that carries strong SOC from the Pb atom, and a

layered structure where organic cations sit between the inorganic substructure [36].

This separation means a chiral organic cation can be introduced without disrupting

the optoelectronic properties of the inorganic sublattice. When the organic spacer

is chiral, its structural asymmetry is transferred to the PbI6 net, generating a chiral

structure with spin-selective optical properties [22]. The material studied in this

work, (R/S/RAC-MBA)2PbI4 ( MBA = α-methylbenzylamine ), belongs to this

class of two-dimensional ( 2D ) layered perovskites, where R and S denote the two

mirror-image enantiomers and RAC the racemic mixture of both [18].
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CHAPTER 1. INTRODUCTION 2

Circularly polarized light ( CPL ) carries angular momentum ±ℏ, and through

the spin selection rule, preferentially populates one spin state over the other de-

pending if its righ or left polarized, making it a good tool for both generating and

assessing the spin polarization of these materials [35].

The amount of time that it takes for the two spin states to equilibrate after light exci-

tation is known as the spin lifetime τs. In chiral 2D perovskites it has been measured

by using circularly polarized transient absorption ( CP-TA ) spectroscopy [37, 39],

with reported values ranging from tens to hundreds of picoseconds depending on

sample composition, measurement conditions, and fitting model. The standard

method constructs the spin signal as the intensity difference between co-circular

and counter-circular pump-probe configurations [26]. While broadly adopted, it

carries two implicit assumptions: it attributes the entire intensity difference to spin

relaxation alone, and it assumes that circularly polarized excitation creates a fully

pure-spin population. Given that a complete theory of CISS is yet to be established,

these assumptions may not hold. In this thesis we address two questions: (i) how

does the CISS effect manifest in the spin dynamics of (R/S/RAC-MBA)2PbI4, and

(ii) can a kinetic rate equation model that explicitly separates the different decay

pathways after excitation provide a more complete picture of spin dynamics than

the conventional helicity-difference method?

Here, we use transient absorption spectroscopy with circularly polarized pump

(λ = 480 nm) and broadband probe pulses at four pump-probe helicity combinations

to study the spin-dependent carrier dynamics of R-, S-, and RAC-MBA2PbI4 thin

films. Spin lifetimes are extracted by both the helicity-difference method and a

proposed kinetic model. The two approaches are compared and connected to assess

the accuracy and completeness of each.

Thesis Outline

Framework of this thesis is set to facilitate the understanding of the research. In

Chapter 2 we start by setting the theoretical concepts needed to understand the

results. An overview on the sample structure is given, followed by an explanation

of chirality and the chiral induced spin selectivity effect. The concepts of polariza-

tion of light and the main technique used, transient absorption spectroscopy, are

also covered. Chapter 3 describes the synthetic methods use to prepare the samples

and the characterization techniques used as well as a walkthrough of the transient

absorption setup. On Chapter 4 the results are presented and discussed. The ab-

sorption spectra and circular dichroism spectra are presented and the spin lifetimes

reported by the two methods and its results compared.



Chapter 2

Theoretical Background

The following chapter provides the essential theoretical concepts for understand-

ing this thesis. We begin by introducing the material under study: metal halide

perovskites. We then discuss the concept of chirality, given that the chiral organic

ligands are fundamental to the spin-selective optical properties of these materials

and give a word on spin orbit coupling ( SOC ) and its influence on the optical

properties. This is followed by an introduction to the CISS phenomenon. Finally,

we introduce the concept of polarization of light and provide an overview of tran-

sient absorption (TA) spectroscopy, the primary experimental technique used in this

work.

2.1 Metal Halide Perovskites

Perovskites were first discovered by the German mineralogist Gustav Rose in 1839.

In 1926, Victor Goldschmidt proposed their crystal structure and introduced the

Goldschmidt tolerance factor as a criterion for predicting structural stability.

The crystal structure of a perovskite is shown in Figure 2.1. In the classic ABX3

perovskite structure, A is a monovalent cation, B is a divalent metal cation, and

X is a halide anion. In metal halide perovskites, the B-site is occupied by a heavy

metal such as lead (Pb2+) and the X-site by a halide (I−, Br−, or Cl−), forming

corner-sharing BX6 octahedra that constitute the inorganic framework. The optical

and electronic properties of the material are primarily determined by this inorganic

sublattice, while the A-site cation modulates the lattice geometry and symmetry

through hydrogen bonding and steric interactions with the octahedra[33].

Figure 2.1: Crystalline structure of the classic perovskite where A is a monovalent

cation, B is a divalent cation and X is an halide anion. Adapted from [38].
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CHAPTER 2. THEORETICAL BACKGROUND 4

When the A-site cation is replaced by a large cation ( LC ), the three-dimensional

perovskite structure is no longer stable. Instead, the material adopts a layered two-

dimensional (2D) Ruddlesden-Popper (RP) structure of general formula (LC)2An−1BnX3n+1,

where n is the number of inorganic octahedral layers and LC is the organic spacer[24].

This RPs perovskites are good candidates for overcoming some of the stability issues

that halide perovskites ( HP ) present because of the hydrophobic character of the

LC and the higher formation enthalpies that make the lattice more resistant, how-

ever the higher complexity of the RP structure also presents some stability issues

and a new set of engineering possibilities for finding good candidates for solar cells

and spintronic devices [31].

In Figure 2.3 the RP structure for n=1 is shown where n is the number of HP layers

in between the LC. The optoelectronic properties can be modified by varying the n

value, where the exciton binding energy reduces as n is increased [6].

Figure 2.2: Schematic of the RP structure with n being number of HP layers sand-

wiched between the LC. Credit for Righetto et al. [31].

For n = 1, the structure consists of a single inorganic PbX6 octahedral mono-

layer sandwiched between bilayers of organic cations. The organic layers act as both

quantum and dielectric barriers, confining the electronic wavefunctions to the inor-

ganic sheets and dramatically modifying the optical response relative to their 3D

counterparts.

The quantum confinement and the large dielectric contrast between the inorganic

and organic layers makes the excitons1 ( electron and hole paired ) in the molecule

to have high binding energies ( between 470-150 meV from n=1 to n=4), larger

than room temperature fluctuations ( kBT ) [6]. As a result, the optical response of

2D RP perovskites is dominated by excitonic transitions even at ambient conditions.

1Recall that an exciton is a quasiparticle formed by an electron and a hole bounded by its
mutual Coulomb interaction. After light excitation the electron gets promoted to the conduction
band of the material while the hole stays in the valence band.
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In this work, the LC is α-methylbenzylamine (MBA+), a chiral molecule that has

two enantiomeric forms: (R)(+)-MBA and (S)(−)MBA. When incorporated at the

LC-site cation, the chiral MBA molecule transfers its structural asymmetry to the

PbI6 inorganic framework inducing a chiral distortion of the octahedral structure.

The asymmetric hydrogen-bonding interaction between the LC and the inorganic

substructure plays a role in the chiroptical activity of the perovskite [22]. This

results in a chiral 2D perovskite: (R/S/RAC-MBA)2PbI4 where the handedness of

the organic cation is imprinted onto the electronic structure of the inorganic layer,

enabling spin-selective optical excitation [18].

Pb also plays an important role here, the heavy metal introduces strong SOC that,

combined with the broken inversion symmetry inherent to the layered structure,

produces Rashba-Dresselhaus spin splitting of the electronic bands, a feature of

central importance for spin-dependent phenomena [37].

2.2 Chirality

A molecule or object is defined as chiral if it cannot be superimposed onto its mirror

image. The two non-superimposable mirror image forms are called enantiomers,

conventionally labeled (R) and (S) according to the Cahn-Ingold-Prelog priority

rules, or (+) and (−) according to the direction in which they rotate plane-polarized

light. Its worth noting that (+) and (−) depend on the convention.

Chirality arises from the absence of improper symmetry elements ( mirror planes,

inversion centers or improper rotational axes ) in the molecular or crystal structure.

Figure 2.3: Example of a chiral and achiral object. Image adapted from [20].

While the two enantiomers of a chiral molecule share identical scalar physical

properties ( melting point, refractive index, bond lengths ) they differ in their inter-

action with circularly polarized light (CPL), giving rise to chiroptical phenomena.

On the other hand, an achiral molecule will not distinguish between right or left
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CPL giving null chiroptical activity.

