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Abstract
The optical orientation and spin dynamics of charge carriers in semiconductors, such as
electrons or holes, are of importance in the development of spintronic devices. Currently,
there is a great interest in establishing hybrid structures, where the combination of
di!erent materials leads to the emergence of new properties. Moreover, lead halide
perovskite semiconductors represent a new material system for spintronics, where optical
studies of spin dynamics are poorly investigated even in bulk single crystals.

In this work, time-integrated and time-resolved magneto-optical spectroscopy and
single beam pump-probe methods are used at low temperatures to investigate the spin
dynamics in three type of semiconductor systems.

First, long-range magnetic proximity e!ect is demonstrated in hybrid systems compris-
ing a semimetal (magnetite Fe3O4) or a dielectric (nickel ferrite NiFe2O4), paired with a
CdTe quantum well separated by a nonmagnetic (Cd,Mg)Te barrier. The proximity e!ect
is manifested as the ferromagnet-induced circular polarization of photoluminescence on
acceptor-bound holes from the QW and shows an universal behavior. Additionally, it is
demonstrated that electrons become slowly polarized indirectly, due to spin-dependent
recombination.

Second, the spin dynamics of localized electrons in MoSe2-EuS hybrid structure is
investigated. The spin dephasing of such electrons is determined by random e!ective
magnetic fields arise from contact spin interactions, such as the hyperfine interaction
with the nuclei in MoSe2 or the exchange interaction with the magnetic ions of the EuS
film.

Finally, a high degree of optical orientation of 85 % is demonstrated in lead halide
perovskite crystals (FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3) which is attributed purely on
selection rules for optical transitions and slow spin relaxation in crystals with spatial
inversion symmetry.

Kurzfassung
Die optische Orientierung und Spindynamik von Ladungsträgern in Halbleitern, wie
Elektronen oder Löcher, sind für die Entwicklung von spintronischen Bauelementen von
Bedeutung. Derzeit besteht großes Interesse an der Entwicklung hybrider Strukturen,
bei denen die Kombination verschiedener Materialien zu neuen Eigenschaften führt.
Darüber hinaus stellen Bleihalogenid-Perowskit-Halbleiter ein neues Materialsystem
für die Spintronik dar, in dem optische Studien zur Spindynamik, selbst in massiven
Einkristallen, bisher nur wenig erforscht sind.

In dieser Arbeit werden zeitintegrierte und zeitaufgelöste magneto-optische Spek-
troskopie, sowie Einzelstrahl-Pump-Probe-Methoden bei niedrigen Temperaturen verwen-
det, um die Spindynamik in drei Arten von Halbleitersystemen zu untersuchen.

Erstens wird der langreichweitige magnetische Proximity-E!ekt in Hybridsystemen
gezeigt, die aus einem Halbmetall (Magnetit Fe3O4) oder einem Dielektrikum (Nickel-
ferrit NiFe2O4) bestehen, kombiniert mit einem CdTe-Quantentopf, getrennt durch eine
nichtmagnetische (Cd,Mg)Te-Barriere. Der Proximity-E!ekt äußert sich in der ferromag-
netisch induzierten zirkularen Polarisation der Photolumineszenz an akzeptorgebundenen
Löchern aus dem Quantentopf und zeigt ein universelles Verhalten. Zusätzlich wird
gezeigt, dass die Elektronen aufgrund spinabhängiger Rekombination langsam indirekt
polarisiert werden.
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Zweitens wird die Spindynamik lokalisierter Elektronen in einer MoSe2-EuS Hybrid-
struktur untersucht. Die Spindephasierung solcher Elektronen wird durch zufällige
e!ektive Magnetfelder bestimmt, die durch Kontakt-Spin-Wechselwirkungen entstehen,
wie die Hyperfeinwechselwirkung mit den Kernen in MoSe2 oder die Austauschwechsel-
wirkung mit den magnetischen Ionen des EuS-Films.

Schließlich wird ein hoher Grad der optischen Orientierung von 85 % in Bleihalogenid-
Perowskit-Kristallen (FA0.9Cs0.1PbI2.8Br0.2 und MAPbI3) nachgewiesen, der ausschließlich
auf den Auswahlregeln für optische Übergänge und die langsame Spinrelaxation in
Kristallen mit räumlicher Inversionssymmetrie zurückzuführen ist.
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1 Introduction

The spin of charge carriers in semiconductors such as electrons or holes are often considered
as a carrier of information. Here, optical and magnetic control can be established.
Firstly, the electron spin can be initialized optically in semiconductors using circularly
polarized light. Here, selection rules for optical transitions and the mechanisms of spin
relaxation play important role in the temporal dynamics of spin, influencing potential
applications. Secondly, use of magnetic components enables further control over electron
spin, particularly via the exchange interaction with magnetic ions. Currently there is
a great interest in establishing hybrid structures, where the combination of di!erent
materials leads to the emergence of new properties. Moreover, lead halide perovskite
semiconductors represent a new material system for spintronics, where optical studies of
spin dynamics are poorly investigated even in of bulk single crystals.

The integration of magnetism into solid-state electronics is recognized as a key challenge in
the development of devices that combine information processing and magnetic recording
on a single chip. Strong and tunable coupling between distinct spin systems is required.
One such coupling example is the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction,
where the magnetization of an electron gas near a magnetic ion induces an indirect
exchange interaction between two magnetic ions. This occurs because the second ion
interacts with the magnetization of electrons induced by the first ion [1]. This short-range
interaction, on a scale below 1 nm, is determined by the overlap of electron wave functions,
imposing high demands on the quality of interfaces between di!erent spin systems for
semiconductor spintronics.

Short-range exchange interactions have been employed to control magnetization in
metallic nanosystems [2]. This approach is based on the spin-orbit torque [3] that arises
from the flow of an electric current. However, the necessity for high current densities
(→ 106 A cm→2) limits the integration of this method into semiconductors, leading to the
need for alternative solutions.

