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Abstract
Lead halide perovskites have emerged as exceptional semiconductormaterials for photovoltaic and optoelec-
tronic applications, offering easy tunability and lower production costs than conventional semiconductors.
Their band gap energy can be adjusted through compositional changes, particularly by modifying the
halide content, and through quantum confinement in low-dimensional systems. While the effects of com-
position and dimensionality on optical properties are well established, their influence on spin properties is
far from being well understood. In this work, the technique of spin-flip Raman spectroscopy is employed
to investigate three-, two-, and zero-dimensional lead halide perovskites, focusing on a key band structure
parameter defining the coupling of spins to external magnetic fields: the Landé 𝑔-factor. In particular,
the impact of quantum confinement on the carrier 𝑔-factor is examined in Ruddlesdon-Popper type two-
dimensional perovskites and zero-dimensional CsPbBr3 perovskite nanocrystals. The dependence of their
𝑔-factors on the effective band gap energy is compared to the universal dependence of the electron and
hole 𝑔-factors in three-dimensional lead halide perovskites. This work reveals that while the general trend
of both electron and hole 𝑔-factors follows the bulk dependence, significant deviations in their absolute
values occur in two- and zero-dimensional lead halide perovskites, highlighting the pronounced impact of
quantum confinement on spin properties. From a technological perspective, it is particularly interesting
that the 𝑔-factor can be engineered by adjusting the number of inorganic layers in 2D perovskites or
the size of the nanocrystals. Spin-flip Raman spectroscopy also reveals the domain structure of a bulk
MAPbI3 single crystal by identifying the presence of domains with different crystal orientations through
the 𝑔-factor anisotropy. Furthermore, rare double spin-flip processes involving two electrons or two holes
are detected. Next to spin-flip processes, confined acoustic phonon modes are discovered in the Raman
spectra of CsPbBr3 nanocrystals. A comparison of experimental results and density functional theory
calculations enable the identification of these phonon modes and offers a complementary optical tool to
probe structural properties such as the shape, structural phase, and size of the nanocrystals that are, in
turn, key to understanding spin interactions.

Zusammenfassung
Blei-Halogen-Perowskite haben sich als herausragende Halbleitermaterialien für Photovoltaik- und
Optoelektronik-Anwendungen etabliert, da sie im Vergleich zu konventionellen Halbleitern eine ein-
fache Anpassbarkeit und geringere Produktionskosten bieten. Ihre Bandlückenenergie kann durch Kom-
positionsänderungen, insbesondere durch Modifikation des Halogens, und durch quantenmechanische
Einschränkung in niedrigdimensionalen Systemen angepasst werden. Während die Auswirkungen der Zu-
sammensetzung und Dimensionalität auf die optischen Eigenschaften weitestgehend bekannt sind, ist ihr
Einfluss auf die Spin-Eigenschaften nicht vollständig verstanden. In dieser Arbeit wird die Technik der Spin-
Flip-Raman-Spektroskopie verwendet, um drei-, zwei- und null-dimensionale Blei-Halogen-Perowskite
zu untersuchen, wobei ein wichtiger Bandstrukturparameter im Fokus steht, der die Kopplung der Spins
an äußere Magnetfelder beschreibt: der Landé 𝑔-Faktor. Besonders wird der Einfluss der quantenmecha-
nischen Einschränkung auf den 𝑔-Faktor der Ladungsträger in zwei-dimensionalen Ruddlesdon-Popper
Perowskiten und null-dimensionalen CsPbBr3-Perowskit-Nanokristallen untersucht. Die Abhängigkeit
ihrer 𝑔-Faktoren von der effektiven Bandlückenenergie wird mit der universellen Abhängigkeit der
𝑔-Faktoren von Elektronen und Löchern in dreidimensionalen Blei-Halogen-Perowskiten verglichen.
Diese Arbeit zeigt, dass, obwohl der allgemeine Trend der 𝑔-Faktoren für Elektronen und Löcher der Bulk-
Abhängigkeit folgt, signifikante Abweichungen in ihren absolutenWerten in zwei- und null-dimensionalen
Blei-Halogen-Perowskiten auftreten, was den starken Einfluss der quantenmechanische Einschränkung
auf die Spin-Eigenschaften verdeutlicht. Aus technologischer Sicht ist es besonders interessant, dass der
𝑔-Faktor durch Anpassung der Anzahl der anorganischen Schichten in 2D-Perowskiten oder der Größe
der Nanokristalle gezielt eingestellt werden kann. Des Weiteren wird Spin-Flip-Raman-Spektroskopie ver-
wendet um die strukturelle Domänenstruktur eines MAPbI3-Einkristalls zu untersuchen und anhand einer
𝑔-Faktor-Anisotropie Bereiche mit unterschiedlichen Kristallorientierungen zu identifizieren. Darüber
hinaus werden seltene Doppel-Spin-Flip-Prozesse beobachtet, in denen zwei Elektronen oder zwei Löcher
involviert sind. Neben Spin-Flip-Prozessen werden in den Raman-Spektren von CsPbBr3-Nanokristallen
eingeschränkte akustische Phonon-Moden entdeckt. Ein Vergleich der experimentellen Ergebnisse mit
Dichtefunktional-Berechnungen ermöglicht die Identifikation dieser Phonon-Moden und bietet ein ergän-
zendes optisches Werkzeug zur Untersuchung der Form, strukturellen Phase und Größe der Nanokristalle,
die wiederum entscheidend sind, um Spin-Wechselwirkungen zu verstehen.
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Introduction

Perovskite crystals refer to a broad class of materials with the general composition ABX3, con-
sisting of more than 300 known compounds, which include both fully inorganic and hybrid
inorganic-organic structures, offering a variety of optical properties [1, 2]. This thesis focuses on
hybrid organic-inorganic lead halide perovskites where A is an organic cation, such as methy-
lammonium, B is lead, and X is a halide such as iodine or bromide. Lead halide perovskites have
attracted significant attention in recent years due to their high performance in photovoltaic and
light emitting applications [3, 4], as well as their remarkable optoelectronic properties, including
a high light absorption coefficient and long carrier diffusion lengths [5, 6]. Prominent materials
such as methylammonium and formamidinium lead iodide (MAPbI3 and FAPbI3) have driven a
significant increase in the efficiency of prototype solar cells from 4% in 2009 [7] to 26% in 2021 [8,
9]. Recent technological achievements have opened up an interesting field of research on the
fundamental aspects of light-matter interaction in lead halide perovskites, particularly focusing
on the properties of excitons and photogenerated charge carriers near the band gap [10]. The
optical properties of lead halide perovskites can be widely manipulated either through compo-
sitional engineering or by reducing the dimensionality to thin layers or nanocrystals [11, 12].
Beyond optoelectronic applications, lead halide perovskites are highly promising materials for
spin-optoelectronic applications due to their unique properties: they consist of heavy-element
components that enable significant spin-orbit coupling for efficient spin manipulation, they ex-
hibit long spin relaxation times for efficient spin transport, and they demonstrate strong, tunable
photoluminescence emission [13, 14]. While the influence of composition and dimensionality on
the optical properties of this material class is well established, its fundamental spin properties
are far from being fully understood. Recent studies have demonstrated that optical spin control
in lead halide perovskites can be achieved similarly to conventional semiconductors [15]. This
includes various optical and magneto-optical techniques such as optical orientation [16, 17], time-
resolved Faraday/Kerr rotation [18, 19], and resonant spin-flip Raman spectroscopy [20]. Among
these, spin-flip Raman spectroscopy is a powerful magneto-optical technique for analyzing the
spin properties and interactions of charge carriers through inelastic light scattering, where the
spin orientation of one or more charge carriers is inverted in the presence of a magnetic field [21].
This spin inversion is associated with an energy shift corresponding to the Zeeman energy. By
using a narrow single-mode laser in combination with a high-resolution spectrometer, inelastic
scattering processes with energy shifts as small as a few hundred of μeV can be explored. From
the Zeeman energy, a key band structure parameter, the Landé 𝑔-factor, which characterizes the
coupling of the spin to an external magnetic field, can be determined. Thus, this method provides
direct insight into the Zeeman splitting of electrons, holes, and excitons, as well as their optical
selection rules [22–24], enabling the determination of 𝑔-factors for all carriers within a single
experiment [25]. Spin-flip Raman spectroscopy was first applied in 1968 on CdS to study bound
electrons and holes [26]. Since then, the technique has been widely applied to investigate conven-
tional semiconductors across various dimensionalities, such as quantum wells [24, 27], quantum
dots [28–30], and colloidal nanoplatelets [31]. However, its application to lead halide perovskites
has rarely been demonstrated so far. In this thesis, we apply spin-flip Raman spectroscopy to
three-, two-, and zero-dimensional lead halide perovskites. Through systematic experimental
investigations for different degrees of quantum confinement, a comprehensive picture of the
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Introduction

effect of quantum confinement on the spin properties of lead halide perovskites is established.
Chapters 1 and 2 provide an overview of the theoretical background and experimental method
of spin-flip Raman spectroscopy in lead halide perovskites. In the following, the experimental
results, presented in Chapters 3 to 5 are set into context with existing literature.

MAPbI3 is one of the most widely studied materials in the family of lead halide perovskites [2].
A detailed understanding of its structural microstructure is crucial for elucidating its intrinsic
properties and potential applications in spintronics and related technologies [32]. Techniques
such as atomic force microscopy (AFM) and scanning tunneling microscopy (STM) enable detailed
analysis of a sample’s structure and surface morphology [33, 34]. However, STM faces significant
challenges when applied to lead halide perovskites due to their (semi-)conducting nature, which
can affect the reliability of tunneling-based measurements [35]. Additionally, accurate surface
characterization requires atomically flat surfaces, which are difficult to achieve with commonly
used synthesis methods such as spin-coating [36]. Moreover, the strong electric field between
the tip and the sample is sufficient to displace ions in the perovskite materials, leading to lattice
distortions and potentially altering the material’s intrinsic properties [36]. Therefore, an alterna-
tive experimental technique is needed that enables the structural analysis without modifying
the sample’s characteristics. In Chapter 3, we demonstrate that the technique of spin-flip Raman
spectroscopy not only provides insights into the Zeeman splitting of carriers and their interaction
but also serves as a powerful tool for investigating the structural domain orientation of a MAPbI3
single crystal. Traces of different structural orientations are revealed through spin-flip lines that
exhibit different 𝑔-factor anisotropies. Notably, the intensities of the electron and hole spin-flips
from one structural domain are approximately an order of magnitude stronger than those from the
other domain, indicating that the MAPbI3 single crystals are primarily a single domain. Besides
the presence of different structural domains, we observe strongly polarization-dependent spin-flip
Raman scattering spectra for both the electron and hole. A systematic polarization analysis
combining a four-level excitation scheme with resident carriers in the ground states and excited
three-particle states, and a slightly tilted magnetic field from Faraday geometry successfully re-
produces the main features of the strongly polarization-dependent spin-flip Raman spectra. This
analysis provides further evidence that the observed spin-flips originate from resident carriers
in the lead halide perovskite crystal and offers a powerful approach for determining the sign of
𝑔-factors in so far unexplored materials. In MAPbI3, Zeeman splittings from double spin-flips
(twice the electron and twice the hole Raman shifts) and combined electron-hole spin-flips have
been observed. The observation of combined and double spin-flips is rare, as their intensities are
approximately one order of magnitude lower than that of single spin-flips [31, 37].

While three-dimensional structures continue to attract interest, modern growth techniques, such
as molecular beam epitaxy, enable the minimization of spintronic devices and the construction
of nanostructures, thus opening up a new field of research and forming the basis of nanotech-
nology [38, 39]. The trend of downsizing materials from 3D to 0D serves as a bridge between
bulk materials and atomic or molecular systems [40]. Quantum confinement affects not only the
electronic and optical properties but also the spin properties [41]. Different low-dimensional
structures, such as 2D materials and nanocrystals, can be formed depending on the degree of
quantum confinement and the number of free dimensions. In zero-dimensional nanocrystals, the
movement of electrons is confined within a volume, typically with a nanometer-sized diameter,
resulting in a full quantization as in natural atoms [39]. Already in 1937, Herbert Fröhlich
theoretically predicted that the size of the quantum dots would determine their optoelectronic
properties [42]. However, the synthesis of quantum dots, discovered independently by two of
three Noble Price winners in Chemistry in 2023, Louis Brus and Alexei Yekimov, was first estab-
lished in the mid-1980s. With both techniques, Brus’s wet-chemical method for solution-grown
samples and Yekimov’s high-temperature precipitation in a glass matrix, it was experimentally
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observed that decreasing the quantum dot size leads to a shift of the emission to shorter wave-
lengths [43, 44]. However, these fabrication methods lacked control over the size and shape of
the quantum dots. In 1993, Moungi Bawendi achieved a breakthrough by developing a synthesis
method that allowed precise control over monodispersive quantum dots with well-defined size
and shape [45], for which he was awarded a third share of the Nobel Prize. This innovation
revolutionized the use of quantum dots, enabling applications such as laser diodes [46] and
displays [47].

Lead halide perovskite nanocrystals are highly promising materials for spintronic applications
due to their remarkable quantum yield of up to 90 %, broadly tunable photoluminescence through
compositional changes and confinement of charge carriers [48, 49]. However, a significant limita-
tion of lead halide perovskite nanocrystals is their low stability under ambient conditions [50],
particularly for nanocrystals containing organic cations, which are highly volatile due to their
hydrophilic nature [51, 52]. Consequently, all-inorganic caesium lead halide perovskites have
garnered considerable attention. One effective approach to protect these nanocrystals from envi-
ronmental degradation is to synthesize them within a glass matrix [53, 54]. A suitable option is
the fluorophosphate glass matrix, which offers high chemical resistance to harmful environmental
conditions and enables the incorporation of high concentrations of halides, thereby ensuring a
high quantum yield of nanocrystals [55]. Spin-dependent phenomena in perovskite nanocrystals
have been reported for lead halide nanocrystals synthesized with wet-chemical methods [56], as
well as for those embedded in a glass matrix [51, 57, 58].

In conventional low-dimensional semiconductor systems, such as In(Ga)As quantum dots [59]
and InAs nanowire quantum dots [60], it is well established that quantum confinement induces a
renormalization of the 𝑔-factor [61]. Similarly, in lead halide perovskites, the effect of quantum
confinement is expected to modify the spin properties. This thesis aims to investigate the Landé
𝑔-factors in two- and zero-dimensional lead halide perovskites and to explore their dependence
on the effective band gap energy, which can be tuned not only through compositional changes
but also through quantum confinement. In our group, it has been found that for bulk lead
halide perovskites, the 𝑔-factors of both electron and hole exhibit a dependence on compositional
changes, which can be described by a universal dependence on the band gap energy [62]. A
conceptually different approach explored in this thesis is to tune the effective band gap energy
through quantum confinement. This is particularly interesting for technological applications, as
it enables the engineering of spin properties by the variety of perovskite materials and quantum
confinement. Furthermore, this approach is more robust than compositional engineering, as only
a limited number of lead-halide perovskite compositions demonstrate good quality in terms of
crystal phase stability, moisture resistance, and toxicity [63–65]. To systematically study spin
properties under the effect of quantum confinement, a variety of lead halide perovskites will be
investigated using the technique of spin-flip Raman spectroscopy. In Chapter 4, the technique
of spin-flip Raman spectroscopy is applied to 2D Ruddlesdon-Popper (RP) type perovskites,
PEA2(MA, FA)𝑛−1Pb𝑛X3𝑛+1, where X represents the halides bromide and iodine. Here, the impact
of the quantum confinement on the carrier 𝑔-factors is investigated across a broad energy range
from 1.8 eV to 3.1 eV by combining the results from the iodine and bromide material series. It
is found that both the electron and hole 𝑔-factors deviate significantly from the bulk universal
dependence, indicating that quantum confinement strongly influences the spin properties.

Building up on the investigations of the 𝑔-factor on the strength of quantum confinement, CsPbBr3
nanocrystals grown in solution are investigated in Chapter 5. The nanocrystal ensemble provides
information about the average spin properties and their dispersion due to inhomogeneous broad-
ening [66]. By resonantly exciting subensembles, changes of the 𝑔-factors with the nanocrystal
size can be measured. It has been found that both the electron and hole 𝑔-factors are strongly
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Introduction

affected by the quantum confinement and deviate from the bulk universal dependence. Besides the
spin-flips of resident carriers, optically-active acoustic phononmodes confined in the nanocrystals
were observed due to their interaction with photogenerated excitons in the resonant Raman spec-
tra. The phonon Raman spectra exhibit a pronounced nanocrystal size dependence, establishing
Raman spectroscopy as a highly important characterization tool for nanoparticles [67]. Confined
acoustic phonons in semiconductor quantum dots were first reported in the mid-1990s, especially
in CdSe nanocrystals embedded in glass [68] and CdS doped glasses [69], with additional studies
in the early 2000s [70, 71]. However, experimental advancements in this field have not been
reported for nearly two decades. The discovery of optically-active confined acoustic phonon
modes in CsPbBr3 nanocrystals has sparked new interest in this research topic. The investigation
of the size-dependent behavior of acoustic phonon modes in CsPbBr3 nanocrystals has been
extended to include CsPbI3 nanocrystals embedded in a glass matrix. A detailed analysis of the
Raman spectra with density functional theory enables the computation of Raman spectra for
optically-active confined acoustic phonon modes in nanocrystals of various shapes and structural
phases. This approach provides a complementary optical method to probe structural properties
such as the shape, structural phase, and size of nanocrystals through resonant Raman scattering,
which are, in turn, key to understanding spin interactions.
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Theoretical background 1
This chapter introduces the theoretical background on spin properties of lead halide perovskites,
covering Landé 𝑔-factors in bulk and low-dimensional structures, as well as acoustic phonons in
perovskite nanocrystals revealed by resonant spin-flip Raman spectroscopy and Raman scattering.
Section 1.1 covers the fundamental electronic properties of lead halide perovskites, including exci-
tons and nanostructures. Sections 1.2–1.5 investigate various aspects of spins in semiconductors,
focussing on their optical orientation, their interactions with magnetic fields, and interactions
with lattice nuclei, respectively. In Section 1.6, inelastic scattering of light is introduced, focussing
on the concept of phonons (Section 1.6.1) and resonant Raman scattering (Section 1.6.2). Finally,
Section 1.6.3 presents the technique of spin-flip Raman spectroscopy, which is experimentally
used in Chapters 3–5 to investigate the spin properties of lead halide perovskites in various
dimensions.

1.1 Band structure of lead halide perovskites

The optical properties of semiconductor materials are primarily determined by interband transi-
tions of electrons between the highest occupied band (valence band) and the lowest unoccupied
band (conduction band). The valence band (VB) and conduction band (CB) arise from the hy-
bridization of atomic orbitals that occurs when atoms are brought into proximity. This leads
to an overlap of valence electronic, resulting in the formation of energy bands separated by
an energy gap. Semiconductors typically exhibit a band gap energy 𝐸g in the order of 1 eV
with the nearest energy extrema of the VB and CB occurring at a wave vector of 𝑘 = 0 in direct
semiconductors. There, the maximum of the VB coincides with the minimum of CB in momentum
space, enabling the excitation of an electron from the VB to the CB through the absorption of a
photon with energy 𝐸photon ≥ 𝐸g. This excitation leaves an unoccupied state in the VB, which
can be described as a hole, a positively charged quasiparticle. Thus, an interband transition can
also be understood as the creation of an electron-hole pair. When the Coulomb interaction is
taken into account, this pair forms a neutral bound state known as an exciton (see Section 1.1.2).
In contrast, in indirect semiconductors, where the maximum of the VB and the minimum of CB
differ in momentum space, a phonon is required to conserve momentum during the electron
transition which consequently reduces the probability of optical transitions. Therefore, in direct
semiconductors, where the absorption of a photon is sufficient to generate an electron-hole pair,
the light-matter interaction is significantly enhanced, making optical investigations particularly
interesting. Lead halide perovskites such as MAPbI3, CsPb(Br, I)3 and (PEA)2(MA, FA)𝑛−1Pb𝑛(Br,
I)3𝑛+1 belong to the class of direct semiconductors and will be the focus of investigations in this
thesis. Additional properties related to the band structure of these materials are discussed in the
following. [76–78]
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Perovskites refer to materials with the general composition ABX3. In lead halide perovskites,
presented in this thesis, A represents a cation such as methylammonium (MA: CH3NH3), for-
mamidinium (FA: NH2CH), phenethylammonium (PEA: (C6H5)C2H4NH3) or caesium (Cs), B
is lead (Pb) and X is a halide, such as bromide (Br) or iodine (I). The crystal structure consists
of corner-sharing octahedra PbX−

6 , with lead at the center and halogen atoms at the corners,
while an additional cation A+ stabilizes the space between the octahedral structures [2], see
Figure 1.1(a). The chemical bonds within the perovskite structure predominantly exhibit ionic
character [79], enabling the band gap formation to be considered only based on the atomic orbital
structures of lead and halide ions. In particular, the valence band (VB) is formed by hybridized
lead 6𝑠- and halide 𝑝-orbitals, while the conduction band (CB) mainly originates from the lead 6𝑝-
orbitals with an admixture of halide 𝑠-orbitals [18, 80], see Figure 1.1(b). Since the contributions to
the VB maximum from lead and iodine are in a ratio of approximately 3:1 [80], the lead 6𝑠-orbitals
predominantly determine the top of the VB. Therefore, the holes are characterized by an 𝑠-type
wave function, while the electrons are characterized by a 𝑝-type wave function. Figure 1.1(c)
presents the simplified representation of the band and spin structure near the band gap at the
𝑅-point in the Brillouin zone.

Figure 1.1: (a) Schematic bulk perovskite ABX3 structure composed of corner-sharing BX6
octahedra stabilized by central cations A. The visualization is performed with VESTA3 [81]
based on structural data from the Crytallographic Open Database [82]. (b) Formation of VB
and CB from the antibonding orbitals between lead (Pb, left) and halide (X, right), adapted
from [83–85]. (c) Simplified band structure for cubic perovskites, with the bands labeled as
VB, CB, heavy electron (he), and light electrons (le). The optical band gap is formed between
the VB and CB at the 𝑅-point, with a band gap energy of 𝐸g, and split-off bands separated by
the spin-orbit coupling energy 𝛥so, adapted from [58].

The conduction bands of cubic lead halide perovskites consist of the lowest energy electron
band (CB) and two higher energy electron bands, the heavy-electron (he) and light-electron (le)
bands, as shown in Figure 1.1(c). Note that for lead halide perovskites with lower symmetry,
the he and le bands are initially non-degenerate [62]. Spin-orbit coupling causes a splitting that
separates the he and le bands from the CB band. Coupling of the orbital angular momentum 𝐿 to
the spin 𝑆 via the spin-orbit interaction results in the total angular momentum 𝐽 = 𝐿 + 𝑆 [86].
For the VB with an 𝑠-type wave function (corresponding to an angular momentum of 𝐿 = 0), no
spin-orbit coupling occurs, resulting in a total angular momentum 𝐽 = 1/2. This configuration
features doubly degenerate states (𝑗 = 1/2, 𝑗𝑍 = ±1/2), where 𝑗𝑍 denotes the 𝑧-component of
𝐽 [87]. For the conduction bands, characterized by a 𝑝-type wave function (𝐿 = 1), the higher
𝐽1 = 3/2 bands, with states (3/2, ±3/2) (he) and (3/2, ±1/2) (le), are energetically separated
by the spin-orbit coupling energy 𝛥so from the CB 𝐽2 = 1/2 with (1/2, ±1/2) [88]. Since the
spin-orbit coupling energy is comparable to the band gap energy itself (𝛥so~1 − 1.5 eV [62, 80,
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1.1 Band structure of lead halide perovskites

88]), the higher-energy electron bands (he, le) can be neglected. Thus, for the optical properties
near the band gap, the lowest energy transitions occur between the VB and lowest CB, where
both electron and hole have 𝑗 = 1/2.

The band gap energy of lead halide perovskites can be tuned from the infrared to the ultraviolet
spectral range by changing the halide composition. For instance, the difference in band gap energy
can exceed 1 eV when comparing materials based on iodine to those containing chlorine. [11]
Fine tuning of the band gap energy can be achieved by employing halide mixtures with varying
ratios [89]. The energy of the CBminimum is primarily governed by the position of the lead 𝑝-level,
while the energy of the VB maximum is influenced by three competing effects: electronegativity,
confinement, and the hybridization strength between lead 𝑠- and halide 𝑝-orbitals, as described
in Reference [90]. First, the VB maximum experiences a downward shift, going from iodine to
chlorine, reflecting the increasing electronegativity of the halides [91]. Although electronegativity
lowers the VB maximum, this effect is countered by two other factors: the decreasing lead-halide
distance from iodine to chlorine, which confines an electron in the lead atom more strongly
and raises its energy, and the enhanced hybridization strength. Nevertheless, the dominant
factor remains the downward shift of the VB maximum and the upward shift of the CB minimum
due to electronegativity, leading to a progressive increase of the band gap energy as the halide
is tuned from iodine to chlorine. Note that changing the cation A does not directly affect the
electronic states [2], as it does not participate in the bonding interactions. However, it can
indirectly influence the electronic structure by modifying the lattice volume or introducing lattice
distortions in the perovskite structure. [90]

1.1.1 Structural phase transitions in lead halide perovskites

In general, the perovskite structure is flexible concerning component substitution as long as
the ionic radii are compatible with the lattice and charge neutrality is preserved. If the ionic
radii do not fit perfectly, deviations from the cubic perovskite structure (𝑎 = 𝑏 = 𝑐) can occur,
leading to the formation of tetragonal (𝑎 = 𝑏 ≠ 𝑐) or orthorhombic (𝑎 ≠ 𝑏 ≠ 𝑐) phases, where 𝑎, 𝑏,
and 𝑐 represent the crystallographic axes. Despite these variations, the characteristic perovskite
structure of corner-sharing BX6 octahedra is preserved. [2] Phase transitions can occur due
to temperature changes, leading to the formation of new structural phases through octahedral
tilting, distortion, or cation displacement [92–94]. For the widely used organic-inorganic lead
halide perovskites MAPbI3 and FAPbI3, the ideal cubic 𝛼-phase remains thermodynamically stable
at temperatures above room temperature, as structures with higher symmetry are favored at
elevated temperatures [95]. Structural stability in perovskites is indicated by the Goldschmidt
tolerance factor 𝑡, which is calculated based on the ionic radii, 𝑟𝑖, of the ions (A, B, X) in the
compound [63]:

𝑡 =
𝑟A + 𝑟X

√2(𝑟B + 𝑟X)
. (1.1)

Typically, a tolerance factor in the range of 0.8 ≤ 𝑡 ≤ 1 indicates stable perovskite structures,
where 𝑡 = 0.9–1 corresponds to an ideal cubic structure [96]. Values in the range of 0.8 ≤ 𝑡 ≤ 0.9
tend to favor lower-symmetry structures, while values outside this range cause the perovskite
structure to become increasingly unstable [2]. For the lead halide perovskites studied in this thesis,
the tolerance factors are: MAPbI3 (𝑡 = 0.912), CsPbI3 (𝑡 = 0.851), and CsPbBr3 (𝑡 = 0.862) [97].
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1.1.2 Excitons in bulk perovskites

Optical excitation of semiconductor materials results in the formation of excitons, which dominate
the optical properties near the band gap. These excitons are formed through the attractive
Coulomb interaction between negatively charged electrons and positively charged holes, which
can be treated analogously to hydrogen atoms. As a result, the excitation energy required for the
optical transition is reduced by the Coulomb interaction. [76]

The excitonic levels form a multiplet of states with distinct spin configurations of the carriers [98].
The exchange interaction, which couples the electron and hole spins, leads to the formation of a
singlet-triplet structure of the exciton [48]. In the absence of a magnetic field, the singlet-triplet
splitting is primarily determined by the exchange energy [98]. In cubic lead halide perovskite
structures, the exchange interaction separates the excitonic states into a spin-forbidden dark
singlet (𝐽 = 0) and spin-allowed bright triplet (𝐽 = 1), where the two of the three triplet levels
(𝐽𝑧 = ±1) can be selectively addressed with circularly polarized light [99]. For lower-symmetry
crystal structures, such as tetragonal or orthorhombic phases, an anisotropic exchange interaction
lifts the degeneracy of the triplet states [100]. This results in a bright exciton fine structure
consisting of three orthogonal spatial states, |𝑥⟩, |𝑦⟩, and |𝑧⟩, which couple to linearly polarized
light with an exciton dipole moment oscillating along the 𝑥 -, 𝑦 -, or 𝑧 - axis, respectively [101].
Further fine structure splitting can be induced by external or internal magnetic fields through the
Zeeman interaction between the electron and hole spins and the magnetic field [98]. In strong
magnetic fields, where the Zeeman splitting exceeds the exchange interaction, the 𝐽𝑧 = ±1 states
experience a Zeeman splitting proportional to the sum of the electron and hole 𝑔-factors, while
the 𝐽𝑧 = 0 states (which include the singlet and one of the triplet states) split proportionally to
their difference.

1.1.3 Excitons in low dimensions

In systems with reduced dimensionality, excitons are spatially confined when the size of the
system is comparable to or smaller than the exciton Bohr radius. In such systems, the energy levels
are quantized along the direction of the confinement. Based on the number of free dimensions,
these systems are classified as quantum wells (2D), quantum wires (1D), and quantum dots
(0D). [76] This section explores the properties of two-dimensional and zero-dimensional lead
halide perovskites.

In 2D lead halide perovskites, the spatial confinement is achieved in one direction by periodically
interrupting the structure of the three-dimensional perovskite APbX3 with layers of organic
molecules. As shown in Figure 1.2(a) the planes of lead halide octahedra are surrounded by
barriers of organic spacers. [2] Perovskites in the Ruddlesdon-Popper (RP) phase that incorporate
monovalent cations such as the organic molecule phenylethylammonium (PEA), which has a
large ionic radius, preferentially form layered 2D structures rather than 3D perovskites [102].
This 2D structure requires a bilayer arrangement of organic spacer cations. Due to the molecular
structure of PEA, the organic molecules cannot interlink with each other, typically resulting
in larger interlayer distances, often exceeding twice the length of the cation. As a result, the
layers, defined as lead halide octahedra separated by van der Waals-bonded pairs of PEA, remain
well-separated. This separation suppresses tunneling and limits interactions of electrons, holes,
and excitons between individual layers. [103] Therefore, the structure shown in Figure 1.2(a)
effectively behaves as a quantum well as schematically depicted in Figure 1.2(b). Within this
thesis, the focus is set on lead halide 2D perovskites in the RP phase with the composition A’2 A𝑛−1
Pb𝑛 X3𝑛+1 [104], where A’ is PEA, A is a monovalent cation (MA, FA), X is a halide (Br or I), and
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1.1 Band structure of lead halide perovskites

𝑛 is the number of inorganic layers. The case of 𝑛 = 1 corresponds to a purely two-dimensional
system. As the number of layers increases (𝑛 → ∞), the system tends towards a three-dimensional
system.

Figure 1.2: 2D layered perovskite (PEA)2PbI4 for 𝑛 = 1: (a) Arrangement of the lead iodine
octahedra separated by organic spacers PEA, (b) forming a quantum well for electrons and
holes along the stacking direction. Adapted from [105, 106].