The most fundamental chiroptical measurement is circular dichroism (CD), de-

fined as the differential absorption of left- (σ−) and right- (σ+) circularly polarized

light [40]:

∆ACD(λ) = AR(λ)− AL(λ) = [εR(λ)− εL(λ)] lC = ∆ε(λ) lC, (2.1)

where AR and AL are the absorbances of right- and left-circularly polarized light,

εR and εL are their respective molar absorptivities, l is the path length, and C is the

concentration. The CD signal is typically small — on the order of 10−3–10−4 of the

total absorption coefficient — and is commonly expressed in millidegrees (mdeg) of

ellipticity [40]. CD is only observed at wavelengths where absorption occurs: the

signal arises from the interaction between different transition dipoles during the ab-

sorption process, which is dependent on their relative orientation in space.

A nonzero CD signal is direct spectroscopic evidence of broken mirror symme-

try [40]. For a pair of enantiomers, the CD spectra are equal in magnitude and

opposite in sign, as the two mirror-image structures interact with opposite helici-

ties2 of light with the same strength but opposite sign. Equation 2.2 shows how the

CD spectra is calculated from the CD absorption measurements.

CD = ∆A

(
ln10

4

)(
180000

π

)
(2.2)

CD spectra is a great tool for identifying isomers of a molecule, given that their

physical properties such as molecular weight or melting point would be the same.

Having introduced the concept of chirality we can move on to explaining a phenom-

ena that arises from this, the chiral induced spin selectivity, central on our work.

2.3 The CISS Effect

Chirality-induced spin selectivity (CISS) is the phenomenon by which the movement

of charges through a chiral medium results in a spin-polarized current, without the

need for magnetic components and operating at room temperature [36]. In layman

terms it can be understood as if an achiral molecule, just by proximity to a chiral

molecule will get impregnated from its chirality and show chiral optical behavior.

The effect was first observed in 1999 by Ray, Naaman and Waldeck [30], who re-

ported preferential scattering of spin-polarized electrons passing through oriented

chiral molecules, a result incompatible with the expected magnitude of SOC from

2Chirality refers to the general concept but helicity can only be related to the angular momen-
tum, parictular of light[8].
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light organic atoms alone. Since then, CISS has been confirmed in a wide range of

chiral media and has evolved into an umbrella term for phenomena in which molec-

ular handedness gives significant spin selectivity to electron processes [12].

The natural mechanism to call for CISS is spin-orbit coupling (SOC), given the

connection between chirality and spin. A complete quantitative theory remains yet

to be found and the microscopic origins of CISS are still not fully understood [12].

From theoretical work it has established that a chiral molecules break parity sym-

metry but retain time-reversal symmetry. When a charge flows through a chiral

molecule, time-reversal symmetry is broken and a magnetic field is generated along

the direction of charge motion. As an electron moves along the chiral potential of

the molecule, it experiences a Rashba-type 3 SOC term that couples its linear mo-

mentum to its spin. In Figure 2.4 this energy splitting is described. A freely prop-

agating electron has four states associated with its motion: |+,+⟩, |−,−⟩, |+,−⟩,
and |−,+⟩, where the first index denotes the direction of motion and the second the

spin orientation [27]. The SOC stabilizes one state and destabilizes its counterpart

by the same energy HSO, so the energy difference between spin levels is 2HSO. No-

tice how the state |+,+⟩ is degenerate with |−,−⟩ . Because the chiral molecule

will prefer one spin orientation with one direction and the exact opposite.[27].

3Rashba splitting is the energy difference between spin states in a system due to inversion
symmetry breaking
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Figure 2.4: Energy scheme of the momentum-spin states |momentum, spin⟩ for an
electron moving within a chiral potential for a left-handed and right-handed helix.

The spin-orbit coupling splits the states by 2HSO, stabilizing one spin channel and

destabilizing the other. The favored spin orientation flips with the handedness

of the helix, illustrating the spin-filtering action of the CISS effect: one helicity

of motion is preferred for one spin direction. The notation (+) and (−) refer to

forward and backward electron motion respectively, and spin-up (↑) and spin-down

(↓) respectively. Adapted from Naaman and Waldeck [27].

Once spin-polarized carriers are created, their spin orientation decays toward

equilibrium through spin relaxation. Spin transport differs fundamentally from

charge transport in that spin is not a conserved quantity in solids, due to spin-

orbit and hyperfine coupling [35]. Three main mechanisms govern spin relaxation

in semiconductors:

The Dyakonov-Perel (DP) mechanism dominates in systems with broken in-

version symmetry [35]. The k-dependent spin splitting acts as an effective internal

magnetic field whose direction and magnitude depend on the crystal momentum.

At each momentum scattering event, the direction of this effective field changes,

causing the spin to precess in a different direction at each step. The spin relaxation

time τDP is therefore inversely proportional to the momentum scattering time: more

scattering means more frequent changes in precession axis and faster spin dephas-

ing [35, 10].

The Elliott-Yafet (EY) mechanism operates in systems with inversion sym-

metry and arises from spin-flip scattering at phonons or impurities [35]. Because

spin-orbit coupling mixes spin-up and spin-down components into every Bloch state
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4, each momentum scattering event carries a finite probability of also flipping the

spin. In contrast to DP, the EY spin relaxation time is proportional to momentum

scattering: more scattering events mean more opportunities for spin flip. Its impor-

tant for small gap semiconductors that present a large SOC.[35, 11].

The Bir-Aronov-Pikus (BAP) mechanism is specific to conductor electrons

in p-doped semiconductors where both electrons and holes are present [35]. It arises

from the electron-hole exchange interaction: when a spin-polarized electron interacts

with a hole, the exchange coupling can flip the electron spin. It dominates heavy

doped samples at low temperatures [35].

In 2D RP perovskites, all three mechanisms may contribute and they can be distin-

guished by their density and temperature dependence.

2.4 Polarization of Light

The polarization state of a monochromatic electromagnetic wave describes the tra-

jectory traced by the electric field vector E in the plane perpendicular to propagation.

For a wave propagating along ẑ, the two orthogonal field components are:

E(t) =

(
Ex

Ey

)
=

(
Axe

iδx

Aye
iδy

)
ei(kz−ωt), (2.3)

where Ax, Ay are the real amplitudes and δx, δy are the phases of each component.

The polarization state is fully described by the complex Jones vector[32]:

J =

(
Axe

iδx

Aye
iδy

)
. (2.4)

On this thesis, three polarizations are used: linear polarization ( LP ), right

circular polarization ( RCP ) and left circular polarization ( LCP ):

• LP: Ax, Ay arbitrary, ∆δ = δy − δx = 0 or π.

• RCP (σ+): Ax = Ay, ∆δ = +π/2.

• LCP (σ−): Ax = Ay, ∆δ = −π/2.

Any deviation from Ax = Ay or ∆δ ̸= ±π
2

produces elliptically polarized light.

The degree of circular polarization is quantified by the Stokes parameter:

ρc =
S3

S0

=
2AxAy sin(∆δ)

A2
x + A2

y

, (2.5)

4Bloch states are the fundamental quantum wavefunctions used to describe the electrons moving
in a periodic potential such as a crystalline structure
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where S0 = A2
x + A2

y is the total intensity and S3 = Iσ+ − Iσ− . For perfect

circular polarization ρc = ±1; for linear polarization ρc = 0. In a real optical setup,

waveplates and other optical devices introduce retardation errors ϵ that shift ∆δ =

π/2+ ϵ, accumulating along beam path, reducing the degree of circular polarization

below unity.

Figure 2.5: Motion of the endpoints of the electric-field vectors for left and right

circularly polarized plane waves, (a) Time course at a fixed position z.(b) Trajectories

of the endpoints. Image from Bahaa E. A. Saleh, Malvin Carl Teich, Fundamentals

of Photonics [32].

Circularly polarized photons carries angular momentum ±ℏ along the propa-

gation axis. Conservation of angular momentum in optical absorption gives the

selection rule ∆mJ = ±1 for σ± light, making circularly polarized excitation the

primary tool for creating spin-polarized carrier populations in semiconductors.