New properties have been discovered in hybrid ferromagnet-semiconductor (FM-SC)
systems [4] when magnetic and semiconductor materials are brought into contact. These
systems exhibit both magnetic ordering and excellent optical properties [5, 6, 7]. Addi-
tionally, the magnetic moment of the ferromagnet can be tuned via an electric field by
applying a bias voltage [8].

A novel long-range exchange interaction, unrelated to the overlap of charge carrier
wave functions, was revealed in hybrid FM-SC quantum well (QW) structures [9]. It was
suggested that this spin-spin interaction is mediated by elliptically polarized phonons,
which exist in ferromagnets due to the breaking of time-reversal symmetry. These
phonons penetrate from the ferromagnet through a nonmagnetic semiconductor spacer
into the QW while maintaining their circular polarization over distances of several tens
of nanometers. The energies of spin levels of holes bound to acceptors in the QW are
modified by the spin-phonon interaction.

As a result, an e!ective p-d exchange interaction is created between the spin of
acceptor-bound holes (p-system) and the angular momentum of the phonons, which is
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1 Introduction

proportional to the magnetization of the ferromagnetic film, carried by its d-electrons.
This e!ect can be viewed as the interaction of the hole spin with an e!ective magnetic field
(approximately 2 T), proportional to the phonon angular momentum. The phenomenon
is similar to the spin-dependent optical Stark e!ect [10] (or inverse Faraday e!ect [11])
in the optics of atoms and solids, where energy levels are shifted under illumination with
circularly polarized light. By analogy, this phenomenon has been termed the phonon
Stark e!ect (or phonon inverse Faraday e!ect) [9].

The phonon Stark e!ect can be controlled electrically without current flow and without
energy losses [12]. These findings are among the first in a series of notable results on
chiral phonon-induced spin phenomena, which are reviewed in Reference [13].

In contrast to the short-range exchange interaction, the long-range exchange mechanism
mediated by elliptically polarized phonons does not impose stringent requirements on
interface quality. This suggests that the long-range proximity e!ect is likely universal,
occurring in FM-SC hybrid structures with various ferro- and ferrimagnetic materials,
and thus opening up prospects for practical applications. Prior studies of the long-range
proximity e!ect have been conducted in FM-SC structures containing a CdTe/(Cd,Mg)Te
QW near a metallic FM layer made of cobalt or iron [9, 12, 14, 15, 16].

In Chapter 6 it is demonstrated that the long-range magnetic proximity e!ect is also
present in hybrid structures where the metallic FM layer is substituted by a semimetal
(magnetite Fe3O4) or a dielectric (nickel ferrite NiFe2O4) FM. The e!ect is manifested
in the FM-induced circular polarization of photoluminescence (PL) from the CdTe QW,
independent of wave function overlap. In contrast to metal-based systems, the proximity
e!ect in these structures is induced by the magnetic material itself (i.e., magnetite or
nickel ferrite), rather than by the interfacial ferromagnetic layer.

As in previous studies, the FM-induced PL polarization in both types of systems is
attributed to the Zeeman splitting of acceptor-bound holes. The e!ect is shown to be
resonant, as no FM-induced spin polarization of valence band holes (excitonic holes) is
observed, due to the critical role of the splitting between heavy and light hole states
relative to the phonon energy. Moreover, it is shown that the FM does not directly
a!ect the polarization or frequency of electron Larmor precession in the QW. Instead,
electrons become slowly polarized indirectly, due to spin-dependent recombination with
acceptor-bound holes.

These results, combined with earlier findings from metal-based hybrid structures,
indicate the universal origin of the long-range proximity e!ect.

Spin-related phenomena in two-dimensional (2D) van der Waals semiconductors such
as transition metal dichalcogenides (TMDs) have attracted considerable attention due
to their unique energy level structure with spin-valley locking resulting from a strong
spin-orbit interaction. The direct bandgap excitons, characterized by large binding
energies and high oscillator strengths, determine the extraordinary optical properties of
these materials. Novel spin phenomena and their potential applications in spin-based
photonic devices are of particular interest [17, 18, 19, 20].

So far, the energy level structure of neutral and charged excitons as well as their
spin and valley dynamics in monolayers have been extensively studied. In particular,
excitons in Mo-based dichalcogenide monolayers exhibit well-defined selection rules for
optical transitions, ultrashort lifetimes on the order of several picoseconds, and fast spin
relaxation due to the electron-hole exchange interaction [21]. These properties enable
e"cient spin-valley pumping of the resident charge carriers with circularly polarized light
[22, 23].
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In addition, optical experiments have shown exceptionally long spin lifetimes for
electrons, reaching hundreds of nanoseconds, with even longer lifetimes observed for holes
[24, 25, 26, 27]. In References [24] and [25] the anisotropic spin relaxation of electrons
in 2D monolayers was used to explain the spin depolarization of resident electrons in a
weak transverse magnetic field of about 10 mT.

The spin dynamics in low-dimensional nanostructures are very sensitive to the anisotropy
of magnetic interactions and spin relaxation processes involving both excitons and resi-
dent charge carriers. These e!ects can be studied via spin depolarization in a transverse
magnetic field (Hanle e!ect) and polarization recovery in a longitudinal magnetic field (po-
larization recovery e!ect) [28]. The anisotropy is most evident in the angular dependence
of the polarization curves, i.e. in the transition from the Hanle e!ect to the polarization
recovery e!ect in an oblique magnetic field (anisotropic Hanle e!ect). For excitons, the
anisotropic Hanle e!ect was reported in WSe2 monolayers [29] and CdSe/ZnSe quantum
dots [30]. For electrons, the anisotropy of the g-factor in GaAs/AlGaAs quantum wells
was determined using this approach [31]. However, the investigation of resident carrier
spins in oblique magnetic fields in 2D van der Waals materials is still largely unexplored.