As the number 𝑛 of inorganic layers (lead halide octahedra) increases, the optical absorption edge
of 2D perovskites shifts to lower energies with an increasing number of PbI6 octahedra [103]. This
energy shift can be explained by the analogy between 2D perovskites and QWs, where the width
of the QW (𝑑) determines the strength of confinement experienced by the carriers: a narrower
QW induces stronger confinement, leading to a larger confinement energy. Consequently, the
effective band gap energy increases due to quantum confinement relative to the unconfined bulk
band gap following the relation 𝐸g ∝ 𝐸0g + 1/(𝑑)2, where 𝐸0g is the bulk band gap energy. [107]

2D perovskites exhibit an enhanced exciton binding energy due to the spatial confinement of
electrons and holes, resulting in an increased overlap of their wave functions. Additionally,
selecting a barrier material with a smaller dielectric constant 𝜖b compared to the well’s dielectric
constant 𝜖w can further enhance the exciton binding energy, referred to as dielectric confine-
ment [108]. For the material (PEA)2PbI4, the dielectric constants are 𝜖w = 6.1 for PbI4 [108] and
𝜖b = 3.3 for PEA [109]. This results in a significantly increased exciton binding energy, reaching
approximately 260meV for (PEA)2PbI4 with 𝑛 = 1, in contrast to only 16meV observed in bulk
MAPbI3 [110]. Consequently, excitons govern the optical properties of 2D perovskites even at
room temperature [106]. However, as the thickness of the quantum well (QW) increases, the
exciton binding energy decreases due to the expansion of the exciton radius.

In lead halide perovskite nanocrystal (NC) with typical sizes of only several nanometers, the
spatial confinement in all three directions strongly affects their electronic and optical properties.
The strength of the confinement depends on the size of the NC relative to the exciton Bohr radius.
As the NC diameter decreases and approaches the exciton Bohr radius of the specific material,
quantum confinement becomes stronger, leading to an increase in band gap energy [111].

While the fine structure splitting in bulk semiconductor materials is relatively small (< 0.1meV),
it is significantly enhanced in confined systems where the exciton is tightly bound [112]. In the
2D perovskite (PEA)2PbI4 a bright-dark splitting of several tens of meV has been reported [113].
In NCs, the bright-exciton fine structure arises from the interplay between the shape anisotropy
and crystalline phase anisotropy [66, 114]. In Chapter 5, the focus is set on all-inorganic CsPbBr3
and CsPbI3 NCs. In these materials, splitting of the bright exciton levels has been reported to
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be on the order of 1meV for CsPbBr3 NCs and several hundreds of μeV for CsPbI3 NCs, with a
mean size of approximately 10 nm [17].

1.2 Optical spin orientation and recombination of excitons

The absorption of circularly polarized light can generate spin-oriented excitons and charge
carriers, referred to as optical orientation. Optical orientation is based on the transfer of angular
momentum from circularly polarized light to the carriers due to angular momentum conservation,
with the light’s angular momentum projections of 𝐽𝑧,𝜎± = ±1 (in units of ℏ). [76] In an optical
experiment, excitation with circularly polarized light (𝜎±) induces optical transitions that generate
| ± 1⟩ excitons, corresponding to the spin configurations ( | ↑⇑⟩, | ↓⇓⟩) in lead halide perovskites.
Here, ↑, ↓ represent the electron spins, while ⇑, ⇓ denote the hole spins. Recombination of
photoexcited electrons and holes can only occur if the optical selection rules are fulfilled. The
circular polarization of the luminescence is then analyzed, providing a direct indication of the
carrier spin polarization [87].

In the specific case of lead halide perovskites, where both the electron and hole have a spin of
1/2, the selection rules enable a maximum spin polarization of 100 % immediately after photo-
generation and during polarized luminescence [73, 115]. In contrast, conventional III-V and II-VI
bulk semiconductors are limited to a maximum spin polarization of 50 % in absorption and only
25 % in emission [115]. Between the creation of spin-polarized carriers and their recombination,
the spin orientation of the carriers decreases to its equilibrium state due to various relaxation
processes [116]. In direct-band semiconductors like gallium arsenide, these timescales are typi-
cally in the order of nanoseconds [87]. The complete dissipation of the initial non-equilibrium
spin polarization, referred to as spin lifetime 𝑇s, is governed by both the exciton recombination
time 𝜏 and the spin relaxation time 𝜏s, as expressed by [116]

1
𝑇s

= 1
𝜏
+ 1
𝜏s
. (1.2)

Here, 𝜏s is determined by the spin relaxation mechanisms.

In general, carriers lose their spin orientation primarily through their transfer to the crystalline
lattice, mediated by spin-orbit and hyperfine interactions [117]. Several mechanisms can lead to
spin relaxation, including the Dyakonov-Perel, Elliott-Yafet, and Bir-Aronov-Pikus mechanisms,
as well as the hyperfine interactions with randomly oriented nuclei [73, 87]. However, as the
Dyakonov-Perel, Elliott-Yafet, and Bir-Aronov-Pikus mechanisms are based on the free motion
of carriers within the crystal, their contribution is suppressed for localized carriers in lead
halide perovskites at low temperatures. Consequently, spin depolarization in these materials is
predominantly caused by the hyperfine interaction with randomly oriented nuclei [18].

In addition, when a weak magnetic field is applied perpendicular to the light’s wave vector, the
carrier spins start to precess around the magnetic field, leading to a spin depolarization known as
the Hanle effect [117]. Conversely, applying a longitudinal external magnetic field can counteract
spin depolarization by aligning the carrier spins along the magnetic field orientation, a process
referred to as polarization recovery effect [73].
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1.3 Spin in magnetic field

As discussed in Section 1.1, the lowest energy transition in lead halide perovskites occurs between
VB and CB resulting in both electron and hole spins of 1/2. The spin eigenstates are commonly
referred to as spin-up ↑ (𝑠𝑧 = +1/2), aligned with the quantization-axis (𝑧), and spin-down ↓ (𝑠𝑧 =
−1/2), aligned antiparallel to the 𝑧-axis. In a zero magnetic field, the spin levels degenerate. If an
external magnetic field is applied, the degeneracy is lifted, and the energy levels split due to the
Zeeman effect, see Figure 1.3(a).

Figure 1.3: (a) Schematic of the Zeeman splitting with two initially degenerate spin levels
separated by the Zeeman energy 𝛥𝐸Z for 𝑔 > 0. (b) Magnetic field orientations for the
pure geometries: Faraday geometry, with the magnetic field 𝐵F aligned longitudinally to the
direction of light propagation k, and Voigt geometry, with the magnetic field 𝐵V, oriented
transversely. The angle 𝜃 denotes the tilt of the magnetic field relative to the direction of light
propagation. (c) Optical selection rules for the generation of bright exciton states |𝑋 ↑↓⟩ from
the crystal’s ground state |𝐺⟩ with circularly polarized light 𝜎±, adapted from [78].

The Zeeman effect for a spin-1/2 particle is described by the Hamiltonian [61]

𝐻̂Z = 1
2
𝜇𝐵∑

𝛼,𝛽
𝑔𝛼,𝛽 𝜎𝛼𝐵𝛽 (1.3)

with the Bohr magneton 𝜇𝐵, the tensor of 𝑔-factors 𝑔𝛼,𝛽, Pauli matrices 𝜎𝛼, and magnetic field com-
ponents 𝐵𝛽 for the Cartesian coordinates 𝛼, 𝛽 = 𝑥, 𝑦 , 𝑧. The number of independent components
of 𝑔𝛼,𝛽 is determined by the symmetry of the crystal. For cubic symmetry, isotropic in all three
spatial directions, the tensor simplifies to 𝑔𝛼,𝛽 = 𝑔𝛿𝛼,𝛽, where 𝛿𝛼,𝛽 is the Kronecker delta, thereby
reducing to a scalar 𝑔 [117]. For reduced symmetry, a 𝑔-factor anisotropy can be expected. For
example, lead halide perovskites are known to undergo a phase transition from cubic to tetragonal
or orthorhombic structures at low temperatures [118]. In the case of symmetry breaking, such
as in 2D materials, the 𝑔-factor along the sample growth direction, 𝑔∥ = 𝑔𝑧𝑧, can differ from the
𝑔-factor perpendicular to it, 𝑔⟂ = 𝑔𝑥𝑥 = 𝑔𝑦𝑦. Thus, observing a 𝑔-factor anisotropy can provide
insights into the crystal symmetry, while the magnitude of the 𝑔-factor is connected to key
band structure parameters such as the band gap 𝐸g [62] and the momentum interband matrix
element 𝑝 [119]. In vacuum, the free electron 𝑔-factor is 𝑔e,0 = 2.0023 [120]. Spin-orbit coupling
modifies the 𝑔-factor, leading to significant differences between the electron 𝑔-factor in vacuum
and semiconductors [121]. For instance, the 𝑔-factor for CB electrons is approximately −50 in
InSb [121] and −0.44 in GaAs [119]. Consequently, the Zeeman splitting can be significantly
reduced or enhanced due to the influence of the spin-orbit coupling [86] as well as the energetic
arrangement of the Zeeman energy levels. The band gap energy-dependent variations of the
𝑔-factor for lead halide bulk perovskites and perovskite NCs will be discussed in Section 1.4.
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In Equation (1.3), the Hamiltonian of the Zeeman effect for one spin-1/2 particle is presented.
When an electron and a hole form an exciton, Equation (1.3) extends to describe the exciton
Hamiltonian in the presence of an external magnetic field to [122]

𝐻̂Z,X = 1
2
𝜇B∑

𝛼,𝛽
(𝑔𝑒,𝛼,𝛽 + 𝑔ℎ,𝛼,𝛽)𝜎𝛼𝐵𝛽

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐻Z,e+𝐻Z,h

+ 1
4
𝐽𝑒−ℎ∑

𝛼
𝜎𝑒,𝛼𝜎ℎ,𝛼

⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝐻exch

, (1.4)

where𝐻exch denotes the Hamiltonian for the exchange interaction. The exchange interaction 𝐽𝑒−ℎ
couples the electron and hole spins, accounting for the electron-hole interaction. As the Zeeman
splitting is defined by the scalar product of the magnetic field and the spin, the relative orien-
tation of the spin with respect to the magnetic field must be considered. The direction of light
propagation k is assumed to be parallel to the sample’s quantization 𝑧-axis (k ∥ 𝑧). We distinguish
between the pure magnetic field geometries, Faraday (𝜃 = 0∘) and Voigt geometry (𝜃 = 90∘), and
tilted geometries denoted by the angle 𝜃, as illustrated in Figure 1.3(b). In Faraday geometry,
where the magnetic field is aligned with the direction of light propagation (longitudinal magnetic
field), circularly polarized light can excite the optically active exciton states |𝑋 ↑⟩ and |𝑋 ↓⟩, which
are formed by parallel electron and hole spins in lead halide perovskites, as shown in Figure 1.3(c).
A magnetic field applied in Voigt geometry induces a mixing of the exciton states |𝑋 ↑⟩ and |𝑋 ↓⟩.
The system is diagonal in the base defined by the states

|𝑋±⟩ = 1
√2

(|𝑋 ↑⟩ ± |𝑋 ↓⟩) , (1.5)

which can be individually addressed by horizontal and vertical linear polarizations. As a result,
when analyzing the polarization dependence in amagnetic field, such as with the technique of spin-
flip Raman scattering (see Section 2.1.3), circularly polarized light is selected for measurements
in Faraday geometry, while linearly polarized light is used in Voigt geometry [123].

1.4 Landé g-factors of carriers

In Section 1.3, the Landé 𝑔-factor, a fundamental parameter of the band structure that defines the
coupling between spins and external magnetic fields is introduced. This section focuses on the
influence of various band structure parameters on the electron and hole 𝑔-factors, highlighting
a band gap energy dependence of the 𝑔-factors observed in semiconductors, bulk lead halide
perovskites, and perovskite NCs, based on References [58, 62, 121].

In conventional III-V and II-VI semiconductors with a zinc-blende crystal structure, the depen-
dence of the electron 𝑔-factor on the band gap energy 𝐸g is described by the Roth-Lax-Zwerdling
equation [121, 124]

𝑔e = 𝑔0[1 −
2𝑝2

𝑚0

𝛥so

𝐸g(𝐸g + 𝛥so)
], (1.6)

where 𝑝 denotes the interband momentum matrix element, which indicates the interaction
strength between the VB and the CB. 𝛥so denotes the spin-orbit splitting of the VB. As the band
gap energy increases, the electron 𝑔-factor also increases, approaching the value of the free
electron 𝑔-factor 𝑔0. In contrast to lead halide perovskites, conventional semiconductors with a
zinc-blende structure contain holes in the VB that exhibit a 𝑝-type wave function and a degenerate
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VB at 𝑘 = 0. As a result, holes in these semiconductors experience fast spin relaxation [116],
and their 𝑔-factor dependence is typically not considered. This situation changes in lead halide
perovskites.

In lead halide perovskites, both photogenerated resident electrons and holes are present. There-
fore, in Reference [62], the 𝑔-factors of electrons and holes in various bulk lead halide perovskites
are investigated. This study reveals that the 𝑔-factors of both electrons and holes depend on
the band gap energy, which can be tuned through compositional changes (see Figure 1.4(a)). As
the band gap energy increases, the electron 𝑔-factor decreases, while the hole 𝑔-factor increases,
transitioning from negative to positive values and crossing zero at approximately 1.8 eV. The
dependence of the electron 𝑔-factor on the band gap energy in lead halide perovskites is re-
versed compared to conventional semiconductors. Density functional theory (DFT) calculations
combined with tight-binding and k ⋅ p approaches are used to microscopically calculate the
𝑔-factors, providing a theoretically description of the experimental dependence (see solid lines in
Figure 1.4(a)).

Figure 1.4: (a) Dependence of the electron (blue) and hole (red) 𝑔-factors on the band gap
energy (dots) along with the theoretical curves for bulk lead halide perovskites (solid lines),
adapted from Reference [62]. (b) and (c) 𝑔-factor dependence of CsPb(I, Br, Cl)3 perovskite
NCs (dashed lines), adapted from Reference [58], with (b) for electrons and (c) for holes. Bulk
dependences from (a) are indicated by gray lines.

For bulk lead halide perovskites with cubic symmetry, the dependence of the hole and electron
on the band gap energy is defined by

𝑔h = 2 −
4𝑝2

3𝑚0
( 1
𝐸g

− 1
𝐸g + 𝛥so

), (1.7)

𝑔e = −2
3
+

4𝑝2

3𝑚0

1
𝐸g

+ 𝛥𝑔rem, (1.8)

where 𝑚0 is the free electron mass, 𝛥so represents the spin-orbit splitting of the CB, and 𝛥𝑔rem
accounts for the contributions from higher energy bands (remote bands). Based on the analysis
of the influence of the different bands, the main contributions to the 𝑔-factor can be identified.
For both electrons and holes, the mixing between the CB and VB decreases with increasing band
gap energy. While the mixing with the CB is the main contribution for the holes in the VB,
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for the electrons, contributions from remote bands need to be considered. In contrast, these
remote band effects for holes are rather small. For the holes in the VB, the third term arises
from the interaction with the higher-energy, four-fold degenerate le and he conduction bands at
the 𝑅-point. However, as 𝛥so is in the range of 1.5 eV, the separation of the CB and the split-off
he and le bands is relatively large. To achieve a good alignment of the experimental data with
theoretical predictions, as shown in Figure 1.4(a), 𝛥so is set to 1.5 eV, and the other parameters
are set to ℏ𝑝/𝑚0 = 6.8 eV⋅Å and 𝛥𝑔rem = −1. The 𝑔-factor of the bright exciton, defined as the
sum of the electron and hole 𝑔-factor, remains nearly constant and independent of the band gap
energy because the individual contributions of the electron and hole, which are both proportional
to 1/𝐸g, approximately compensate each other [125].

In Reference [58], the electron and hole 𝑔-factors of all-inorganic lead halide CsPbX3 (X = I, Br, Cl)
perovskites NCs are investigated, and their dependence on the band gap energy is modeled. The
effective band gap energy is varied not only through halide exchange but also by altering the NC
size, as discussed in Section 1.1.3. The electron 𝑔-factor exhibits a strong effect on the quantum
confinement, significantly decreasing with increasing effective band gap energy (decrease of the
NC size) (see Figure 1.4(b)). In contrast, the hole 𝑔-factor shows only minor deviations from the
bulk values (see Figure 1.4(c)). Due to the pronounced renormalization of the electron 𝑔-factor
caused by quantum confinement, the theoretical model for bulk lead halide perovskites needs
to be extended to include size quantization effects in spherical perovskite NCs, resulting in the
following expressions for the electron and hole 𝑔-factors:

𝑔h(𝐸h) = 2 −
4𝑝2

3𝑚0
𝑤h(

1
𝐸g + 𝐸h⏟⏟⏟⏟⏟⏟⏟⏟⏟
VB-CB

− 1
𝐸g + 𝐸h + 𝛥so⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

VB-(he/le)

) (1.9)

𝑔e(𝐸e) = −2
3
+

4𝑝2

3𝑚0

𝑤e
𝐸g + 𝐸e⏟⏟⏟⏟⏟⏟⏟⏟⏟
CB-VB

+𝛥𝑔rem + 𝛿𝑔𝑠𝑜e . (1.10)

However, the effect of the NC shape on the 𝑔-factor is expected to be relatively weak. The
quantization energies of hole and electron are denoted as 𝐸h,e, respectively, while the confinement-
induced band mixing is represented by 𝑤h,e. In NCs, the degeneracy between the heavy and
light electrons is lifted, enabling mixing with the CB in the presence of a magnetic field. This
leads to an additional contribution to the electron 𝑔-factor from the mixing with the split-off
electron bands, denoted as 𝛿𝑔𝑠𝑜e . As a result, quantum confinement strongly renormalizes the
electron 𝑔-factor, resulting in a significant decrease of 𝑔e as the electron size-quantization energy
increases.

This section quantifies the influences on the 𝑔-factor of both electrons and holes in bulk lead halide
perovskites, as well as in perovskite NCs, considering the effects of band gap energy, the mixing
of CB and VB and confinement-induced mixing with the split-off band. Chapter 4 investigates
the dependence of the electron and hole 𝑔-factors in 2D RP type lead halide perovskites, while
Chapter 5.1 focuses on CsPbBr3 NCs. For both material systems, the calculated dependences
shown in Figure 1.4 are used for comparison.
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1.5 Carrier-nuclei spin interaction in perovskites

While the hyperfine interaction is introduced in Section 1.2 as the primary spin relaxation
mechanism for localized carriers, it also gives rise to an effective nuclear field in the presence
of optically oriented carriers [116]. This section explores the hyperfine interaction between
carrier and nuclear spin systems, focusing on dynamic nuclear polarization (DNP), based on
References [15, 116]. Due to the low energy of nuclear spin resonances at photon energies
corresponding to the optical band gap in semiconductors, nuclear spins cannot directly interact
with photons. Instead, their resonance occurs in the radio frequency range, requiring indirect
methods such as DNP to optically achieve an effective nuclear polarization, as further explained
in this section. [117]

Spin transfer from the carrier to the nuclei system is mediated by the hyperfine interaction [117].
Essentially, hyperfine interaction involves the transfer of angular momentum from carriers to
nuclei while conserving the total spin of the interacting particles [87]. The strength of the
hyperfine interaction is characterized by the hyperfine coupling constant, which is proportional
to the square of the carrier wave function at the location of the nucleus [87], and therefore it
depends on the specific type of the carrier wave function. In general, the hyperfine interaction
between the carrier and nuclear spin is given by the Hamiltonian [117, 126]

𝐻̂hf =
2𝜇B𝜇I
𝐼

Î( L̂
𝑟3

− ŝ
𝑟3

+ 3
r(r ⋅ ŝ)
𝑟5⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟

dipole-dipole

+ 8𝜋
3
ŝ𝛿(r)

⏟⏟⏟⏟⏟⏟⏟⏟⏟
Fermi contact

), (1.11)

with the magnetic moment 𝜇I of the nucleus, nuclear spin operator Î, angular momentum op-
erator L̂, carrier spin operator ŝ, the vector between the carrier and nucleus r, and the Dirac
𝛿-function 𝛿(r). The Hamiltonian consists of two parts: the dipole-dipole and Fermi contact
interaction, as highlighted in Equation (1.11). First, the dipole-dipole interaction depends on the
distance r between the carrier and nucleus. As the distance increases, the contribution of the
dipole-dipole interaction rapidly decreases [127]. Second, the Fermi contact interaction provides
the main contribution to the hyperfine interaction. It is proportional to the carrier density at
the nucleus ∝ (Î ⋅ ŝ)𝛿(r) and contributes when 𝛿(r) ≠ 0 at r = 0, which requires a spherically
symmetric carrier wave function [126]. As discussed in Section 1.1, the hole wave function in lead
halide perovskites has an 𝑠-orbital character, resulting in a significant overlap between the wave
function of the hole and the nucleus. Consequently, the hyperfine interaction between the holes
and nuclei is expected to be stronger. In contrast, the Fermi contact interaction is negligible in
the coupling of electrons with 𝑝-orbital character to nuclear spins, which interact instead via the
weak dipole-dipole interaction [87]. Note that in bulk lead halide perovskites, both electrons and
holes have been observed to interact with the nuclei [18, 73]. Therefore, the equations presented
in this section, which are formulated for the typically stronger interaction between the nuclei
and the holes, are equally valid for electrons.

Continuous optical pumping of the hole spin polarization in the presence of an external longitu-
dinal magnetic field in Faraday geometry can lead to a nuclear spin polarization, as described by
Equation 1.12, and simultaneously suppresses hole spin relaxation within the effective nuclear
fluctuation field [116, 117]. Circularly polarized is used to spin-polarize the holes and induce a
nuclear spin polarization. The resulting spin-polarized holes ⟨Sh⟩ generate a Knight field BK,
which acts as an effective magnetic field on the nuclei, transferring the spin orientation to the
nuclei and aligning them in the same direction as the holes (see Figure 1.5).
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Figure 1.5: Schematic illustration of the hyperfine interaction between holes and nuclei via
DNP. The holes are spin-polarized by circularly polarized light ⟨Sh⟩. The effective Knight
field BK transfers the spin-polarization of the hole to the nuclei, thereby the nuclei become
polarized leading to an average nuclear polarization ⟨I⟩. This nuclear polarization induces
an Overhauser field BN that acts on the hole spin, either reducing or increasing the Zeeman
splitting depending on the sign of the 𝑔-factor. The scheme is adapted from [15].

The average nuclear spin polarization transferred from the hole to the nuclei is given by [116]

⟨I⟩ = 𝑙
4𝐼 (𝐼 + 1)

3
B(B ⋅ ⟨Sh⟩)

𝐵2
, (1.12)

where the leakage factor 𝑙, which ranges from 0 < 𝑙 < 1, accounts for the DNP losses due to other
relaxation processes. The limiting case ⟨I⟩ = 0 for B ⟂ ⟨Sh⟩ occurs in Voigt geometry. In contrast,
in Faraday geometry, the strength of DNP is maximized. The exchange interaction among the
lattice nuclei, which arises from their dipole-dipole coupling of the localized magnetic moments,
is generally negligible due to the minimal overlap of nuclear wave functions [117]. Consequently,
the focus is set on the influence of the nuclear spin system on the carrier spin system, while
internal effects within the nuclear spin system are neglected. A single carrier typically interacts
with a large ensemble of nuclei simultaneously, on the order of 104 to 106 nuclei [117], which
collectively act as an effective magnetic field known as the Overhauser field BN,h. The Overhauser
field is expressed by

BN,h =
𝛼𝐴h⟨I⟩
𝑔h𝜇B

, (1.13)

which acts back on the hole spin, as illustrated in Figure 1.5. Here, we introduced the abundance
of nuclear isotopes with non-zero spin 𝛼 and the hyperfine coupling constant 𝐴h. In lead halide
perovskites, it has been found in Reference [18] that the hyperfine coupling is predominantly
influenced by 207Pb isotopes, which have an abundance of 𝛼 = 22.1 %. As a consequence of
𝐴h > 0 [18], the sign of BN,h is only determined by the sign of the carrier 𝑔-factor. This provides
an experimental method to determine the 𝑔-factor sign by identifying the sign of the Overhauser
field through the Zeeman splitting. Thus, we define the effect of the hyperfine interaction on the
Zeeman splitting as

𝛥𝐸Z = 𝑔𝜇𝐵(𝐵ext ± 𝐵N,h), (1.14)

where the effective Overhauser field 𝐵N,h can either increase or decrease the Zeeman splitting,
thereby influencing the Raman shift induced by an external magnetic field 𝐵ext. In Section 4.1.3,
the experimental procedure for measuring the effect of DNP on the Zeeman splitting with the
technique of spin-flip Raman spectroscopy is outlined.
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1.6 Inelastic scattering of light

This thesis focuses on spin-flip Raman scattering (SFRS), where the spin orientation of a carrier of
the photo-excited material is reversed, leading to an energy shift of the scattered light. A general
introduction to resonant Raman spectroscopy is provided in Section 1.6, followed by an overview
of spin-flip Raman spectroscopy in Section 1.6.3. In addition to spin-flips, inelastic scattering
processes in solids typically involve optical or acoustic phonons. As such scattering processes are
observed for CsPbBr3 and CsPbI3 NCs in Section 5.2, a brief introduction to phonons is presented
in the following.

1.6.1 Phonons

In general, phonons can be present in any solid with a periodic lattice structure. Phonons represent
vibrational modes in which atoms are displaced from their equilibrium positions, experiencing
a restoring force that causes the lattice to vibrate at characteristic frequencies. These phonon
modes are typically in the infrared spectral range. [76]

Figure 1.6: (a) Dispersion of the acous-
tic (A) and optical (O) phonon modes
in the first Brillouin zone (±𝜋/𝑎). The
red dashed line represents the disper-
sion of light. Note that the refractive
index of light is chosen to be very high
to show the dispersion of photons and
phonons in the same plot. (b) Folding
of the acoustic modes due to confine-
ment within the NC with diameter 𝑑.
Adapted from [76] (a) and [128] (b).

Phonon modes in a crystal can be classified as either optical or acoustic and further distinguished
as transverse or longitudinal. The latter distinction indicates whether the atomic displacements
are perpendicular or parallel to the direction of the wave vector, while the former determines
whether a phonon can absorb light at its resonance frequency. Optical phonons, in which the
atoms are displaced in anti-phase, are associated with an oscillating electric dipole. This dipole
can couple to electromagnetic waves (at least for transverse eigenmodes) [77], provided that the
phonon and photon share the same frequency and wave vector (momentum selection rule). This
requirement is fulfilled at the crossing points of the dispersion relations for optical phonons with
photons, as schematically shown in Figure 1.6(a). Note that the dispersion of light 𝜔 = 𝑐/𝑛 ⋅ 𝑘 is
depicted with a very high refractive index 𝑛 to display the photon and phonon dispersions on the
same scale. For acoustic phonon modes, the atomic displacement occurs in-phase. In contrast to
optical modes, which are nearly dispersionless for small wave vectors 𝑘, acoustic modes have zero
frequency at the center of the Brillouin zone and exhibit a linear dispersion relation proportional
to the speed of sound in the medium 𝑣s for small 𝑘. As 𝑐 ≫ 𝑣s, the only crossing point for acoustic
modes is at the origin. Therefore, acoustic modes cannot directly couple with light. [76]

The number of acoustic phonon branches is determined by the number of atoms 𝑁 in the unit cell.
In a three-dimensional crystal, the acoustic phonon dispersion consists of three branches, while
the optical phonon dispersion consists of 3𝑁 − 3 branches. In the low-temperature orthorhombic
phase of lead halide perovskites, the unequal lengths of the crystallographic axes 𝑎, 𝑏, 𝑐 result in
distinct sound velocities along each axis. In NCs, the dispersion of acoustic phonons is modified
due to folding into a mini-Brillouin zone [129], as illustrated in Figure 1.6(b). This folding depends
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on the NC size, with the energy of the confined acoustic phonon being inversely proportional
to the NC diameter 𝑑 [71]. Conceptually, the folding is similar to the effect of superlattices on
phonons [61]. However, the confinement in NCs extends in all three dimensions. As a result,
additional crossing points emerge between the folded phonon dispersion and the light dispersion.
Moreover, the increased number of atoms in the primitive unit cell leads to slight differences
in the dispersion of all acoustic phonon branches. This combination of effects gives rise to
multiple crossing points, resulting in a complex phonon spectrum. Phenomenologically, the
low-frequency Raman scattering observed in NCs can be attributed to the breathing modes of
the whole NC [130].

In lead halide perovskites with reduced dimensionality, there is not only a significant increase in
the exciton binding energy, but also an enhancement of other effects, such as the carrier-phonon
interaction. Different vibrational modes have been observed, which are associated with the
motion of the inorganic lead halide cage as well as the rotations and bending of the organic
cations [131]. Excitons can strongly couple with longitudinal-optical phonons through the
Fröhlich interaction, which is driven by the internal electric field that interacts with the charges
within the exciton [123], generated by the longitudinal vibrational motion of the lattice [132,
133]. In contrast, coupling with acoustic phonons primarily occurs via the deformation potential
interaction [134]. In Section 1.1, the formation of the electronic band structure arising from
the periodic arrangement of atoms is discussed. Long-wavelength acoustic phonons modify
this periodicity by inducing atomic displacements that correspond to deformations and strains
within the crystal lattice [86], which significantly influences the electronic band structure of
the crystal [135]. In NCs, both excitons and phonons are confined, where only phonons with
wavelengths comparable to the NC size can interact effectively with the exciton [70]. As a
result, the quantum confinement of acoustic phonons can be observed via low-frequency Raman
scattering [70].

In Section 1.6, inelastic scattering on phonons is introduced through resonant Raman scattering.
Light-scattering experiments are predominantly performed with photons in the visible range,
exhibiting a relative energy difference of approximately 1–10% compared to the phonons. Conse-
quently, the momentum transfer in the scattering process is small, leading to the optical excitation
of phonons near 𝑘 = 0. [136]

1.6.2 Resonant Raman scattering

Inelastic (Raman) scattering is a weak phenomenon compared to elastic (Rayleigh) scattering,
as typically only one in 106 to 108 photons is inelastically scattered [137, 138]. To enhance
the scattering efficiency, the laser can be tuned into the resonance of the electronic interband
transition, a technique known as resonant Raman scattering [86]. As a result, the intensity
of the scattered light can be increased by up to eight orders of magnitude compared to non-
resonant Raman scattering, significantly improving the signal-to-noise ratio [138]. Resonant
light scattering serves as a powerful method for investigating excitons and their interaction with
phonons in semiconductors [123].

The kinetics of any scattering process are governed by the conservation of energy and momentum,
expressed as

ℏ𝜔s = ℏ𝜔𝑖 ± ℏ𝜔phonon, (1.15)

ks = ki ± qphonon, (1.16)
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where the subscripts 𝑖 and s refer to the initial and scattered frequencies 𝜔 and wave vectors k,q,
respectively. The phonon frequency and wave vector sign determines whether the energy of
the emitted photon is reduced or increased, thus distinguishing between Stokes scattering and
anti-Stokes scattering, shown in Figure 1.7 [136]. In resonant Raman scattering, the absorption of
a photon induces a transition from the ground state |𝐺⟩ to an excited state. In a typical experiment,
a spectrally narrow laser is used so that resonance conditions may be met for either the Stokes
or anti-Stokes process but not necessarily for both. However, since the spectral broadening of
the optical excitation exceeds the energy splitting of the excited states between the Stokes and
anti-Stokes processes, resonance conditions can be simultaneously satisfied for both processes.

Figure 1.7: (a) Schematic of resonant inelastic scattering of light. Solid lines represent photons
with frequencies 𝜔i,s and wave vectors ki,s, where the subscripts denote the initial and scattered
states, respectively. The dotted line depicts a phonon with frequency 𝜔phonon and wave vector
q. The (anti)-Stokes processes, which involve phonon absorption or emission, are indicated
by a bidirectional arrow. Adapted from [76]. (b) Stokes and (c) Anti-Stokes processes with
ground state |G⟩ and excited states. The excitation energy is indicated by an upward arrow
and the scattered energy by a downward arrow. Adapted from [139].