2.5 Transient Absorption Spectroscopy

Transient absorption (TA) is a spectroscopy technique used to study the photody-

namics of a species under light excitation. This technique, also known as pump-

probe, uses two pulses. The first pulse, the pump, has a fixed wavelength selected

to excite the transition of interest, typically matching the energy difference between

the ground state (GS) and the excited state (ES). The second pulse, the probe,

passes through the sample at a controlled delay time ∆t and covers a broad range of

wavelengths (typically 350 - 1300 nm), tracking the changes in absorption induced

by the pump light. A scheme of the two-pulse configuration is shown in Figure 2.6.
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Figure 2.6: Scheme of the pump probe

pulses configuration on TA. Adapted

from Jia et al. [19]

By varying ∆t, one obtains the evolution

of the absorption spectrum as a function of

time after excitation. The TA signal is de-

fined as the differential absorbance:

∆A = Apump on − Apump off. (2.6)

A negative ∆A indicates reduced absorption

after excitation, while a positive ∆A indi-

cates increased absorption. The measured

TA spectrum is the superposition of three main contributions, illustrated in Fig-

ure2.7. The ground state bleach (GSB) arises because pump excitation depletes

the ground state population, reducing the absorbed light at the GS to ES tran-

sition energy and producing a negative ∆A. The excited state absorption (ESA)

occurs when probe photons drive transitions from the populated ES to higher ex-

cited states, producing a positive ∆A. Stimulated emission (SE) occurs in systems

where the probe photons stimulate radiative decay from the ES back to the GS,

increasing the detected probe intensity and therefore producing a negative ∆A.[19].

Figure 2.7: Scheme of a usual TA spectra with the main peaks generally observed.

Adapted from Jia et al. [19]
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Methods

The next section provides with a detailed information about the synthesis and char-

acterization of the samples reported in this project. This section provides with

information on the synthesis and thin film preparation as well as the characteriza-

tion techniques used with a description of the TA measurements done in Millenia

Lab in the Division of Chemical Physics.
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3.1 Synthesis of (R/S/RAC −MBA)2PbI4

3.1.1 Synthesis of (R/S −MBA)2PbI4

Synthesis of (R/S − MBA)2PbI4 was conducted following the protocol reported

previously by Makhija et al. [23]. Lead(II) oxide (PbO) (0.558 g, 2.5 mmol) was

dissolved in 10 mL of hydroiodic acid (HI) and 2 mL of phosphinic acid aque-

ous solution in a 20 mL glass vial. The mixture was heated at 70 °C and stirred

magnetically at 400 rpm. After solution becomes clear, the enantiomer (R)-(+)-

(σ)-methylbenzylamine (5 mmol, 637 µL) was added, resulting in the formation of

orange-colored crystals. The mixture was then reheated under constant stirring to

yield homogeneous yellow solution, indicating that all crystals had dissolved. The

solution then let to cool at room temperature. The synthesized mixture was left

undisturbed overnight to complete the crystallization process. After crystallization,

the crystals were filtered, washed with diethyl ether, and subsequently dried under

vacuum. Then stored in a glove box for further use [5].

3.1.2 Synthesis of (RAC −MBA)2PbI4

The synthesis of (rac-MBA)2PbI4 was carried out following a modified version of the

procedure reported by Ahn et al. [1]. PbO (200 mg, 0.896 mmol) was dissolved in

6 mL of 57% HI solution in a 20 mL glass vial under continuous magnetic stirring.

Subsequently, 200 µL (1.57 mmol) of racemic MBA, consisting of an equimolar mix-

ture of the (R)- and (S)-enantiomers, was added to the solution, resulting in the

immediate formation of a precipitate. The reaction mixture was then heated to

100 ◦C in an oil bath until the precipitate fully dissolved. After complete dissolu-

tion, the solution was allowed to cool naturally to room temperature under ambient

conditions, leading to the formation of orange needle-shaped crystals. The obtained

crystals were isolated by vacuum filtration and washed several times with toluene.

Finally, the product was dried under vacuum in a desiccator for a minimum of two

days and subsequently stored in a nitrogen-filled glovebox prior to further use.

3.1.3 Thin Film Preparation

Before film deposition, glass substrates (1× 1 cm2) were cleaned with isopropyl al-

cohol and dried using compressed air to eliminate any residual contaminants. Thin

films of (R-MBA)2PbI4 or (rac-MBA)2PbI4 were prepared by dissolving 4 mg of

the synthesized chiral crystals in a solvent mixture containing 10 µL of dimethyl-

formamide (DMF) and 250 µL of acetonitrile (ACN). The resulting solution was

homogenized using a vortex mixer.
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Prior to deposition, both the precursor solution and the glass substrates were heated

to 70 ◦C. Subsequently, 40 µL of the heated solution was deposited onto the sub-

strate either by drop-casting or by spin coating. For spin coating, the substrates

were rotated at 1000 rpm for 10 s followed by 3000 rpm for 30 s. After deposition,

the films were annealed on a hot plate at 60 ◦C for 5 min.

To improve environmental stability, both drop-cast and spin-coated films were

encapsulated with a polyester layer applied via spin coating. This protective coat-

ing minimized exposure to moisture and other contaminants. The completed films

were subsequently stored in a nitrogen-filled glove box. Encapsulated spin-coated

films with polystyrene protection were further utilized for steady-state absorption

spectroscopy, circular dichroism, and transient absorption measurements.

A total of four thin films were prepared for each sample to ensure reproducibility

and consistency in film quality. Variations during the spin-coating process can lead

to differences in film deposition, resulting in some samples being more concentrated

or more homogeneous than others.

3.2 Characterization of (R/S/RAC −MBA)2PbI4

The thin films on glass substrates were used for Steady State Absorption spec-

troscopy, circular dichroism (CD) spectroscopy and transient absorption (TA) mea-

surements. Steady State Absorption spectra and CD spectra were measured using

OLIS DSM 245 CD/CPL Spectrophotometer equipped with a 150 W Xenon lamp.

Absorption spectra was used to ensure that the right materials were synthesized and

CD spectra is used to check the chirality transfer of MBA2 to the perovskite and

that racemic sample does not have chiral optical response. The TA measurements

were done in the Millenia Lab using the Solstice setup during week 40,44 and 48 of

2025 and week 8 of 2026.

3.2.1 Transient Absorption Spectra

In Figure 3.3 a schematic of the TA set up is shown. Let’s walk through it.

The laser system is called Solstice ( See Figure 3.1 ), this system consists of a seed

laser pulse ( called MaiTai ), a chirped pulse amplification ( CPA ) system where

Regen is the amplifying cavity and a pumping laser ( Ascend ) that pumps the

crystal in the Regen cavity.

The MaiTai generates the seed pulse, this pulse is short and weak, the short pulse

is obtained by mode-locking, an optical technique to obtain very short pulses ( way

shorter than the one we will obtain at the end ). This short pulse is stretched and
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then sent to the Regen cavity. In the Regen cavity is met with the Ascend laser, this

laser will amplify the laser pulse at the Regen cavity. In this cavity the power is am-

plified and then sent to a compressor to optimize stability and maximum power out-

put. The final pulse has 796 nm, with an ideal power of 8 Watts, a repetition rate of 4

kHz and a pulse of roughly 60 fs.

Figure 3.1: Scheme of the laser sys-

tem Solstice composed of a seed pulse

(MaiTai),an Ascend cavity that pumps

the laser and Regen cavity that amplifies

the pulse. It generates pulses of 796 nm

with a power of 8 W and a repetition rate

of 4 kHz with a pulse duration of approx-

imately 60 fs.

In Figure 3.3 this Solstice system is sum-

marize all in the Amplifier box. The

pulse that comes out is then split into

two: half will be send for the pump

and half for the probe. Then both

the pump and probe go through the

TOPAS ( optical parameter amplifier ).

On the pump TOPAS, with the use of

non-linear optical processes, we can con-

vert the 800 nm wavelength in the de-

sired wavelength. In our case, for creat-

ing 480 nm, 1200 nm and 800 nm are

mixed. These interactions depend on

the polarization of the beam, which de-

pend on the rotation of the mixing crys-

tals. On the TOPAS, Crystals and De-

lays can be changed to optimized the

wavelength and amplitude of the pump.

After the TOPAS, two filters are used

to take away other wavelengths residue

there might be. Two mirrors and two

pinholes are used to align the beam, re-

call that with the first mirror we align in

the first pinhole and the second mirror

for the second pinhole. The beam then

goes through the chopper which takes

out half the pulses ( has a repetition rate of 2 kHz ) because in TA we observe the

difference in absorption when pump is on and off. Then it goes through the Berek

compensator that modifies the polarization of the collimated beam. The probe is set

to haver vertical polarization so we set the pump to have horizontal polarization to

reduce the scattering of the pump when measuring. After the Berek compensator,

for the case of circular polarized TA a quarter waveplate ( Thorlabs AQWP05M-600

) is added to change the linearly polarized light into circularly polarized light.
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Figure 3.2: Production of CPL from LP light [28]

Also, a waveplate does not attenuate the intensity of the field, it changes the

phase. The beam then goes through two filter wheels that will be used to change

the power intensity of the beam. Different lenses can be used also to get the best

beam profile ( ideally Gaussian like ). The beam profile is seen by using a CCD

camera, the pump and probe diameters are also noted and the beams overlapped.