In Chapter 7 the spin polarization of resident electrons in a hybrid monolayer MoSe2/EuS
structure is investigated under resonant optical pumping in an oblique external magnetic
field at cryogenic temperatures. An anisotropic Hanle e!ect is found for resident electrons
in MoSe2/EuS, which results from a significant anisotropy of both the electron g-factor
and the spin relaxation time. The Hanle e!ect is strongly influenced by static random
fluctuations of an e!ective magnetic field originating from the hyperfine interaction of
localized electrons with the nuclei in MoSe2 or from the exchange interaction between
these electrons and the spins of Eu ions in EuS with an interaction strength of several
mT.

This interaction leads to an extraordinary Hanle e!ect. First, in a transverse magnetic
field, a depolarization width of only a few mT is observed, which corresponds to a long
spin relaxation time of the resident electrons, as confirmed by time-resolved pump-probe
measurements. Second, an even larger polarization recovery with a comparable width
is observed in a longitudinal magnetic field. This observation suggests that random
fluctuations of the e!ective magnetic field acting on localized electrons play a crucial
role in their spin depolarization in a zero external magnetic field. From the dependence
of spin polarization on the magnitude and orientation of the external magnetic field,
the anisotropy of the g-factor of the interval electrons and the spin relaxation time is
determined.

It is emphasized that the EuS film is ferromagnetic, but does not interact directly with
the monolayer due to possible oxidation of the EuS surface and therefore there is no giant
Zeeman splitting due to a magnetic exchange field as reported in References [32, 33, 34].
Nevertheless, the experimental approach based on the technique of a single laser beam
in combination with narrow Hanle curves shows the potential for the application of 2D
electrons in MoSe2 for magnetic sensing.

The Hanle and spin polarization recovery e!ects are investigated for resident electrons
in a monolayer MoSe2 on EuS. It is shown that localized electrons provide the dominant
contribution to the spin dynamics signal at low temperatures below 15 K for small
magnetic fields of only a few mT. The spin relaxation of these electrons is determined
by random e!ective magnetic fields arising from contact spin interactions, in particular
the hyperfine interaction with the nuclei in MoSe2 and the exchange interaction with the
magnetic ions in the EuS film. From the angular dependence of the spin polarization
in the external magnetic field, the anisotropy of the interval electron g-factor and the
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1 Introduction

spin relaxation time is determined. The non-zero in-plane g-factor, |gx| ↑ 0.1, which is
comparable to its dispersion, is attributed to randomly localized electrons in the MoSe2

layer.

Lead halide perovskite semiconductors are known for their exceptional photovoltaic
e"ciencies [35, 36] and their optoelectronic properties [37, 38]. Their simple and cost-
e!ective manufacturing processes make them extremely attractive for applications in solar
cells and light-emitting devices. In addition to their optical and electronic properties,
these materials exhibit remarkable spin properties that make them promising candidates
for quantum technologies and spintronic applications [38, 39, 40, 41].

The study of spin physics in halide perovskite semiconductors remains an emerging field
that utilizes experimental techniques and theoretical concepts originally developed for
conventional semiconductor spin systems [42]. Various spin-dependent optical techniques
have been successfully applied to perovskite single crystals, polycrystalline films, two-
dimensional (2D) materials and nanocrystals. These techniques include optical orientation
[43, 44], optical alignment [44], polarized photoluminescence in external magnetic fields
[45, 46], time-resolved Faraday and Kerr rotation [47, 48], spin-flip Raman scattering [49,
50], and optically detected nuclear magnetic resonance (ODNMR) [51]. An universal
dependence of the Landé factors for electrons, holes and excitons on the band gap energy
has been established [49, 52]. The reported spin dynamics span a wide temporal range,
from a few picoseconds at room temperature [43, 53] to tens of nanoseconds for spin
coherence [54] and spin dephasing [51], and even into the sub-millisecond range for
longitudinal spin relaxation times [55] at cryogenic temperatures.

Optical orientation is a fundamental e!ect in spin physics [28, 42], in which circularly
polarized photons generate spin-polarized excitons and charge carriers. Their spin
polarization can be studied dynamically using various techniques, including polarized
photoluminescence, Faraday and Kerr rotation, and spin-dependent photocurrents. The
use of ultrashort optical pulses with a duration of less than a picosecond enables ultrafast
spin initialization, manipulation and readout, which are crucial for quantum information
applications. In lead halide perovskites, optical orientation under pulsed excitation has
been used to initiate spin dynamics in polycrystalline films [43, 47], bulk crystals [48,
51], nanocrystals [53, 56], nanoplatelets [57], and 2D perovskite materials [58, 59, 60].
In addition, optical spin manipulation of charge carriers in singly charged CsPbBr3

nanocrystals at room temperature has recently been demonstrated [61].
The electronic band structure of lead halide perovskites is particularly favorable for

the optical orientation of charge carriers and excitons. The selection rules for optical
transitions allow spin polarization of charge carriers upon absorption of circularly polarized
photons as well as nearly 100 % polarized luminescence. This is in contrast to conventional
III-V and II-VI bulk semiconductors (such as GaAs and CdTe), where the maximum
degree of optical orientation observable in photoluminescence is limited to 25 %. In
time-resolved measurements of polarized di!erential transmission, the excitation of highly
spin-polarized charge carriers has been demonstrated [43, 57, 59]. However, in the
temperature range from 77 K to 300 K, the spin relaxation time of the charge carriers is
remarkably short (less than 3 ps), which leads to their depolarization before recombination.
The di!erential transmission technique does not allow to distinguish the spin polarization
of electrons, holes and excitons.

Under continuous wave excitation, only low degrees of optical orientation, measured
via the circular polarization of the photoluminescence, have been reported so far. For
polycrystalline MAPbBr3 films, a degree of polarization of 3.1 % at 10 K was observed
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[39], whereas values of 2 % [62] and 8 % [63] at 77 K were measured. For MAPbI3 an even
lower degree of 0.15 % was measured at 77 K [62], while in CsPbI3 nanocrystals a degree
of polarization of 4 % was found at 2 K [44]. These results highlight the current challenge
of determining the maximum achievable optical orientation in perovskites, identifying the
mechanisms limiting spin generation and relaxation, and distinguishing the spin dynamics
of electrons, holes and excitons.