Raman scattering typically involves an inelastic scattering process mediated by optical phonons.
In sufficiently large scattering samples, such as bulk crystals, the condition for momentum-
conservation (see Equation (1.16)) strictly applies [140]. In these systems, momentum conser-
vation restricts Raman-active modes to zone-center modes, resulting in effectively zero Raman
intensities for acoustic phonons. In contrast, in confined systems such as NCs, the conservation
of momentum for the scattering process breaks down, enabling the observation of confined
acoustic phonons through (low-frequency) Raman scattering [67, 141], as observed in CsPbBr3
and CsPbI3 NCs in Section 5.2.

1.6.3 Spin-flip Raman spectroscopy

In spin-flip Raman scattering (SFRS), inelastic light scattering is accompanied by the inversion of
the spin orientation of one or more charge carriers in the presence of a magnetic field. In lead
halide perovskites like CsPbBr3 [142], FA0.9Cs0.1PbI2.8Br0.2 [18] andMAPbI3 [143], the presence of
resident carriers weakly localized at different crystal sites has been demonstrated. These carriers
can originate from unintentional doping in solution-grown crystals or photogeneration [142].
In general, various processes can mediate a spin-flip (SF), including exciton-acoustic phonon
interactions [144], carrier-carrier interactions [22], and isotropic exchange interactions [145].
The dominant SF mechanism depends on the specific properties of the investigated material. In
this thesis, the spin inversion of resident carriers is expected to represent the main contribution
to the spin-flip Raman process in three-, two- and zero-dimensional lead halide perovskite
structures, as discussed in Chapters 3–5. A schematic SF process based on resident carriers is
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presented in Figure 1.8(a). First, the incident photon excites an electron-hole pair, where the
photon energy is tuned into resonance with the electron-hole transition, thereby enhancing the
scattering efficiency, as discussed in Section 1.6. The SFRS processes involving resident carriers
are mediated by excitons interacting with localized resident carriers, forming an intermediate
three-particle state composed of an exciton plus a localized resident carrier [146]. Due to a spatial
overlap between the wave functions of the resident carrier and the photoexcited carriers, an
exchange interaction may occur, thereby inducing a SF of the resident carrier [24]. As a result, the
resident carrier changes its spin orientation from its initial to its final state. The SF requires either
the absorption or emission of the energy equal to the Zeeman splitting, depending on the direction
of the SF. A SF from the lower to the upper energy level results in a Stokes shift, while a SF from
the upper to the lower level leads to an anti-Stokes shift. In the final step, the electron and hole
recombine radiatively, emitting a photon whose energy is shifted by the Zeeman splitting relative
to the energy of the initial photon. Consequently, a SFRS spectrum exhibits SF peaks shifted from
the laser energy (referred to as zero energy) to the Stokes and anti-Stokes sides due to the Zeeman
splitting. This shift relative to the laser energy is known as the Raman shift, as illustrated in
Figure 1.8(b). The SFRS spectra are measured in the vicinity of the laser line, extending towards
lower energies (Stokes, positive Raman shift) and higher energies (anti-Stokes, negative Raman
shifts) [147]. Note that in Figure 1.8(a), the SFRS for a single carrier is presented. However, it is
also possible to observe the Raman shift corresponding to twice the carrier Zeeman splitting in
the SFRS spectra, referred to as a double SF, which requires the presence of at least two resident
carriers localized at different sites within the material [146]. In addition, simultaneous SFs of
both localized electrons and holes, denoted as combined SFs, have been reported in bulk [62] and
2D lead halide perovskites [15]. However, the observation of both combined and double SFs is
extremely rare, as their intensities are about an order of magnitude lower than those of single
SFs due to the lower efficiency of the higher-order processes involving an additional carrier [31,
37].

Figure 1.8: (a) Schematic illustration of the SFRS mechanism (Stokes process) based on the
interaction between a photogenerated exciton (indicated by gray dashed line encircling the
electron (e) and hole (h)) with a resident carrier. The process involves: (1) excitation of
an electron-hole pair, (2) SF between Zeeman split sublevels of the resident carrier, and (3)
emission of a photon with an energy reduced by the Zeeman energy 𝛥𝐸Z. Figure adapted
from [74]. (b) Resulting SFRS spectrum for 𝐵 ≠ 0: The laser energy is set to zero, with SF
peaks appearing on anti-Stokes and Stokes sides, shifted away from the laser energy by the
Zeeman energy 𝛥𝐸Z.

With the technique of SFRS, we can determine the 𝑔-factors of charge carriers by measuring the
Raman shift as a function of the magnetic field strength 𝐵 and applying the Zeeman equation
𝛥𝐸Z = 𝑔𝜇𝐵𝐵. In general, extrapolating the Raman shift to zero magnetic field reveals a negligible
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offset. If a nonzero offset is observed, it indicates the influence of external factors, such as an
exchange interaction between the involved carriers [31]. It should be noted that from the Raman
shift alone, the underlying SF process cannot be fully revealed, especially when the 𝑔-factors of
different carriers are identical. Therefore, it is necessary to concentrate on other SFRS parameters
to gain an understanding of the underlying SF process.

Insights into the SF process can be gained by analyzing the selection rules for electric-dipole
transitions in the presence of an external magnetic field. As discussed in Section 1.3, circular
polarization is preferred in Faraday geometry to probe the pure eigenstates, while linear polariza-
tion in Voigt geometry is used to analyze the mixed states. To determine polarization selection
rules, all four (circular/linear) polarization configurations are measured, and the corresponding
SF intensities are compared. Note that the intensity of the anti-Stokes SF is typically weaker
than that of the Stokes process, as the anti-Stokes process has a lower probability due to the
Boltzmann distribution of populated spin sublevels [29]. In tilted geometries, the polarization
selection rules are weakened [27], enabling SFs to appear in additional polarization configura-
tions, depending on the strength of mixing between the exciton states [24]. In the experiment, to
determine the carrier 𝑔-factors, a crossed polarization configuration for excitation and detection
is typically used to minimize laser stray light in the SFRS spectra. This polarization configuration
enables the observation of SFs even close to the laser line without being hidden by a significant
background of stray light. It is important to note that any initial change of the SF peak intensity
might originate from variations in the background signal beneath the peaks. On anti-Stokes side,
contributions from the photoluminescence (PL) are negligible at low temperatures, enabling a
clear identification of the SFs [62]. In contrast, the Stokes side often displays a background arising
from resonant PL. Therefore, it is essential to take the relative peak intensity into account to
distinguish them from the background contributions. The fitting procedure for the SFRS spectra
is demonstrated in Section 2.3.

SFRS experiments are typically performed in backscattering geometry, where the propagation
directions of the incident and scattered light are opposite. The differential cross-section for
backscattering in Faraday geometry is defined by [140]

𝑑𝜎
𝑑𝛺

∝ |(es × ei) × B|
2, (1.17)

with the unit vector es,i of the electric field directions 𝐸𝑠,𝑖 for the incident and scattered light.
For Faraday geometry, Equation (1.17) only differs from zero if the magnetic field has a nonzero
component perpendicular to the light propagation direction [61]. Thus, the observation of SFs
is forbidden in pure Faraday geometry. Tilting the magnetic field so that the spin quantization
direction is no longer alignedwith the direction of the incident light [61], leads to an increase in the
SF probability and relaxes the restrictions imposed by the selection rules. To quantify the relative
amplitudes of SFs in various polarization configurations in Chapter 3, the Kramers-Heisenberg
equation [148]

𝐴(𝐸𝑘) = ∑
|𝑛⟩

|
⟨𝑓 |𝜇̂|𝑛⟩⟨𝑛|𝜇̂|𝑖⟩

𝐸𝑖 − 𝐸𝑛 + 𝐸𝑘 + 𝑖𝛤𝑛2
|
2
𝛿(𝐸𝑖 − 𝐸𝑓 + 𝐸𝑘 − 𝐸′𝑘) (1.18)

is used. The Kramers-Heisenberg equation describes the probability of photon emission with
energy 𝐸𝑘′ , after the excitation with photons of an energy 𝐸𝑘. The initial, intermediate, and final
states are denoted by |𝑖⟩, |𝑛⟩, |𝑓 ⟩, with energies 𝐸𝑖, 𝐸𝑛, and 𝐸𝑓, respectively. The dipole operator
for the transition is represented by 𝜇̂, and 𝛤 denotes the intrinsic line width of the intermediate
state. As discussed in Section 1.6, the line width of the intermediate state is small compared to
excitation.
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Experimental methods 2
This chapter introduces the experimental setups for characterizing the optical properties of
the lead halide perovskite samples, including stationary and time-resolved photoluminescence,
absorption and reflectivity spectra, and spin-flip Raman scattering with high spectral resolution.
A description of the composition of the studied three-dimensional, two-dimensional, and zero-
dimensional lead halide perovskite structures is given in Section 2.2. Further, Section 2.3 describes
the fitting procedure for analyzing the Raman spectra used in Sections 3-5.

2.1 Experimental setups

2.1.1 Photoluminescence, absorption and reflectivity spectroscopy

The photoluminescence (PL), absorption, and reflectivity spectra of the studied samples are
measured to characterize their optical properties using the experimental setup schematically
shown in Figure 2.1. This characterization serves to identify the exciton resonance, thereby
providing a reference point for selecting the excitation energy for spin-flip Raman scattering
(SFRS). For the PL measurements, the sample is excited by a continuous-wave laser in the blue
spectral range with an energy of 3.49 eV, which exceeds the band gap energy of all studied samples.
A white light lamp is used to measure the absorption and reflectivity spectra. Depending on the
spectral range of interest, the material of the white light source, such as halogen or deuterium
lamps, is selected to provide a continuous spectrum within that range. The white light is directed
in two ways: either it passes through the sample to measure absorption spectra, or it illuminates
the sample from the front, enabling the measurement of reflectivity spectra.

A half (𝜆/2)- or quarter (𝜆/4)-wave plate and a Glan-Thompson (GT) prism are placed in the
detection path, if the polarization properties of the PL, absorption, or reflectivity spectra are of
interest. The emitted or reflected light is collected by a lens and focused on the entrance slit of a
spectrometer (Princeton Instruments Acton SP2500i). This spectrometer is equippedwith a charge-
coupled device (CCD) that converts the incoming photons into an electrical signal. The CCD is
cooled down to −120 °C using liquid nitrogen to reduce the dark current (noise) of the individual
pixels. A major advantage of the CCD camera is that large spectral ranges can be measured at
once, thereby significantly reducing the data acquisition time. The spectrometer is equipped
with three different gratings: 300, 600, and 1200 grooves per millimeter. The 1200 grooves per
millimeter grating provides the highest resolution, reaching 0.3meV [149].
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Figure 2.1: Scheme of the experimental setup for measurements of PL, absorption (A), and
reflectivity (R) spectra. By flipping the mirror directly after the white light source, both
absorption and reflectivity spectra can be measured with this setup. A 𝜆/2- or 𝜆/4-wave
plate and a Glan-Thompson (GT) prism are positioned in the detection path for polarization-
dependent measurements (enclosed by gray dashed line).

2.1.2 Time-resolved photoluminescence

The PL dynamics of excitons in perovskites are analyzed to identify the different contributions
to the radiate recombination channels in the PL spectra based on their characteristic lifetimes.
The idea is to measure the PL intensity as a function of time after the laser pulse. Therefore,
the experimental setup for stationary PL measurements, illustrated in Figure 2.1, is extended
with a pulsed laser (Laser2000), synchronized with a time-resolved detection system, along with
a function generator (Tektronix AFG3022), to measure PL dynamics in the μs range. The PL
dynamics are typically measured at the PL maximum or exciton resonance, with the detection
wavelength selected by the U1000. For single photocounting, the photomultiplier tube (PMT)
detects light dispersed by the double-spectrometer U1000, and the amplified signal is sent to a
multiple-event time digitizer MCS6A from Fast ComTec GmbH. The MCS6A provides a nominal
time resolution of 100 ps per time interval [150]. Photocounting is synchronized with the laser
pulses by a function generator operating in rectangular mode.

2.1.3 Spin-flip Raman spectroscopy

This section introduces the experimental setup for SFRS. The setup is schematically shown in
Figure 2.2. The efficiency of an inelastic scattering process such as SFRS is maximized when the
samples are optically excited at the exciton resonance, as discussed in Section 1.6. Therefore, a
laser that is spectrally narrow and has good tunability across a broad energy range is required.
Depending on the band gap energy of the investigated sample, different parts of the laser system
are used (see the part in Figure 2.2 enclosed by gray dashed line). As most of the investigated
samples have exciton resonances in the green spectral range, a continuous-wave TiSa laser
(Matisse-CR, Sirah) and a fiber laser with a fixed wavelength of either 1950 nm or 1550 nm are
used to provide the optical excitation of the samples. In the MixTrain, the sum frequency of the
tunable single-frequency titan sapphire laser and the fiber laser is generated, covering an energy
range from 1.77 − 2.58 eV. In addition, for specific samples, excitation in the blue and infrared
ranges is achieved through the second harmonic generation (SHG) unit or the TiSa laser. The
laser intensity can be continuously adjusted with a combination of a 𝜆/2-plate and a GT prism.
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2.1 Experimental setups

Figure 2.2: Scheme of the experimental setup for spin-flip Raman spectroscopy as described in
detail in the text. Abbreviations: Second harmonic generation (SHG) unit, titan-sapphire (TiSa)
laser, noise eater (NE), Glan-Thompson (GT) prism, cross slit (CS), and gray filter (GF). The
different laser units within the laser system (enclosed by gray dashed line), with the mirrors
used for the laser units omitted for simplicity.

The 𝜆/2-plate rotates the polarization axis of the linearly polarized laser light. By rotating the
half-wave plate relative to the transmission axis of the GT prism, the intensity of the transmitted
light can be regulated. To minimize the laser stray light entering the spectrometer and ensure
that only the scattered light from the sample is analyzed, a second GT prism, cross-polarized
with respect to the GT prism in the excitation path is placed in the detection path.

During the scan of a SFRS spectrum, the spectrometer sequentially measures the intensity at
each wavelength. Consequently, maintaining a stable laser intensity throughout the scan is
essential. To achieve this, a combination of a 𝜆/2-plate and a liquid crystal noise eater (NE) from
Thorlabs is used. The NE, combined with an internal photodiode for power measurements and
a feedback control circuit, provides amplitude stabilization within 0.05 % of the selected output
power [151]. For operation, the NE requires linearly polarized input light, which is ensured by
the aforementioned half-wave plate. A 𝜆/2- or 𝜆/4 retardation plate is used to selectively excite
the sample with linear or circular polarization. A lens with a focal length of 250 mm is used to
focus the laser light to a spot diameter of roughly 300 µm on the sample.

The sample is placed inside the variable temperature insert (VTI) of a helium bath cryostat, where
temperatures of 1.6 K (superfluid phase of helium) can be reached by reducing the pressure to
several millibars. A split-coil superconducting magnet immersed in liquid helium generates
magnetic fields up to 10 T. Optical windows on each side of the cryostat provide optical access
to the sample. The sample in the magnetocryostat can be oriented in either Faraday geometry
(longitudinal magnetic field), where the magnetic field B is aligned with the sample’s quantization
axis 𝑧 (B ∥ 𝑧), or in Voigt geometry, where the magnetic field is applied transversely. The direction
of light propagation k is assumed to be parallel to the sample’s quantization axis (k ∥ 𝑧). By
manually rotating the sample holder, angles with an accuracy of ±2∘ between Faraday and Voigt
geometry can be achieved, enabling measurements of the 𝑔-factor anisotropy, i.e., the dependence
of the 𝑔-factor on the angle of rotation relative to the magnetic field. As discussed in Section 1.6.3,
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the observation of spin-flips (SFs) is restricted in pure Faraday geometry. In the experiment,
pure Faraday geometry is not achievable, as the wave vector 𝑘 of the incident light forms a
small angle with the magnetic field, which is approximately 5∘. Within the sample, the wave
vector remains nearly conserved due to the small difference in refractive indices between liquid
helium (𝑛 = 1.00, [152]) and, for example, CsPbBr3 (𝑛 = 1.5, [153]). Therefore, we refer to the
configurations as Faraday and Voigt geometries, and a SF signal might be observed in Faraday
geometry.

In backscattering geometry, the inelastically scattered light from the sample is collected by a lens
with a focal length of 250 mm. The focal length of the lens is selected to position it as close to the
sample as possible, optimizing the collimation of the scattered light. However, its placement is
constrained by the external dimensions of the cryostat. The collimated light is then focussed on
a cross slit by a second lens. To adjust the laser position on the sample, white light illuminates
the sample, and the resulting image is recorded by a camera. Therefore, a flip mirror can be
placed in the detection path to redirect the light through a collecting lens onto the camera. After
confirming that the laser remains consistently focused on the same position on the sample for all
measurements, the cross slit is minimized to the size of the laser spot to ensure that only scattered
light from that specific part of the sample is detected. The mirror is then flipped back.

For detection, the linear polarization of the light entering the spectrometer is adjusted by a
𝜆/2-plate (see Figure 2.3), as the diffraction efficiency depends on the polarization of the light
relative to the grating grooves [154] and the grating’s blaze wavelength. According to the
U1000 manual [155], the maximum diffraction efficiency is achieved when the light is polarized
perpendicular to the grating grooves for wavelengths above 500 nm, while for shorter wavelengths,
parallel polarization provides higher efficiency.

Figure 2.3: Scheme of the light pathway in the U1000 spectrometer, consisting of two identical
monochromators arranged in an asymmetric Czerny-Turner (CT) configuration and equipped
with plane holographic grating. Figure adapted from [156].

The light is focused by a lens onto the entrance slit of the double monochromator (Horiba
Yobin-Yvon U1000), whose operating principle is schematically shown in Figure 2.3. The U1000 is
composed of two identical monochromators arranged in an additive mount. Each monochromator
is designed as an asymmetric Czerny-Turner (CT) configuration, comprising two mirrors, the first
for collimating light and the second for focusing it, along with a plane holographic grating [140].
In the first monochromator stage, the incoming light is collected by a spherical mirror and
directed towards the optical grating, where it is horizontally dispersed into its constituent
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wavelengths. The diffracted light is then collected by a second spherical mirror and focussed
onto the intermediate slit. To suppress stray light, an additional optical path between the first
and second monochromator stage includes a spherical intermediate mirror located at the focal
points of the intermediate slits. The exit slit of the first monochromator stage is imaged on the
entrance slit of the second monochromator by a concave mirror. The light undergoes further
dispersion in the second monochromator stage before being detected from a Peltier-cooled
gallium arsenide (GaAs) PMT (Hamamatsu R943-02), which is optimized for the detection of
weak signals [157]. GaAs-coated photocathodes exhibit a strong response, characterized by
high quantum efficiency, from 400 nm up to 900 nm [140]. The operation of a PMT is based on
the photoelectric effect, in which electrons are emitted from the surface of the photocathode
material when illuminated by light. These emitted electrons are accelerated by an electric field
created by applying a high voltage of 1900V and multiplied through secondary emission. The
electron current output of the PMT is sent to a pulse-shaping preamplifier (F-100T Advanced
Research Instruments Corporation), which generates pulses with a fixed width and amplitude
proportional to the number of incident photons. In addition, the built-in discriminator filters out
low-amplitude pulses caused by thermal electrons [140], thereby enhancing the signal-to-noise
ratio and ensuring that only signal pulses are counted by the spectrometer’s control unit. The
resolution of the spectrometer is mainly determined by the focal length, grating, and the sizes
of the entrance and exit slits [140]. For this work, slit sizes of 70/150/150/70 μm are primarily
used, depending on the required spectral resolution and signal intensity, in combination with
two gratings with 1800 grooves per millimeter. These gratings cover a spectral range from
450 − 850 nm and achieve a maximum resolution of 0.15 cm−1(19 µeV) [155].

As SFRS spectra are measured over a range from several tens of μeV to a few meV from the laser
line, and the laser line itself must also be recorded to determine the Raman shift, it is essential to
protect the PMT from the intense laser light. This is accomplished by manually placing a neutral
density filter in front of the U1000 while scanning the detected wavelength of the laser.

2.2 Description of samples

This section presents a brief description of the studied lead halide perovskite samples and their
synthesis based on the protocols provided by the respective synthesis groups.

2.2.1 Bulk MAPbI3 single crystals

Bulk MAPbI3 single crystals were grown in the group of M. Kovalenko at ETH Zürich. The
perovskite precursors, MAI and PbI2, were injected between polytetrafluoroethylene-coated glass
substrates and slowly heated to 120 °C, where the MAPbI3 single crystals formed. By controlling
the ratio of MAI to PbI2, MAPbI3 single crystals with a preferred orientation were obtained [158].
The resulting sample has approximate dimensions of 2:2mmwith a thickness of 23.1 µm along the
(001) direction and exhibits a black color. Room temperature X-ray diffraction analysis revealed a
tetragonal crystal phase.

2.2.2 2D Ruddlesdon-Popper type perovskites

The experiments described in Chapter 4 are performed on Ruddlesdon-Popper (RP) type 2D
perovskites of the composition PEA2(MA, FA)𝑛−1Pb𝑛X3𝑛+1, where X = Br, I, deposited on glass
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substrates. The samples contain a mixture of different 𝑛 phases, where 𝑛 denotes the number
of inorganic layers (lead halide octahedra). The exact ratio of the 𝑛-phases within a sample is
unknown. The synthesis process of these materials prepared within the group of M. Kovalenko
at ETH Zürich are outlined below.

(PEA)2FA𝑛−1Pb𝑛I3𝑛+1 thin films

For the synthesis of the (PEA)2FA𝑛−1Pb𝑛I3𝑛+1 thin films, (PEA)I, (FA)I and PbI2, were dissolved
in N,N-dimethylformamide in the stoichiometric molar ratio to prepare a solution of 8.3 wt. %
concentration of (PEA)2FA𝑛−1Pb𝑛I3𝑛+1. Inside a nitrogen-filled glovebox, the solution was spin-
coated on glass substrates for 5 s at 400 rpm, followed by 30 s at 3000 rpm. The samples were then
annealed on a hot plate at 100 °C for ten minutes.

(PEA)2(MA)𝑛−1Pb𝑛I3𝑛+1 single crystals

The synthesis of (PEA)2(MA)𝑛−1Pb𝑛I3𝑛+1 single crystals is based on the cooling method described
in Reference [159]. Precursors, including lead oxide, methylammonium iodide, and phenethy-
lamine, were dissolved in hydriodic acid at specific molar ratios and maintained at approximately
110 °C for 4 h. The solutions were then gradually cooled to room temperature at a controlled rate
of 1 °C per hour. The molar ratios of lead oxide, methylammonium iodide, and phenethylamine in
the sample were 10/24/1 mmol, respectively. The obtained crystals were filtered under vacuum
and then dried with diethyl ether.

(PEA)2FA𝑛−1Pb𝑛Br3𝑛+1

A precursor solution was prepared in the glovebox using 40mg PEABr, 12.5mg FABr, and 73mg
PbBr2. The components were dissolved in 2mL of anhydrous DMF and stirred overnight. The
quartz substrates were sequentially washed with soap, water, acetone, and isopropanol for 10min
each at 50 °C under sonication. They were then treated in an ozone cleaner for 10min. The
substrates were immediately transferred to the glovebox, where 50 µL of the precursor solution
was spin-coated at 3000 rpm for 30 s. The films were subsequently annealed at 100 °C for 10min.

2.2.3 Nanocrystals

The synthesis of CsPbBr3 and CsPbI3 nanocrystals (NCs) is described below, along with an initial
characterization of their sizes. The CsPbBr3 NCs were synthesized by M. Kovalenko’s group
at ETH Zürich, while the CsPbI3 NCs were synthesized by E. Kolobkova at ITMO University.
The CsPbI3 NCs exhibit a broader size distribution (4 − 13nm), than CsPbBr3 NCs ranging from
8 − 11nm. In addition to variations in size distribution and halide composition, CsPbBr3 NCs
are synthesized in solution, whereas CsPbI3 NCs are embedded in a glass matrix. Notably, the
surfaces of NCs in glass are free from organic ligands [160] and can be easily polished to achieve
surfaces with high optical properties [161].
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CsPbBr3 nanocrystals grown in solution

Details of the growth method for the CsPbBr3 NCs were adopted with minor modifications from
Reference [49]. There, a novel strategy is presented, which involves combining cationic and
anionic groups into a single zwitterionic molecule, such as 3-(N,N-dimethyloctadecylammonio)
propanesulfonate. This approach results in efficient surface ligand capping of CsPbBr3 NCs.
First, solutions of caesium-oleate and lead-oleate octadecene (ODE), along with 1.5mL TOP-Br2,
were prepared. Second, in a three-neck flask equipped with a stir bar, 107.5mg of the long-
chain sulfobetaine ASC18 (3-(N,N-dimethyloctadecylammonio) propanesulfonate, ≥ 99%), 1.2mL
caesium-oleate, 1.5mL lead-oleate and 5.5mL ODE were combined. The mixture was evacuated
and refilled with nitrogen three times, then heated to 130°C under a nitrogen atmosphere. Adding
1.5mL of TOP-Br2 under stirring resulted in the formation of a yellow solution. Then the solution
was rapidly cooled to room temperature in an ice-water bath and subjected to centrifugation
at 12.1 krpm for 10min. The supernatant was taken into another centrifuge. The amount of
ethyl acetate (EtOAc) was varied to grow nanocrystals of different sizes. This set of CsPbBr3
NCs includes three samples (#1-#3) with varying NC sizes, identified by their technical codes
Yes1408A, Yes1408B, and Yes1408C, respectively. For sample #1, 20mL of EtOAc was added to
the supernatant and centrifuged at 12.1 krpm for 10min. For sample #2, an additional 10mL of
EtOAc was added and sample #3 was prepared with a total of 40mL of EtOAc. All centrifuged at
12.1 krpm for 10min to remove insobules. All precipitates were dispersed in 2mL of anhydrous
toluene in a glovebox and centrifuged at 14.5 rpm for 3min to eliminate turbidity and big particles.
For the optical experiments, the solutions were drop-cast onto glass substrates.

The NC sizes were determined by absorption measurements at ETH Zürich to be 11.1 nm for
sample #1, 9.6 nm for sample #2 and 7.9 nm for sample #3. The exciton Bohr radius in CsPbBr3
bulk crystals is estimated to be approximately 7 nm [162].

CsPbI3 nanocrystals in glass

The studied CsPbI3 NCs embedded in fluorophosphate Ba(PO3)2-AlF3 glass were synthesized using
a melt-quench technique. In this process, the glass melt, enriched with the necessary components
for the perovskite crystallization, is rapidly cooled [66]. Details of the method are provided in
Reference [50]. The glass, with the composition 35P2O5–35BaO–5AlF3–10Ga2O3–10PbF2–5Cs2O
(mol. %) doped with BaI2, was melted at 1050 °C in a closed crucible for 20min − 30min. After
melting, the glass was cast and pressed into plates of 2mm thickness, then annealed at 50 °C to
relieve internal stresses.

CsPbI3 NCs formed during pouring out of transparent melt, with their sizes controlled by the
iodine concentration and cooling rate of the melt. Due to the high tendency of iodine compounds
to evaporate and the low viscosity of the glass-forming fluorophosphate melt at elevated temper-
atures, extending the synthesis time results in a decrease in the iodine concentration within the
equilibrium melt. As a result, the original composition can be preserved while only adjusting the
iodine concentration, enabling the growth of NCs of varying sizes through modification in the
synthesis duration [161]. In this thesis, four samples labeled as #1, #2, #3 and #4, corresponding
to their respective technology codes, EK8, EK201, EK203 and EK205, are investigated. These
NCs differ in size, as evidenced by the relative spectral shifts in their optical spectra, with sizes
ranging from 4 to 13 nm. The exciton Bohr radius in CsPbI3 bulk crystals is estimated to be
approximately 12 nm [162]. Section 5.2 introduces an alternative method to determine the NC
size, based on the phonon energy of optically-active confined acoustic phonons.
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2.3 Spectra analysis

The fitting procedure for determining the Raman shifts of SFs and phonons is demonstrated in
Figure 2.4 by an exemplary SFRS spectrum on anti-Stokes side. First, any background contribu-
tions arising from stray light or resonant PL are subtracted, as indicated by the red dashed line in
Figure 2.4(a), resulting in the spectrum shown in Figure 2.4(b). Next, the peak positions of the SF
signals and the laser line are determined through Gaussian fits of the form

𝑓 (𝑥) = 𝐴e
(− ln(2) (𝑥−𝑥0)

2

𝑑𝑥2
)
, (2.1)

where 𝐴 denotes the amplitude, 𝑥0 the center and 𝑑𝑥 the half width at half maximum of the
Gaussian. To measure the resonance profile and identify the exciton resonance, where the SF
intensity typically reaches its maximum, the amplitude 𝐴 is evaluated for varying excitation
energies. The focus of this thesis is set on determining the 𝑔-factors for electrons and holes in
three-, two-, and zero-dimensional lead halide perovskites. Therefore, the energetic positions of
the Gaussian fit 𝑥0, relative to the laser line, denoted as Raman shift 𝛥𝐸 are plotted against the
magnetic field 𝐵. The 𝑔-factor is derived from the slope of a linear fit by the Zeeman equation

𝛥𝐸 = 𝑔𝜇B𝐵. (2.2)

In general, it is assumed that the linear fit has no offset due to exchange interactions [31].
The linewidth of the SFs is limited by the spectral width of the laser and the resolution of the
spectrometer, which together define the minimal detectable SF width. Thus, Equation (2.1)
provides an effective fit for both the laser and SF peaks. The evaluation of the SFRS and resonant
Raman spectra in Chapters 3-5 follows this analysis procedure. However, not all spectra are
presented in such a way that the background is subtracted.

Figure 2.4: SFRS spectra analysis: (a) Fitting of the background, (b) SFRS spectrum with
subtracted background to determine the Raman shifts of the SFs using Gaussian fits based on
Equation (2.1) (red dashed lines).
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crystals 3
In this chapter, the technique of spin-flip Raman spectroscopy is applied to a bulk MAPbI3 single
crystal. From the strongly polarization-dependent spin-flip Raman scattering (SFRS) spectra, we
perform a systematic polarization analysis based on a simplified model to identify the optical
selection rules for both Faraday and Voigt geometries. In addition, we observe not only single
spin-flips but also combined spin-flips, as well as double electron and hole spin-flips, which
are a distinct feature of perovskites due to their abundance of resident electrons and holes.
SFRS provides access to structural domains and their orientations. Spin-flips (SFs) with smaller
intensities, located near the electron and hole SF lines exhibit different 𝑔-factor anisotropy, which
suggests that the sample consists of two orientations of orthorhombic domains.

3.1 Optical properties of MAPbI3 single crystals

As a first step, we investigate the optical properties of a thinMAPbI3 single crystal at a temperature
of 𝑇 = 1.6 K. The reflectivity (R) spectrum, shown in Figure 3.1(a), reveals an exciton resonance
at 𝐸X = 1.636 eV. At this energy, the transmission spectrum reaches saturation, indicating that
the 23 µm thick sample is optically dense. As the energy decreases towards the tail of the exciton
resonance, the sample gradually absorbs more light. The photoluminescence (PL) exhibits an
asymmetric lineshape with a peak at 1.627 eV and full width at half maximum (FWHM) of 10meV.
The PL dynamics are measured near the exciton resonance at 1.631 eV, where the SFRS signals of
the electron and hole reach their maximum (see blue and red dots, respectively, in Figure 3.1(a)).
The long PL dynamics, extending up to 1.8 µs, are presented in Figure 3.1(b)) and consist of two
exponential decay components, indicating the presence of multiple recombination processes.
The faster component has a decay time of 𝜏1 = 80 ns, whereas the slower component decays
with 𝜏2 = 730 ns. Exciton recombination is also expected but occurs on a much shorter timescale
that cannot be resolved within the limits of this experiment. With the typical lifetime of bright
excitons in this material reported as 𝜏X = 15 − 80 ns [163], the significantly longer observed
decay times suggest that the PL dynamics originate from recombination processes that involve
spatially separated electrons and holes. A similar behavior has been observed in various lead
halide perovskite structures [15, 18, 62]. Additional contributions to the long recombination
dynamics are discussed in References [164, 165].