The pump should be at least 3 times bigger than the probe to make sure that

all the probed area has been excited. The probe white light is generated with a

calcium fluoride ( CaF2 ) crystal. Before going through the sample the probe beam

is divided into reference and sample. The reference beam is sent straight to the

photodiode array, the sample probe after going through the sample also sent to

another photodiode array collecting all the data points.
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Figure 3.3: Scheme of Transient Absorption set up in Millenia Lab

In order to know the fluence (uJ/cm2) the beam size needs to be calculated. With

CCD camera the beam diameter (d) is known and with the help of a powermeter

the fluence can be easily calculated:

Fluence(
uJ

cm2
) =

P (uW )

2000π(d(cm)
2

)2
(3.1)

TA Spectra was collected for the different polarization configurations and in the

linear polarization setting for a range of fluence between 3 and 100 uJ/cm2 although

at the end only circularly polarized sets were used in this study. For the different

polarizations configurations only one fluence was used: 8 uJ/cm2. Labeling of the

data sets will have pump - probe configuration with polarization, either σ+ or σ−,

referring to right or left circularly polarized light. All the data has been analyzed

with custom-made Python notebooks and the help of Generative-A.I. For all data

files, scattering and chirp correction has been done as a first step of the analysis.

Then Lorentzian functions ( Equation 3.2 ) are used to fitting and later the kinetic

analysis is done. For most of the kinetic analysis done in this project one wavelength

of interest is selected, meaning that we study the change of TA signal for a chosen

wavelength, a more complete but also challenging analysis would be global analysis,
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meaning fitting and studying the kinetics for the whole spectra.

y =
Ag2

(x− x0)2 + g2
(3.2)

Table 3.1: Time Points configuration used in the measurements. First column refers

to from which time point, second column until which time and the Steps column

every how much time to measure. Notice how at longer times the steps are set

logarithmic since at longer times of the delay the noise increases and we are also not

interested in such longer time scales.

From To Steps

- 11 - 1 2 ps

- 1 1 0.1 ps

1 3 0.2 ps

3 15 1 ps

40 9000 100 steps (log)
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Results and Discussion

The results section starts with analysis of the steady state absorption spectra and

circular dichroism of R,S,RAC − MBA2PbI4 followed by an analysis and kinetic

study of the TA spectra for different pump probe polarizations. For the TA analysis

the spectras are fitted with Lorentzian functions and then the spin lifetimes obtained

by two methods: first by intensity difference of different probe polarizations, as done

usually in the literature, and by a new proposed kinetic model.

4.1 Absorption Spectra

The absorption spectra (Figure 4.1) was recorded for the R,S isomers and the racemic

sample. The peak found at 2.49 eV (500 nm) corresponds to the excitonic band.

After excitation, an electron bounded to a hole is excited to the conducting band

and sits just below it, the electron and hole are bounded by coloumbic interaction.

At higher energies ( 3.2 eV ) the interband is found, from free electrons going from

the valence band to the conducting band. Notice how the excitonic peak is stronger

for the R isomer than S and racemic.

19
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Figure 4.1: Absorption Spectra Measured for the isomers and the racemic sample.

Although the concentration is set to be the same for all the isomers, when prepar-

ing the thin film the exact concentration is not known. Same difference has been

observed in literature [37] therefore it could be due the crystalline order of the R

isomer giving a higher oscillator strength and hence more absorption. The racemic

mixture, since its a mixture of R and S presents higher disorder and therefore it will

have a lower oscillator strength giving less absorption.

Measuring the steady state absorption spectra serves as a blue print for the follow-

ing pump-probe experiments: the wavelength of the pump can be selected so its

sits right above the excitonic peak ( the same wavelength is not desired since the

scattering of the pump would blind any features from that set wavelength ).

4.2 Circular Dichroism

In Figure 4.2 the Circular Dichroism (CD) spectra is shown. CD spectra measures

the absorption difference when left and right circularly polarized are used. The non

zero signal in CD means that there is an asymmetry in the molecule [3]. For a pair

of enantiomers like R,S, their CD spectra will be of opposite sign.

Recall that PbI4 is an achiral perovskite, and we have added a chiral ligand to see

if there is some chirality transferred. Notice in Figure 4.2, the peak at 2.5 eV for

the R,S enantiomers due to the excitonic band, consistent with previously reported

values [37] [21], exposing that there has been chirality transfer to the exciton. From

literature we know that this peak does not belong to the ligand transition since the
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π → π∗ transition of MBA+ is at 270 nm ( 4.5 eV ) [14]. The excitonic peak has

a bisegnate shape due to the Cotton effect ( close to the absorption wavelength the

CD signal changes drastically of sign crossing zero at the absorption ).

Figure 4.2: Circular Dichroism spectra of X −MBA2PbI4

At the interband, 3.2 eV , a nonzero CD signal is also observed, which means

that chirality has also been transferred to the crystalline structure. The Racemic

sample does not present CD signal at the excitonic peak due to lack of total chirality

when both enantiomers are mixed in equal quantities. Still, a small positive peak

is observed for RAC. This is due that although the sample is racemic there can

be some local domains where a certain isomer is more prominent or also that that

particular thin film or the spot where pumped it has a preferred structure. The

broad band starting at 3 eV for the racemic mixture could be to linear dichroism

and crystal orientation and not related to chirality presence specifically.

4.3 Transient Absorption Spectra Analysis

Figure 4.3 shows the TA spectra of one of the measurements. Scattering and chirp

correction is employed at any probed time to obtain the more accurate spectra.
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Figure 4.3: TA Spectra at different time delays for R −MBA2PbI4 with σ+pump

and σ+probe

Observing the TA spectra for the different polarizations used it can be seen easily

the difference of absorption at the peaks and the different decays rates: the pho-

tophysics are affected by the polarization of light used. Lorentzian functions were

used to fit the peaks ( See Figure 4.4 ). Lorentzian functions were used because the

exciton can be understood as a lorentzian oscillator [16]( a bound charged particle

responding to an electromagnetic field ) . The imaginary part of the Lorentz oscilla-

tor gives the absorption line shape, frequencies close to the excitonic resonance will

behave purely imaginary and since we pump very close to resonance ( See Section

4.1 ) we see the absorption change and hence the use of Lorentzian functions [2].

The GSB shows a negative peak since the sample has absorbed energy of the pump

and the electrons have moved to the excited state, therefore there is a decrease in

population and less absorption of light. The ESA peaks comes from photo-induced

absorption when the energy of the probe light satisfies a transition from the excited

state to a higher excited state [19] In an ideal setting, the total area of the GSB

should equal that of the newly formed excited states (ESA1 + ESA2), but in reality

this is not observed: a discrepancy of approximately 10% is seen. This could be due

to stimulated emission hidden within the GSB peak, residual error after scattering

and chirp correction (which is a numerical process), and the fact that although the

Lorentzian model captures the peaks with precision, the underlying physics may

require a more complex line shape model. In the lower right corner of Figure 4.4 the
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Figure 4.4: TA Spectra at 1ps for R−MBA2PbI4 with σ+pump and σ+probe with
Lorentzian fitting of the 3 peaks using 3 Lorentzian functions. GSB accounts for
Ground State Bleach and ESA are the 2 Excited State Absorption peaks. On the
lower right corner time evolution of the peak areas is tracked.

time evolution of the Lorentzian peak areas is observed and can be noticed how with

longer probe delays the populations slowly get back to zero. The drastic changes

in the peak areas at really long times are due artifacts in the measurement: at

longer time delays the pump-probe alignment can change and also significantly less

measurements are taken at longer times hence more error.

4.4 Spin Lifetimes

As aforementioned, polarized light causes the transitions to be spin dependent.

Therefore polarized light causes a disequilibrium on the population of the excited

spin states (+1
2
, −1

2
), the amount of time needed for the two populations to equili-

brate is known as the spin lifetime.

When pump and probe have the same polarization we are exciting and ”looking” at

the same spin state. When cross polarization is used we are observing the amount

of electrons that have flipped from one spin state to the other (spin flip). Equation

4.1 computes this difference of intensities between the two probes and allows for the

calculation of spin lifetimes [26].