In Chapter 8 the spin dynamics of excitons and localized charge carriers in
FA0.9Cs0.1PbI2.8Br0.2 bulk perovskite and MAPbI3 thin crystals are investigated using
the optical orientation technique at cryogenic temperatures. The spin polarization
of excitons and charge carriers is detected by polarized photoluminescence, and time-
resolved measurements are used to find out their respective contributions. A high optical
orientation degree of 85 % is observed for excitons, and this polarization remains stable
with respect to the detuning of the excitation energy towards the exciton resonance.
Furthermore, the dynamics of spin polarization is studied in both longitudinal and
transverse magnetic fields, which allows the determination of the spin relaxation times of
excitons and charge carriers.
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Part I

Theoretical Background
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2 Semiconductor Physics

This chapter provides an overview on the basic semiconductor physics and presents the
band structure in Section 2.1 and e!ects of low dimensions due to confinement in general
in Section 2.2, for quantum wells in Section 2.3 and monolayer semiconductor in Section
2.4. The selection rule for optical transition and spin relaxation processes are discussed
in Sections 2.5 and 2.6.

2.1 Electronic Band Structure of Semiconductors

(a)

cb, 

hh, 

lh, 
so

(b)

vb, 

he, 
le, 

cb, 

(c)

K K´

cb

vb

(d)

Ga As

(e)

FA/MA Pb I

(f)
top view

side view

Se
Mo

Figure 2.1: Electronic band structure of gallium arsenide (GaAs) 2.1a with s-type
conduction band (cb) and p-type valance band (vb) [64, p. 348], lead halide perovskite
(FAPbI3/MAPbI3) 2.1b with p-type cb and s-type vb [49], and TMD monolayer of
molybdenum diselenide (MoSe2) 2.1c [65, 66]. The bands are denoted with cb, vb,
heavy-hole (hh), light-hole (lh), split-o! band (so), light-electron (le) heavy-electron
(he), spin-up (↓) and spin-down (↔). Their crystal structures are shown below the
electronic band structure in Figures 2.1d–2.1f [1, p. 18][67][65, 66].
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2 Semiconductor Physics

The electronic band structure of a semiconductor is calculated using the Bloch theorem.
The wave function of a charge carrier in a periodic potential U(r) = U(r + R), where R

is the periode of the lattice, is described as the product of a plane wave and a function
with the periodicity of the crystal:

!(r)E = !(r)
[

↗⊋2↘2

2m↑ + U(r)
]

, (2.1)

!(r) = e
ikr

u(r), (2.2)

where Equation (2.1) represents the crystal Hamiltonian, E is the energy eigenvalues, ⊋
the reduced Planck’s constant, ↘ the nabla operator, and m

↑ the e!ective mass of the
electron. Equation (2.2) defines the wave function, where e

ikr describes a plane wave, k

the wave vector of the carrier, and u(r) is the Bloch function that is periodic with R.
The solution of the Bloch functions leads to the formation of energy bands in momentum

space k, as shown in Figure 2.1. The optical band gap is defined as the energy di!erence
between the minimum of the conduction band (cb) and the maximum of the valence
band (vb).

In the following semiconductors with direct band gap, lead halide perovskites and
transition metal dichalcogenide monolayer will be discussed. Semiconductors with a zinc
blende crystal structure (e.g. ZnSe, GaAs, CdTe, Figure 2.1d) exhibit a direct band gap
at the ”-point in the Brillouin zone. The spin-orbit coupling leads to an overall angular
momentum for the conduction band similar to the orbitals of s-type, characterized by
J = L + S = 0 + 1/2 = 1/2. For the valence band, the angular momentum is similar to
orbitals of the p-type, where J = 1 + 1/2 = 3/2. Within the valence band, the orientation
quantization of the total angular momentum J = 3/2 leads to bands with the quantum
numbers mJ = ±3/2, ±1/2, which correspond to the heavy-hole (hh, mJ = ±3/2) and
light-hole bands (lh, mJ = ±1/2). In addition, a split-o! band (so) with J = 1/2 and
mJ = ±1/2 is present. Thus only the heavy- and light-hole bands are relevant for the
optical properties near the band edge. [68, 69, 70, 71] The degeneracy between light- and
heavy-hole bands at k = 0 is usually lifted in low dimensional systems [71]. A schematic
representation of the GaAs band structure is shown in Figure 2.1a.

The electronic band structure in the vicinity of ”-point of the Brillouin zone is described
by the following expression

E = ⊋2
k

2

2m↑ , (2.3)

where ⊋ denotes the reduced Planck’s constant, k the wave vector and m
↑ the e!ective

mass of the electron or hole. The shape of the bands depends on the e!ective mass.
Perovskites are semiconductors with the general formula ABX3, where A is a cation,

B is a metal and X is a halide, have a direct band gap at the R-point in the Brillouin
zone. The crystal structure for a lead halide perovskite is shown in Figure 2.1e with
formamidinium (FA) or methylammonium (MA) as cation, lead (Pb) as metal and iodide
(I) as halide. The band structure of perovskites can be strongly adjusted by changing the
composition of A, B and X. [64] In these materials, energy band splitting occurs in the
conduction band, as shown in Figure 2.1b. It has an inverted band structure as compared
to GaAs, where valence band holes have s-type and conduction band electrons p-type
Bloch function. [72]

MoSe2 is a transition metal dichalcogenide (TMD) and has an indirect band gap of
about 1.1 eV in its bulk form. In a monolayer, this band gap changes to a direct band gap
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2.2 Semiconductor Nanostructures

with a value of about 1.55 eV and strong spin-orbit coupling e!ects occur. These e!ects
split the conduction and valence bands at the K-point, which leads to the formation of
spin-polarized subbands, as shown in Figure 2.1c. [68, 69, 70, 71]

2.2 Semiconductor Nanostructures
The artificial production of nanostructures allows to create semiconductor structures
with confinement of the motion of electrons and holes in one or more dimensions.