Applying a longitudinal magnetic field of 𝐵F = 8T in Faraday geometry (BF ∥ k ∥ 𝑐), the
transmission spectrum exhibits a Zeeman splitting 𝛥𝐸X,Z of 1.1meV, observed in Figure 3.1(c)
as an energy shift between the 𝜎+ and 𝜎− polarized spectra. The Zeeman splitting of the bright
exciton is defined as 𝛥𝐸X,Z = 𝑔X𝜇𝐵𝐵, where 𝑔X is the bright exciton 𝑔-factor and 𝜇𝐵 is the
Bohr magneton. In lead halide perovskites, the bright exciton 𝑔-factor is given by 𝑔X = 𝑔e + 𝑔h,
with 𝑔e and 𝑔h representing the electron and hole 𝑔-factors, respectively. Consequently, the
Zeeman splitting of the band-to-band transition is expected to have the same value as the exciton
Zeeman splitting. By extracting the energies of the Zeeman-split transmission spectra at different
magnetic fields, a linear dependence is observed in Figure 3.1(d), which results in a bright exciton
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𝑔-factor of 𝑔X = +2.3. The positive sign of the exciton 𝑔-factor is evident in Figure 3.1(c), as it
corresponds to a higher energy shift of the 𝜎+ polarized transmission spectrum relative to the 𝜎−

polarized transmission spectrum. The exciton 𝑔-factor is in good agreement with the previously
reported 𝑔X = +2.3 from magneto-reflectivity measurements in MAPbI3 single crystals [143].

Figure 3.1: (a) Normalized PL (black), transmission (green), and reflectivity (red) spectrum
of the studied MAPbI3 crystal in zero magnetic field. Exciton resonance 𝐸X is indicated by a
vertical arrow in the reflectivity spectrum. Resonance profiles of the electron (blue) and hole
(red) SF, with intensities denoted as 𝐼SF,(e,h). Dashed lines are guides for the eye. (b) Decay of
the PL measured at the maximum of the resonance profiles for both the electron and hole,
at an energy of 𝐸det = 1.631 eV, excited using a pulsed laser with energy 𝐸exc = 3.493 eV at a
laser repetition frequency of 4 kHz. Fit to a double exponential function (red line). (c) Zeeman
splitting 𝛥𝐸Z,X of the transmission spectra in a longitudinal magnetic field of 𝐵F = 8T. (d)
Magnetic field dependence of the Zeeman splitting (green dots) and fit to a linear function
(red dashed line).

3.2 Spin-flip Raman scattering of MAPbI3 single crystals

We begin by systematically analyzing the SFRS spectra, first in Faraday geometry and then in
Voigt geometry, with the excitation energy set to the exciton resonance. From the strongly
polarized SFRS spectra, we perform a polarization analysis to identify optical selection rules. The
𝑔-factors of all carriers are determined, and their angular dependences are traced to reveal the
orientation of the 𝑔-factor tensor for two structural domains with different orientations.

To resonantly excite the MAPbI3 crystal, the excitation energy is tuned in the vicinity of the
exciton resonance. By slightly adjusting the photon energy, the resonance profile of the SF
intensity 𝐼SF,(e,h) for both electron and hole is obtained, as depicted by the blue and red dots,
respectively, in Figure 3.1(a). Accordingly, an excitation energy of 𝐸exc = 1.633 eV, corresponding
to the maximum of Raman scattering intensity, is selected to measure the SFRS spectra throughout
this chapter.
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3.2.1 Faraday geometry

In Figure 3.2(a) and (b), the SFRS spectra in Faraday geometry at 𝐵F = 4 T are shown for different
circular polarizations. As discussed in Section 2.1.3, the experimental geometry deviates slightly
from pure Faraday geometry, enabling the observation of a SF signal. In particular, two SF lines
can be identified on anti-Stokes and Stokes side. The smaller Raman shift of |𝐸h| = 0.16meV
corresponds to the SF of the hole, with a 𝑔-factor of |𝑔h| = 0.66, while the SF with the larger Raman
shift of |𝐸e| = 0.70meV corresponds to the electron, with |𝑔e| = 3.00. Both SFs are absent at zero
magnetic field, as expected due to the vanishing Zeeman splitting. As the magnetic field increases,
the SF lines shift linearly relative to the laser energy (referred to as zero), as shown in Figure 3.2(c),
enabling us to calculate the 𝑔-factor values according to the Zeeman equation (Equation (2.2)).
The assignment of the SF lines to the electron and hole is based on Reference [143]. There,
time-resolved Kerr rotation (TRKR) measurements on MAPbI3 single crystals yielded a hole
𝑔-factor of 𝑔h = −0.68 and an electron 𝑔-factor of 𝑔e = +2.78 was determined. While with SFRS
the value of the 𝑔-factor can be accurately determined, a single SFRS spectrum does not provide
any information on the 𝑔-factor sign. However, in Reference [143], the sign of the 𝑔-factor was
determined through dynamic nuclear polarization (DNP), revealing that the electron and hole
have opposite signs, with 𝑔e = +3.00 and 𝑔h = −0.66.

Figure 3.2: Polarization dependence of the electron and hole SFs in Faraday geometry at 𝐵F =
4T, excited at the exciton resonance of 𝐸exc = 1.633 eVwith a power density of 𝑃 = 0.6 W/cm2.
(a) corresponds to 𝜎+ excitation, while (b) corresponds to 𝜎− excitation. Red represents
co-circular polarization, and blue represents cross-circular polarization. (c) Magnetic field
dependence of the electron and hole Raman shifts, along with the determined 𝑔-factors.

The SF intensities are measured for both co- and cross-circular polarizations at a magnetic field of
𝐵F = 4T, revealing strongly polarization-dependent SFRS spectra as shown in Figures 3.2(a) and (b).
Here, the polarization configuration is represented by two letters, where the first one indicates
the excitation polarization, and the second one denotes the detection polarization. To enhance the
comparability of the SF peaks for different polarizations, the background is subtracted following
the analysis procedure outlined in Section 2.3. We begin by analyzing the SFRS spectra presented
in Figure 3.2(a) for 𝜎+ excitation. In this polarization configuration, the hole SF line on anti-Stokes
side is most prominent in (𝜎+/𝜎+) polarization, whereas, on Stokes side, the hole SF is stronger
in (𝜎+/𝜎−). The electron SF on anti-Stokes side exhibits an opposite behavior compared to that
of the hole: the electron SF is stronger in (𝜎+/𝜎−) polarization configuration. On Stokes side,
only a slightly larger signal in co-polarization (𝜎+/𝜎+) than in cross-polarization (𝜎+/𝜎−) is
observed. For 𝜎− excitation, as presented in Figure 3.2(b), the hole shows the reverse trend. On
anti-Stokes side, the SF intensity is stronger in cross-polarization (𝜎−/𝜎+), while on Stokes side,
the intensity is greater in co-polarization (𝜎−/𝜎−). For the electron SF, the situation is again
reversed compared to the hole: on Stokes side, the intensity is slightly larger in co-polarized
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configuration, while on anti-Stokes side, cross-polarization (𝜎−/𝜎+) yields a stronger signal. To
summarize and quantify the observed non-trivial behavior, the polarization degree for all SFs is
calculated using [163]

𝑃𝐷 =
𝐼co − 𝐼cross
𝐼co + 𝐼cross

, (3.1)

where 𝐼co denotes the intensity for co-circular polarization and 𝐼cross for cross-circular polarization.
A positive sign indicates a stronger signal in co-circular polarization, whereas a negative sign
corresponds to a stronger signal in cross-circular polarization. The calculation of the degree
of circular polarization using Equation (3.1) is repeated for all polarization configurations and
carriers, and the results are summarized in Table 3.1.

Table 3.1: The degree of circular polarization, determined with Equation (3.1), for the electron
and hole SF lines in anti-Stokes (AS) and Stokes (S) spectral ranges.

Faraday geometry
exc. pol. 𝜎+ 𝜎−

AS S AS S

e −0.70 0.03 0.06 −0.60
h 0.40 −0.65 −0.50 0.40

The behavior of the measured polarization degrees can be summarized as follows: For both
carriers, the sign of the polarization degree reverses when switching from Stokes to anti-Stokes
side or when changing between 𝜎+ and 𝜎− excitation. Furthermore, the difference in magnitude
of the polarization degree in Stokes and anti-Stokes side is inverted depending on the excitation
polarization. This effect is more pronounced for the electron SF, where only a few percent
polarization degree is observed on Stokes side for 𝜎+ excitation and on anti-Stokes side for
𝜎− excitation. Finally, the entire sign behavior of the polarization degrees is inverted between
electrons and holes. This observation might be an indication that the sign of the 𝑔-factor is
essential for understanding the behavior of the polarization degrees. To gain insight into the
described polarization dependence of the MAPbI3 SFRS spectra, a simplified model is presented
in the following.

Figure 3.3: Optical selection rules for the SFRS process involving a resident carrier. (a)
Degenerate ground and excited states of the resident carriers 𝑟↑↓ and the intermediate scattering
state 𝑇 ↑↓, respectively. (b) Experimental geometry, where the magnetic field is tilted by an
angle 𝜃 from pure Faraday geometry 𝐵F. (c) and (d) Splitting of the resident carrier and trion
states by the Zeeman energy 𝛥𝐸Z,(e,h) for 𝑔e > 0, 𝑔h < 0. Arrows indicate the optical transitions
for the exciation and emission: (c) for the resident electron and (d) for the resident hole.

As characterized by the carrier lifetimes in Section 3.1, the observed SFs originate from resident
carriers that interact with a photogenerated exciton, which is further explained in Section 1.6.3.
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Therefore, the system under study can be described by a four-level scheme as shown in Figure 3.3(a)
with two spin configurations of the resident carrier states |𝑟↑↓⟩ (where 𝑟 is either electron or hole)
and two spin configurations of the excited three-particle state |𝑇 ↑↓⟩, which can be excited by
circular polarizations 𝜎±. As these optical transitions are decoupled from each other, the emitted
light retains the same polarization as the excitation. When an external longitudinal magnetic
field is applied in pure Faraday geometry, the energy levels of both the resident carrier and
the three-particle state split according to the Zeeman energy 𝛥𝐸Z, while the purely circularly
polarized optical transitions remain unaffected. The Hamiltonian, in this case, reads as

𝐻̂ = −
𝑔r𝜇𝐵𝐵
2

|𝑟↓⟩⟨𝑟↓| +
𝑔r𝜇𝐵𝐵
2

|𝑟↑⟩⟨𝑟↑|. (3.2)

As discussed in Section 1.6.3, in pure Faraday geometry, no SF signal can be observed. However, the
experimental geometry slightly deviates from pure Faraday geometry, enabling the observation
of a SF signal. This results in a small tilt of the magnetic field by an angle 𝜃, as schematically
illustrated in Figure 3.3(b). The optical selection rules for the SFRS process in a slightly tilted
magnetic field for the resident electron with 𝑔e > 0 and for the resident hole with 𝑔h < 0,
are presented in Figure 3.3(c) and (d), respectively. The magnetic field splits the degenerate
resident carrier levels by the Zeeman energy 𝛥𝐸Z,r, where 𝑟 represents either an electron or a hole.
Similarly, the three-particle states are split by the Zeeman energy 𝛥𝐸Z,T, which is determined by
either the hole or electron. Furthermore, the pure spin states are mixed, which is described by
the Hamiltonian, including the nonzero tilt angle of the magnetic field

𝐻̂ = −
𝑔r𝜇𝐵𝐵
2

cos(𝜃)|𝑟↓⟩⟨𝑟↓| +
𝑔r𝜇𝐵𝐵
2

cos(𝜃)|𝑟↑⟩⟨𝑟↑| +
𝑔r𝜇𝐵𝐵
2

sin(𝜃)|𝑟↑⟩⟨𝑟↓| + 𝑐.𝑐.

−
𝑔T𝜇𝐵𝐵

2
cos(𝜃)|𝑇 ↓⟩⟨𝑇 ↓| +

𝑔T𝜇𝐵𝐵
2

cos(𝜃)|𝑇 ↑⟩⟨𝑇 ↑| +
𝑔T𝜇𝐵𝐵

2
sin(𝜃)|𝑇 ↑⟩⟨𝑇 ↓| + 𝑐.𝑐. .

(3.3)

For simplicity, an anisotropy of the 𝑔-factors is not considered. The system becomes diagonal in
the base given by mixtures of the pure ground and excited states

|𝑟+⟩ = |𝑟↑⟩ − sin 𝜃
cos 𝜃 + 1

|𝑟↓⟩

|𝑟−⟩ = sin 𝜃
cos 𝜃 + 1

|𝑟↑⟩ + |𝑟↓⟩

|𝑇+⟩ = |𝑇 ↑⟩ − sin 𝜃
cos 𝜃 + 1

|𝑇 ↓⟩

|𝑇−⟩ = sin 𝜃
cos 𝜃 + 1

|𝑇 ↑⟩ + |𝑇 ↓⟩.

(3.4)

To analyze the effect of polarization selection rules in this mixed base, the dipole operator is
transformed accordingly. In unperturbed base, the 𝜎+ and 𝜎− components of the dipole operator
are given by

𝜇̂+ = 𝜇(|𝑟↓⟩⟨𝑇 ↑| + 𝑐.𝑐.)

𝜇̂− = 𝜇(|𝑟↑⟩⟨𝑇 ↓| + 𝑐.𝑐.),
(3.5)

where themagnitude 𝜇 of both transitions is assumed to be equal. The dipole operator components
in the mixed base read as

𝜇̂+𝐷 = 𝜇 (−sin 𝜃
2

|𝑟+⟩⟨𝑇+| − sin2 𝜃
2 (cos 𝜃 + 1)

|𝑟−⟩⟨𝑇+| + cos 𝜃 + 1
2

|𝑟+⟩⟨𝑇−| + sin 𝜃
2

|𝑟−⟩⟨𝑇−| + 𝑐.𝑐.)

𝜇̂−𝐷 = 𝜇 (−sin 𝜃
2

|𝑟+⟩⟨𝑇+| + cos 𝜃 + 1
2

|𝑟−⟩⟨𝑇+| −
sin2 (𝜃)

2 (cos (𝜃) + 1)
|𝑟+⟩⟨𝑇−| +

sin (𝜃)
2

|𝑟−⟩⟨𝑇−| + 𝑐.𝑐.) .
(3.6)
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Here, it can be seen that in the mixed base, both 𝜎+ and 𝜎− mediate between all mixed ground
and excited states, as indicated by the arrows in Figures 3.3(c) and (d). Furthermore, for a given
angle 𝜃, where 0 < 𝜃 < 𝜋/2, the magnitude of the transition dipole elements can strongly differ.
For example, the dipole moments of the transitions |𝑟+⟩ → |𝑇−⟩ and |𝑟−⟩ → |𝑇+⟩ have, in general,
a different magnitude. This result represents a first hint that can explain the sign inversion of
the polarization degree for electron and hole in the Stokes/anti-Stokes SFRS processes. As the
electron and hole 𝑔-factors have opposite signs, the lowest and highest ground states are reversed,
as shown in Figures 3.3(c) and (d). Consequently, different transition cascades are involved in the
SFRS process. For example, for the Stokes process of the electron, the cascade |𝑒−⟩ → |𝑇+⟩ → |𝑒+⟩
is relevant while for the hole the cascade |ℎ+⟩ → |𝑇−⟩ → |ℎ−⟩ contributes. Since the dipole
moments of the transitions differ, as can be seen in Equation (3.5), the SF magnitudes in co- and
cross-polarized polarization configuration can be inverted for electron and hole.

To quantify this qualitative discussion, the Kramers-Heisenberg equation (Equation (1.18)) is
applied in the following to calculate the magnitudes of the SF peaks

𝐴 ∝ ∑
|𝑛⟩

|⟨𝑓 |𝜇̂|𝑛⟩⟨𝑛|𝜇̂|𝑖⟩|
2
. (3.7)

In the considered special case, the intermediate states |𝑛⟩ are given by the three-particle states in
mixed base |𝑇±⟩, whereas the initial and final states are given by the mixed resident states |𝑟±⟩.
As mentioned above, whether |𝑟+⟩ or |𝑟−⟩ represents the initial or final state for the SFRS process
on Stokes or anti-Stokes side depends on the sign of the 𝑔-factor. For the electron, the Stokes
signal is calculated as

𝑆e, S ∝ ||𝑒+⟩⟨𝑇+|𝜇̂±|𝑇+⟩⟨𝑒−||2 + ||𝑒+⟩⟨𝑇−|𝜇̂±|𝑇−⟩⟨𝑒−||2 . (3.8)

Here, depending on the considered polarization configuration, the terms for 𝜇+ and 𝜇− from
Equation (3.6) are inserted. In the same way, the anti-Stokes signal is calculated using

𝑆e, AS ∝ ||𝑒−⟩⟨𝑇−|𝜇̂±|𝑇−⟩⟨𝑒+||2 + ||𝑒−⟩⟨𝑇+|𝜇̂±|𝑇+⟩⟨𝑒+||2 . (3.9)

For the hole, the amplitudes correspondingly read as

𝑆h, S ∝ ||ℎ−⟩⟨𝑇−|𝜇̂±|𝑇−⟩⟨ℎ+||2 + ||ℎ−⟩⟨𝑇+|𝜇̂±|𝑇+⟩⟨ℎ+||2 ,

𝑆h, AS ∝ ||ℎ+⟩⟨𝑇+|𝜇̂±|𝑇+⟩⟨ℎ+||2 + ||ℎ+⟩⟨𝑇−|𝜇̂±|𝑇−⟩⟨ℎ+||2 .
(3.10)

As a final step, the calculated signals are used to evaluate the polarization degrees as defined in
Equation (3.1). Since the resulting expressions for the polarization degrees are quite complex, a
graphical representation of the results is presented in Figure 3.4. Here, the polarization degrees
for the electron on Stokes and anti-Stokes side as a function of the tilt angle 𝜃 are presented in
Figures 3.4(a) and (b), with 𝜎+ excitation in (a) and 𝜎− excitation in (b). For the polarization
degree of the hole, 𝜎+ excitation is shown in (c) and 𝜎− excitation in (d). Note that the curves are
undefined for 𝜃 = 0 (pure Faraday geometry, where all SF signals are zero), which is excluded
here.

The resulting qualitative behavior of the polarization degree successfully explains all key features
of the experimental results: For a given angle 𝜃, a sign inversion of the polarization degree occurs
when switching from Stokes to anti-Stokes side, from 𝜎+ to 𝜎− excitation, and from electron to
hole due to the opposite sign of their 𝑔-factors. Furthermore, the model captures the asymmetry
in the polarization degree, where the positive values are smaller than the negative ones. However,
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Figure 3.4: Calculated polarization degrees for Stokes (S) side (blue lines) and anti-Stokes (AS)
side (red lines) according to Equation (3.1). (a) and (b) show the polarization degrees for the
resident electron, while (c) and (d) correspond to the resident hole. 𝜎+ excitation for (a) und
(c), and 𝜎− excitation in (b) und (d).

the simplified model cannot fully reproduce the measured polarization degree for small angles, as
summarized in Table 3.1, nor does it account for the fact that the values for electrons and holes
are not identical, highlighting the limitations of the model.

Nevertheless, the successful reproduction of the key experimental results with the presented
model confirms that the observed polarization dependence of the SFRS spectra arises directly
from the combination of a non-perfect Faraday geometry and the four-level excitation scheme
involving resident carriers in the ground states and excited three-particle states. This result is
remarkable, as it provides additional evidence that the observed SFRS signals indeed originate
from resident carriers in the lead halide perovskite crystal. Furthermore, the inverted polarization
behavior of electrons and holes further supports the conclusion that the sign of the hole 𝑔-factor is
negative, as already measured in Reference [143] using DNP. As the identification of the 𝑔-factor
sign is generally a non-trivial task, the systematic polarization analysis presented here offers a
powerful approach for measuring the sign of 𝑔-factors in so far unexplored materials.

Higher order spin-flip processes in Faraday geometry

As the magnetic field increases, additional SF lines with slightly different 𝑔-factors, which were
not resolved at lower magnetic fields, appear in the SFRS spectrum at 𝐵F = 6T, as shown in
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Figure 3.5(a). According to Figure 3.2(a), the cross-circularly polarized configuration 𝜎+𝜎− is
chosen to observe strong electron and hole SFs. Both the anti-Stokes and part of the Stokes
spectral range are presented to display the various SF lines, indicated by vertical arrows, which
are preferentially observed on either the Stokes or anti-Stokes side. On anti-Stokes side, six SF
lines are observed, labeled as h, e+h, e′, e, e-h, and 2e, while on Stokes side, two additional lines
can be identified, labeled as h′ and 2h. The labels of the SFs are assigned based on the SFRS
processes involving the corresponding carriers, including single, combined, or double carrier SFs.
Note that part of the anti-Stokes spectrum for the e-h and 2e SFs is multiplied by a factor of 30 to
enhance their visibility. The Raman shift for the various SFs lines at different magnetic fields is
depicted in Figure 3.5(b), along with the corresponding 𝑔-factors.

Figure 3.5: SFRS spectra of MAPbI3 in Faraday geometry at 𝐵F = 6T in cross-circular polar-
ization 𝜎+𝜎− with an excitation power density of 𝑃 = 0.6 W/cm2. Multiple SFs are indicated
by vertical arrows, which shift linearly with the magnetic field in (b). To enhance the visibility
of the e-h and 2e SFs lines, this part of the spectrum is multiplied by a factor of 30.

On anti-Stokes side, the strongest SF line is the electron SF with a Raman shift of 𝐸e = −1.05 meV.
The electron SF line is accompanied by two equidistant lines on the left and right-hand sides: one
at −1.27 meV (labeled as 𝐸e-h) with a 𝑔-factor of |𝑔e-h| = 3.66 and the other on the opposite side
of the electron SF line at a Raman shift of 𝐸e+h = −0.81 meV with a 𝑔-factor of |𝑔e+h| = 2.33. The
difference in Raman shift matches that of the hole with 𝐸h = −0.24 meV, leading us to conclude
that these lines arise from a combined SF processes, where both an electron and a hole SF occur
simultaneously. In addition, the SF line at 𝐸2e = −2.09 meV, with a corresponding 𝑔-factor
of |𝑔2e| = 5.98, is twice that of the electron, and is consistently attributed to an SFRS process
involving the SFs of two electrons. The observation of both combined and double SF processes
is extremely rare, as their SF intensity is significantly reduced due to the lower efficiency of
the higher-order process involving an additional carrier [31]. To the best of our knowledge, a
combined SF of a resident electron and hole has been found in 2D perovskite (PEA)2PbI4 [15]
but no double SF processes involving two electrons and two holes have been reported in lead
halide perovskites so far. Interestingly, on the Stokes side, we can not only identify the hole SF
line, but also observe the SF of two holes (𝐸2h = 0.47 meV with |𝑔2h| = 1.32), which we were
unable to detect on the anti-Stokes side. Additionally, the SFRS spectrum reveals shoulders on
the lower-energy side for the hole on Stokes side at 𝐸h′ = 0.17 meV and for the electron on
anti-Stokes side at −0.98 meV, which we denote as h′ and e′, respectively. We attribute these two
lines, with |𝑔h′ | = 0.47 and |𝑔e′ | = 2.80, to a structural domain, where the orthorhombic axis is
tilted relative to the sample’s out-of-plane axis, as these 𝑔-factor values do not not match any
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combination of 𝑔e and 𝑔h. The ratio of the SF intensities for e and e′ is roughly 6:1, while it is
10:1 for h and h′. This indicates that the sample is not composed of a single domain, rather, most
domains are oriented in a specific direction, with only a small fraction oriented differently. A
more detailed investigation of the domain orientation is presented in Section 3.2.3.

3.2.2 Voigt geometry

To determine the in-plane components of the electron and hole 𝑔-factors, SFRS measurements are
performed in Voigt geometry (𝜃 = 90∘). In Faraday geometry, a strong polarization dependence
of the SF intensities for both electron and hole is observed in Figures 3.2(a) and (b). Accordingly,
we begin our study of SFRS in Voigt geometry by analyzing the effects of linear polarizations
on the SF intensities at a magnetic field of 𝐵V = 8 T, as shown in Figures 3.6(a) and (b). The
polarization configuration is represented by two letters, where the first one indicates the excitation
polarization, and the second letter denotes the detection polarization. Linear polarizations, either
horizontal (H) or vertical (V), are used to define the polarization configurations.

Figure 3.6: Polarization dependence of the electron and hole SFs in Voigt geometry at 𝐵V = 8T,
excited at the exciton resonance with 𝐸exc = 1.633 eV and a power density of 𝑃 = 0.6 W/cm2.
(a) corresponds to vertical (V) excitation, while (b) corresponds to horizontal (H) excitation. Red
represents co-linear polarization, and blue represents cross-linear polarization. (c) Magnetic
field dependence of the electron and hole Raman shifts, along with the determined 𝑔-factors.

Two distinct SFs in the SFRS spectra, shown in Figures 3.6(a) and (b), are identified at Raman
shifts of |𝐸h| = 0.13meV and |𝐸e| = 1.25meV, both shifting linearly with the magnetic field (see
Figure 3.6(c)). Thus, the 𝑔-factors are calculated to be |𝑔h| = 0.28 and |𝑔e| = 2.71. The sign of both
𝑔-factors are discussed in Section 3.2.1, leading to 𝑔h < 0 and 𝑔e > 0. A comparison of the 𝑔-factor
values with those reported in Reference [143] reveals that the 𝑔-factor of the hole, 𝑔h = −0.33,
is in good agreement, while the 𝑔-factor for the electron 𝑔e = 2.56, shows a slight deviation
from our experimental results. Additionally, the results of the transversal 𝑔-factor values for the
electron and hole are consistent with those reported for polycrystalline MAPbI3 [166].

Polarization dependence

In Voigt geometry, the polarization dependence observed in Figures 3.6(a) and (b) demonstrates
that for both vertical (V) and horizontal (H) excitation, cross-polarization is more favorable, as
indicated by higher SF intensities for both electrons and holes. Notably, the opposite behavior
between electron and hole SFs, as identified in Figures 3.2(a) and (b) for circular polarization in
Faraday geometry, is not evident for linear polarizations in Voigt geometry. The degree of linear
polarization is calculated by Equation (3.1) and summarized in Table 3.2.
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Table 3.2: The degree of polarization, determined with Equation (3.1), for the electron and
hole SF lines in the anti-Stokes (AS) and Stokes (S) spectral ranges.

Voigt geometry
exc. pol. H V

AS S AS S

e −0.75 −0.50 −0.60 −0.80
h −0.90 −0.35 −0.65 −0.90

The degree of linear polarization ranges from −0.35 to −0.90, indicating a stronger SF signal
for cross-polarization. This preferential observation of the SF signal for cross-polarization is
consistent with theoretical predictions for the SFRS process involving resident carriers in per-
ovskite semiconductors [37] and can be explained by the simple model introduced in Section 3.2.1.
Consequently, in Voigt geometry, we set the tilt angle 𝜃 = 90∘. In the experiment, vertical and
horizontal linear polarization configurations are used for both excitation and detection, requiring
the determination of the dipole operator components in the mixed state basis for horizontal (H)
and vertical (V) polarization given by

𝜇̂𝐻 ∝ 𝜇̂+𝐷 + 𝜇̂−𝐷 ∝ −|𝑟+⟩⟨𝑇+| + |𝑟−⟩⟨𝑇−|,

𝜇̂𝑉 ∝ 𝜇̂−𝐷 − 𝜇̂+𝐷 ∝ |𝑟−⟩⟨𝑇+| − |𝑟+⟩⟨𝑇−|,
(3.11)

mediating the optical transitions shown in Figure 3.7.

Figure 3.7: Optical selection rules for the SFRS process involving a resident carrier in the
Zeeman split ground state |𝑟±⟩ and three-particle state |𝑇±⟩ in Voigt geometry. Arrows indicate
the optical transitions for horizontally (H) and vertically (V) polarized excitation and emission.

As shown in Figure 3.7, the optical transitions of the SFRS process involving a resident carrier are
mediated by horizontal and vertical linear polarizations. According to Equation (3.11), horizontally
polarized light induces the transitions 𝑟+ → 𝑇+ and 𝑟− → 𝑇−, while vertically polarized light
induces the transitions 𝑟+ → 𝑇− and 𝑟− → 𝑇+. Therefore, horizontal and vertical polarization
cannot mediate between all mixed ground and excited states, as indicated by the arrows in
Figure 3.7. As a result, in ideal Voigt geometry, linear co-polarization does not generate any
signal in the SFRS process. Consequently, only the linear cross-polarized configurations can be
observed. This argumentation is consistent with the experimental observation in Figure 3.6 where
in all polarization configurations on both Stokes and anti-Stokes side, a significantly stronger
signal is observed in cross-polarization. The non-zero signal observed in co-polarization might
be an indication of a non-perfect Voigt geometry.

The Voigt geometry is favorable for measuring SFRS, as the perpendicular magnetic field mixes
the spin states, thereby enhancing the efficiency of the SF process. Comparing the SFRS spectra
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in Faraday (see Figure 3.5(a)) and Voigt geometry (Figure 3.8(b)), for instance, the hole on Stokes
side reveals that the SF intensity in Voigt geometry is approximately three times higher than in
Faraday geometry.

Higher order spin flip processes in Voigt geometry

As the SF intensities are the highest for cross-linear polarization (VH), this polarization configura-
tion is chosen for the SFRS spectra shown in Figures 3.8(a) and (b). Figures 3.8(a) and (b) present
the complete SFRS spectrum for cross-linear polarization (VH) at magnetic fields of 𝐵V = 6 T (a)
and 𝐵V = 9 T (b), respectively.

Figure 3.8: SFRS spectra of MAPbI3 in Voigt geometry at 𝐵V = 6T (a) and 𝐵V = 9T (b) in
cross-linear polarization VH with 𝑃 = 0.6 W/cm2. Multiple SFs are indicated by vertical
arrows, which shift linearly with the magnetic field in (c). To enhance the visibility of the SF
lines, the double electron SF in (a) is multiplied with a factor of 300.

Along with the electron and hole SFs identified in Figure 3.6, several additional SF lines with
lower intensities can be observed in Figure 3.8(b). Close to the electron SF, the combined SF
of an electron and hole can be observed at 𝐸e+h = 1.26 meV (𝑔e+h = 2.46) and 𝐸e-h = 1.57 meV
(𝑔e-h = 2.99). The SF line at 𝐸2h = 0.31 meV can be assigned to the double hole SF with a 𝑔-factor
of 𝑔2h = −0.59. On Stokes side, the SF of two electrons is not observable and is therefore evaluated
from anti-Stokes side, as shown for 𝐵V = 6 T in Figure 3.8(a), yielding 𝑔2e = 5.34. Additionally,
at this high magnetic field of 𝐵V = 9T, the electron SF from the other structural domain becomes
visible at 𝐸e′ = 1.64meV, which is also observed in Faraday geometry (see Figure 3.5(a)). In
contrast to Faraday geometry, where the e′ SF has a smaller Raman shift compared to the electron,
in Voigt geometry, the Raman shift is larger, indicating an anisotropy of the 𝑔-factor.

3.2.3 g-factor anisotropy

Table 3.3 summarizes the 𝑔-factors in Faraday and Voigt geometries, determined by SFRS, along
with the 𝑔-factors measured with TRKR in Reference [143]. Note that MAPbI3 exhibits a complex
𝑔-factor anisotropy, which is not aligned with the main axes of the sample. As a result, the
𝑔-factor values provided by TRKR, measured with a vector magnet, correspond to the minimal
and maximal 𝑔-factor values, 𝑔min and 𝑔max.