S(t) = Iσ+σ+(t)− Iσ+σ−(t) (4.1)
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In Figure 4.5 the spin lifetimes at the GSB (505 nm) are computed. GSB peak

signal is chosen as the wavelength to study because it is in the excitonic resonance

energy where the more visible changes on the spin recombination will be seen. The

signal S(t) is the difference of intensity at time t when co-circular pump-probe and

counter-circular pump-probe is used. This results in the data points seen in Figure

4.5 giving an exponential decay thus an exponential function will be used for fitting.

The model used was an analytical convulution of a single exponential decay with a

Gaussian IRF ( See Annex 6 ).

Figure 4.5: Spin Lifetimes fit at 505nm for the samples. Fluence is 8µJ/cm2

In Figure 4.5 the fitted spin lifetimes are shown. R and S isomer present oppo-

site behavior and the racemic counterpart shows little to no probe helicity nature.

S −MBA2PbI4 presents a spin recombination lifetime of 136± 9 ps with a positive

signal meaning that it is more susceptible to σ+ probe (recall that σ+ and σ− are

a conventionality). Notice how the signal does not reach zero, there is a long-time

baseline offset of C = 0.02. Ideally there should be no offset since fluence was set to

be the same but artifacts on the measurements ( laser power fluctuations, small dif-

ferences on the fluence, microstructure differences ) make this offset. The lifetimes

are way shorter that the once’s reported in literature [39] but the experimental con-

ditions also differ: compare 480 nm excitation and 8µJ/cm2 fluence with Yang et al.

450 nm pump and 2.02µJ/cm2. Also they used a bi-exponential model for fitting

whereas with our data a mono-exponential fitting was more appropriate: we only

consider one spin recombination movement hence only one spin lifetime to fit.

R − MBA2PbI4 shows a lifetime of 751 ± 20 ps with an offset of C = −0.001,

longer than the 497 ps reported in Yang et al. The S(t) signal for R −MBA2PbI4
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presents oscillations on the shorter time frames where as its counter part S does

not. Taking a deeper look at the TA spectra for R, one can see how, as oppo-

site from S and racemic samples, R presents an increase if signal in the GSB af-

ter time zero followed by a decreases, where as for S and racemic there is only

a decrease in the peak area after excitation. This difference is observed indepen-

dent of the polarization used suggesting that is not a spin-dependent behavior.

Figure 4.6: TA signal at GSB

peak for R − MBA2PbI4 using

σ + σ+ for the first 200 ps. Red

dot indicates the minima inten-

sity value

The intensity minima was tracked for the first

200 ps ( See Figure 4.4 ), on Table 4.1 the in-

tensity minimum’s and times were tracked and

2 patterns observed: for same pump-probe po-

larization the minima was at an average of 25

ps but for counter pump-probe polarization the

minima was at 35 ps. The fact that these time

minima are same for right or left polarization

denotes that this is not a spin polarization prop-

erty. The longer lifetime with these differences

in the photo-physics could be due to some dif-

ference photo-physical difference of the R isomer

or perhaps some sample difference. New samples

and measurements would be needed to assess if

this is a photo-physical property of the R isomer

or some experimental issue.

Taking a qualitative look at the racemic signal

one can see that it presents little to non polarization dependent behavior. The

racemic mixture presents small S(t) signal with a lifetime of 657 ± 15 ps. Ideally

the signal should be zero since there should be no spin flip since both spin state

populations should be populated equally but since the racemic sample is made by

a mixture of R and S its possible that in the local domain the percentages are not

fully fifty-fifty, hence some spin recombination. The spin lifetime being close to the

R isomer could be due to racemic mixture having more R character in the excited

section: notice also the negative S(t), behaving like the R isomer indicating more

presence of R domain. For a better understanding of the racemic sample, multiple

samples should be measured to account if this is a local domain result or intrinsic

to the racemic mixture.
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Table 4.1: Intensity minima for R−MBA2PbI4 data sets with different pump-probe

polarization. Time minima was tracked

Data set polarization I(t=min) Time(ps)

σ+ – σ+ -1.65 25.95

σ− – σ− -1.6 23.96

σ+ – σ− -1.43 33.96

σ− –σ+ -1.7 35.90

The big oscillations at longer times ( > 2000 ps ) are due to noise in the mea-

surements and the fact that very few time points are taken for a longer time frame

( from 40 ps onward the time points are set in a logarithmic scale ).

Although this method is good for assessing the polarization-dependent behavior of

the samples there are still some open questions regarding the accuracy of these re-

sults. On the next section we propose a more complex method for acquiring the

spin lifetimes.

4.5 Kinetic Model

On the previous section we have obtained the spin lifetimes by intensity difference

when different probes are used. This method has some assumptions though: it

assumes that all intensity difference comes from spin recombination and also that

there is a 100% polarization when a certain helicity is being used.

On this next section we propose a new model to quantify the spin recombination

rates through the kinetic constants. We will study how the carrier density population

decays at the GSB peak wavelength. Firstly, intensity signal from TA needs to be

converted to carrier density ( carriers
cm2 ) for the constants to have reasonable units and

then be able to convert to spin lifetimes. In Annex 6 the full break down of the

carrier densities is shown.

Approach for the kinetic model was to start simple and build up as complexity was

needed. In Figure 4.7 a scheme of the kinetic processes considered after excitation

is shown.
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Figure 4.7: Scheme of the kinetic model used. GS represents the ground state, the

arrow in blue represents the excitation to its excited state after a photon is absorbed.

+1
2
and −1

2
refer to the two spin states. kr is the excitonic recombination rate, kA

is the Auger-Meitner recombination rate, and ks is the spin recombination rate.

The kinetic equation has an exciton recombination rate (kr): after excitation

the exciton formed will recombine and the electron will go back to the valance band

[25]. kA is the Auger-Meitner1 when an electron-hole recombination transfers its

energy to a third carrier (either another electron or hole), which is then excited

to a higher energy state and eventually loses that energy as heat through phonon

emission[4].Lastly, ks is the spin recombination rate, which will be the focus term on

our work. From kinetics we know that the lifetime of a specie its the inverse of the

kinetic rate ( given its a first order rate ). Hence we can connect the spin lifetimes

with its kinetic rate and vice-versa by:

τs =
1

ks
(4.2)

Equation 4.3 shows the carrier population (N) decay. Notice that we use two carrier

populations named (N+ and N−). Even though circularly polarized light is used we

can not ensure 100% polarization of the excited states. Two coupled equations are

used where the carrier density for both excited states is tracked. A polarization2

(P) term is added (Equation 4.4) linking the two populations to the total carrier

density. Notice the last term in both equations which is surplus term because it

accounts for the electrons moving from the other spin state to that one. Having

1We use the term Auger-Meitner to recognize Lisa Meitner’s contribution to the effect and being
the first one to observe it. For more information on Meitner’s work and life please refer to [9] [7].

2The term polarization will be refereed as how much population of each state we have, a
percentage. Not to be confused with polarity of a molecule or polarization of light.
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a two population model raises consequently raises the question: how much of each

spin state is populated ?

dN+

dt
= −krN+ − kAN

2
+ − kSN+ + kSN−

dN−

dt
= −krN− − kAN

2
− − kSN− + kSN+

(4.3)

Ntotal(t) = N+P + N−(t)(1− P ) (4.4)

Although CPL is used, retardation error on the different optical parts of the setup

can make it that the light is not fully circularly polarized and its degree of circu-

lar polarization to not be 100% therefore both carrier populations ( N+ and N− )

to be excited. Experimentally with TA is not possible to know this P value. A

polarization sweep was done to find the best P values for fitting ( See annex 6 ).

The best fit was found with a polarization distribution between the two populations

of 67% and 33% which matches with the Clebsch-Gordan coefficients for angular

momentum coupling[13]. For racemic sample P value is set at 50% given that both

states should be populated equally. Also σ+ and σ− pump data sets were fit sepa-

rately since for S and RAC, TA was measured on different occasions and TA spectra

for different pump polarizations showed different intensity signals therefore fitting

them separately showed better fittings. The fitting time window was set between 0

and 4000ps because at longer timescales we had way less data points and also they

introduce more noise and less relevance, the main kinetic features are found in the

short times.

Table 6.1 shows the initial carrier densities calculated for each of the samples ( See

Annex 6 ). On Figure 4.8 one can see how the different data sets present different

Table 4.2: Initial carrier density obtained from the fluence and absorption spectra.
Initial carrier density( carriers

cm2 )
R 8.66× 1012

S 7.17× 1012

RAC 7.49× 1012

decays, meaning different dynamics. Given that we have 3 constants to find, many

combination of values can give a good fit, hence some bounds were put on the fitting

parameters so the results had physical meaning ( See Annex 6 ).