From the Heisenberg uncertainty principle follows that a confined particle to a region
of the z-axis with the length #z causes an uncertainty in its linear momentum

#pz → ⊋
#z

(2.4)

and additional kinetic energy in the z direction of the confinement

Econfinement = #p
2
z

2m
→ ⊋2

2m#z2
. (2.5)

This confinement energy becomes significant if it is greater or comparable to the kinetic
energy of the particle to its thermal motion in z direction:

Econfinement ↭
1
2kBT (2.6)

This relation can be transformed to

#z ↫
√

⊋2

mkBT
(2.7)

in order to estimate the scales at which quantum e!ects appears and it is equivalent to

#z ↫ h

pz
= ωdeB (2.8)

for the thermal motion, where ωdeB is the de Broglie wavelength. [70]
For a thermal energy kBT ↑ 25 meV at room temperature (T = 293 K) follows for an

electron e!ective mass m
↑
e = 0.1me in a semiconductor from Equation (2.7) the length

#z ↑ 5.5 nm [64, 70]

2.3 Quantum Wells
The confinement of a semiconductor crystal in one dimension is called quantum well
(QW). By considering a QW where the motion of the electron is free in the x and y

planes and confined and quantized along the z-axis, Equation (2.2) has to multiplied
with an envelope function εn(z) and it follows

!n

(
ϑr,ϑk

)
= u(ϑr)ei(kxx+kyy) · εn(z) (2.9)

where n indicates the energy level for the z direction. By solving the equation for a
potential well the total energy is obtained

E

(
n,ϑk

)
= En + E

(
ϑk

)
, (2.10)
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2 Semiconductor Physics

where En is the quantized energy of the n-th level and E

(
ϑk

)
is known from Equation

(2.3). The solution of En in an infinite potential well is given by

En = ⊋2

2m↑

(
nϖ

dQW

)2

, (2.11)

where dQW is the width of the quantum well and n an integer that gives the quantum
number of the state. The ground state is n = 1 and higher n are the excited states
of the system. The quantized energy En is proportional to the state n

2 and inversely
proportional to the e!ective mass m

↑ and the square of the quantum well width dQW.
Thus a particle with low mass in a narrow quantum well have the highest energies. Due
to dependence of the energy on the e!ective mass, the electrons, heavy holes and light
holes have di!erent quantization energies.

The infinite model overestimates the quantization energy, but the results are valid for
the more realistic case of a finite potential well. In the finite potential well the wave
function εn(z) penetrates exponential decaying by tunnelling of the particle into the
barrier and there is a finite number of quantized states. [70, 71]

2.4 Semiconductor Monolayer
Transition metal dichalcogenides (TMDs or TMDCs) as two-dimensional (2D) materials
form stable monolayers with strong in-plane bonding and weak van der Waals interactions
with neighboring (barrier) layers.

TMDs are semiconducting materials with the general formula MX2, where M stands for
a transition metal and X for a chalcogen. They exhibit fundamental optical transitions
in the visible and adjacent spectral range.

Most single-layer materials have a hexagonal Brillouin zone, which corresponds to a
triangular Bravais lattice in real space. The fundamental band gap between the valence
and conduction band occurs at the K and K↓ points of the Brillouin zone.

The K and K↓ points are not equivalent if the inversion symmetry of the crystal is
broken. This condition is fulfilled in TMD lattices, whereas in graphene, all sites of the
honeycomb lattice are occupied by the same type of atoms, which preserves the inversion
symmetry.

Spin-orbit coupling has significant consequences. It leads to a spin-orbit splitting in
the conduction bands and to a considerably larger splitting in the valence bands. The
spin degeneracy in each valley is canceled. The spin-up state in the K valley remains
degenerate with the spin-down state in the K↓ valley. The spin-orbit interaction couples
the degrees of freedom of spin and valley, whereby the valley degree of freedom can
theoretically be treated as pseudo-spin. As a result of this so-called spin-valley locking,
the valley occupation at K or K↓ can be selectively controlled, for example by choosing
the circular polarization of the absorbed photons. Spin-valley locking enables the field of
valleytronics, since electronic transport properties become valley-dependent.

The electronic band structure of TMDs is primarily characterized by the dominant
contribution of the d electron bands to both the conduction and valence bands. As
mentioned above, the band extrema are located at the K and K↓ points of the Brillouin
zone. Some TMDs, such as MoSe2 and WS2, exhibit an indirect band gap in the bulk
phase (and even in bilayers), but switch to direct in the monolayer due to quantum
confinement and changes in the hybridization of the electronic wave functions.
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The optical transitions associated with spin-valley locking in TMDs are determined
by strongly bound excitonic states. The large exciton binding energies result from the
high e!ective masses of the electrons and holes, the reduced dielectric shielding, which is
characteristic of (quasi-)2D systems, and the confinement of charge carriers in a single
monolayer.

The nature of the fundamental excitonic transition in TMDs is strongly influenced by
exchange interactions within the valleys. In MoSe2 and MoTe2, the excitonic state with
the lowest energy is bright, while in WSe2 and WS2 the excitonic state with the lowest
energy is dark. [71]

2.5 Spin Systems and Selection Rules for Optical Transitions

cb, 

hh lh

soso

hhlh

vb, 

vb, 

2 2

113 3
0

Figure 2.2: Schematic illustration of the selection rules in a zinc-blende structure
with optical transition from valence band (vb) to conduction band (cb) and with the
polarization ϱ

+ (red) and ϱ
→ (blue), the transition probabilities at the arrows for the

spin states mJ . [64, p. 348]

The conservation of angular momentum is a fundamental law of physics. Similar to
particles, electromagnetic waves, i.e. photons have an angular momentum of 1.