The 𝑔-factor values presented in Table 3.3 clearly demonstrate that the 𝑔-factors for both the
electron and the hole differ between Faraday and Voigt geometry, leading to a distinct 𝑔-factor
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3 Spin-flip Raman spectroscopy of bulk MAPbI3 single crystals

Table 3.3: Overview of the 𝑔-factors in Faraday and Voigt geometry for bulk MAPbI3 single
crystals measured by SFRS and TRKR. [143].

SFRS TRKR [143]
g-factor Faraday Voigt 𝑔max 𝑔min

𝜃 = 0∘ 𝜃 = 90∘

e 3.00 2.71 2.98 2.46
h −0.66 −0.28 −0.71 −0.28
2e 5.98 5.34
2h −1.32 −0.59
e+h 2.33 2.46
e-h 3.66 2.99

anisotropy for both carriers. This anisotropy arises from the structural anisotropy of the material
as a consequence of the orthorhombic crystal phase that MAPbI3 exhibits at temperatures below
160 K [167]. From the 𝑔-factor anisotropy, we aim to determine the orientation of the 𝑔-factor
tensor for both structural domains. Therefore, the 𝑔-factor anisotropy, presented in Figure 3.9, is
complemented by SFRS measurements conducted in 𝜃 = 15° steps relative to the magnetic field
direction, where 𝜃 denotes the tilt angle as defined in Figure 3.3(b).

Figure 3.9: (a)-(c) 𝑔-factor anisotropy for different carriers in MAPbI3 between Faraday (𝜃 = 0°)
and Voigt (𝜃 = 90°) geometry. Crosses represent calculated 𝑔-factor values and lines are fits
with Equation (3.12). Solid lines for single carriers and dashed lines for combined/double
carriers in (a). (b) and (c) 𝑔-factor anisotropies of the electron and hole with fits based on
Equation (3.12).

Both electron and hole 𝑔-factors exhibit an anisotropy: 𝑔e varies from +3.00 (𝜃 = 0°) to +2.71
(𝜃 = 90°), while 𝑔h ranges between −0.66 (𝜃 = 0°) and −0.28 (𝜃 = 90°). The angular dependence of
the 𝑔-factor in Figure 3.9(a) is modeled by fitting the experimental data to [62]

𝑔(𝜃) = √(𝑔c cos 𝜃)
2 + (𝑔(a,b) sin 𝜃)2, (3.12)

44



3.2 Spin-flip Raman scattering of MAPbI3 single crystals

where 𝑔c denotes the 𝑔-factor in Faraday, 𝑔(a,b) corresponds to the 𝑔-factor in Voigt geometry,
and 𝜃 is the tilt angle. The relative 𝑔-factor anisotropy 𝛥𝑔 is quantified by [62]

𝛥𝑔 =
𝑔F − 𝑔V
𝑔F + 𝑔V

, (3.13)

where 𝑔F and 𝑔V denote the 𝑔-factors measured in Faraday and Voigt geometries, respectively.
Applying Equation (3.13), the hole 𝑔-factor anisotropy reaches 40%, while the electron 𝑔-factor
anisotropy is significantly smaller with 5%, consistent with TRKR measurements reported in
Reference [143]. The anisotropies for the double electron and hole SFs are similar in relative
numbers to those of the single electron and hole SFs, with values of 40% for holes and 6% for
electrons. Reference [125] reports that the anisotropies 𝑔e and 𝑔h in lead halide perovskite
crystals nearly compensate each other, resulting in a nearly constant 𝑔-factor for the bright
exciton. The bright exciton 𝑔-factor in lead halide perovskites is defined by the sum of the
electron and hole 𝑔-factors 𝑔X = 𝑔e + 𝑔h, yielding 𝑔e,F + 𝑔h,F = 2.34 and 𝑔e,V + 𝑔h,V = 2.43. The
measured value of 𝑔X = +2.30 from magneto-transmission (Figure 3.1(c)) demonstrates a good
agreement, confirming the expected isotropy for 𝑔X.

In Figures 3.9(b) and (c), the 𝑔-factor anisotropies of e′ and h′ (open dots) are compared to those
of the electron and hole (closed dots). While the anisotropy of the electron and hole 𝑔-factors
follows a distinct trend, e′ and h′ exhibit a smoother but opposite behavior. This behavior can
also be observed by comparing the SFRS spectra in Faraday (Figure 3.5(a)) and Voigt geometry
(Figure 3.8(b)): in Faraday geometry, the Raman shift |𝐸e′ | is smaller than |𝐸e|, while in Voigt
geometry, it is larger. The different 𝑔-factor anisotropies, along with the fact that their 𝑔-factor
do not match any combination of the electron and hole 𝑔-factors provides further evidence that
e′ and h′ originate from structural domains with tilted orientations. As the 𝑔-factor anisotropy
for e′ and h′ is small, we propose that the crystallographic out-of-plane 𝑐-axes lies nearly in
the plane, with the magnetic field being rotated between the 𝑎- and 𝑏-axes. However, as our
experiments are limited to measurements of the 𝑔-factor anisotropy to the horizontal plane, we
cannot determine any possible tilting in the vertical direction. Further investigations using a
vector magnet would be required to determine the precise orientation of the structural domain.
Nevertheless, the intensities between e to e′ and h to h′ are nearly an order of magnitude larger,
indicating that the sample primarily consists of a single domain in which the crystallographic
axes align with the laboratory frame. This alignment enables to model the 𝑔-factor anisotropies
for electron and hole with Equation (3.12), as shown by the solid lines in Figures 3.9(b) and (c).
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3 Spin-flip Raman spectroscopy of bulk MAPbI3 single crystals

3.3 Conclusions

This chapter presented the application of SFRS to resident carriers in a bulk MAPbI3 single
crystal. For this sample, strongly polarization-dependent SFRS spectra were observed in Faraday
and Voigt geometry. To gain insight into the polarization dependence, a simplified model was
introduced that describes the system as a four-level scheme with ground resident carrier states
and excited three-particle states. The simplified model successfully explains the key features
of the experimental results, providing additional proof that the observed SFRS signal originates
from resident carriers. Furthermore, this model offers a valuable approach for determining the
sign of the 𝑔-factor through systematic polarization analysis.

In MAPbI3, we discovered not only single carrier SFs but also rare double SFs involving two
resident electrons or holes. The observation of SF lines with different anisotropies indicates
that the sample consists of two structural domain orientations. The integral intensities of the
electron and hole SF lines from one domain are approximately an order of magnitude stronger
than those from the other domain, allowing us to conclude that the studied MAPbI3 single crystal
can be considered nearly single-domain. To gain full insight into the domain orientation, detailed
studies of the 𝑔-factor anisotropy using a vector magnet that can differentiate between the two
in-plane axes of the sample are required. In conclusion, the results presented in this chapter
demonstrate that SFRS is a powerful tool for probing the domain structure and their orientations
in lead halide perovskites.
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Spin-flip Raman spectroscopy of 2D lead halide
perovskites 4
The experiments presented in this chapter investigate the optical and spin properties of resident
carriers in Ruddlesdon-Popper (RP)-type two-dimensional lead halide perovskites (PEA)2(MA,
FA)𝑛−1Pb𝑛X3𝑛+1, with varying inorganic layer thickness 𝑛 and halides X = Br, I. First, for
(PEA)2PbI4 with 𝑛 = 1, a characterization of the optical properties (Section 4.1.1) and the results
of spin-flip Raman scattering (SFRS) (Section 4.1.2) are presented in detail. Section 4.1.3 reveals
the exchange interaction between resident electrons and nuclei. By applying the technique of
SFRS to 2D perovskites with different inorganic layer thicknesses, the electron and hole 𝑔-factors
are determined separately for the bromide (Section 4.2.1) and iodine series (Section 4.2.2). These
results are then combined in Section 4.2.3 to provide insights into the 𝑔-factor dispersion across
a wide energy range. For 2D perovskites, the dependence of the electron and hole 𝑔-factors
on the band gap energy is found to deviate from the universal dependence observed in bulk
perovskites [62], indicating that the quantum confinement in one direction modifies the 𝑔-factor,
as the mixing of electronic bands in 2D perovskites differs significantly from that in bulk.

The results presented in this chapter are previously published in:

C. Harkort, D. Kudlacik, N. E. Kopteva, D. R. Yakovlev, M. Karzel, E. Kirstein, O. Hordi-
ichuk, M. V. Kovalenko, and M. Bayer, “Spin-flip Raman Scattering on Electrons and
Holes in Two-Dimensional (PEA)2PbI4 Perovskites”, Small 19, 2300988 (2023)
doi: 10.1002/smll.202300988, ©2023 Wiley

4.1 Optical and spin properties of (PEA)2PbI4

4.1.1 Optical properties

As a first step of our study, we characterize the optical properties of (PEA)2PbI4 with 𝑛 = 1
at a temperature of 𝑇 = 1.6 K. The reflectivity spectrum presented in Figure 4.1(a) exhibits a
pronounced exciton resonance with a minimum at 2.341 eV, which aligns with the maximum
observed at 2.343 eV in the photoluminescence (PL) spectrum. In a longitudinal magnetic field
(Faraday geometry) of 𝐵F = 7T, the reflectivity spectra measured for both circular detection
polarizations (𝜎±) exhibit a Zeeman splitting of the exciton resonance, corresponding to a splitting
energy of 𝐸Z,X = 0.63meV (see Figure 4.1(b)). The magnetic field dependent Zeeman splitting of
the exciton resonance is shown in Figure 4.1(c). From a linear fit, as shown by the red dashed
line, we extract the exciton 𝑔-factor 𝑔X,C = +1.6. Note that in this experiment, the sign of the
𝑔-factor can be determined. A positive 𝑔-factor value indicates that the reflectivity minimum
shifts to higher energies when detected with 𝜎+ polarized light, relative to detection with 𝜎−

polarized light.

To identify the different contributions to the radiate recombination channels in the PL spectra
based on their characteristic lifetimes, the time-resolved PL dynamics at the PL maximum are
analyzed. In Reference [72], PL dynamics were measured for (PEA)2PbI4 with 𝑛 = 1 from the
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4 Spin-flip Raman spectroscopy of 2D lead halide perovskites

Figure 4.1: (a) Normalized PL (black) and reflectivity (green) spectrum of (PEA)2PbI4 with
𝑛 = 1 in zero magnetic field. (b) Splitting of the exciton resonance in reflectivity by the
Zeeman energy 𝐸Z,X between 𝜎+ and 𝜎− polarized detection in a magnetic field of 𝐵F = 7T. (c)
Magnetic field dependence of the Zeeman splitting (blue dots) and fit to a linear function (red
dashed line). (d) Decay of the PL (black dots) measured at the PL maximum of 2.343 eV with a
pulsed excitation of 𝐸exc = 3.493 eV and power density of 𝑃 = 3 W/cm2. The fit to a single
exponential (red line) allows to extract the decay time of the long-lived component.

same sample batch, revealing a fast component of 20 ps, which is attributed to the lifetime of the
bright exciton with a large oscillator strength in 2D perovskites. The long PL dynamics, extending
up to 110 µs, are shown in Figure 4.1(d). Interestingly, we observe a long decay time of 40 µs,
which exceeds the exciton recombination times for this material as reported in Reference [72].
This indicates the presence of long-lived, spatially separated carriers within the sample. The
existence of resident carriers in lead halide perovskites has been reported for various materials,
such as CsPbBr3 [142], FA0.9Cs0.1PbI2.8Br0.2 [18], and MAPbI3 [168] crystals. These resident
carriers can be photogenerated electrons and holes that are localized at spatially different regions
of the perovskite crystal before recombination, resulting in their extended lifetime. In the SFRS
spectra presented in Section 4.1.2, the spin-flips (SFs) originate from the interaction between
resident carriers and the photogenerated exciton. This interaction enables us to observe the
Zeeman splitting through changes in the exciton emission energy.
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4.1 Optical and spin properties of (PEA)2PbI4

4.1.2 Carrier g-factors measured by spin-flip Raman spectroscopy

Next, we aim to determine the optimal conditions for measuring the SFRS spectrum of (PEA)2PbI4
with 𝑛 = 1, considering parameters such as excitation energy, magnetic field geometry, temper-
ature, and polarization. As an initial step, we set the excitation energy to match the exciton
resonance and subsequently adjust the experimental parameters to maximize the intensity of the
SFs.

As discussed in Section 1.6.3, measuring SFRS in Voigt geometry is favorable, as the carrier
out-of-plane spin components are mixed, thereby enhancing the probability of SF transitions. The
experimental definition of Voigt geometry is illustrated in Figure 4.2(a), where the magnetic field
B is aligned along the in-plane (𝑎, 𝑏) axes of the sample, and the light’s wave vector k is oriented
along the out-of-plan 𝑐-axis of the sample. The SFRS spectrum measured in Voigt geometry
is presented in Figure 4.2(b), recorded at a magnetic field of 𝐵V = 10T and a temperature of
𝑇 = 1.6 K. Two peaks, corresponding to SFs lines, are visible in the SFRS spectrum and marked
by vertical arrows. The intensity of the SF line at −1.45meV at different excitation energies is
shown in the resonance profile in Figure 4.2(d). By varying the excitation energy across the
exciton resonance (see Figure 4.2(c) for comparison), the maximum amplitudes of the SF signal
are evaluated in a magnetic field of 𝐵V = 7T at a fixed power density of 𝑃 = 5.7 W/cm2.

Figure 4.2: (a) Schematic of the experimental geometry. In Voigt geometry, the magnetic
field 𝐵V ∥ (𝑎, 𝑏) with the laser light vector k ∥ 𝑐. (b) SFRS spectrum at 𝐵V = 10T, excited at
𝐸 = 2.345 eV with a power density of 𝑃 = 5.7 W/cm2 for vertically co-linear polarization.
SFs are marked by vertical arrows. (c) Normalized PL and reflectivity spectra are given for
comparison. (d) Resonance profile of the strong SF line with larger Raman shift at 𝐵V = 7T
(red dots) and its 𝑔-factor dependence on the excitation energy at 𝑇 = 1.6 K (blue dots).

As shown by the resonance profile, the SF intensity exhibits a strong spectral dependence on the
laser energy, with the highest SF intensity observed at the exciton resonance, where 𝐸X = 2.345 eV.
This observation highlights the key role of the exciton in the SFRS process. Throughout the rest of
this section, the laser photon energy is fixed at 𝐸exc = 2.345 eV. Note that the value of the 𝑔-factor
remains unaffected by variations in the excitation energy (see blue dots in Figure 4.2(d)). This
observation indicates that the exciton resonance is mainly homogeneously broadened, suggesting
that the layer thickness of the sample remains relatively constant across the excited sample
spot.
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As a next step, the influence of temperature on the SF intensity will be discussed. The magnetic
field is set to 𝐵V = 7T in Voigt geometry. In Figure 4.3(a), the SFRS anti-Stokes spectra at
temperatures of 5 K and 12 K are compared. At 𝑇 = 5K, both SFs are pronounced, whereas at
𝑇 = 12K only one SF with significantly reduced intensity remains visible. The intensity of the
stronger SF decreases as the temperature rises and becomes nearly undetectable above 16 K (see
the green dots in Figure 4.3(b)). The temperature dependence of the SF intensity for resident
carriers follows the Arrhenius-like equation [15]

𝐼 (𝑇 ) = (𝐴 exp ( −
𝐸A
𝑘𝐵𝑇

) + 𝐶)
−1

, (4.1)

where 𝐸A denotes the activation energy, and 𝑘𝐵 the Boltzmann constant. The fitted parameters
are: activation energy 𝐸A = (2.14 ± 0.43)meV, amplitude 𝐴 = 0.22, and constant 1/𝐶 = 133 cps.
At a temperature of 𝑇 = 5K, the SF intensity is reduced to half its value. We propose that this
decrease in intensity is due to the thermal delocalization of resident carriers, which reduces the
efficiency of the SFRS process. Therefore, to maximize the SF intensity, the SFRS spectra are
measured at the lowest temperature of 𝑇 = 1.6 K. In contrast to the SF intensity, the full width at
half maximum (FWHM) of the SF (black points in Figure 4.3(b)) remains nearly constant at around
0.1meV. Additionally, the 𝑔-factor remains stable around 𝑔 = 2.5 ± 0.1 across the temperature
range of 1.6 K to 16 K, as depicted in Figure 4.3 (c), indicating negligible changes in the band
structure within this temperature range.

Figure 4.3: Temperature dependence of SFRS measured in Voigt geometry at 𝐵 = 7T with a
power density of 𝑃 = 5.7 W/cm2. (a) Anti-Stokes spectra for 5 K (blue) and 12 K (red). Both
spectra are multiplied by a factor of 10 to enhance the visibility of the SFs. (b) Decrease in the
amplitude of the more pronounced SF line (green dots) fitted with an Arrhenius-like equation
(green line). Temperature dependence of the FWHM of the SF (black dots) (b) and 𝑔-factor (c).

In various studies of SFRS on conventional semiconductors, polarization-resolved measurements
were performed to explore the optical selection rules and to identify both the type of charge
carrier involved in the scattering and the underlying scattering mechanism [24, 169]. Figure 4.4
presents the polarization dependence of the strong SF line in both Voigt and close-to-Faraday
(𝜃 = 22°) geometry measured at 𝐵 = 6T. To improve the comparability of the SF peaks for different
polarization configurations, the background signals are subtracted following the analysis method
described in Section 2.3. The SF intensities are measured for both co- and cross-polarization
configurations. As discussed in Section 1.3, polarization-dependent measurements in Voigt
geometry are performed using linear polarization configurations, while circular polarization
configurations are used for close-to-Faraday geometry. The polarization configuration is denoted
by two letters: the first letter indicates the excitation polarization, and the second letter refers
to the detection polarization. The SF signals on anti-Stokes in both close-to-Faraday and Voigt
geometry are multiplied by a factor of seven to improve the visibility of the SF.
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4.1 Optical and spin properties of (PEA)2PbI4

Figure 4.4: Polarization dependence of the SFRS spectra in Voigt (a) and in tilted field 𝜃 = 22° (b)
geometry for 𝑃 = 5.7 W/cm2. The polarizations are given in the order of excitation/detection.
Linear polarization configurations in (a) and circular polarization configurations in (b). The
anti-Stokes spectra are multiplied by a factor of seven to increase the visibility of the SF.

By comparing Figures 4.4(a) and (b), it can be seen that the SF intensity in Voigt geometry
is approximately five times higher than in close-to-Faraday geometry, indicating enhanced SF
efficiency as the sample is tilted towards Voigt geometry. However, for 2D (PEA)2PbI4, polarization
effects are not as pronounced as in bulk MAPbI3 (see Section 3), which might be attributed to the
reduced symmetry of the structure along the 𝑐-axis. Therefore, the polarization dependence is
not discussed in detail. The weak polarization dependence observed in both geometries indicates
the absence of clear selection rules, preventing a determination of the 𝑔-factor sign. Therefore, in
Section 4.1.3, we investigate the 𝑔-factor sign through dynamic nuclear polarization.

With the optimal experimental conditions for enhancing the SF intensity, we proceed to analyze
the Raman shift of the SFs to determine the 𝑔-factors and attribute them to the respective charge
carriers. The SFRS spectrum in close-to-Faraday geometry, measured at a magnetic field of
𝐵 = 9.4 T, is shown in Figure 4.5(b). The SFRS spectrum is presented for the anti-Stokes spectral
range, where the absence of resonant PL leads to a more pronounced SFs compared to the
Stokes spectral range. To minimize the influence of scattered laser light on the SFRS spectrum,
measurements are performed in cross-circular polarization (𝜎+𝜎−).

Figure 4.5: (a) Schematic of the experimental geometry for tilted configuration, where the tilt
angle 𝜃 is between the magnetic field and 𝑐 axis, with B ∥ k. (b) SFRS spectrum measured at
𝜃 = 10∘ with excitation energy 𝐸exc = 2.345 eV and power density 𝑃 = 5.7 W/cm2.

51
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In the SFRS spectrum measured in close-to-Faraday geometry (𝜃 = 10∘), shown in Figure 4.5(b),
four SF lines, marked by vertical arrows, can be identified. The magnetic field dependences of their
Raman shifts are presented in Figure 4.6. As the magnetic field increases, the SFs shift linearly
from the laser (referred to as zero). The SF line with a Raman shift of −1.14meV, corresponding
to a 𝑔-factor value of |𝑔| = 2.11, is attributed to the resident hole based on the general trend
observed in Figure 4.19. Next to the SF of the resident hole, two peaks appear symmetrically
with the same energetic distance to the left and right of it. In high magnetic fields of 𝐵F = 9.4 T
and above, a SF near the laser line emerges, exhibiting a small Raman shift of only −0.08meV,
as shown in Figure 4.5(b). The corresponding small 𝑔-factor of |𝑔c,e| = 0.13 is attributed to
the resident electron. At this point, it is important to emphasize that the sign of the 𝑔-factors
cannot be determined. Interestingly, the distance between the hole SF and the side peaks matches
the Raman shift of the electron, supporting the assignment of the side peaks to the combined
SFs of resident electrons and holes, with g-factors of |𝑔c,h+e| = 1.94 and |𝑔c,h-e| = 2.25. This
combined SF processes, which involves both electron and hole SFs, is a rather unusual SFRS
process. However, double SF processes have been reported in the literature experimentally for
CdS [170] and ZnSe [171] and theoretically in References [37, 146]. The SF lines corresponding to
𝐸h±e can be distinguished from the hole SF in magnetic fields exceeding 𝐵 = 3T. Consequently,
the Raman shift of the electron can be determined for magnetic fields smaller than 𝐵 = 9.4 T by
calculating the difference in Raman shifts between the combined carrier and hole, as indicated by
the crosses in Figure 4.6(c).

Figure 4.6: Raman shifts of the SF lines in magnetic field and evaluated 𝑔-factors in close-to-
Faraday geometry for (a) hole, (b) combined carriers, and (c) electron. Direct measurements
of the Raman shifts represented by green dots and calculated electron Raman shifts by gray
crosses. The fit to linear functions (solid lines) allows to extract the 𝑔-factors. Errors are
reflected in the thickness of the data points.

In Voigt geometry the SFRS spectrum is measured in linearly co-polarization (V/V) shown for
𝐵 = 10 T in Figure 4.2(b). The SFs of hole and combined carrier are labeled as 𝐸h and 𝐸e+h. Their
𝑔-factors are |𝑔h,(a,b)| = 2.50 and |𝑔h+e,(a,b)| = 1.98. As discussed above, the SF intensity is five
times higher in Voigt geometry compared to close-to-Faraday geometry. However, the electron SF
cannot be resolved in this experimental configuration. To determine the electron 𝑔-factor in Voigt
geometry, we calculate the electron Raman shift from the difference between the Raman shift of
the hole and the combined carrier (see Figure 4.7(c)), yielding a 𝑔-factor of |𝑔e,(a,b)| = 0.51. Based
on this 𝑔-factor value, we would expect to observe the electron SF at a Raman shift approximately
−0.30meV in the SFRS spectrum shown in Figure 4.2(b). Note that the second line from the
combined carrier (h-e) is not well detectable and can only be observed in a magnetic field of
𝐵V = 7T.
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4.1 Optical and spin properties of (PEA)2PbI4

Figure 4.7: Raman shifts of the SF lines in magnetic field and evaluated 𝑔-factors in Voigt
for (a) hole, (b) combined carriers, and (c) electron. Direct measurements of the Raman shifts
represented by blue dots and calculated electron Raman shifts by gray crosses. The fit to linear
functions (solid lines) allows to extract the 𝑔-factors.

A comparison of the 𝑔-factors for the electron, hole, and their combinations reveals an anisotropy
in the 𝑔-factors between close-to-Faraday and Voigt geometry. Such an anisotropy in 2D materials
is expected as the symmetry of the structure is reduced along the 𝑐-axis. The angular dependence
of the 𝑔-factor on the magnetic field is further investigated by rotating the sample holder, enabling
measurements at intermediate angles between Faraday and Voigt geometry, as presented in
Figure 4.8.

Figure 4.8: Angular dependence of the measured electron (a) and hole (b) 𝑔-factors, as well as
the calculated combined carrier 𝑔-factors (c), shown as crosses. The 𝑔-factor anisotropies are
denoted in Faraday geometry by a tilt angle 𝜃 = 0° with subscript 𝑐, and in Voigt geometry by
𝜃 = 90° with subscripts (𝑎, 𝑏). Lines are fits to Equation (3.12).

The 𝑔-factor anisotropies of electron and hole, which can be described by Equation (3.12), nearly
compensate each other. As a result, the 𝑔-factors of the combined carriers (𝑔e,c + 𝑔h,c = 1.98
and 𝑔e,(a,b) + 𝑔h,(a,b) = 1.99), remain nearly isotropic, as shown in Figure 3.12(c). In comparison
to the exciton 𝑔-factor of 𝑔X,c = +1.6, measured by magneto-reflectivity in Section 4.1.1, the
combined carrier 𝑔-factor calculated from the individual electron and hole 𝑔-factors is approx-
imately 0.4 larger. We attribute this difference to the large binding energies of excitons in 2D
perovskites. However, further model calculations would be necessary to identify the underlying
mechanisms.
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4.1.3 Dynamic nuclear polarization

To determine the sign of the 𝑔-factors, we analyze the hyperfine interaction of carriers with
the lattice nuclei that can be addressed by the effect of dynamic nuclear polarization (DNP).
Experimentally, we can observe DNP by exciting the 2D perovskites with circularly polarized light,
measure two SFRS spectra for 𝜎+ and 𝜎− polarizations while keeping the circular polarization
fixed in detection in a longitudinal magnetic field. Depending on the 𝑔-factor sign, the effective
nuclear field (Overhauser field 𝐵N) can increase or reduce the Zeeman splitting and, consequently,
the Raman shift induced by the external magnetic field. Therefore, if the comparison of the
Raman shift between the different excitation polarizations shows any difference, an interaction
between the carrier and nuclear spin systems is involved. The SFRS spectra are measured at a
magnetic field of 𝐵 = 10 T. According to Equation (1.12), the orientation of the magnetic field
has a strong influence on the strength of the DNP, with the maximum occurring in pure Faraday
geometry. As discussed in Section 1.6.3, the SFRS signal in pure Faraday geometry is absent.
Thus, we slightly rotate the sample from Faraday to close-to-Faraday geometry (𝜃 = 10°). In
Figure 4.9, the SFRS spectra are separated into two spectral regions to highlight small differences
in the Zeeman splitting of the electron, hole, and their combination arising from DNP.

Figure 4.9: SFRS spectra excited with different circular polarization, 𝜎+ (red) and 𝜎− (blue),
at 𝐵 = 10 T in close-to-Faraday geometry (𝜃 = 10°), with 𝜎− in detection. The gray dashed
lines mark the peak maxima. (a) Raman shift of the hole 𝐸h and combined carrier 𝐸h+e for
𝑃 = 13.5 W/cm2. Horizontal arrows indicate the energy differences 𝐸± between the combined
carrier SF and the hole SF for 𝜎± excitation. Energy splitting 𝛥𝐸N,e = 𝐸+ − 𝐸− scales with
twice the Overhauser field. Blue and red dashed line represent the fits to Gaussian functions
to make the energy shift more visible. (b) Raman shift of the electron 𝐸e for 𝑃 = 5.7 W/cm2.

As shown in Figure 4.9, a difference in Raman shift is observed between 𝜎+ and 𝜎− polarization
excitations for both electron and combined SFs, while no difference is observed for the hole SF. In
general, for lead halide perovskites, both electrons and holes can interact with the nuclei [18, 73].
However, the effect on the electron is typically smaller due to its 𝑝-type wave function, in contrast
to the hole’s 𝑠-type wave function, as discussed in Section 1.5. Several parameters contribute to
DNP, including the 𝑔-factor, external magnetic field, and laser power. For an effective hyperfine
interaction between the nuclear spin system and the carrier spin system, their Zeeman splittings
must be comparable. The Hamiltonian describing the interaction of the nuclei in an external
magnetic field is analogous to the Hamiltonian for carriers (Equation (1.3)), but it incorporates
the nuclear 𝑔-factor, 𝑔𝑁, and the nuclear magneton, 𝜇N, instead. As the nuclear magneton is
three orders of magnitude smaller than the Bohr magneton, the Zeeman splitting of nuclear
spin sublevels is correspondingly three orders of magnitude smaller than that of the carrier spin
sublevels. When a large magnetic field is applied, such as 10 T in Figure 4.9, the difference becomes
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significant. Due to a smaller 𝑔-factor for the electron, the carrier Zeeman splitting is closer to the
Zeeman splitting of the nuclei. Although the hyperfine interaction is typically stronger for the
𝑠-type wave function of the hole compared to the 𝑝-type wave function of the electron it is not
strong enough to overcome the large Zeeman splitting. Consequently, to observe DNP for the
hole, measurements in small magnetic fields may be successful. Furthermore, the strength of DNP
strongly depends on the laser power (see Figure 4.11). If the power is too low, the nuclear spin
polarization is small, leading to a weak DNP. Conversely, if the laser power is too high, heating
of the nuclear spin system can occur, which weakens the effect of DNP. Therefore, finding the
optimal laser power is crucial for achieving a strong effect of DNP. Successfully observing DNP in
a sample demands precise alignment of all contributing factors, presenting a significant challenge.
Under the experimental conditions shown in Figure 4.9, the strong influence of DNP on the
Zeeman splitting of the electron leads us to focus on its interaction with the nuclei, as electrons
dominate in polarizing the nuclei. With DNP, we can thus determine the sign of the electron.
Therefore, we calculate the difference of the electron Raman shift 𝛥𝐸N,e = 𝐸+e − 𝐸−e = −1.6 µeV
for a power density of 𝑃 = 5.7 W/cm2, which scales with twice the Overhauser field

𝛥𝐸N,e = |𝐸+e | − |𝐸−e | = 2|𝑔e|𝜇𝐵𝐵N,e. (4.2)

The impact of DNP on the Raman shift is more clearly observed in the combined SF 𝐸h+e (see
Figure 4.9(a)) due to the reduced background from scattered light near the laser. The energy
splitting amounts to 𝛥𝐸N,e = −5.5 µeV for 𝑃 = 13.5 W/cm2. In Section 4.1.2, the electron
𝑔-factor was determined in close-to-Faraday geometry, yielding |𝑔e,c| = 0.13. Inserting the
values in Equation (4.2) results in an Overhauser field of 𝐵N,e = −0.11 T for 𝑃 = 5.7 W/cm2 and
𝐵N,e = −0.36 T for 𝑃 = 13.5 W/cm2. Consequently, the negative sign of 𝐵N,e means that 𝑔e,c < 0.
For this situation, the schematic of the hyperfine interaction of electrons and nuclei is shown in
Figure 4.10.

Figure 4.10: (a) Schematic illustration of the electron Overhauser field 𝐵N,e orientations for
𝑔e < 0 under 𝜎+ (red) and 𝜎− (blue) excitation, with an external magnetic field applied in
Faraday geometry 𝐵F. The Overhauser field either reduces (𝐵F − 𝐵N,e, left panel) or increases
(𝐵F + 𝐵N,e, right panel) the Zeeman splitting. (b) Schematic SFRS spectrum in the anti-Stokes
spectral range, illustrating the effect of DNP (𝛥𝐸N,e) on the Raman shift, as depicted in (a).