On Table 4.3 the kinetic constants obtained are shown. kr is the exciton recombi-

nation process back to ground state, since this process does not depend on the spin

state, it should be the same regarding polarization configuration. kA depends on the

carrier density but does not bother about their spin state so this constant should

not depend on the polarization configuration either. Notice how ka stays consistent

for all samples and polarizations confirming the independence of polarization and
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spin to this process. The difference of values for kr and kA si due to fitting artifacts

given the differences in the experimental conditions.

See in Figure 4.8 the carrier decay for R −MBA2PbI4 how the decays for R with

σ+pump are different for different probes. σ+ probe shows a higher increase in pop-

ulation after excitation. This difference in the data sets makes the fitting between

them more complicated. We obtain a recombination lifetime of 650 ns when σ+

pump is used versus 193 ns when σ− pump is used. The Auger-Meitner constant

is almost identical for both polarizations. It shows that R −MBA2PbI4 responds

to faster dynamics when σ+ pump is used. Continuing with kr and kA analysis,

S sample shows consistent results for both pump helicities with a recombination

lifetime of 17 ns and 31 ns when σ+ pump and σ− pump are used, showcasing way

faster rates than its enantiomer. Notice in Figure 4.9 how the fitting for σ+ pump

is not optimal given that the two samples showcase different decays, specially in the

0-1000 ps range, underlying different photophysics and perhaps fitting one set of

constants for these two datasets is not optimal but methodology was kept the same

for all 3 samples. Its Auger-Meitner terms are consistent with both pumps. Racemic

sample shows recombination lifetime of 56ns and 63ns respectively and consistent

kA values.

Moving on to the spin recombination constants, in Table 4.3 the spin constants (kS)

along with its spin lifetimes are shown. Notice how both R and S present very sim-

ilar constants ( its initial conditions for fitting where set the same ) given that this

lifetime addresses the same physical feature but in opposite directions. R and S are

mirror images of each other, the handiness controls the sign of the spin polarization

but not the rate. These two enantiomers have the same chemical and crystalline

structure so its expected that the spin relaxation mechanism be the same, implying

same amount of time. There is still a difference on the results when different pumps

are used: compare 123 ps to 249 ps for R sample highlighting how the two polariza-

tions have different relaxation pathways.

Racemic mixtures has faster relaxation rates with a lifetime of 46 ps and 43 ps.

Because it is a racemic mixture has 50% populated each spin state, the time that it

requires for both states to equilibrate in population is way shorter. Ideally it would

be zero, given both states should be equally populated, but due to the sample prob-

ably not being fully racemic there is still some spin to equilibrate.

Therefore, with this kinetic model we have been able to study the carrier dynam-

ics of R, S- and RAC-MBA2PbI4 and propose a model to explain the population

decay. By tracking two coupled spin populations simultaneously, the model goes

beyond the assumptions of the helicity-difference method and provides explicit rate

constants for excitonic recombination (kr), Auger-Meitner recombination (kA), and
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spin relaxation (ks). The Auger-Meitner constants are consistent across all samples

and pump-probe polarizations, confirming it is a chirality-independent process and

proving the physical meaning behind the model. The spin lifetimes extracted for R

and S are similar in magnitude, as expected for mirror structures where the spin

relaxation mechanism is the same but with opposite handedness, while the racemic

mixture shows a significantly shorter spin lifetime given that the two spin states are

already equally populated.

Figure 4.8: Kinetic model fitting for R−MBA2PbI4 fitting σ+ and σ− pump data

separately. kr is the excitonic recombination rate, kA is the Auger-Meitner effect

constant and ks is the spin recombination rate. In darker red σ + σ+ pump-probe

and in orange σ+σ− pump-probe. In lighter blue σ−σ− and in darker blue σ−σ+.

P value is 0.67 and 0.33 for N+ and N−.
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Figure 4.9: Kinetic model fitting for S −MBA2PbI4 fitting σ+ and σ− pump data

separately. kr is the excitonic recombination rate, kA is the Auger-Meitner effect

constant and ks is the spin recombination rate. In darker red σ + σ+ pump-probe

and in orange σ+σ− pump-probe. In lighter blue σ−σ− and in darker blue σ−σ+.

P value is 0.33 and 0.67 for N+ and N−.

Figure 4.10: Kinetic model fitting for RAC −MBA2PbI4 fitting σ+ and σ− pump

data separately. kr is the excitonic recombination rate, kA is the Auger-Meitner

effect constant and ks is the spin recombination rate. In darker red σ + σ+ pump-

probe and in orange σ+σ− pump-probe. In lighter blue σ−σ− and in darker blue

σ − σ+. P value is 0.50 and 0.50 for N+ and N−.
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Table 4.3: Kinetic model parameters extracted from the coupled rate equation fitting

of the carrier density traces for R-, S-, and RAC-MBA2PbI4 under σ+ and σ−

circularly polarized pump excitation. kr is the excitonic recombination rate, kA

is the Auger-Meitner recombination coefficient, ks is the spin relaxation rate, and

τs = 1/ks is the spin lifetime.

Sample Pump kr (ps
−1) kA (cm2 ps−1) ks (ps

−1) τs (ps)

R-MBA2PbI4 σ+ 1.53× 10−6 1.48× 10−16 8.11× 10−3 123

σ− 5.18× 10−6 1.49× 10−16 4.02× 10−3 249

S-MBA2PbI4 σ+ 5.89× 10−5 3.24× 10−16 8.14× 10−3 123

σ− 3.25× 10−5 1.18× 10−15 4.12× 10−3 243

RAC-MBA2PbI4 σ+ 1.80× 10−5 7.54× 10−16 2.17× 10−2 46

σ− 1.58× 10−5 1.09× 10−15 2.34× 10−2 43

4.6 Comparison of Spin Lifetimes: Helicity-Difference

Method vs Kinetic Model

On the previous sections two independent methods have been used to extract the

spin lifetimes of R-, S- and RAC-MBA2PbI4. Table 4.4 summarizes the results from

both methods side by side.

Table 4.4: Comparison of spin lifetimes extracted by the helicity-difference method

and the kinetic model for each sample and pump helicity.

Sample Helicity-Diff. τs

(ps)

Kinetic Model

τs σ
+ (ps)

Kinetic Model

τs σ
− (ps)

R-MBA2PbI4 751 123 249

S-MBA2PbI4 136 123 243

RAC-MBA2PbI4 657 46 43

The kinetic model provides consistent results from both pump helicities. The

fastest spin relaxation comes from the racemic sample, as expected, and R and S

show a longer spin lifetime, suggesting that the chiral organic ligand prolongs the

spin lifetime. On the other hand, the helicity-difference method does not give the

same ordering: the racemic sample shows a longer lifetime than the S sample. As

discussed above, this could be due to the signal being very close to the noise level,

or the fact that the sample is not fully racemic. Still, both methods show the in-

fluence of CISS on the decay and a polarization dependence, thus we can say that
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the chirality transfer from MBA leaves a footprint on the decay pathways of the

perovskite, confirming the manifestation of the CISS effect on the spin dynamics of

R-, S-, and RAC-MBA2PbI4.

The key difference in the results of the two methods arises from what is actu-

ally accounted as spin lifetime. In the helicity-difference method, the spin lifetime

is extracted from the difference in decay between co-circular and counter-circular

probe configurations, and it is assumed that all the difference in decay comes from

spin-dependent phenomena and that 100% spin population is created by the pump.

The kinetic model deconstructs the decay into different contributions and only

one of them ( ks )determines the spin lifetime. Contrary to the helicity-difference

method, it does not assume 100% polarization: instead, the degree of spin polar-

ization P is an explicit parameter of the model consistent with the Clebsch-Gordan

coefficients for angular momentum coupling [13].

The main difference between the two methods is therefore what is considered

as the spin lifetime and which model is used to extract it. A review by Huang et

al.[17] showed that different spin lifetimes are obtained for the same material when

different techniques are implemented, highlighting that spin lifetime is inherently a

model-dependent quantity. Yang et al.[39], who studied the same material, used a

bi-exponential fitting model without explicitly discussing the physical justification

for the two components.

Thus with both methods the CISS effect is observed on the results but absolute

values differ. Future work ( See Chapter 6 ) would be needed to asses the veracity

of the new kinetic model and the question if CISS polarizes 100% of the spin still

to be answered.