Photons of right- or left-polarized light have a projection of angular momentum along
their direction of propagation (helicity) that is equal to +1 or ↗1 in units of ⊋. Linearly
polarized photons are described as a superposition of these two helicity states. When a
circularly polarized photon is absorbed, its angular momentum is distributed between
the photoexcited electron and the hole according to the selection rules given by the band
structure of the semiconductor.

Due to the complex nature of the valence band in a zinc-blende structure (see Figure
2.1a), this angular momentum distribution depends on the momentum p of the generated
electron-hole pair (p and ↗p). It can be shown that the averaging over all directions of p

leads to a result that is analogous to optical transitions in atomic states. These states
correspond to J = 3/2 and mJ = ↗3/2, ↗1/2, +1/2, +3/2, associated with the light and
heavy holes in the valence band, and J = 1/2 and mJ = ↗1/2, +1/2 associated with the
conduction band.
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The possible transitions between these states as well as the transitions between the split-
o! band and the conduction band during the absorption of a left- and right-hand circularly
polarized photon are shown in Figure 2.2 together with their relative probabilities (number
at begin of arrow).

The spin polarization of excited electrons is defined as the relative spin degree for
the transition from vb to cb with its bands mJ = +1/2 and mJ = ↗1/2 for a circular
polarized excitation

Pn = n+ ↗ n→
n+ + n→

(2.12)

where the electron densities n+ for spin up and n→ for spin down polarized parallel
(mJ = +1/2) and antiparallel (mJ = ↗1/2) to the direction of light propagation.

The relative probabilities from the vb into the cb for the heavy hole mJ = ±3/2 is 3,
for the light hole ±1/2 is 1 and the split-o! band ±1/2 is 2. [73] For an excitation with
ϱ

+ polarized light and the photon energy Eg < ⊋ς < Eg + # follows for the polarization
degree of electrons in GaAs bulk

Pn = 1 ↗ 3
1 + 3 = ↗2

4 = ↗1
2 = ↗50 % , (2.13)

and for the photon energy ⊋ς > Eg + #

Pn = (1 + 2) ↗ 3
(1 + 2) + 3 = 0

6 = 0 . (2.14)

The circular polarization of luminescence is defined as

Pcirc = I
+ ↗ I

→

I+ + I→ (2.15)

where I
± is the radiation intensity for the helicity ϱ

±. The intensities I
± for electrons

and unpolarized holes in GaAs can be described with the electron densities n± and the
transition probabilities

I
+ = n+ + 3n→ (2.16)

I
→ = 3n+ + n→ . (2.17)

For the photon energy Eg < ⊋ς < Eg + # follows for the maximum circular polarization
with spin polarization for ϱ

+ photoluminescence

Pcirc = (n+ + 3n→) ↗ (3n+ + n→)
(n+ + 3n→) + (3n+ + n→) (2.18)

= ↗1
2Pn = 1

4 = 25 % . (2.19)

For the photon energy ⊋ς > Eg + # follows Pcirc = Pn = 0 .
Due to relaxation processes the circular polarization degree, the achievable circular

polarization degree Pcirc is decreased and the electron lifetime φ and spin relaxation time
φs must be taken into account

Pcirc = Pcirc,0

1 + φ/φs

, (2.20)
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where Pcirc,0 is the theoretically expected circular polarization degree without spin
relaxation. The lifetime φ describes the lifetime of the electron in the excited state, before
recombination and the spin relaxation time φs the characteristic time over which the spin
polarization of electrons (or holes) decays. It follows for fast spin relaxation φs ≃ φ a
smaller polarization degree and for slow spin relaxation times φs ⇐ φ close to Pcirc,0. [42,
64, 70, 73]

2.6 Spin Relaxation Processes
There are four mechanisms of spin relaxation for conduction electrons that are considered
relevant in metals and semiconductors: the Elliott-Yafet, the Dyakonov-Perel, the Bir-
Aronov-Pikus and the hyperfine interaction.

In the Elliott-Yafet mechanism, spin relaxation occurs because the wave functions
of the electrons, which are generally associated with a specific spin state, exhibit an
admixture of states with opposite spin. This mixing results from the spin-orbit coupling
caused by the ions in the crystal lattice.

The Dyakonov-Perel mechanism describes the dephasing of spins in materials that have
no center of symmetry. In such systems, an e!ective magnetic field generated by the
combined e!ects of inversion asymmetry and spin-orbit interaction acts on the electron
spins. This e!ective field changes its direction randomly each time an electron scatters
to a di!erent momentum state, leading to spin dephasing.

The Bir-Aronov-Pikus mechanism is important in p-doped semiconductors, where
electron-hole exchange interactions generate fluctuating local magnetic fields that invert
electron spins.

The hyperfine interaction becomes important when the eigenfunction of the carrier
get localized and the number of nuclei with which the carrier interacts becomes smaller.
This takes place in case of electrons bound to donors in bulk or in quantum dots where
localization is due to 3D confinement. In QW it can also be present due to fluctuations
of QW width. [42, 64, 70, 73]
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3 Spin in External Magnetic Field

In this chapter a brief introduction about the spin in magnetic field will be given. Applying
an external magnetic field to a semiconductor leads to a Zeeman splitting and Larmor
precession that can be used to calculate the Landé factor. Magneto-optical Kerr-e!ects
can be used to characterize a sample. By measuring the polarization degree, a decrease or
increase in polarization can be observed due to the Hanle e!ect and polarization recovery,
respectively, that can be used to achieve information about spin dynamics of excitons
and charge carriers.

In the further sections the theoretical background to understand the e!ects in this
thesis is discussed. These are the single beam pump-probe of spin dynamics approach
in Section 3.5, the evolution of spin density of resident electrons in Section 3.6, the
long-range magnetic proximity e!ect in semiconductor hybrid structure in Section 3.7
and the dynamics of exciton and carrier spin precession in magnetic field in perovskites
in Section 3.8.

3.1 Magnetism
The strongest magnetic interaction results from the electrostatic Coulomb repulsion
between electrons in conjunction with the Pauli exclusion principle. This interaction is
known as the exchange interaction and leads to the splitting of energy between singlet
and triplet states in atoms.