To spin-polarize the electrons (⟨Se⟩) we use circularly polarized light. Depending on the light’s
helicity, the orientation of ⟨Se⟩ can be adjusted. The effective Knight field BK transfers the
orientation of the electrons to the nuclei, aligning the average nuclear spin polarization ⟨I⟩ in the
same direction as the spin-polarized electrons. The sign of the Overhauser field is determined
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by the sign of the electron 𝑔-factor. In Figure 4.10(a), the effect of the electron Overhauser field
for different circular polarization excitations, 𝜎±, on the external magnetic field is shown for a
negative 𝑔-factor. For a negative 𝑔-factor under 𝜎+ excitation, 𝐵N,e points in the opposite direction
compared to the external magnetic field 𝐵F, thereby reducing the Zeeman splitting (𝐵F − 𝐵N,e).
In 𝜎− excitation, the situation is reversed: 𝐵N,e and 𝐵F now point in the same direction, resulting
in an increased Zeeman splitting (𝐵F + 𝐵N,e) (see Figure 4.10(a)). The impact of this situation
on the SFRS spectrum is schematically depicted in Figure 4.10(b). Under 𝜎+ excitation, the SF
exhibits a smaller Raman shift, positioning it closer to the laser line, as the Zeeman splitting is
reduced by the effective nuclear field. Conversely, under 𝜎− excitation, the SF shows a larger
Raman shift. This matches the experimental observations shown in Figure 4.9, which results in
a negative electron 𝑔-factor. As we induce the electron spin polarization optically and observe
variations in the strength of the Overhauser field, determined from the electron (𝐵N,e = −0.11 T
for 𝑃 = 5.7 W/cm2) or combined carrier (𝐵N,e = −0.36 T for 𝑃 = 13.5 W/cm2), we aim to
experimentally find the maximum achievable Overhauser field in this sample by investigating its
dependence on excitation density in Figure 4.11.

Figure 4.11: Power dependences of the energy splitting 𝛥𝐸N = 𝐸+ − 𝐸− for hole (black) and
electron (green) exemplarily shown in Figure 4.9(a) for one power density, along with the
calculated Overhauser field 𝐵N. While hole DNP is absent, electron DNP exhibits a strong
dependence on excitation density.

Experimentally, we can indeed observe a strong influence of excitation density on the electron
energy splitting 𝛥𝐸N,e (see green dots in Figure 4.11) and consequently on the Overhauser field,
as a higher power density results in more oriented electron spins. The more electron spins are
oriented, the greater the nuclear spin polarization, which in turn contributes linearly to the
strength of the Overhauser field. The Overhauser field increases linearly with power density up
to 𝑃 = 10.6 W/cm2, reaching 𝐵N,e = −0.6 T (𝛥𝐸N,e = −8.7 µeV). At higher excitation densities,
𝛥𝐸N,e decreases, which we attribute to the heating of the nuclear spin system. Note that the
excitation density has no effect on the Raman shift of the holes.

To gain a comprehensive understanding of the impact of reduced dimensionality on the 𝑔-factor in
2D RP perovskites, detailed studies of samples with variation of the inorganic layer thickness (lead
halide octahedra) 𝑛 and halide compositions are needed, which are presented in the following.
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4.2 Influence of the 2D inorganic layer thickness on the optical
and spin properties in (PEA)2(MA, FA)𝑛−1Pb𝑛(I, Br)3𝑛+1

We commence our study of (PEA)2(MA, FA)𝑛−1Pb𝑛X3𝑛+1 with X = I, Br following the same
procedure as presented for (PEA)2PbI4 with 𝑛 = 1. In (PEA)2PbI4 with 𝑛 = 1, the exciton
resonance was observed in the green spectral range. By varying the inorganic layer thickness
(number of lead halide octahedra layers) 𝑛 and the halide X, the exciton resonance is adjusted
across a broad energy range, requiring a precisely tunable laser system for excitation.

As a first step, we analyze the PL and absorption/reflectivity spectra of (PEA)2MA𝑛−1Pb𝑛I3𝑛+1
and (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1, shown in Figure 4.12. For (PEA)2MA𝑛−1Pb𝑛I3𝑛+1 (see Figure 4.12(a)),
seven exciton resonances are observed in the reflectivity spectrum, each corresponding to a differ-
ent number of inorganic layers 𝑛. By varying 𝑛, the exciton resonances for (PEA)2MA𝑛−1Pb𝑛I3𝑛+1
shift across an energy range from 1.75 eV for 𝑛 = 7 to 2.342 eV for 𝑛 = 1. The strong exci-
ton resonance characteristics for lower 𝑛 values become less pronounced as 𝑛 increases. For
(PEA)2FA𝑛−1Pb𝑛Br3𝑛+1, presented in Figure 4.12(b), five distinct peaks are visible in the PL spec-
trum, each with a corresponding exciton resonance nearby. The substitution of the halide from
iodine to bromide shifts the exciton resonances to a higher energy range, reaching up to 3.054 eV.
As 𝑛 increases, the excitonic absorption shifts to lower energies, ranging from 3.054 eV for 𝑛 = 1
to 2.435 eV for 𝑛 = 5. The assignment of these resonances to specific numbers of inorganic
layers is based on literature: Reference [172] for low-𝑛 iodine perovskites, Reference [173] for
higher-𝑛 iodine perovskites, and Reference [174] for bromide perovskites. In Figure 4.12(c) the
evaluated exciton resonance energies, derived from reflectivity or absorption spectra for the
iodine and bromide series, are presented as a function of the number of inorganic layers 𝑛. The
systematic monotonic decrease in exciton resonance energy with increasing 𝑛 suggests that these
exciton resonances correspond to the different 𝑛 phases. The samples of (PEA)2MA𝑛−1Pb𝑛I3𝑛+1
and (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1 with different 𝑛 covering the blue, green and red spectral range enable
us to measure the 𝑔-factor dependence for 2D RP perovskites over a broad energy range. The
𝑔-factor dependence for 2D RP perovskites is compared to the universal dependence of the
electron and hole 𝑔-factors as a function of the band gap energy in bulk lead halide perovskites.
This comparison enables us to investigate how a shift in the effective band gap through quantum
confinement modifies the 𝑔-factor, in contrast to a shift of the band gap induced by compositional
substitution.

To observe SFs and determine their 𝑔-factors for varying 𝑛 in Faraday and Voigt geometry, we set
the excitation energy of the laser in the exciton resonance of each 𝑛. The measurement procedure
is the same as described for (PEA)2PbI4 with 𝑛 = 1, which is discussed in detail in Section 4.1.2.
However, here we will only present exemplary results for two samples: (PEA)2Pb𝑛Br4 with 𝑛 = 1
and (PEA)2MA3Pb4I13 with 𝑛 = 4. These samples are selected to demonstrate SFRS measurements
across the full energy range, from 𝐸exc = 3.057 eV to 𝐸exc = 1.839 eV, respectively. Note that, for
simplicity, we refer to the slightly tilted Faraday and Voigt geometries just as Faraday and Voigt
geometries, as the experimental setup prevents perfect alignment of the light’s wave vector to
parallel or perpendicular to the magnetic field, as discussed in Section 2.1.3.
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Figure 4.12: Optical properties of 2D RP type perovskites (PEA)2MA𝑛−1Pb𝑛I3𝑛+1 and
(PEA)2FA𝑛−1Pb𝑛Br3𝑛+1. (a) Normalized PL (black) and reflectivity (green) spectra for
(PEA)2MA𝑛−1Pb𝑛I3𝑛+1. Maximum of the resonance profile measured by SFRS (red). (b) Nor-
malized PL and absorption (blue) spectra for (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1. The PL is excited at
𝐸exc = 3.493 eV at a temperature of 𝑇 = 1.6 K. The absorption is measured at 𝑇 = 4K. Exciton
resonances 𝐸X for varied inorganic layer thickness 𝑛 are marked by vertical arrows. (c) Posi-
tions of the exciton resonances, extracted from reflectivity spectra for (PEA)2MA𝑛−1Pb𝑛I3𝑛+1
and from absorption spectra for (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1, as a function of the number of inorganic
layers 𝑛.

4.2.1 Spin properties of (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1

In Figure 4.13(a), the SFRS spectra for (PEA)2PbBr4 with 𝑛 = 1 are compared in Faraday and
Voigt geometry at a magnetic field of 𝐵 = 10 T. Both spectra exhibit a pronounced SF at a Raman
shift of approximately 1.2meV, which can be attributed to the hole. Additionally, a second,
less pronounced SF corresponding to the exciton can be observed in the magnetic field. The
assignment of the carriers is based on the 𝑔-factor layer dependence shown in Figure 4.15, which
is further supported by additional measurements on the same sample batch using time-resolved
Kerr rotation (TRKR), performed by Evgeny Zhukov.
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Figure 4.13: (a) SFRS spectra for (PEA)2PbBr4 (𝑛 = 1) in Faraday (𝜃 = 0°, black) and Voigt
geometry (𝜃 = 90°, green) excited with excitation energy 𝐸exc = 3.057 eV and power density
𝑃 = 0.3 W/cm2. SFs of hole and exciton are indicated by vertical arrows, the differences
in hole Raman shifts resulting from the magnetic field geometry are denoted as 𝛥𝐸h. (b, c)
Raman shifts of the SF lines in magnetic field for the hole and exciton in Faraday (b) and Voigt
geometry (c). The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors.
(d) hole 𝑔-factor anisotropy described by Equation (3.12).

The Raman shift of the hole in Faraday and Voigt geometry differs by 𝛥𝐸h, as highlighted by the
dashed gray lines in Figure 4.13(a). The SF intensity in Voigt geometry is higher than in Faraday
geometry due to the enhanced SF probability. In the magnetic field, the Raman shifts of the SFs
are traced and plotted in Figure 4.13(b) for Faraday and in Figure 4.13(c) for Voigt geometry. The 𝑔-
factors determined from the slope of the linear fits based on the Zeeman equation (Equation (2.2))
are 𝑔h = 2.05 and 𝑔h = 2.16 for the hole in Faraday and Voigt geometries, respectively, while
the exciton 𝑔-factors are 𝑔X = 1.30 and 𝑔X = 1.31 in the corresponding geometries. Using
Equation (3.13), the 𝑔-factor anisotropy of the hole is determined to be 5%, whereas the 𝑔-factor
of the exciton is nearly isotropic. The angular dependences of the hole and exciton 𝑔-factors are
presented in Figure 4.13(d), including measurements at additional intermediate angles in steps of
𝜃 = 15°. The hole SF is pronounced in both Faraday and Voigt geometries (see Figure 4.13(a)),
therefore the hole SF remains clearly observable in tilted magnetic field geometries. In contrast,
the exciton SF, which exhibits lower intensity, is only observed in Faraday and Voigt geometries.
The bright exciton 𝑔-factor defined as 𝑔X = 𝑔h + 𝑔e is found to be nearly isotropic, as the
anisotropies of the electron and hole 𝑔-factor tend to compensate each other [125]. Note that
in SFRS spectra, the 𝑔-factor value and anisotropy for excitons and combined SF processes are
similar. However, they can be distinguished by their polarization properties. Exciton SFs typically
exhibit a polarization dependence [24], whereas combined carrier SF processes do not. As we
do not observe pronounced polarization properties in 2D perovskites, as shown exemplarily in
Figure 4.4, this suggests that the SF process is most likely associated with a combined carrier SF
than an exciton. However, if the electron SF is not observed in the SFRS spectrum, it is unlikely
to detect a combined SF process involving an electron, as combined SF processes are less probable
than single SF processes [37]. Therefore, we attribute the signal to the exciton, although this
distinction is of minor importance since our focus is on the electron and hole 𝑔-factors.

By measuring a sample from the same synthesis batch using two different magento-optical
techniques, such as SFRS and TRKR, we can combine the data provided by each method, taking
advantage of their individual strengths. SFRS is sensitive to signals from individual carriers, their
combinations, and excitons, while TRKR primarily detects resident carriers with nanosecond
spin relaxation times. Although TRKR can also probe excitons, their spin lifetime is limited by
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their short recombination time. To further explore the coherent spin dynamics of charge carriers,
we investigate (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1 by TRKR.

In general, the principle of TRKR involves the generation of spin-polarized electrons and holes
by circularly polarized pump pulses, with the spin polarization 𝑆c oriented along the wave vector
of the pump light and perpendicular to the sample surface. When a transverse magnetic field is
applied in Voigt geometry, it induces a Larmor precession of the carrier spins around this magnetic
field, leading to a loss of spin polarization over time. The dynamics of the spin polarization
are detected by linearly polarized probe pulses, which are delayed with respect to the pump
pulses. The changes in the Kerr rotation are observed as the spin polarization decays due to spin
dephasing. The signal is described by a decaying oscillatory function

𝐴KR = 𝑆c cos(𝜔L,c𝑡) exp(−𝑡/𝑇
∗
2,c). (4.3)

with the signal amplitude 𝑆c, Larmor precession frequency 𝜔L,c, and carrier spin dephasing
time 𝑇 ∗2,c. For example, when both the electron and hole contribute to the signal, it is described
by the superposition of two decaying oscillatory functions. Modifying the Zeeman equation
(Equation (2.2)) by

𝛥𝐸 = ℏ𝜔L,c = 𝑔c𝜇B𝐵, (4.4)

enables to determine the carrier 𝑔-factor from the Larmor precession frequency 𝜔L,c. [58, 175]

The results of the TRKR measurements obtained for 2D (PEA)2PbBr4 with 𝑛 = 1 by Evgeny
Zhukov are presented in Figure 4.14. The excitation energy of 𝐸exc = 3.068 eV is close to that
used for SFRS measurements.

Figure 4.14: Spin dynamics of a resident carrier in (PEA)2PbBr4 (𝑛 = 1) in Voigt geometry
𝐵V at 𝑇 = 1.6 K, excited with 𝐸exc = 3.068 eV. (a) TRKR signals for different magnetic field
strengths in 0.25 T steps. Signals are vertically shifted for better visibility. (b) Dependence of
the Larmor frequency 𝜔L on the magnetic field, along with the linear fit based on Equation (4.4)
(solid line).
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In Figure 4.14(a), the TRKR signals of (PEA)2PbBr4 with 𝑛 = 1 are shown for different mag-
netic field strengths applied in Voigt geometry 𝐵V. With increasing magnetic field, the Larmor
frequency increases, while the spin dephasing time decreases, indicating faster spin relaxation
dynamics. The TRKR signals reveal a single oscillating component, which can be fitted using
Equation (4.3). The calculated Larmor frequencies, 𝜔L, as a function of the magnetic field are
presented in Figure 4.14(b). These frequencies exhibit a linear dependence on the magnetic
field and demonstrate no offset at zero magnetic field, indicating a vanishing Larmor precession
frequency in the absence of a magnetic field. By applying Equation (4.4), the 𝑔-factor is calculated
to be 𝑔h = 2.15.

With the technique of SFRS, we determined two 𝑔-factors with values of 2.16 and 1.34 in Voigt
geometry. The first 𝑔-factor matches the value observed with TRKR, indicating that the same
carrier was detected with both techniques. As the coherent spin dynamics of charge carriers can
be investigated with TRKR, we assign the 𝑔-factor of 𝑔h = 2.15 to the hole, based on the trend
observed of the hole 𝑔-factor with varying inorganic layer thickness, as shown in Figure 4.15.
However, the second 𝑔-factor of 1.34 cannot be identified in the TRKR signal, as the spin lifetime of
the exciton is limited by its short recombination time. Based on the isotropic 𝑔-factor for different
magnetic field geometries (see Figure 4.13(d)), we conclude that this 𝑔-factor corresponds to the
exciton, where the 𝑔-factor anisotropies of the electron and hole compensate each other [125].

As a next step, the 𝑔-factors of the hole and exciton in (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1, with 𝑛 ranging from
2 to 5, are measured on the same sample with the technique of SFRS by tuning the laser energy to
the corresponding exciton resonance. For a more detailed analysis of the SFRS spectra, including
the magnetic field dependences and 𝑔-factor anisotropies for each number of the inorganic layer
thickness, refer to Appendix A1 (Figures A1 - A3). The 𝑔-factors obtained with the techniques of
SFRS and TRKR are summarized in Table 4.1.

Table 4.1: Summary of the 𝑔-factors for SFRS and TRKR in (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1.

SFRS TRKR
Faraday Voigt Voigt

𝑛 𝐸exc 𝑔h,F 𝑔X,F 𝑔h,V 𝑔X,V 𝑔h,V
1 3.057 eV 2.05 1.30 2.16 1.34 2.15
2 2.812 eV 2.17 1.21 2.05 1.17 2.10
3 2.600 eV 1.82 1.04
4 2.467 eV 1.81 0.89 1.59 0.84 1.50
5 2.409 eV 1.67 0.83 1.46 0.83 1.42

Figure 4.15(a) shows the evaluated 𝑔-factors as a function of the excitation energy for the bromide
series in Faraday geometry, while Figure 4.15(b) presents the corresponding 𝑔-factors for Voigt ge-
ometry. As described in Section 1.4, we compare the 𝑔-factors observed in RP type 2D perovskites
with those reported for bulk lead halide perovskites. The solid lines represent fits based on the
universal dependences of the electron and hole 𝑔-factors on the band gap energy in bulk lead
halide perovskites, as presented in Reference [62]. Additionally, we compare the results for the 2D
perovskites to CsPbI3 nanocrystals (NCs) as a systematic analysis of the 𝑔-factor dependence on
quantum confinement in all three dimensions has been performed for this material system. The
dashed lines correspond to the dependences derived for lead halide perovskite CsPbI3 NCs [58].
For bulk and NCs, blue indicates the electron 𝑔-factor dependence, while red corresponds to that
of the hole 𝑔-factor.
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Figure 4.15: Hole and exciton 𝑔-factors as a function of the excitation energy in 2D
(PEA)2FA𝑛−1Pb𝑛Br3𝑛+1. Experimental data are represented by open dots for SFRS and crosses
for TRKR. Solid lines indicate the universal dependence of the electron and hole 𝑔-factors on
the band gap energy in bulk lead halide perovskites, as described in Reference [62], while
dashed lines correspond to the same dependence derived for lead halide perovskite NCs [58].
(a) Faraday geometry and (b) Voigt geometry.

Experimentally, we can clearly observe a strong influence of the quantum confinement in RP lead
halide perovskites on the hole 𝑔-factor. A similar trend for the hole 𝑔-factor, 𝑔h, as observed in
bulk lead halide perovskites, can be seen here: as the excitation energy increases and 𝑛 decreases,
the value of 𝑔h increases. In Faraday geometry, 𝑔h rises from 1.67 at 𝐸exc = 2.409 eV (𝑛 = 5) to
2.05 at 𝐸exc = 3.057 eV (𝑛 = 1) as 𝑛 decreases. In Voigt geometry, 𝑔h ranges from 1.46 to 2.16. The
𝑔-factor values for the hole, obtained by TRKR (indicated by crosses), are in good agreement with
those measured by SFRS. An initial assignment might suggest that within the small energy range
for 𝑛 = 4 and 𝑛 = 5, the observed 𝑔-factor corresponds to the electron rather than the hole when
compared to the bulk electron 𝑔-factor dependence. However, for CsPb(Cl, Br)3 NCs, a similar
trend for 𝑔h has been observed, where the hole 𝑔-factor is close to the bulk value and exhibits
a strong dependence on the quantum confinement strength [51]. Additionally, Reference [51]
reports a strong hyperfine interaction for this carrier with the nuclei, as expected for holes in
lead halide perovskites.

To examine the trend of the 𝑔-factors in 2D lead halide perovskites over a broad energy range,
we extend this dependence by including the electron and hole 𝑔-factors from the iodine series
from (PEA)2MA𝑛−1Pb𝑛I3𝑛+1.

4.2.2 Spin properties of (PEA)2MA𝑛−1Pb𝑛I3𝑛+1

Figure 4.16 presents the results of the SFRS measurements for (PEA)2MA3Pb4I13 with 𝑛 = 4
excited with a photon energy of 𝐸exc = 1.839 eV and power density of 𝑃 = 0.6 W/cm2. The
SFRS spectra are displayed in the Stokes spectral range, measured at 𝐵 = 7T in Faraday and in
Voigt geometry. In Voigt geometry, a pronounced SF appears at a Raman shift of approximately
0.62meV, accompanied by a shoulder at 0.52meV. The magnetic field dependence, shown in
Figure 4.16(c), reveals 𝑔-factors of 𝑔h = 1.51 and 𝑔e = 1.29, corresponding to the hole and electron,
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respectively. In Faraday geometry at 𝐵F = 7T, only a single SF at 0.71meV is observed. From
the magnetic field dependence presented in Figure 4.16(b), the electron 𝑔-factor is calculated to
be 𝑔e = 1.67. At higher magnetic fields, an additional SF is identified with a small 𝑔-factor of
𝑔h = 0.25, attributed to the hole. The 𝑔-factor anisotropy shown in Figure 4.16(d) indicates an
electron 𝑔-factor anisotropy of 13% and 70% for the hole.

Figure 4.16: (a) SFRS spectra for (PEA)2MA3Pb4I13 (𝑛 = 4) in Faraday (𝜃 = 0°, black) and Voigt
geometry (𝜃 = 90°, green) excited with 𝐸exc = 1.839 eV and 𝑃 = 0.6 W/cm2. (b, c) Raman shifts
of the SF lines in magnetic field for electron and hole in Faraday (b) and Voigt geometry (c).
The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors. (d) Electron
and hole 𝑔-factor anisotropies with fits using Equation (3.12) (solid lines).

A sample from the same synthesis batch for 𝑛 = 4 is also investigated by Evgeny Zhukov using
TRKR. The TRKR signal, excited with 𝐸exc = 1.839 eV and measured at a temperature of 𝑇 = 1.6 K,
is presented in Figure 4.17. In Figure 4.17(a), the TRKR signal is shown for magnetic field steps of
𝐵V = 0.25 T, up to 𝐵V = 1T. By extending Equation (4.3) to incorporate the sum of contributions
from two carriers, the TRKR signal for 𝐵V = 0.5 T (see Figure 4.17(b)) can be fitted, revealing
two oscillating components (blue and violet curves). The Larmor frequencies of the electron and
hole, 𝜔L,(e,h), along with their spin dephasing times, 𝑇 ∗2,(e,h), can be determined. From the Larmor
frequencies, the 𝑔-factors of the two resident carriers can be extracted as shown in Figure 4.17(c).
Their 𝑔-factors yield 𝑔e,TRKR = 1.26 and 𝑔h,TRKR = 1.50, which are assigned to the electron and
hole, respectively, based on the results obtained from SFRS. In SFRS, the 𝑔-factors of the electron
and hole are determined to be 𝑔e,SFRS = 1.29 and 𝑔h,SFRS = 1.51, respectively, almost identical
with TRKR results.

Next, the SFRS spectra for (PEA)2MA𝑛−1Pb𝑛I3𝑛+1 up to 𝑛 = 7 are measured, the 𝑔-factors are
determined and assigned to the respective charge carriers. For a detailed analysis of the SFRS
spectra for each sample, we refer to the Appendix A2. As illustrated in Figure 4.16 and supported
by the data for the other numbers of the inorganic layer thickness in the Appendix (Figure A4 -
A8), a consistent trend in the 𝑔-factor anisotropy is observed and attributed to the same charge
carrier: as the 𝑔-factor increases from Faraday to Voigt geometry, it is assumed to correspond
to the hole, where a decrease is assigned to the electron. The assignment of electron and hole
was determined based on the overall trend of the 𝑔-factor values on the excitation energy. The
𝑔-factors obtained with the techniques of SFRS and TRKR are summarized in Table 4.2.
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4 Spin-flip Raman spectroscopy of 2D lead halide perovskites

Figure 4.17: Spin dynamics of resident carriers in (PEA)2MA3Pb4I13 (𝑛 = 4) in Voigt geometry
𝐵V at 𝑇 = 1.6 K, excited with 𝐸exc = 1.839 eV. (a) TRKR signals for different magnetic field
strengths. Signals are vertically shifted for better visibility. (b) Fit of the TRKR signals at
𝐵V = 0.5 T with two components (blue and violet) to extract the Larmor frequencies 𝜔L,(e,h). (c)
Dependence of the Larmor frequencies 𝜔L,(e,h) on the magnetic field, along with the linear fits
using Equation (4.4) (solid lines).

Table 4.2: Summary of the 𝑔-factors for SFRS and TRKR in (PEA)2MA𝑛−1Pb𝑛I3𝑛+1.

SFRS TRKR
Faraday Voigt Voigt

𝑛 𝐸exc 𝑔e,F 𝑔h,F 𝑔e,V 𝑔h,V 𝑔e,V 𝑔h,V
1 2.341 eV −0.13 2.11 −0.51 2.50 2.45
2 2.132 eV 1.24 0.38 1.91 0.18 1.65
3 1.912 eV 1.21 0.76 0.59 1.62 0.73 1.56
4 1.839 eV 1.67 0.25 1.29 1.51 1.26 1.50
5 1.814 eV 1.15 1.46 1.22
6 1.798 eV 1.19 1.54 1.26 1.41
7 1.789 eV 2.11 1.23

Figure 4.18 provides a summary of the 𝑔-factor values for electrons and holes in the iodine series,
determined with SFRS and verified by TRKR (indicated by crosses), displayed in (a) for Faraday
and (b) for Voigt geometry. The theory curves represent the universal dependence of the electron
and hole 𝑔-factors on the band gap energy in bulk lead halide perovskites [62], with additional
theoretical curves for perovskites NCs [58] shown for comparison.

For the iodine series, the 𝑔-factors of both electron and hole were identified. The electron 𝑔-factor,
𝑔e, follows a similar trend to that theoretically observed for CsPbI3 NCs [58]: as the number
of inorganic layers decreases (and the excitation energy increases), 𝑔e becomes smaller. In the
experiment, we also observe this behavior in Section 5.1 for CsPbBr3 NCs. The good agreement
between 2D perovskites and perovskites NCs suggests that the degree of quantum confinement,
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4.2 Influence of the 2D inorganic layer thickness on the optical and spin properties

Figure 4.18: Electron and hole 𝑔-factors as a function of the excitation energy in 2D
(PEA)2MA𝑛−1Pb𝑛I3𝑛+1. Experimental data are represented by open dots for SFRS and crosses
for TRKR. Solid lines indicate the universal dependence of the electron and hole 𝑔-factors on
the band gap energy in bulk lead halide perovskites, as described in Reference [62], while
dashed lines correspond to the same dependence derived for lead halide perovskite NCs [58].
(a) Faraday geometry and (b) Voigt geometry.

rather than the composition of the perovskite material is the dominant factor for modifying
the 𝑔-factor within the observed energy range. In Faraday geometry (see Figure 4.18(a)), for 𝑛
ranging between 3 to 7, 𝑔e aligns well with the 𝑔-factor dependence observed in CsPbI3 NCs.
For smaller 𝑛, 𝑔e slightly deviates from this trend. In Voigt geometry (see Figure 4.18(b)), the
electron and hole 𝑔-factors exhibit the same reversed trends as observed in Faraday geometry.
While the trend of the electron 𝑔-factor closely follows the theoretical curves for CsPbI3 NCs, the
experimental data in Section 5.1 show that the hole 𝑔-factors, both in 2D and for NCs, deviate
significantly from the expected trend. The general trend of the hole 𝑔-factor is similar to that
observed for the iodine series: as the number of inorganic layers decreases (and the excitation
energy increases), 𝑔h becomes larger. In Faraday geometry, the values of 𝑔h range widely from
−1.06 to 2.11, while in Voigt geometry, for 𝑛 ≥ 3, the hole 𝑔-factor stays nearly constant at 1.47.
This observation is supported by TRKR measurements. A constant trend of the 𝑔-factor is also
observed for the electron in Voigt geometry, where it remains at a value of 𝑔e = 1.29 and does
not vary with excitation energy.

Next, the electron and hole 𝑔-factors determined in the iodine and bromide series are combined
into a unified band gap dependence of the 𝑔-factors in 2D lead halide perovskites.
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4 Spin-flip Raman spectroscopy of 2D lead halide perovskites

4.2.3 Band gap dependence of carrier g-factors in 2D perovskites

As a final step, we provide an overview of the dependence of carrier 𝑔-factors on the effective band
gap energy in 2D perovskites, including the bromide series (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1 and the iodine
series (PEA)2MA𝑛−1Pb𝑛I3𝑛+1. The analysis focuses on the experimentally determined 𝑔-factors
of resident carriers obtained by SFRS, supported by TRKR, and compares their trends with the
theoretical models outlined in Section 1.4, highlighting both consistencies and discrepancies.
Figure 4.19(a) and (b) show the electron (blue) and hole (red and orange) 𝑔-factors measured in
Faraday and in Voigt geometry, respectively, as a function of the effective band gap energy. The
exciton 𝑔-factors measured in the bromide series are not included in these dependences.

Figure 4.19: Electron and hole 𝑔-factors as a function of the excitation energy, combined from
Figures 4.15 and 4.18, for 2D RP perovskites. Blue and orange open dots represent electron and
hole 𝑔-factors from the iodine series, respectively, while red open dots indicate hole 𝑔-factors
from the bromide series. Experimental data are represented by dots for SFRS and crosses for
TRKR. Solid lines indicate the universal dependence of the electron and hole 𝑔-factors on
the band gap energy in bulk lead halide perovskites, as described in Reference [62], while
dashed lines correspond to the same dependence derived for lead halide perovskite NCs [58].
(a) Faraday geometry and (b) Voigt geometry.

In Faraday geometry (see Figure 4.19(a)), the dependence of the electron and hole 𝑔-factor on
the effective band gap energy indicates a specific trend: the electron 𝑔-factor decreases with
increasing effective band gap energy, while the hole exhibits an increasing trend. The 𝑔-factor
values for the electron vary from 𝑔e = 2.11 for 𝑛 = 7 (𝐸exc = 1.788 eV) to 𝑔e = −0.13 for 𝑛 = 1
(𝐸exc = 2.341 eV), while for the hole the 𝑔-factors range between 𝑔h = −1.06 to 𝑔h = 2.11 across
the same energy range. For the bromide series, the hole 𝑔-factor increases from 𝑔h = 1.67 for
𝑛 = 5 (𝐸exc = 2.409 eV) to 𝑔h = 2.05 for 𝑛 = 1 (𝐸exc = 3.05 eV). The transition from the iodine to
the bromide series at an energy of approximately 𝐸exc = 2.34 eV is relatively smooth.

In Voigt geometry (see Figure 4.19(b)), a similar trend is observed, where the electron and hole
𝑔-factors exhibit opposing trends on the effective band gap energy. In this geometry, the electron
𝑔-factors decreases from 1.23 to −0.51, while the hole 𝑔-factor increases from 1.54 to 2.5 as the
effective band gap energy increases. For the bromide series, the hole 𝑔-factor increases from
𝑔h = 1.47 for 𝑛 = 5 (𝐸exc = 2.409 eV) to 𝑔h = 2.15 for 𝑛 = 1 (𝐸exc = 3.05 eV). In contrast to
Faraday geometry, the difference in the hole 𝑔-factor when changing from the iodine to the
bromide series at 𝐸exc = 2.34 eV is discontinuous in Voigt geometry, with a jump of the 𝑔-factor
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4.2 Influence of the 2D inorganic layer thickness on the optical and spin properties

of 1.04. This observation suggests that the halide content especially impacts the in-plane 𝑔-factor
in 2D perovskites. The observed trends underline the anisotropic nature of carrier 𝑔-factors
in 2D perovskites, which strongly depend on both the band gap energy and the experimental
geometry.

The measured dependences of the electron and hole 𝑔-factors are compared with theoretically
calculated 𝑔-factors for bulk lead halide perovskites (solid lines) [62] and perovskite NCs (dashed
lines) [58] as detailed in Section 1.4. Note that these theoretical dependences are plotted against
the effective band gap energy, i.e., the energy between the first quantum confined levels of
the electron and hole, while the experimental data is shown for the exciton resonance energy,
corresponding to the laser photon energy. While the general trends qualitatively align, notable
differences in the 𝑔-factor values are observed. In particular, the increase in quantum confinement
strength has a more pronounced effect on the hole 𝑔-factor than theoretically predicted, resulting
in experimental hole 𝑔-factors that exceed the predicted values by almost a factor of two. Similar
behavior has been recently observed in CsPbI3 NCs [161], as well as in CsPbBr3 and CsPb(Cl,
Br)3 NCs [51], suggesting that this effect may be a general characteristic of lower-dimensional
lead halide perovskites. In Reference [161], the strong renormalization of the hole 𝑔-factor is
attributed to the mixing of the upper valence band (VB) with lower halide bands. As tight-
binding calculations are limited to describe the upper valence band and three lower conduction
bands (CBs), the influence of mixing with lower VBs is not taken into account. This results
in an underestimation of this contribution, potentially explaining the discrepancy in the hole
𝑔-factors.