Chapter 5

Conclusion

In this project we have seen how spin dynamics of R-, S-, and RAC-MBA2PbI4 are

affected by the CISS effect. Circularly Polarized Transient Absorption has proven

to be a powerful tool for uncovering the spin dynamics of these materials. The

R and S enantiomers have shown to have distinct spin dynamics that its racemic

counterpart. The two methods used to account for spin lifetimes have proven the

influence of the chiral spacer MBA on the dynamics but its results differ on absolute

values proving that spin lifetime is a model-dependent quantity [35]. The proposed

kinetic model separates the different processes after excitation and accounts for a

polarization parameter P consistent with the Clebsch-Gordan coefficients for angu-

lar momentum coupling.

Together, these results establish new insights into the quantification of spin re-

laxation rates in chiral hybrid lead halide perovskites and highlight the need for

standardizing measurement and modelling approaches in this rapidly growing field.
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Future Work

This thesis has established two complementary methods for extracting spin lifetimes

in chiral 2D perovskites and identified several open questions that future work should

address.

The kinetic model proposed here relies on three rate constants: kr, kA, and ks.

While the Auger-Meitner constants show good consistency across samples and polar-

izations, kr shows some variation between pump helicities that is attributed to fitting

artefacts from different experimental conditions. A natural next step would be to

perform fluence-dependent CPTA measurements: varying the pump fluence over a

wider range would allow kr and kA to be independently constrained before fitting

the spin dynamics. Complementary time-resolved photoluminescence (TRPL) mea-

surements would provide an independent measurement of the radiative lifetime [29],

which can be directly compared to 1/kr from the kinetic model and serve as a strong

external validation.

For the R-MBA2PbI4 sample, the anomalous GSB peak rise observed after ex-

citation remains an open question. As discussed in the results, this behaviour is

independent of the pump-probe polarization configuration, suggesting it is not a

spin-dependent effect. However it is not clear whether this is an intrinsic photo-

physical property of the R isomer or an experimental artifact from the specific thin

film sample used. To resolve this, new R-MBA2PbI4 samples should be synthesized

and measured under the same conditions. If the build-up is reproduced consistently

across samples, it would point to a genuine photophysical difference between R and

S enantiomers worth investigating further, perhaps related to differences in crystal

packing or exciton formation dynamics. If it is not reproducible, it would confirm a

sample-specific issue and the 751 ps spin lifetime from Method 1 should be treated

with caution and the new spin lifetime calculated.

Temperature-dependent measurements would be particularly valuable for un-

derstanding the spin relaxation mechanisms present in these materials given that

the main spin relaxation mechanisms have different temperature dependences: the
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DP rate decreases with increasing temperature while EY increases with tempera-

ture [35]. Fluence-dependent measurements would also be beneficial for a deeper

understanding and influence on the Auger-Meitner term and also how does fluence

affect the spin relaxation mechanisms.

Together these experiments would provide a much more complete picture of spin

relaxation in (R/S/RAC-MBA)2PbI4 and establish whether the kinetic model pro-

posed in this thesis captures all the relevant physics or requires further development.
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Annex A Spin Lifetime Extraction

A.1 Carrier Density Calculation

The initial carrier density N0 is calculated from the pump fluence F and the sample

absorbance at the pump wavelength λpump = 480 nm:

N0 =
F
(
1− 10−Abs480

)
Ephoton

, Ephoton =
hc

λpump

, (6.1)

where h is Planck’s constant, c is the speed of light, and Abs480 is the measured

absorbance at 480 nm. The film is treated as two-dimensional, so N0 is an areal

density (carriers cm−2). For a pump fluence of F = 7.89µJ cm−2, the photon energy

at 480 nm is Ephoton = 4.14 × 10−19 J, yielding the initial carrier densities listed in

Table 6.1.

Table 6.1: Initial carrier density calculated from absorption spectra measurements
at the pump wavelength (480 nm) and a fluence of F = 7.89µJ cm−2.

Sample Abs480 T480 N0 (cm−2)

R-MBA2PbI4 0.263 0.546 8.67× 1012

S-MBA2PbI4 0.205 0.624 7.16× 1012

RAC 0.217 0.601 7.48× 1012

A.2 Software Environment

All data processing and fitting were performed in Python 3 using the following

libraries: NumPy [15] for numerical operations, pandas for data ingestion, SciPy [34]

(scipy.optimize.curve fit and scipy.special.erfc) for nonlinear least-squares

optimisation, and Matplotlib for visualisation.

A.3 Construction of the Spin Signal S(t)

The spin-polarisation signal S(t) was constructed as the helicity difference

S(t) = Iσ+σ+(t)− Iσ+σ−(t). (6.2)

Before subtraction, both traces were interpolated onto a common uniform time

axis using linear interpolation. The resulting S(t) was normalised by the peak abso-
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lute value of the total population signal (Iσ+σ+ + Iσ+σ−), so that S(t) represents the

fractional spin polarisation relative to the total excited population, making results

comparable across samples measured at different pump fluences.

A.4 Fitting Model

The spin lifetime was extracted by fitting S(t) with the analytical convolution of a

single-sided exponential decay e−t/τ Θ(t) with a Gaussian IRF of 1σ width s. This

convolution yields

S(t) = C +
A

2
exp

(
s2

2τ 2
− t− t0

τ

)
erfc

(
s√
2 τ

− t− t0√
2 s

)
, (6.3)

where A is the spin-polarisation amplitude, τ ≡ τs is the spin lifetime, t0 is the

pump-probe time zero, s is the 1σ width of the Gaussian IRF, and C is a long-time

baseline offset. The complementary error function erfc arises naturally from the

convolution integral and correctly accounts for the finite signal rise near t0; without

it, an instantaneous step model would underestimate τs. The baseline C absorbs

any residual long-lived spin polarisation or detector drift that persists beyond the

measurement window, and is independent of the amplitude normalisation applied

during trace construction.

A.5 Fitting Procedure and Parameter Bounds

Nonlinear least-squares fitting was performed using scipy.optimize.curve fit.

The fit was applied over the time window t ∈ [0, 4000] ps.

For each sample, initial parameter guesses were generated automatically from

the data as follows:

• t0: time of maximum absolute gradient of S(t), approximating the signal onset.

• s: three times the median time step, clipped to [0.05, 0.50] ps.

• A: difference between the maximum and long-time mean of S(t).

• τ : 30% of the total fitted time range, clipped to [1, 1000] ps.

• C: mean of S(t) over the final 20% of the time axis, approximating the long-

time baseline.

The physical bounds applied to the five free parameters [C, t0, s, A, τ ] are sum-

marised in Table 6.2.
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Table 6.2: Parameter bounds used in nonlinear least-squares fitting of S(t) with the
IRF-convolved model (Eq. 6.3).

Parameter Physical meaning Unit Lower bound Upper bound

C Long-time baseline offset (norm.) −0.2 0.2
t0 Pump–probe time zero ps 0.0 1.0
s IRF 1σ width ps 0.01 1.0
A Spin-polarisation amplitude (norm.) −1.0 1.0
τs Spin lifetime ps 0.1 800

For samples exhibiting coherent artefacts near t = 0, a small number of leading

data points were excluded from the fit to prevent bias in the extracted τs. These

points were retained in all figures for transparency.

A.6 Uncertainty Estimation

The 1σ uncertainty on each fitted parameter was obtained from the square root of the

corresponding diagonal element of the covariance matrix C returned by curve fit:

δθi =
√

Cii, (6.4)

where θi denotes the i-th fitted parameter. This estimate assumes Gaussian

noise and linearises the model around the optimal solution. The spin lifetime and

its uncertainty are reported as τs ± δτs (1σ) throughout.



Annex B Computational Details for

Kinetic Model Fitting

B.1 Software Environment

All kinetic modelling was performed in Python 3 using NumPy [15] for numerical oper-

ations, pandas for data loading, SciPy [34] for ODE integration (scipy.integrate.solve ivp)

and least-squares optimisation (scipy.optimize.least squares), and Matplotlib

for visualisation.