In condensed matter, the exchange interaction is responsible for correlated magnetism,
which exhibits di!erent behaviors such as ferro-, antiferro- and ferrimagnetism. This
interaction can be modeled with a simplified Heisenberg-Hamilton formula that only
considers the interactions between the nearest neighbors:

Hex = ↗2Cexch

∑

i<j

SiSj , (3.1)

where Cexch is the exchange constant, which depends on the overlap of the electron wave
functions, and Si,j are the total spin operators for neighboring atoms.

In one-dimensional systems, the three-dimensional spin operator S is replaced by Sz,
the spin component along the quantization axis z, resulting in the Ising-Hamiltonian.
Depending on the sign of Cexch, the ground state has either a parallel (Cexch > 0) or
an antiparallel (Cexch < 0) spin orientation, which corresponds to ferromagnetic or
antiferromagnetic behavior.

Ferrimagnets are characterized by two (anti-)ferromagnetically coupled magnetic sub-
lattices whose magnetizations are generally unequal, resulting in a net magnetic moment.

In ferromagnets, spin-orbit interaction plays an important role as the primary source
of magnetocrystalline anisotropy. The orbital magnetic moment tends to align along
certain crystallographic directions due to the influence of the surrounding charges in the
crystal lattice. The spin-orbit interaction couples the spins to these preferred directions,
resulting in magnetic alignment along a single direction called the easy axis.
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3 Spin in External Magnetic Field

In magnetic films several nanometers thick, shape anisotropy becomes a significant
factor, usually aligning the easy axis in the plane of the film. [1]

3.2 Larmor Precession and Anisotropic Landé g-Factor
When an external magnetic field B is applied, the spin-up and spin-down eigenstates
are split by Zeeman splitting and an oscillation occurs. The frequency of this Larmor
precession ςL is determined by the spin splitting induced by the magnetic field and is
given by

#E = ⊋ςL = e⊋
m0

B = gµBB, (3.2)

where e is the elementary charge, m0 the mass of the electron, ⊋ the reduced Planck’s
constant [64, p. 798], µB = e⊋

2m0
is the Bohr magneton and g is the Landé factor of the

particle [64, p. 1073].
The Larmor frequency can be expressed by (see equation (3.2))

ςL = #E

⊋ = gµB

⊋ B. (3.3)

The Larmor precession describes the time evolution of the spin in a magnetic field,
with the precession frequency directly derived from the Zeeman splitting. It is directly
proportional to the Zeeman splitting #E. A larger Zeeman splitting corresponds to
a higher Larmor precession frequency, meaning the spin precesses faster in a stronger
magnetic field. The linear dependence ςL of on B is used to extract the Landé g-factor
experimentally by fitting the Larmor frequency as a function of magnetic field.

The band energy E(k) in a real crystal is anisotropic. Therefore the e!ective mass m
↑

is anisotropic and a tensor that depends on the crystal orientation and can be calculated
by [64, p. 268]

1
m↑ = 1

⊋2

↼
2
E

↼ki↼kj
. (3.4)

The g-factor in a semiconductor depends on the e!ective mass and the spin-orbit splitting
energy and therefor the g-factor is anisotropic. For an electron in the conduction band
follows [74]

ge = g0

[

1 ↗
(

m0

m↑
e

↗ 1
) #so

3Eg + 2#so

]

(3.5)

with the free electron g-factor g0 ↑ 2.

18



3.3 Magneto-optical Kerr E!ect

3.3 Magneto-optical Kerr E!ect

(a)

A

B

(b)
PMOKE

(c)
LMOKE

(d)
TMOKE

Figure 3.1: The selective absorption of left and right circularly polarized light ϱ
± by a

magnetic atom is shown Figure 3.1a [75, p. 597]. Figures 3.1b – 3.1d showing the three
geometries of MOKE (PMOKE, LMOKE and TMOKE) [76, p. 20], with the green plane
indicating the plane of light and the blue plane the sample surface plane. The light
propagation direction is indicated with black arrows and the direction of magnetization
M with red arrows.

Magneto-optical phenomena can be divided into two main categories: the photomagnetic
e!ect, in which a magnetic property of a material is changed by optical excitation, and
the magneto-optical e!ect, in which the optical properties of a material are changed by
magnetic influences. The latter will be discussed below.

Magneto-optical e!ects include phenomena such as the Faraday e!ect, in which the
plane of a linear polarized light transmitted through a material is rotated in accordance
with the direction of magnetization, and the magneto-optical Kerr e!ect (MOKE), in
which the plane of a linear polarized light reflected from a material undergoes a similar
rotation in accordance with the direction of magnetization.

In the case of the Faraday e!ect, the rotation angle of the polarization plane ↽, is
directly proportional to the path of light in the material l, and the magnetic field H

applied to the material. This relationship is expressed mathematically as follows

↽ = V lH (3.6)

where V represents the Verdet constant. The angle of rotation remains invariant with
respect to the direction of propagation of the light. This invariance is due to the fact
that the phenomenon is caused by the di!erent absorption of two oppositely circularly
polarized light beams components, a consequence of spin precession, which is independent
of the direction of propagation of the light.

The mechanism of the phenomenon is shown in Figure 3.1a. A magnetic atom at an
energy level A that absorbs a photon of energy ⊋ς and passes to the level B. If the
atomic spin is 1/2, each energy level splits into two sublevels S = ↗1/2 and S = +1/2,
under the influence of a magnetic field H due to Zeeman splitting. Transitions between
these levels, which are determined by spectroscopic selection rules, correspond either
to S = +1/2 at the level A to S = ↗1/2 at the level B or S = ↗1/2 at the level A

to S = +1/2 at the level B. This selection rule reflects the conservation of angular
momentum, since the absorption of circularly polarized light carrying angular momentum
requires a corresponding change in the spin angular momentum of the atom.