For the electron 𝑔-factor in Faraday geometry, the experimental data are limited, as the electron
𝑔-factor is observed only in the iodine series, not in the bromide series. Nevertheless, the electron
𝑔-factors cover an energy range of roughly 0.6meV, and the expected trend aligns well with
theoretical predictions for CsPbI3 NCs with only small deviations observed for stronger quantum
confinement. In Voigt geometry, a similar trend is observed, as seen in CsPbI3 NCs. The good
agreement between 2D perovskites and perovskites NCs suggests that the degree of quantum
confinement, rather than the composition of the perovskite material, is the dominant factor
for modifying the 𝑔-factor within the observed energy range. The smaller deviations may be
attributed to surface effects, as the surface-to-volume ratio increases with decreasing layers of
lead halide octahedra. In particular, surfaces containing organic spacers such as PEA may have a
significant impact on the spin properties of the carriers and excitons, as electrons could become
localized at the surface.

The results highlight the complex dependence of carrier 𝑔-factors on the effective band gap
energy in 2D perovskites, revealing distinct trends for electrons and holes that also vary with
the experimental geometry. These findings emphasize the need to refine theoretical models
to better describe the unique properties of 2D perovskite systems and account for the strong
renormalization of the hole 𝑔-factor. A deeper understanding of the carrier 𝑔-factor dependences
in 2D perovskites is essential for optimizing their performance in spintronic and optoelectronic
applications.
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4.3 Conclusion

This chapter presented the investigations of SFRS on 2DRP type perovskites (PEA)2(FA,MA)𝑛−1Pb𝑛
(Br, I)3𝑛+1. In (PEA)2PbI4 with 𝑛 = 1, we observed SFs of resident electrons, holes, and their
combinations in different magnetic field geometries. The 𝑔-factor anisotropies of both the electron
and the hole highlight the reduced symmetry of the band structure in 2D perovskites. However,
their sum corresponding to the bright exciton remains isotropic. The observation of the hyperfine
interaction through DNP revealed the negative sign of the electron 𝑔-factor, while the sign of the
hole 𝑔-factor was determined to be positive based on the universal dependence of the electron
and hole 𝑔-factors in bulk lead halide perovskites.

To gain a comprehensive understanding of the impact of reduced dimensionality on the 𝑔-factor
in 2D RP perovskite (PEA)2(FA, MA)𝑛−1Pb𝑛(Br, I)3𝑛+1, the 𝑔-factors of resident electrons and
holes were systematically determined for the iodine and bromide series. By combining the
𝑔-factors from both series, the electron and hole 𝑔-factors were traced across a large energy
range of approximately 1.3 eV, supported by TRKR measurements. While the general trend of
the 𝑔-factors with respect to the effective band gap energy aligns qualitatively with models for
bulk lead halide perovskites, the hole 𝑔-factor exceeds predictions for bulk by nearly a factor of
two. These findings highlight the need to refine theoretical models to better describe the unique
properties of 2D perovskites and understand the strong renormalization of the hole 𝑔-factor. This
also opens up the possibility of tuning the spin properties of lead halide perovskites through
quantum confinement, as the band gap energy significantly shifts from approximately 1.63 eV for
bulk MAPbI3 to 2.34 eV for two-dimensional (PEA)2PbI4 with 𝑛 = 1.

It should be noted that, compared with our publication [15], the assignment of the electron
and hole 𝑔-factors has been revised, taking into account the full dependence of 𝑔-factors on
the effective band gap energy and the recent finding that the hole 𝑔-factor in low dimensional
systems can drastically change with stronger quantum confinement.
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Resonant Raman spectroscopy of CsPbBr3 and CsPbI3
perovskite nanocrystals 5
In Section 4, the impact of dimensionality through quantum confinement on the 𝑔-factor was
explored for 2D lead halide perovskites. In this section, the focus shifts to 0D CsPbBr3 and
CsPbI3 perovskite nanocrystal (NC) of varying sizes. Larger CsPbBr3 NCs, dispersed in solution
and drop-cast onto a glass substrate, exhibit sizes of 8–11 nm, whereas smaller CsPbI3 NCs,
embedded in a glass matrix, range between 4–13 nm. The larger CsPbBr3 are investigated with
the technique of spin-flip Raman scattering (SFRS) to evaluate the impact of quantum confinement
on the carrier 𝑔-factor in comparison to bulk lead halide perovskites. Therefore, the 𝑔-factors of
resident electrons and holes are determined as a function of the NC size. Resonant Raman spectra
reveal scattering from both acoustic and optical phonons in CsPbBr3 and CsPbI3 NCs. This
technique offers a direct measurement of the acoustic and optical phonon energies. Furthermore,
we observe that the Raman shift of these confined acoustic phonons depends on the NC size.
Finally, we analyze the size dependence of the confined acoustic phonons resonances for small
CsPbI3 and large CsPbBr3 NCs through their interaction with photogenerated excitons. With
density functional theory (DFT) calculations, the resonant Raman spectra can be simulated,
offering an additional approach for characterizing NCs in terms of their shape, structural phase,
and size.

The results of the DFT calculations presented in Section 5.2 are obtained by Mikhail O. Nestoklon
within our research group at TU Dortmund University.

5.1 Spin-flip Raman spectroscopy of CsPbBr3 nanocrystals

In this section, we first analyze the optical properties of CsPbBr3 NCs. Next, the technique of
SFRS is applied to determine the carrier 𝑔-factors and their anisotropy. Finally, we investigate
the dependence of the electron and hole 𝑔-factors on the NC size.

5.1.1 Optical properties of CsPbBr3 nanocrystals

First, we begin with the optical characterization of a set of CsPbBr3 NCs samples, consisting of
three samples with NCs sizes ranging from 8 to 11 nm. The samples are labeled as #1 for a NC
size of 11 nm, #2 for 10 nm, and #3 for 8 nm. The NC sizes were determined through absorption
measurements performed by the synthesis group at ETH Zürich. In Section 5.2, a complementary
experimental approach for determining the size, shape, and structural phase of a NC, based on
optically-active confined acoustic phonon modes, will be introduced.

Figure 5.1 shows the photoluminescence (PL) and absorption spectra at a temperature of 𝑇 = 1.6 K
for samples #1–#3. In Table 5.1, the parameters of the PL and absorption spectra for all three
samples, obtained from Figure 5.1, are summarized.
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Figure 5.1: PL (black) and absorption A (green) spectra for CsPbBr3 NCs of varying sizes at
𝑇 = 1.6 K. The sample numbers (#) correspond to decreasing NC size, presented in the order
from largest to smallest: #1 for 11 nm, #2 for 10 nm, and #3 for 8 nm. Power densities used
for PL measurements are 1 W/cm2 for sample #1, 4 W/cm2 for sample #2, and 2 W/cm2 for
sample #3. Exciton resonances 𝐸X are indicated by vertical arrows.

The PL emission maxima occur at energies of 𝐸#1 = 2.318 eV for sample #1, 𝐸#2 = 2.344 eV for
sample #2, 𝐸 = 2.342 eV, and 𝐸#3 = 2.388 eV for sample #3. In Figure 5.1(c) for sample #3, the
PL exhibits an asymmetric lineshape, with the lower energy peak corresponding to larger NCs,
which have a PL maximum nearly identical to that observed in Figure 5.1(b). However, our focus
is on the higher energy side of the PL, near the absorption maximum. The variation in the spectral
positions of the PL peaks for the CsPbBr3 NCs arises from differences in the quantum confinement
energy of the carriers [51]. The significant size dispersion of NCs within each sample results
in pronounced inhomogeneous broadening in their optical properties. Single CsPbBr3 NCs at a
temperature of 𝑇 = 6K typically exhibit a narrow PL spectral width of 1meV due to the absence
of inhomogeneous broadening [176]. In contrast, the PL lines in the NC ensemble show a full
width at half maximum (FWHM) ranging from 20 to 60meV, while the absorption maxima exhibit
a FWHM of 20 to 55meV. Based on the FWHM of the PL and absorption spectra, sample #1, with
the largest NC sizes, appears to be the most homogeneous of the three investigated samples. The
NC ensemble provides insights into the average spin properties and their dependence on different
NC sizes due to the inhomogeneities within the sample [66]. By using a narrow single-mode
laser as an excitation source in the SFRS experiments, we are able to selectively excite NCs with
different mean sizes by scanning the central energy of the laser through the inhomogeneously
broadened resonance of the ensemble.

Table 5.1: Summary of the parameters of the PL and absorption spectra of samples #1–#3.

sample NC size 𝐸PL FWHMPL 𝐸A FWHMA

#1 11 nm 2.318 eV 20meV 2.332 eV 20meV
#2 10 nm 2.344 eV 50meV 2.398 eV 50meV
#3 8 nm 2.388 eV 60meV 2.435 eV 55meV
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5.1.2 Carrier g-factors of CsPbBr3 nanocrystals

To investigate the role of quantum confinement on the carrier 𝑔-factors in lead halide perovskite
NCs, we begin with SFRS measurements on sample #1, tuning the laser photon energy to the
exciton resonance at 𝐸exc = 2.323 eV. Figure 5.2(a) presents the SFRS spectrum for Faraday
geometry in a magnetic field of 𝐵F = 7T, measured on Stokes side for cross-circular polarization
𝜎+𝜎−.

Figure 5.2: (a) Normalized SFRS spectra of CsPbBr3 NCs sample #1 (11 nm) in Faraday geometry
at 𝐵F = 7T, measured with an excitation energy of 𝐸exc = 2.323 eV in cross-circular polarization
𝜎+𝜎− and a power density of 5 W/cm2. Peaks are indicated by vertical arrows. (b) Magnetic
field dependence of the Raman shifts. Closed dots represent spin-flips with their linear fits
(solid lines) based on the Zeeman equation, while crosses indicate calculated Raman shifts.
Open dots and dashed lines correspond to phonons.

In the SFRS spectrum in Figure 5.2(a), five peaks marked by vertical arrows can be observed.
From the magnetic field dependence presented in Figure 5.2(b), we can deduce the origin of
the different peaks. The peaks at 𝐸h = 0.28meV, 𝐸e = 0.46meV and 𝐸2e = 0.92meV exhibit
a linear dependence on the magnetic field, confirming their origin as spin-flip (SF) transitions
and aligning with observations for 3D and 2D lead halide perovskites discussed in Chapters 3
and 4. Their corresponding 𝑔-factors, calculated from the Zeeman equation (Equation 2.2), are
|𝑔h| = 0.69, |𝑔e| = 1.17, and |𝑔2e| = 2.34, respectively. The signs of 𝑔e and 𝑔h cannot be directly
determined from a single SFRS spectrum but they are positive in bulk CsPbBr3 [62] and are
theoretically expected to remain positive for sufficiently large NCs [51, 58]. In contrast, the
peak at 𝐸phonon = 0.62meV and its shoulder at 𝐸phonon = 0.74meV remain unaffected by the
magnetic field, indicating that they originate from a different inelastic scattering process. Since
CsPbBr3 crystalizes in the orthorhombic structural phase even at room temperature [93], one
possibility is that these peaks arise from the bright exciton fine structure splitting, as introduced
in Section 1.1.2. In CsPbBr3 NCs, the exciton fine structure splitting caused by the anisotropic
exchange interaction within the exciton has been observed to be in the order of 1meV [177]. If
the peaks originate from the exciton fine structure, the slope of the linear fits would change from
zero to following the Zeeman equation at a magnetic field of approximately 6 T. However, as
shown in Figure 5.2(b), measurements up to 10 T reveal that the peaks remain independent of the
magnetic field across the entire range. Therefore, we attribute these peaks to phonons instead. A
detailed discussion on the acoustic phonons and their properties can be found in Section 5.2.
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At this point, we will focus on the peaks in the SFRS spectrum originating from SFs and determine
the corresponding 𝑔-factors. In Reference [48], magnetic field measurements are extended
to lower fields up to 1 T, demonstrating that the absence of an offset at zero magnetic field
indicates the presence of resident carriers in CsPbBr3 NCs, rather than carriers bound within
an exciton. In contrast, for excitons, an offset in the Raman shift can arise due to the exchange
interaction between the electron and hole. Resident carriers in NCs can originate from long-lived
photocharging, when some NCs in the ensemble become charged with electrons, others with
holes, while the rest remain neutral [57]. In Reference [58], the 𝑔-factors of both electrons
and holes in lead halide perovskite NCs have been investigated. By comparing the measured
𝑔-factors of 𝑔h = 0.69 and 𝑔e = 1.17 with the values provided in Reference [58] (𝑔h = 0.63 and
𝑔e = 1.80) for the same excitation energy, we can attribute the observed 𝑔-factors to the hole
and electron, respectively. While the hole 𝑔-factor is in good agreement, the electron 𝑔-factor
exhibits a discrepancy. Additionally, a third SF at 𝐸2e = 0.922meV with 𝑔2e = 2.34, exactly twice
the 𝑔-factor of the electron, can be identified. By tuning the excitation energy of the laser, the
dependence of the spin properties as a function of the NC size can be studied. The result of this
measurement is shown in Figure 5.3, where the electron and hole 𝑔-factors, represented by blue
and red dots, respectively, vary with the excitation energy in a range of 30meV.

Figure 5.3: Electron and hole 𝑔-factors as a function of the NC size for sample #1. Blue and
red points represent 𝑔-factors of electron and hole, respectively.

Interestingly, in sample #1, the hole 𝑔-factor decreases from 0.8 to 0.74, while the electron 𝑔-factor
changes from 1.16 to 1.05 as the excitation energy increases, corresponding to a decrease in NC
size. This observation directly demonstrates that quantum confinement has a significant impact
on the 𝑔-factors of carriers in CsPbBr3 NCs. To extend this analysis over a broader energy range
and NC sizes, the 𝑔-factors of electrons and holes are further investigated in samples #2 and #3 in
the Section 5.1.4.
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5.1.3 g-factor anisotropy of carriers in CsPbBr3 nanocrystals

The orientation of the magnetic field is not expected to significantly affect the 𝑔-factors of the
NCs, as the 𝑐-axes are randomly oriented, resulting in the measurement of an effective averaged
𝑔-factor value. However, we verify this assumption by measuring SFRS in both Faraday and
Voigt geometry. Figure 5.4(a) shows the SFRS spectrum in Voigt geometry at a magnetic field of
𝐵V = 7T.

Figure 5.4: (a) Normalized SFRS spectra of CsPbBr3 NCs sample #1 (11 nm) measured in Voigt
geometry at 𝐵V = 7T using cross-linear polarization HV and excitation power density of
𝑃 = 6 W/cm2. Peaks are marked by vertical arrows. (b) Magnetic field dependences of the
peaks: filled dots denote SFs, with their linear fits (solid lines) based on the Zeeman equation,
while crosses represent calculated Raman shifts. Open dots and dashed lines correspond to
phonons.

Four distinct peaks in the SFRS spectra in Figure 5.4(a) are identified at Raman shifts of 𝐸h =
0.32meV, 𝐸e = 0.46meV, 𝐸phonon = 0.62meV and 𝐸2e = 0.79meV, with a small shoulder at
𝐸phonon = 0.73meV. Since the phonon Raman shifts are independent of the magnetic field, their
Raman shifts remain unaffected by the field direction and are consistent with those observed in
Faraday geometry. In contrast, the other three peaks exhibit a linear shift with the magnetic field
(see Figure 5.4(b)), yielding calculated 𝑔-factors of 𝑔h = 0.76, 𝑔e = 1.08 and 𝑔2e = 1.95 for the hole,
electron, and double electron, respectively. Table 5.2 summarizes the 𝑔-factors for sample #1,
along with the 𝑔-factor values determined in Section 5.1.4 for samples #2 and #3, in both Faraday
and Voigt geometry.

To simplify the comparison of the SFRS spectra between Faraday and Voigt geometry, both
spectra are shown in the same figure, Figure 5.5(a), with Raman shift differences for the hole,
electron, and double electron labeled as 𝛥𝐸. Additional measurements at intermediate angles
between Faraday and Voigt geometry, taken in 𝜃 = 15° steps, are presented in Figure 5.5(b) to
provide a more precise analysis of the 𝑔-factor anisotropy.

In Figure 5.5(b), only a minor 𝑔-factor anisotropy for the electron and hole is observed, which
can be attributed to the random orientation of the NC 𝑐-axes, as already mentioned above. Con-
sequently, no pronounced 𝑔-factor anisotropy is expected, as the determined 𝑔-factors represent
an average over the various 𝑐-axis orientations. However, a small anisotropy may arise if the
ensemble is not completely disoriented, for instance, when more NCs align along a specific
direction, which might result from non-isotropic conditions during sample synthesis. According
to Equation 3.13, the 𝑔-factor anisotropy is 5% for holes and 4% for electrons.
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Figure 5.5: (a) Normalized SFRS spectra for CsPbBr3 NCs sample #1 measured in Faraday
geometry (𝐵F, 𝜃 = 0°, black) and Voigt geometry (𝐵V, 𝜃 = 90°, green) at 𝐵 = 7T. The excitation
energy is 𝐸exc = 2.323 eV, with power densities of 𝑃 = 5W/cm2 and 𝑃 = 6W/cm2, respectively.
(b) g-factor anisotropy for the electron, hole, and double electron, where crosses represent the
calculated 𝑔-factor values, and lines correspond to fits with Equation 3.12.

5.1.4 Carrier g-factor dependence on the nanocrystal size

The analysis of the SFRS spectra and the determination of 𝑔-factors for samples #2 and #3 follow
the same procedure as for sample #1. The results for sample #2 are displayed in Figure 5.6, while
those for sample #3 are presented in Figure 5.7. In panels (a) and (c), the SFRS spectra in Faraday
and Voigt geometries are shown, respectively, whereas panels (b) and (d) depict the magnetic
field dependences for each geometry. Panel (e) presents the 𝑔-factor anisotropies.

Sample #2 is resonantly excited with a laser photon energy of 𝐸exc = 2.365 eV, enabling the
determination of the 𝑔-factors for the medium-sized NCs in this sample batch. In contrast to
sample #1, six distinct peaks are observed in Faraday geometry at 𝐵F = 10T (see Figure 5.6(a)).
The SF transitions of the hole, electron, and their combination are identified at Raman shifts of
𝐸h = 0.44meV, 𝐸e = 0.63meV, and 𝐸e+h = 1.08meV, corresponding to 𝑔-factors of 𝑔h = 0.75,
𝑔e = 1.08, and 𝑔e+h = 1.87, respectively. Additionally, the SF of two electrons is observed at
𝐸2e = 1.24meV, yielding 𝑔2e = 2.13. Two phonon lines are also visible at Raman shifts of
𝐸phonon = 0.310meV and 𝐸phonon = 0.82meV. In Voigt geometry at 𝐵V = 10 T (see Figure 5.6(c)),
the SFRS spectrum similarly reveals the SFs of hole, electron, and their combination, along with
the phonon lines at nearly the same Raman shifts. However, the SF of two electrons cannot be
observed. The determined 𝑔-factors in Voigt geometry are 𝑔h = 0.92, 𝑔e = 1.20, and 𝑔e+h = 2.06.
The 𝑔-factor anisotropy, as shown in Figure 5.6(e), exhibits only a small dependence of the 𝑔-factor
on the angle to the magnetic field, with a 10% variation for holes and a 5% variation for electrons.
This small anisotropy aligns with our expectations for the subensemble of NCs.

Finally, we examine sample #3 with the smallest NCs. This sample is excited near its exciton
resonance at 𝐸exc = 2.430 eV, and the results are presented in Figure 5.7. In Figure 5.7(a) and (c),
the SFRS spectra for Faraday and Voigt geometries at 𝐵 = 8T are presented. In Faraday geometry
(see Figure 5.7(a)), Raman shifts corresponding to the electron and its combination with the hole
are identified at 𝐸e = 0.24meV and 𝐸e+h = 0.74meV, respectively. These shifts correspond to
calculated 𝑔-factors of 𝑔e = 0.53 and 𝑔e+h = 1.60, as shown in Figure 5.7(b). However, the hole SF
is absent in this spectrum, as can be seen in the magnetic field dependence shown in Figure 5.7(b).
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Figure 5.6: Normalized SFRS spectra of CsPbBr3 NCs sample #2 (10 nm), excited at 𝐸exc =
2.365 eV for 𝐵 = 10 T: (a) Faraday geometry with cross-circular polarization (𝜎+𝜎−) and
𝑃 = 5 W/cm2, and (c) Voigt geometry with co-linear polarization (HH) and 𝑃 = 3 W/cm2.
SFs and phonons are marked with vertical arrows, and their magnetic field dependencies are
shown in panels (b) and (d). Open dots and dashed lines represent the phonon Raman shifts.
Crosses indicate calculated Raman shifts and 𝑔-factors. (e) 𝑔-factor anisotropy for the electron,
hole, and their combination from Faraday (𝜃 = 0°) to Voigt geometry (𝜃 = 90°), lines are fits
with Equation 3.12.

From the linear fit of the hole’s magnetic field dependence, a Raman shift of 𝐸h = 0.53meV at
𝐵F = 8T for 𝑔h = 1.26 would be expected. At this energy, however, the hole SF overlaps with the
phonon signal and the strong phonon line at 𝐸phonon = 0.49meV hides the hole SF signal. Due
to the small 𝑔-factor anisotropy, the hole SF appears as a small shoulder near the phonon peak
in Voigt geometry, as shown in Figure 5.7(c) for 𝐵V = 8T at a Raman shift of 𝐸h = 0.53meV. In
Voigt geometry, the 𝑔-factors are determined to be 𝑔e = 0.70, 𝑔h = 1.07, and 𝑔e+h = 1.77. Similar
to the other CsPbBr3 samples with varying NC sizes, a small 𝑔-factor anisotropy for sample #3 is
observed, as illustrated in Figure 5.7(e). From Equation 3.13, the calculated 𝑔-factor anisotropy is
11% for holes and 5% for electrons. For the three NC samples, the electron 𝑔-factor anisotropy
is approximately the same at 5%. However, for holes, the anisotropy is 5% in sample #1 and
increases up to 11% for smaller NCs sizes.

The 𝑔-factors of sample #1 to #3 in both Faraday and Voigt geometry are summarized in Table 5.2
and presented in Figure 5.8.

As observed for the individual samples, the direction of the magnetic field has a minimal impact
on the measured 𝑔-factor value and its anisotropy due to the varying orientations of the 𝑐-axes
within the NC ensemble. Therefore, the dependence of the 𝑔-factor on excitation energy and NC
size will be discussed in detail only for Faraday geometry. For all three samples, a consistent
trend is observed in Faraday geometry, aligning with the universal dependence reported for
bulk lead halide perovskites, as described in Reference [62] and Section 1.4. Specifically, the
electron 𝑔-factor decreases with increasing excitation energy, which corresponds to smaller NCs
sizes, while the hole 𝑔-factor increases with excitation energy or decreasing NC size. The hole
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Figure 5.7: Normalized SFRS spectra of CsPbBr3 NCs sample #3 (8 nm), excited at 𝐸exc =
2.430 eV for 𝐵 = 8T: (a) Faraday geometry with co-circular polarization (𝜎−𝜎−) and 𝑃 =
6 W/cm2, and (c) Voigt geometry with cross-linear polarization (HV) and 𝑃 = 4 W/cm2. SFs
and phonons are marked with vertical arrows, and their magnetic field dependencies are
shown in panels (b) and (d). Open dots and dashed lines represent the phonon Raman shifts.
(e) 𝑔-factor anisotropy for the electron, hole, and their combination from Faraday (𝜃 = 0°) to
Voigt geometry (𝜃 = 90°), lines are fits with Equation 3.12.

𝑔-factor values for CsPbBr3 NCs are relatively close to the bulk values as given in Reference [62].
For sample #1, the hole 𝑔-factor is determined to be 𝑔h = 0.69, compared to a bulk value of
𝑔h,b = 0.62. For sample #2, 𝑔h = 0.74 is observed, which is only slightly higher than the bulk
value of 𝑔h,b = 0.66. In contrast to sample #1 and #2, the hole 𝑔-factor determined in sample
#3, which has the smallest NC size among the three investigated CsPbBr3 NC samples, exhibits
a significant deviation from the bulk 𝑔-factor value. A similar trend for the hole 𝑔-factor has
been observed in CsPbBr3 NCs embedded in a glass matrix [51]. The dependence of the hole
𝑔-factor on the NC size from this publication is shown as crosses in Figure 5.8. By comparing
the measured hole 𝑔-factor value of 𝑔h = 1.16 in sample #3 with the data from Reference [51] at
the same energy of 𝐸 = 2.43 eV, we find a good agreement with their hole 𝑔-factor of 𝑔h = 1.12.
Therefore, the dependence of the hole 𝑔-factor on the excitation energy roughly follows the
trend observed in Reference [51], at least for the small energy range of approximately 100meV

Table 5.2: Summary of the 𝑔-factors for the three CsPbBr3 NCs samples.

Faraday Voigt
𝑔-factor #1 #2 #3 #1 #2 #3

(11 nm) (10 nm) (8 nm) (11 nm) (10 nm) (8 nm)

h 0.69 0.75 1.16 0.76 0.92 1.07
e 1.17 1.08 0.53 1.08 1.20 0.70

e+h 1.87 1.60 2.06 1.77
2e 2.34 2.13 1.95
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5.1 Spin-flip Raman spectroscopy of CsPbBr3 nanocrystals

covered by samples #1–#3. The calculations presented in Reference [58] are shown as dashed
lines in Figure 5.8, with the electron 𝑔-factors represented in blue and the hole 𝑔-factors in red,
as described in detail in Section 1.4. Note that these dependences are plotted as a function of
the effective band gap energy, i.e., the energy between the first quantum confined levels of the
electron and hole. The measured dependence of the hole 𝑔-factors does not align well with the
theoretical predictions. However, our experimental data show a good agreement with the data
measured by time-resolved Kerr rotation (TRKR) on CsPbBr3 NCs in Reference [51].

Figure 5.8: Dependence of the electron and hole 𝑔-factor on the excitation energy for samples
#1–#3 represented by dots. Crosses indicate the data from Reference [51] for CsPbBr3 NCs.
Solid lines are fits based on the universal dependence of the electron and hole 𝑔-factor on the
band gap energy in bulk lead halide perovskites [62], while the dashed lines are derived from
the same dependence in lead halide perovskite NCs [58].

In Reference [51], the strong effect of the NC size on the hole 𝑔-factor and the discrepancy with
the bulk CsPbBr3 value is most likely attributed to the mixing of the upper valence band (VB) with
halide bands that lie approximately 1.5 eV below the top of the VB. Model calculations based on
the tight-binding approach, which consider nearest-neighbor interactions, can accurately describe
the upper VB and the three lowest conduction bands (CBs). However, accurately modeling the
dispersion of the lower VBs, which are formed by the 𝑝-orbitals of halogen atoms, is challenging
with the nearest-neighbor model, as second-neighbor interactions also need to be included [178,
179]. These effects are not included in the theoretical calculations presented in Reference [58].
Incorporating the mixing of the lower VBs could lead to a more accurate description of the
renormalization of the hole 𝑔-factor. Therefore, extending the theory to include this effect may
be important for a more accurate reproduction of the measured hole 𝑔-factor dependence in
CsPbBr3 NCs. [161]

The trend of 𝑔e for samples #1 to #3 aligns with the universal dependence of the electron 𝑔-factor
observed in bulk lead halide perovskites. However, the absolute values of 𝑔e, ranging from
𝑔e,NC = 0.53–1.17, deviate significantly from those reported for bulk lead halide perovskites,
which range between 𝑔e,b = 1.84–1.77. This trend can be qualitatively described by the theory
proposed for CsPbBr3 NCs in Reference [58], represented by the blue dashed line in Figure 5.8.
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However, our electron 𝑔-factors measured with SFRS show significant deviations, which may be
attributed to several factors: (1) The CsPbBr3 NCs investigated in this thesis are not embedded
in a glass matrix but instead drop-cast onto a glass substrate and stabilized by organic ligands
(see Section 2.2.3 for details). If the electron is localized at the surface, this could result in
deviations from the electron 𝑔-factor values typically observed for carriers confined within a NC.
(2) The theoretical calculations are based on NCs with cubic symmetry, while CsPbBr3 adopts
an orthorhombic structural phase at low temperatures. This structural difference may influence
the spin and electronic properties. (3) The surfaces of the NCs may significantly impact the
spin properties of carriers and excitons localized within them. These surface effects are not
included in the theoretical model, potentially contributing further to the observed discrepancies.
An alternative interpretation might suggest that the observed 𝑔-factors correspond to the exciton
rather than to the electron. Interestingly, a similar behavior is reported in perovskite NCs in
Reference [161], where the exciton 𝑔-factor remained approximately constant with respect to the
effective band gap energy despite the influence of quantum confinement, surface effects, and the
large exciton binding energy in NCs. Therefore, the observed 𝑔-factor values of 𝑔e,NC = 0.53–1.17
must be attributed to the electrons. Although a complete theoretical understanding of the
observed size-dependent spin properties of lead halide perovskite NCs has not been achieved yet,
the experimental results presented in this chapter demonstrate that the 𝑔-factors of carriers are
highly sensitive to the effect of quantum confinement.

As mentioned earlier, the SFRS spectra reveal numerous lines with Raman shifts that remain
independent of the magnetic field. We attribute these lines to Raman scattering on optically-active
acoustic phonons confined within the NCs. The phonon properties will be explored and discussed
in detail in Chapter 5.2 for both CsPbBr3 and CsPbI3 NCs.
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5.2 Optically-active confined acoustic phonons

This chapter aims to provide insights into the phonon properties and their dependence on the
NC size by exploring two compositions of NCs, CsPbBr3 and CsPbI3, through the technique of
resonant Raman scattering. Besides the difference between the halides, there are two important
distinctions between the two sets of investigated NCs. First, the surrounding material differs:
CsPbBr3 NCs are dispersed in solution and drop-cast onto a glass substrate, while CsPbI3 NCs
are embedded in a fluorophosphate glass matrix. Second, the NCs in the glass matrix are smaller
than those grown in solution. We begin our analysis with CsPbI3 NCs. Detailed information on
the carrier 𝑔-factors of the investigated CsPbI3 NCs is provided in Reference [161].

5.2.1 CsPbI3 nanocrystals

We begin by analyzing the optical properties of the four CsPbI3 samples with NCs sizes ranging
from 4 to 13 nm. The samples are labeled as #1–#4, corresponding to an increasing resonance
energy. Consequently, the NC size decreases. Figure 5.9 shows the PL and absorption spectra at
a temperature of 𝑇 = 1.6 K for samples #1–#4.

Figure 5.9: PL (black) and absorption A (green) spectra for CsPbI3 NCs of varying sizes.
The sample numbers (#) correspond to decreasing NC size, presented in the order from
largest to smallest, ranging from 13 nm to 4 nm. Resonance profile of the Raman scattering
intensity (RI) of the phonons is represented by red dots, with lines included as guides for
the eye. Power densities used for PL and resonant Raman measurements are 4 mW/cm2 for
sample #1, 0.1 W/cm2 for sample #2, and 0.3 W/cm2 for samples #3 and #4.