B.2 Carrier Density Conversion

The transient absorption (TA) signal ∆A is proportional to the excited carrier pop-

ulation. To convert it to an areal carrier density N (carriers cm−2), the ground-state

bleach (GSB) kinetic trace at λprobe = 505 nm was extracted from each dataset. The

initial carrier density N0 was calculated from the pump fluence F and the sample

absorbance at the pump wavelength λpump = 480 nm:

N0 =
F
(
1− 10−Abs480

)
Ephoton

, Ephoton =
hc

λpump

, (6.5)

where h is Planck’s constant, c is the speed of light, and Abs480 is the measured

absorbance at 480 nm. A pump fluence of F = 7.89 × 10−6 J cm−2 was used for all

samples. The resulting initial carrier densities are listed in Table 6.1. The time-

dependent carrier density trace N(t) was obtained by scaling the TA kinetic trace

so that N(t = 0) = N0:

N(t) = N0 ·
∆A(t)

∆A(t = 0)
. (6.6)

B.3 Kinetic Rate Equations

The coupled ordinary differential equations (ODEs) governing the time evolution of

the two spin populations N+ and N− are:
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dN+

dt
= −krN+ − kAN

2
+ − kSN+ + kSN−

dN−

dt
= −krN− − kAN

2
− − kSN− + kSN+,

(6.7)

where kr (ps
−1) is the monomolecular excitonic recombination rate, kA (cm2 ps−1)

is the Auger–Meitner bimolecular recombination coefficient, and kS (ps−1) is the spin

relaxation rate. The observable total carrier density is:

Ntotal(t) = P ·N+(t) + (1− P ) ·N−(t), (6.8)

where P ∈ [0, 1] is the spin polarisation parameter defining the fractional popu-

lation of the majority spin state at t = 0:

N+(0) = P ·N0, N−(0) = (1− P ) ·N0. (6.9)

B.4 ODE Integration

The system of equations (6.7) was integrated numerically using scipy.integrate.solve ivp

with the LSODA method. The ODE was evaluated on the experimental time axis

t ∈ [0, 4000] ps at the measured time points via the t eval argument.

B.5 Spin Polarization Parameter P

The degree of spin polarization P cannot be directly measured from the TA experi-

ment. To determine the optimal value, a polarization sweep was performed for each

sample: the full fitting procedure was repeated for P ∈ {1.00, 0.90, 0.75, 0.67} for

the majority spin channel (with 1−P for the minority channel), and the resulting fits

were compared visually and by residual cost. The best fits across all samples were

obtained consistently at P = 0.67 for the majority spin channel and P = 0.33 for the

minority channel. This 2:1 ratio is consistent with the Clebsch–Gordan coefficients

( See Annex 6 ) for angular momentum coupling in a two-level spin system under

circularly polarized excitation [13], where σ+ excitation populates the mJ = +1
2

state with probability |⟨+1
2
|ê+|−1

2
⟩|2 = 2

3
and the mJ = −1

2
state with probability

1
3
. For the racemic sample, P was fixed at 0.50 since both spin states are expected

to be equally populated.
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B.5.1 Kinetic Fits for Different P Values

Note that opposite combinations of P values (e.g. 33%/67%) yield the same rate

constants but with the spin populations interchanged. For the racemic mixture, no

sweep was performed since equal populations (P = 50%) are assumed by symmetry.

Figure 6.1: Polarization sweep for R-MBA2PbI4.

Figure 6.2: Polarisation sweep for S-MBA2PbI4.
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B.6 Fitting Procedure

The three kinetic parameters θ = [kr, kA, kS] were extracted by minimising the sum

of squared residuals between the simulated Ntotal(t) and the experimental carrier

density traces.

The optimisation was performed using scipy.optimize.least squares with

the soft l1 robust loss function:

θ̂ = argmin
θ

∑
i

ρ

(
[Nmodel(ti; θ)−Nexp(ti)]

2

f 2
s

)
, (6.10)

where ρ(z) = 2(
√
1 + z − 1) is the soft-ℓ1 function that down-weights outliers,

and fs is a scale factor set to 1011–1012 cm−2 (matching the carrier density scale) to

ensure numerically well-conditioned residuals. The initial condition for each ODE

integration was taken as the measured carrier density at the start of the fit window

rather than the calculated N0.

The fit window was t ∈ [tmin, 4000] ps, where tmin was set to the time of the

carrier density peak (typically 30-60 ps after t = 0) to exclude the early-time rise.

B.7 Parameter Bounds

Physical bounds were applied to all three fitted parameters to prevent convergence

to unphysical solutions. The bounds used are summarised in Table 6.3.

Table 6.3: Parameter bounds applied during kinetic model fitting.

Parameter Physical meaning Unit Lower bound Upper bound

kr Excitonic recombination rate ps−1 1.1× 10−6 5× 10−4

kA Auger–Meitner coefficient cm2 ps−1 2× 10−20 1× 10−12

kS Spin relaxation rate ps−1 1× 10−5 1× 10−2

The lower bound on kr corresponds to a recombination lifetime of ∼900 ns, well

beyond the measurement window; the upper bound corresponds to∼2 ps, faster than

exciton formation. The bounds on kA span six orders of magnitude to accommodate

the wide range of Auger coefficients reported for 2D perovskites. The bounds on kS

correspond to spin lifetimes between ∼100 ns and ∼100 ps, bracketing the physically

expected range for spin relaxation in lead halide perovskites.



Annex C Clebsch–Gordan Coeffi-

cients

Clebsch–Gordan (CG) coefficients are the expansion coefficients of total angular

momentum eigenstates in an uncoupled tensor product basis. They arise in the

coupling of two angular momenta j1 and j2 into a total angular momentum J .

C.1 Uncoupled (Product) Basis

The uncoupled basis is formed by the tensor product of the individual angular

momentum eigenstates:

|j1,m1⟩ ⊗ |j2,m2⟩, mi = −ji,−ji + 1, . . . , ji.

This basis spans a space of dimension (2j1 + 1)(2j2 + 1).

C.2 Coupled Basis

The coupled basis consists of simultaneous eigenstates of Ĵ2, Ĵz, ĵ
2
1 , and ĵ22 , denoted

|J,M⟩. The allowed values of the total angular momentum quantum number J

satisfy

|j1 − j2| ≤ J ≤ j1 + j2,

and for a given J , the magnetic quantum number ranges over M = −J, . . . , J . Both

bases span the same (2j1 + 1)(2j2 + 1)-dimensional Hilbert space.

C.3 Clebsch–Gordan Expansion

The two bases are related by an orthogonal (unitary) transformation. A coupled

state |J,M⟩ expands in the product basis as

|J,M⟩ =
∑

m1,m2

⟨j1m1; j2m2 | J M⟩ |j1,m1⟩ ⊗ |j2,m2⟩, (6.11)

where the sum is restricted to terms satisfying m1+m2 = M , and ⟨j1m1; j2m2 |
J M⟩ are the Clebsch–Gordan coefficients. Conversely, a product state decomposes
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as

|j1,m1⟩ ⊗ |j2,m2⟩ =
∑
J,M

⟨j1m1; j2m2 | J M⟩ |J,M⟩.



Annex D Transient Absorption Spec-

tra Plots

The following figures show the full transient absorption (TA) spectra at selected

time delays for each sample and pump-probe helicity combination. Scattering and

chirp correction were applied to all datasets prior to analysis.

D.1 R-MBA2PbI4

Figure 6.3: TA spectra of R-MBA2PbI4 with σ+ pump and σ+ probe configuration

at selected time delays.
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Figure 6.4: TA spectra of R-MBA2PbI4 with σ+ pump and σ− probe configuration

at selected time delays.

Figure 6.5: TA spectra of R-MBA2PbI4 with σ− pump and σ− probe configuration

at selected time delays.
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Figure 6.6: TA spectra of R-MBA2PbI4 with σ− pump and σ+ probe configuration

at selected time delays.
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D.2 S-MBA2PbI4

Figure 6.7: TA spectra of S-MBA2PbI4 with σ+ pump and σ+ probe configuration

at selected time delays.
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Figure 6.8: TA spectra of S-MBA2PbI4 with σ+ pump and σ− probe configuration

at selected time delays.

Figure 6.9: TA spectra of S-MBA2PbI4 with σ− pump and σ− probe configuration

at selected time delays.
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Figure 6.10: TA spectra of S-MBA2PbI4 with σ− pump and σ+ probe configuration

at selected time delays.
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D.3 RAC-MBA2PbI4

Figure 6.11: TA spectra of RAC-MBA2PbI4 with σ+ pump and σ+ probe configu-

ration at selected time delays.
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Figure 6.12: TA spectra of RAC-MBA2PbI4 with σ+ pump and σ− probe configu-

ration at selected time delays.

Figure 6.13: TA spectra of RAC-MBA2PbI4 with σ− pump and σ− probe configu-

ration at selected time delays.
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Figure 6.14: TA spectra of RAC-MBA2PbI4 with σ− pump and σ+ probe configu-

ration at selected time delays.
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