The PL spectra exhibit maxima at energies of 1.734 eV for sample #1, 1.826 eV for sample #2,
2.124 eV for sample #3, and 2.051 eV for sample #4. The PL lines have a FWHM of approximately
100meV to 200meV, attributed to the size dispersion of NCs. In samples #2–#4, the large values for
the FWHM of the PL lines indicate strong inhomogeneous broadening, preventing the observation
of a pronounced exciton resonance in the absorption spectra. By tuning the laser photon energy,
a subensemble of NCs with a specific mean size can be selectively addressed. The corresponding
amplitudes of the Raman signals are shown in Figures 5.9(a)-(d) for the different samples, with the
red dots representing the data points. For sample #1, Figure 5.9(a) reveals that the amplitude of
the Raman signal reaches its maximum at an excitation energy of 𝐸exc = 1.741 eV. Consequently,
the resonant Raman spectra shown in Figures 5.10(a) and (b) are measured at this energy.

In Figure 5.10(a), the resonant Raman spectrum is displayed for a large energy range up to 9meV,
revealing numerous spectral lines. Several of these lines, with energies above 2meV, can be
attributed to the Raman scattering on optical phonons [180]. We will briefly return to the optical
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Figure 5.10: (a) Resonant Raman spectrum of sample #1 measured across a wide energy
range at 𝑇 = 1.6 K using an excitation energy of 𝐸exc = 1.741 eV, co-linear polarization, and
a power density of 𝑃 = 0.1 W/cm2. Arrows indicate the energies of the acoustic phonons
𝐸A. (b) Comparison of the Raman spectra in the energy range of the acoustic phonons for
longitudinal magnetic fields of 𝐵 = 0T (blue) and 𝐵F = 9T (red). At 𝐵F = 9T, a spin-flip (SF)
line is observed (red dashed line), with its magnetic field dependence and determined 𝑔-factor
value shown in the inset. (c) Magnetic field dependence of the acoustic phonons 𝐸A, fitted
with linear functions.

phonons in Figure 5.14. However, our primary focus is on the optically active confined acoustic
phonons, which are identified near the laser line with peaks at Raman shifts of 0.41meV and
0.58meV for an excitation energy of 𝐸exc = 1.741 eV, labeled as 𝐸A.

Next, we trace these two acoustic phonon peaks in the presence of a longitudinal magnetic field
applied in Faraday geometry. Figure 5.10(b) shows the Raman spectra measured at 𝐵 = 0T, as
well as in a longitudinal magnetic field of 𝐵F = 9T. It can be observed that their Raman shifts
remain almost the same in both zero and high magnetic fields. This behavior is analyzed in more
detail in Figure 5.10(c), where the magnetic field dependence is presented in steps of 𝐵F = 1T.
The Raman shifts can be modeled by a constant function, confirming that the Raman shift of the
acoustic phonons 𝐸A do not exhibit a magnetic field dependence. Additionally, in the Raman
spectrum at 𝐵F = 9T, a SF at 𝐸 = 1.32meV is observed. Its magnetic field dependence, shown in
the inset of Figure 5.10(b), follows the Zeeman equation (Equation 2.2) and yields a 𝑔-factor of
|𝑔| = 2.51. In Reference [161], the 𝑔-factors for the electron and hole in CsPbI3 NCs, measured at
approximately the same excitation energy, are reported to be 𝑔e = 2.2 and 𝑔h = 0.2, respectively.
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This results in a calculated bright exciton 𝑔-factor of 𝑔X = 2.4, suggesting that the observed
𝑔-factor might be attributed to the exciton.

In Figures 5.10(a) and (b), the resonant Raman spectra are presented on Stokes side. This
representation becomes clear by analyzing the polarization dependence of the exciton interaction
with confined acoustic phonons on both Stokes and anti-Stokes sides, as shown in Figure 5.11.
The resonant Raman spectra are presented for different linear polarization configurations at
𝐵 = 0T, with each configuration represented by two letters. The first letter specifies the excitation
polarization, while the second indicates the detection polarization. Horizontal polarization is
labeled as H, and vertical polarization as V. On Stokes side in Figure 5.11(a), the peaks 𝐸A are
clearly observable, particularly in co-linear polarization. In contrast, anti-Stokes side exhibits
only a broad, low-intensity peak (see Figure 5.11(b)), where the two acoustic phonon peaks cannot
be distinctly identified. Consequently, throughout the rest of this section, we focus on Stokes
side when presenting resonant Raman spectra.

Figure 5.11: Polarization dependence of the exciton-phonon interaction at 𝐵 = 0T, measured
with an excitation power density of 0.1 W/cm2, where 𝐸A represent the Raman shifts of the
confined acoustic phonons. (a) The full spectra display both the anti-Stokes and Stokes spectral
ranges. (b) Magnified anti-Stokes spectral range for improved visibility.

As a next step, we analyze the spectral dependence of the amplitudes of the exciton-phonon
interaction, referred to as resonance profile. The procedure is identical for each sample: the
laser photon energy is initially set near the PL maximum and then systematically tuned across
it. For each sample, the amplitudes of the acoustic phonon peaks are evaluated. As shown
in the resonance profiles in Figure 5.9 (red dots), the phonon intensity exhibits a pronounced
spectral dependence near the PL maximum. Figures 5.12 (a)–(d) present representative resonant
Raman spectra for each sample, with the corresponding excitation energies near the exciton
resonance indicated at the top of each panel. Collectively, the four samples cover an energy range
of approximately 600meV. The spectra are fitted using multiple Gaussians functions, with the
number of Gaussians corresponding to the identified acoustic phonon energies. These energies
are indicated in the spectra by vertical arrows labeled 𝐸A. The distance between the Gaussian
fits increases from sample #1 to sample #4, promoting a more detailed investigation. To analyze
this trend, we summarize all Raman shifts of the acoustic phonons as a function of the excitation
energy in Figure 5.12(e). Different symbols represent the four samples: closed dots for sample #1,
open diamonds for sample #2, squares for sample #3, and triangles for sample #4.
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Figure 5.12: (a-d) Resonant Raman spectra of acoustic phonons in samples #1-4, measured
with excitation energies near the exciton resonance, as indicated at the top of each panel. The
Raman shifts of the acoustic phonons are marked by arrows. Power densities are 0.1 W/cm2

(sample #1), 0.3 W/cm2 (sample #2 and #3), and 2 W/cm2 (sample #4). (e) Size dependence of
confined acoustic phonons resonances in CsPbI3 NCs.

Figure 5.12 clearly demonstrates that the Raman shift increases to a higher energy as the NC size
decreases. Based on the observation that the Raman shift of the acoustic phonon mode depends
strongly on the NC size, insights about the phonon properties can be obtained. In low-dimensional
semiconductor materials, acoustic phonons become optically-active as a result of the folding
of their dispersion in momentum space. The energies of the optically-active acoustic phonons
are determined by the size of the NC. Confinement of acoustic phonons has been reported for
different materials such as CdS doped glasses [69] and CuCl NCs [70].

The theoretical estimation of the phonon energies requires knowledge of the elastic constant
tensor of the studied material and the size of the NC in order to calculate the Raman spectrum.
To achieve this, DFT calculations of the total energy of the CsPbI3 perovskite composition are
performed by Mikhail O. Nestoklon. Then, the components of the elastic tensor for bulk CsPbI3
are determined using the IRelast package [181] by applying deformations to the optimized system.
For small strains (𝜖) Hooke’s law applies and the elastic energy 𝐸 of a crystal can be approximated
as a quadratic function of the strain components

𝐸 ∝ 1
2
𝑉0

6
∑
𝑖,𝑗=1

𝐶𝑖,𝑗𝑒𝑖𝑒𝑗, (5.1)
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where 𝐶𝑖,𝑗 are the elastic constants, 𝑉0 is the equilibrium volume of the unit cell, and 𝑒𝑗 are
the components of the strain tensor (𝜖), which are related to the deformation tensor. [182]
The elastic constant tensor is a fourth-rank tensor, and in general, it can have up to 34 = 81
independent constants. However, symmetry considerations enable a reduction in the number
of independent elastic constants [183]. For example, in cubic materials, the are only three
independent elastic constants [182]. The elastic constants can be derived from the second-order
derivative of Equation (5.1) to [181]

𝐶𝑖,𝑗 =
1
𝑉0

[ ∂2𝐸
∂𝜖𝑖∂𝜖𝑗

]. (5.2)

With the calculated components of the elastic tensor and the material densities for the different
CsPbI3 structural phases, we aim to calculate the Raman spectra for confined modes of acoustic
phonons in NCs.

At low temperatures, the intensity of the Raman scattering is proportional to the overlap of the
exciton and the confined phonon wave functions, as well as the amplitude of the phonon mode
within the NC. The amplitude of the phonon mode depends on the sound velocity, which in
turn is determined by the calculated elastic constants [184]. The peak positions in the Raman
spectrum correspond to frequencies that are associated with the confined energy levels of acoustic
phonons in the NC. The calculations account for the full anisotropy of the material and its shape,
considering cubic, spherical, and oblate spherical NCs in the orthorhombic phase, as well as
spherical NCs in the tetragonal phase. For ideal spherical CsPbI3 NCs, the elastic parameters
of the tetragonal or orthorhombic phases are compared. The calculated results are presented in
Figure 5.13, where the amplitude of the Raman signal is shown by the color and the thickness
of the lines is proportional to the relative volume variation during oscillation 𝛥𝑉/𝑉 [185]. Note
that the calculations are performed for Raman-active modes that involve volume changes during
oscillation [186, 187]. For better comparison, the experimentally observed Raman peaks, shown
in Figure 5.12, are represented as open symbols along the calculated spectra.

The comparison of the calculated Raman signal with the experimental data reveals that the
measured signal can be unambiguously attributed to Raman scattering from confined modes
of acoustic phonons in the NC. From Figure 5.13, it appears that the experimental data are
best modeled using NCs with an oblate spherical shape in the orthorhombic phase. While the
Raman shifts observed in Figure 5.12 are initially assigned to four phonon modes with a linear
dispersion, a comparison with the modeled acoustic phonon modes reveals that these Raman
shifts correspond to numerous phonon modes.

Combining optical measurements of Raman spectra of acoustic phonons confined in NCs with
DFT calculations provides valuable insights into the NCs, including their shape, structural phase,
and size. To evaluate the shape of NCs, usually scanning transmission electron microscopy can
be used. For samples embedded in a glass matrix, the technique may fail due to disruptions
caused by electron beam-induced charging on the sample surface [58]. After synthesis, the size
of NCs is typically measured using absorption spectroscopy. As observed, the Raman shift of the
confined acoustic phonons depends on the excitation energy, which is directly related to the NC
size. This suggests that Raman scattering could serve as an additional tool for determining the
size of the NCs. By calculating the Raman shift for a given NC size and comparing the theoretical
spectrum with experimental measurements, the NC size can be determined. Using tight-binding
parameters, the best empirical fit from Reference [58] provides the following relationship between
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Figure 5.13: Calculated Raman spectra for different NC shapes: (a) cubic, (b) spherical,
(c) oblate spherical NCs in the orthorhombic phase and (d) spherical NC in the tetragonal
phase. Symbols represent the experimentally observed confined acoustic phonon modes from
Figure 5.12.

the energy of the exciton resonance 𝐸X in electronvolt, and the length 𝐿 of the cube with the
same volume as a considered NC in nanometer

𝐸X = 1.652 + 11
2.8 + 𝐿2

. (5.3)

In the experiment, the excitation energy is set to the exciton resonance. In conclusion, Raman
scattering on confined acoustic phonons provides valuable insights alongside traditional tech-
niques such as absorption spectroscopy and scanning transmission electron microscopy, offering
an additional method for characterizing NCs in terms of their shape, structural phase, and size.
Moreover, this approach is applicable to any NC composition where confined acoustic phonons
are observed.
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As we have identified numerous confined acoustic phonon modes that shift as a function of
the excitation energy and, consequently, on the NC size, we now investigate whether a similar
behavior can be observed for the optical phonon modes. Figures 5.14(a)-(d) present the resonant
Raman spectrum for each sample. Within the higher energy range of 2.5meV to 3meV, up
to three optical phonons are observed, with their energies marked by vertical arrows. The
dependence of the optical phonon modes on the excitation energy is shown in Figure 5.14(e).

Figure 5.14: (a-d) Resonant Raman spectra of optical phonons in samples #1-4, excited with
excitation energies near the exciton resonance, as indicated at the top of each panel. The
Raman shifts corresponding to the optical phonons are indicated by arrows. Power densities
are 0.1 W/cm2 (sample #1), 0.3 W/cm2 (sample #2 and #3), and 2 W/cm2 (sample #4). (e)
Raman shifts of the optical phonon modes in CsPbI3 NCs.

Unlike the acoustic phonons, the energies of the optical phonons remain independent of the
excitation energy, as shown in Figure 5.14(e). The three optical phonons modes can be described
by a constant function, highlighting their independence from the excitation energy and, therefore,
NC size. As optical phonon modes are not confined by the dimensions of the NCs, their Raman
shifts remain unaffected by variations in the NC size.

In Section 5.2.2, we investigate whether the dispersion of the confined acoustic phonons on the
NC size can also be observed in CsPbBr3 NCs.
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5 Resonant Raman spectroscopy of CsPbBr3 and CsPbI3 perovskite nanocrystals

5.2.2 CsPbBr3 nanocrystals

The optical properties for the CsPbBr3 NCs are shown in Figure 5.1 and discussed in Section 5.1. A
resonant Raman spectrum covering a broad energy range up to 9meV for sample #3 is presented
in Figure 5.15(a). The sample is excited at the exciton resonance, as shown in Figure 5.1(c), with
an excitation energy of 𝐸exc = 2.43 eV.

Figure 5.15: (a) Resonant Raman spectrum of sample #3 (8 nm) measured across a wide
energy range at 𝑇 = 1.6 K with an excitation energy of 𝐸exc = 2.43 eV and a power density
of 𝑃 = 7 W/cm2. Arrows indicate the energies of the acoustic and optical phonons 𝐸A,O,
respectively. (b) Comparison of the Raman spectra in the energy range of the acoustic phonons
for transverse magnetic fields of 𝐵 = 0T (blue) and 𝐵V = 9T (red). (c) Magnetic field
dependence of the acoustic phonons 𝐸A, fitted with constant functions.

In Figure 5.15(a), the resonant Raman spectrum reveals numerous spectral lines. Several of these
lines, with energies above 2meV, can be attributed to Raman scattering from optical phonons.
In Reference [188], optical phonons with high intensity have been both experimentally and
theoretically identified at energies of 3.1meV and 6.2meV. Close to the laser line, two peaks with
Raman shifts of 0.50 eV and 1.16 eV can be identified, labeled as 𝐸A. Section 5.2.1 demonstrated
that the optical phonons show no correlation between their Raman shifts and the NC size, whereas
a strong dependence is observed for the confined acoustic phonon modes in the smaller energy
range of up to 1.3meV. These two peaks, assigned to acoustic phonons, are traced in a transverse
magnetic field in Voigt geometry. Figure 5.15(b) shows resonant Raman spectra measured at
𝐵 = 0T and 𝐵V = 9T in Voigt geometry. As indicated by the arrows pointing at the maximum
of the peaks, the Raman shifts remain almost unchanged in both zero and high magnetic fields.
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5.2 Optically-active confined acoustic phonons

In Figure 5.15(c), the evaluation of the Raman shifts for both peaks in magnetic field steps of
𝐵V = 1T is presented. The Raman shifts can be fitted with a constant function, confirming the
Raman shift of the acoustic phonons 𝐸A does not exhibit a magnetic field dependence.

The polarization dependence of the exciton interaction with acoustic phonons has also been
examined for these three samples of CsPbBr3 NCs. Similar to CsPbI3, the peaks are clearly
observed on Stokes side, while on anti-Stokes side, the peaks are broad and exhibit low intensity.
Figures 5.16(a)-(c) show exemplary resonant Raman spectra for each sample on Stokes side, with
the respective excitation energies near the exciton resonance indicated at the top of each panel.
These three samples cover an energy range of approximately 150meV. The spectra are fitted
using multiple Gaussian functions, with the number of Gaussians corresponding to the identified
acoustic phonon energies. These energies are indicated in the spectra by vertical arrows labeled
𝐸A. The dependence of the Raman shifts of the acoustic phonons as a function of the excitation
energy is presented in Figure 5.16(d). Different symbols represent the three samples: closed dots
for sample #1, open diamonds for sample #2, and squares for sample #3.

Figure 5.16: (a-c) Resonant Raman spectra of acoustic phonons in samples #1–3, excited near
the exciton resonance with the specified excitation energies on top of each panel. Power
densities are 7 W/cm2 (sample #1) and 3 W/cm2 (sample #2 and #3). The Raman shifts of the
acoustic phonons are marked by arrows. (d) Size dependence of confined acoustic phonons
resonances in CsPbBr3 NCs.

In Figure 5.16(d), a strong dependence of the acoustic phonon modes on the excitation energy
and NC size is observed for CsPbBr3 NCs. As is also the case for the CsPbI3 NCs, initially, the size
dependence of the confined acoustic phonons resonances appears to be linear. As the next step,
DFT calculations, as presented for CsPbI3 NCs in the previous section, are needed to provide a
more detailed understanding of the size dependence of confined acoustic phonons resonances, as
well as the NC shape, structural phase, and size.
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5 Resonant Raman spectroscopy of CsPbBr3 and CsPbI3 perovskite nanocrystals

5.3 Conclusions

In this chapter, we selectively excited different subensembles of CsPbBr3 and CsPbI3NCs with
varying mean sizes by tuning the laser energy. Using the technique of SFRS, we identified SFs
originating from resident electrons, holes, and their combination in CsPbBr3 NCs, revealing a
strong dependence of the electron and hole 𝑔-factor on the NC size. While the general trend
of the electron and hole 𝑔-factors aligns with that observed in bulk lead halide perovskites, the
absolute values differ. In particular, the hole 𝑔-factor in sample #1 and #2 remain close to the bulk
dependence, whereas, in the sample with the smallest NC sizes, quantum confinement leads to
significant deviations from the bulk value. This indicates that the NC size of 8 nm is in a regime
where quantum confinement strongly influences the spin properties.

Furthermore, resonant Raman spectra revealed scattering from acoustic and optical phonons in
CsPbBr3 and CsPbI3 NCs. In low-dimensional semiconductor materials, acoustic phonons become
optically-active due to the folding of their dispersion in momentum space, enabling us to observe
optically-active acoustic phonons confined within a NC. While the energies of optical phonons
remain unaffected by the NC size, confined acoustic phonons exhibit a strong dependence on
the NC size. We analyzed the size dependence of the confined acoustic phonons resonances for
small CsPbI3 and large CsPbBr3 NCs through their interaction with photogenerated excitons.
To calculate the Raman spectra of the acoustic phonon modes for CsPbI3 NCs, DFT calculations
are performed for different shapes and structural phases of the NCs. The comparison between
the calculated and experimental Raman spectrum confirms that the observed Raman signal
originates from confined acoustic phonons modes within the NC. The best agreement between
the experimental data and theoretical Raman spectra was found for oblate spherical NCs in the
orthorhombic phase. This strong dependence of the optically-active confined acoustic phonons on
the NC size in CsPbI3 motivates further investigation of these acoustic phonons modes in CsPbBr3
NCs through additional DFT calculations. Moreover, resonant Raman scattering could serve
as a powerful tool to explore lead halide perovskites with alternative compositions, providing
valuable information about the shape, structural phase, and size of the NCs.
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Summary and Outlook

Throughout this thesis, the technique of spin-flip Raman scattering (SFRS) was employed as
a spectroscopic tool to investigate the Landé factors in three-dimensional, two-dimensional,
and zero-dimensional lead halide perovskites. In Chapter 3 a bulk single MAPbI3 crystal was
investigated with SFRS. For the strongly polarization-dependent SFRS spectra of single electron
and hole spin-flips (SFs), a simple model combining a four-level excitation scheme with resident
carriers in the ground states and excited three-particle states and a non-perfect Faraday geometry
successfully reproduced the main features of the polarization dependencies. The systematic
polarization analysis provides additional evidence that the observed SFRS signals originate from
resident carriers in the lead halide perovskite crystal and offers a powerful approach for measuring
the sign of 𝑔-factors in so far unexplored materials. Besides single SFs, SF processes of both
combined carriers and those involving two electrons and holes were observed, highlighting the
role of resident carriers as a distinct feature of lead halide perovskites. Additionally, a second
electron and hole SF line, with an opposite 𝑔-factor anisotropy, was identified, arising from a
different sample domain with a different axis orientation. The comparison of the SF intensities
between the electrons and holes of the different structural domains indicate that the sample
primarily composed of a single domain. This highlight the potential of SFRS to probe the domain
structure in future studies of bulk perovskite single crystals.

In Chapters 4 and 5, the technique of SFRS was used to systematically investigate the impact
of quantum confinement on the Landé factors of resident carriers in two-dimensional and zero-
dimensional lead halide perovskites. The observed trends for the electron and hole 𝑔-factor in
low-dimensional lead halide perovskites are summarized in Figure 5.17 and compared to the
universal dependence of the electron and hole 𝑔-factors on the band gap energy in bulk lead
halide perovskites. The comparison with bulk perovskites provides insights into how quantum
confinement modifies the 𝑔-factor through shifts in the effective band gap energy, in contrast
to changes in bulk perovskites induced by compositional substitution. For the 2D perovskites,
samples with various inorganic layer thicknesses and halide compositions were investigated by
the technique of SFRS to cover a broad energy range of approximately 1.3 eV. The general trend
for both the electron and hole 𝑔-factors follows the bulk dependence: as the energy increases,
𝑔e decreases, while 𝑔h increases. As highlighted in the inset of Figure 5.17, a similar trend is
also observed for CsPbBr3 NCs. However, the absolute 𝑔-factor values for 2D perovskites and
NCs show significant deviations from those reported in bulk lead halide perovskites, indicating
that the quantum confinement has a strong influence on the spin properties. This enables the
tuning of spin properties in lead halide perovskites through quantum confinement by adjusting
the inorganic layer thickness in 2D perovskites or the NC size. Since the band gap energy can
be precisely controlled by quantum confinement, this offers a more flexible alternative to the
compositional modifications required in bulk perovskites, making low-dimensional lead halide
perovskites particularly interesting for spintronic applications. Additional SFRS measurements
on NCs with varying sizes or compositions would be valuable to extend the dependence of the
𝑔-factor beyond the narrow energy range covered by the three samples of CsPbBr3 NCs. In the
following, the individual results for the 2D perovskites and perovskites NCs will be highlighted.
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Figure 5.17: Electron and hole 𝑔-factors as a function of the excitation energy, combining
the data from Figure 4.19 for 2D perovskites and from Figure 5.8 for CsPbBr3 nanocrystals
(NCs) in Voigt geometry. Open dots represent 2D perovskites, while closed dots correspond to
NCs. Inset provides magnified view on the electron and hole 𝑔-factor dependence in NCs, with
dashed lines as guides of the eye. Solid lines indicate the universal dependence of the electron
and hole 𝑔-factors on the band gap energy in bulk lead halide perovskites, as described in
Reference [62].

In Chapter 4, a hyperfine interaction between the electron and nuclear spin system in PEA2PbI4
with 𝑛 = 1 was identified through dynamic nuclear polarization, resulting in a maximum Over-
hauser field of 𝐵N,e = −0.6 T. In contrast to the investigated bulk MAPbI3 signal in Chapter 3, no
strong polarization dependence was observed. Consequently, the negative sign of the electron
𝑔-factor was determined based on the orientation of the Overhauser field as an alternative ap-
proach, despite the expectation of a stronger hyperfine interaction of the hole with the nuclei
due to s-type wave function.

Chapter 5 builds up on the investigation of the impact of dimensionality on the carrier 𝑔-factor in
CsPbBr3 NCs. As the NC ensemble consists of various NC sizes, selectively exciting the exciton
transition enables measurements of a specific NC size. In CsPbI3 and CsPbBr3 NCs, resonant
Raman scattering revealed the presence of optically-active acoustic phonons confined within the
NC. While the Raman shifts of optical phonons remain independent of the NC size, the Raman
shifts of confined acoustic phonons were observed to vary with the NC size. Density functional
theory (DFT) calculations for CsPbI3 NCs confirmed that the Raman signals originate from
confined acoustic phonons modes. By comparing the calculated and experimentally measured
Raman spectra, basic properties of the NC, such as shape, structural phase, and size, can be
extracted using a single technique. Therefore, resonant Raman scattering proves to be a powerful
optical technique that reveals important characteristics of NCs. As these optically confined
acoustic phonons were observed in two different sample compositions and surrounding materials,
we are confident that this study could be extended to include other perovskite compositions and
potentially other lower-dimensional systems of lead halide perovskite.
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List of Abbreviations

CB conduction band.

CCD charge-coupled device.

DFT density functional theory.

DNP dynamic nuclear polarization.

FWHM full width at half maximum.

GaAs gallium arsenide.

GT Glan-Thompson.

he heavy-electron.

le light-electron.

NC nanocrystal.

NE noise eater.

PEA phenylethylammonium.

PL photoluminescence.

PMT photomultiplier tube.

QW quantum well.

RP Ruddlesdon-Popper.

SF spin-flip.

SFRS spin-flip Raman scattering.

TiSa titan-sapphire.

TRKR time-resolved Kerr rotation.

VB valence band.
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List of Symbols

𝐸g Band gap energy.

𝜇𝐵 Bohr magneton.

𝜎± Circular polarizations.

𝐸exc Excitation energy.

𝑔 Landé g-factor.

𝑔e Electron Landé 𝑔-factor.

𝑔h Hole Landé 𝑔-factor.

𝑔X Exciton Landé 𝑔-factor.

𝑘 Wave vector of light.

𝐻/𝑉 Linear polarizations (horizontal/vertical).

𝐵 Magnetic field.

𝜇𝑁 Nuclear magneton.

𝑛 Number of inorganic layers (lead halide octahedra).

𝑃 Power density.

𝛥so Spin-orbit coupling energy.

𝑇 Temperature.

𝜃 Tilt angle.

𝛥𝐸Z Zeeman energy.
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Appendix

A1 2D perovskites - (PEA)2FA𝑛−1Pb𝑛Br3𝑛+1

Figures A1 to A3 summarize the experimentally determined 𝑔-factors for the electron and hole in
(PEA)2FA𝑛−1Pb𝑛Br3𝑛+1. Panel (a) shows the spin-flip Raman scattering (SFRS) spectra for both
Faraday and Voigt geometry. The magnetic field dependencies of the observed spin-flips (SFs) are
presented in panels (b) and (c), while their anisotropies are displayed in panel (d). The solid lines
are fits with Equation 3.12. Note that the experimental parameters are provided in the caption of
each figure.

Figure A1: (a) SFRS spectra for (PEA)2FAPb2Br7 (𝑛 = 2) in Faraday (𝜃 = 0°, black) and Voigt
geometry (𝜃 = 90°, green) excited with 𝐸exc = 2.812 eV and 𝑃 = 2 W/cm2. (b, c) Raman shifts
of the SFs lines in magnetic field for hole and exciton in Faraday (b) and Voigt geometry (c).
The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors.

According to Section 4.2.1 the 𝑔-factor value and anisotropy for excitons and combined SF
processes are similar. However, they can be distinguished by their polarization properties. Exciton
SFs typically exhibit a polarization dependence [24], whereas combined carrier SF processes do
not. As we do not observe pronounced polarization properties in 2D perovskites with SFRS,
this suggests that the SF process is most probably associated with a combined one rather than
an exciton. However, if the electron SF is not observed in the SFRS spectrum, it is unlikely to
detect a combined SF processes involving an electron, as combined SF processes are less probable
than single SF processes [37]. Therefore, we attribute the signal to the exciton. Although this
distinction is of minor importance as our primary focus is on electron and hole 𝑔-factors, as
presented in Figure 4.19.
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Figure A2: (a) SFRS spectrum for (PEA)2FA2Pb3Br10 (𝑛 = 3) in Voigt geometry (𝜃 = 90°, green)
excited with 𝐸exc = 2.60 eV and 𝑃 = 5 W/cm2. (b) Raman shifts of the SFs lines in magnetic
field for hole and exciton in Voigt geometry. The fit to linear functions (solid lines) allow to
determine the carrier 𝑔-factors. (d) 𝑔-factor anisotropies fitted with Equation 3.12

Figure A3: (a) SFRS spectra for (PEA)2FA4Pb5Br16 (𝑛 = 5) in Faraday (𝜃 = 0°, black) and Voigt
geometry (𝜃 = 90°, green) excited with 𝐸exc = 2.409 eV and 𝑃 = 2.3 W/cm2. (b, c) Raman shifts
of the SF lines in magnetic field for hole and exciton in Faraday (b) and Voigt geometry (c).
The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors. (d) 𝑔-factor
anisotropies fitted with Equation 3.12.
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A2 2D perovskites - (PEA)2(MA)𝑛−1Pb𝑛I3𝑛+1

Figures A4 to A8 present the experimental results for SRFS on 2D (PEA)2(MA)𝑛−1Pb𝑛I3𝑛+1 with
𝑛 ranging from two to seven. The same representation as in Appendix A1 is used. To enhance
the visibility of the SFs, SFRS spectra of tilted field geometries relative to Faraday geometry are
selected.

Figure A4: (a) SFRS spectra for (PEA)2MAPb2I7 (𝑛 = 2) in tilted magnetic field (𝜃 = 24.5°,
blue) and Voigt geometry (𝜃 = 90°, green) excited with 𝐸exc = 2.132 eV and 𝑃 = 2 W/cm2. (b,
c) Raman shifts of the SFs lines in magnetic field for the hole and combined carrier in tilted
field (b) and Voigt geometry (c). The electron 𝑔-factors are calculated from the difference in
Raman shift between the combined and hole SFs, as indicated by the crosses. The fit to linear
functions (solid lines) allow to determine the carrier 𝑔-factors. (d) 𝑔-factor anisotropies fitted
with Equation 3.12.

Figure A5: (a) SFRS spectra for (PEA)2MA2Pb3I10 (𝑛 = 3) in close-to-Faraday geometry
(𝜃 = 10°, black) and Voigt geometry (𝜃 = 90°, green) at 𝐵 = 9T excited with 𝐸exc = 1.913 eV
and 𝑃 = 0.3W/cm2. SFs of electron and hole are indicated for both geometries by vertical
arrows, their differences in Raman shifts due to the magnetic field geometry are denoted as 𝛥𝐸.
(b, c) Raman shifts of the SF lines in magnetic field for electron and hole in close-to-Faraday (b)
and Voigt geometry (c). The fit to linear functions (solid lines) allow to determine the carrier
𝑔-factors. (d) 𝑔-factor anisotropies fitted with Equation 3.12.
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Figure A6: (a) SFRS spectra for (PEA)2MA4Pb5I16 (𝑛 = 5) in tilted magnetic field (𝜃 = 45°, blue)
and Voigt geometry (𝜃 = 90°, green) excited with 𝐸exc = 1.814 eV and 𝑃 = 0.6 W/cm2. (b, c)
Raman shifts of the SFs lines in magnetic field for electron and hole in tilted field (b) and Voigt
geometry (c). The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors.
(d) 𝑔-factor anisotropies fitted with Equation 3.12.

Figure A7: (a) SFRS spectra for (PEA)2MA5Pb6I19 (𝑛 = 6) in tilted magnetic field (𝜃 = 30°, blue)
and Voigt geometry (𝜃 = 90°, green) excited with 𝐸exc = 1.798 eV and 𝑃 = 0.6 W/cm2. (b, c)
Raman shifts of the SFs lines in magnetic field for electron and hole in tilted field (b) and Voigt
geometry (c). The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors.
(d) 𝑔-factor anisotropies fitted with Equation 3.12.
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Figure A8: (a) SFRS spectra for (PEA)2MA6Pb7I22 (𝑛 = 7) in Faraday (𝜃 = 0°, black) and Voigt
geometry (𝜃 = 90°, green) excited with 𝐸exc = 1.789 eV and 𝑃 = 0.6 W/cm2. (b, c) Raman shifts
of the SFs lines in magnetic field for electron and hole in tilted field (b) and Voigt geometry (c).
The fit to linear functions (solid lines) allow to determine the carrier 𝑔-factors. (d) 𝑔-factor
anisotropy.
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