When a magnetic atom is magnetized, the distribution of the population between the
two spin states on the plane A becomes unequal. The refractive index for left and right
circularly polarized light becomes di!erent and leads to the observed rotation of the
plane of polarization.
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The mechanism underlying the magneto-optical Kerr e!ect is similar to that of the
Faraday e!ect and can di!ered in three geometries (see Figures 3.1b – 3.1d). When
incident light is reflected from the surface of a material that is magnetized perpendicular
to the surface (M ⇒ z) or with a magnetization in light incidence and surface plane
(M ⇒ y), the plane of polarization is rotated during penetration into the skin depth and
subsequent reflection. This results in a non-zero rotation of the plane of polarization and is
called polar magneto-optical Kerr e!ect (PMOKE) and longitudinal magneto-optical Kerr
e!ect (LMOKE). The third geometry di!ers in that the magnetization is perpendicular
to the plane of incidence (M ⇒ x), which leads to the transverse magneto-optical Kerr
e!ect (TMOKE) with change only in the intensity of the reflected light, but no rotation
of the polarization. [75, p. 596–597] [76, p. 17–18] [77, p. 137–147]

3.4 Spin Polarization in Magnetic Field
3.4.1 Hanle E!ect
The Hanle e!ect describes the decreasing spin polarization degree excited under polarized
light by rising magnetic field, which is applied perpendicular to the spin direction. [78]

The observed e!ect results from the precession of the electron spins around the
direction of the applied magnetic field. With continuous illumination, this precession
leads to a reduction in the average projection of the electron spin along the direction
of observation. This projection determines the degree of circular polarization of the
luminescence. Consequently, the degree of polarization decreases as a function of the
transverse magnetic field. By measuring this dependence under stationary conditions,
both the spin relaxation time and the recombination time can be determined.

This phenomenon is described by the precession of the electron spins in a magnetic
field ϑB with a Larmor frequency ϑ$. The dynamics of this precession, together with spin
pumping, spin relaxation and recombination, is determined by the following equation of
motion for the average spin vector ϑS:

dϑS

dt
= ϑ$ ⇑ ϑS ↗

ϑS

φs

↗
ϑS ↗ ϑS0

φ
, (3.7)

where the first term on the right-hand side describes the Larmor spin precession in the
magnetic field ϑ$ = gµB

⊋
ϑB (see Equation (3.3)). The second term represents the spin

relaxation, where φs spin relaxation time, and the third term takes the generation of spin
by optical excitation ϑS0/φ and recombination ↗ϑS/φ into account where φ is the lifetime
of the electron. The vector ϑS0 is aligned along the direction of the exciting light beam,
and its absolute value corresponds to the initial average spin of the electrons generated
by light.

In the steady state dϑS/dt = 0 and in the absence of a magnetic field B = 0, the spin
projection along the z-axis is given by:

Sz(0) = S0

1 + φ/φs

, (3.8)

where Sz(0) represents the projection of the spin vector along the direction of S0 in the
z-axis. Since Sz(0) is equivalent to the degree of polarization of the luminescence (as
discussed in Section 2.5), this expression corresponds to the formula for P in Equation
(2.20).
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If a transverse magnetic field is applied to S0, the spin projection along the z-axis
becomes

Sz(B) = Sz(0)
1 + ($Ts)2

(3.9)

with
1
Ts

= 1
φ

+ 1
φs

(3.10)

where Ts represents the spin lifetime and defines the width of the depolarization curve
with the half-width of the Hanle curve

B1/2 = ⊋
µBgTs

. (3.11)

As a result of the Hanle e!ect, the spin projection Sz and consequently the degree of
circular polarization of the luminescence decreases as a function of the transverse magnetic
field.

By combining measurements of the zero-field polarization value P = Sz(0) with the
magnetic field dependence obtained from the Hanle e!ect, the electron lifetime φ and
the spin relaxation time φs under stationary conditions can be extracted if the g-factor is
known. It follows for the electron lifetime [64, p. 1365–1367]

φ = S0

Sz(B = 0)
⊋

gµBB1/2

(3.12)

and for the spin relaxation time

φs = S0

S0 ↗ Sz(B = 0)
⊋

gµBB1/2

. (3.13)

When polarized electrons are generated by a short optical pulse, time-resolved mea-
surements show a damped spin precession around the magnetic field direction. This
behavior is described by Equation (3.7) for a given initial spin value and provides a direct
observation of spin dynamics. [42, p. 26]

The dynamics of the polarization is described by an oscillating decay in transverse
magnetic fields and given by [28]:

P (t) = P0 cos ($t) exp
(

↗ t

φs

)
(3.14)

The steady-state polarization degree in a longitudinal magnetic field is described by a
Boltzmann statistic with the equation for Zeeman energy splitting (3.2) [79, 80, 81]

Psteady = tanh
( #E

2kBT

)
(3.15)

= tanh
(

gµBB

2kBT

)
(3.16)

and it follows for free carriers with Equation (3.16) in (2.20), where the polarization is
proportional to the spin density in (3.8):

P = φs

φs + φ
tanh

(
gµBB

2kBT

)
(3.17)

21



3 Spin in External Magnetic Field

3.4.2 Polarization Recovery E!ect
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Figure 3.2: Principle of polarization recovery e!ect. Figure 3.2a The carrier spin
(green) is surrounded by randomly oriented nuclear spins (blue), which result in a
nuclear fluctuation spin field (BNF). By applying an external magnetic field Bext in
Faraday geometry along the direction of light propagation (blue wave), the e!ective spin
field can be overcome. Figure 3.2b shows a polarization recovery curve (PRC) (Faraday
geometry, blue curve) and Hanle curve (Voigt geometry, violet curve) in an external
magnetic field. The PRC and Hanle curve have an intercept at Bext = 0. The vertically
dashed lines indicates the half-width at half-maximum of both curves. The polarization
is 1/3 at zero magnetic field for same carrier spin and nuclear spin direction and reaches
1 at higher external magnetic fields for the PRC and 0 for the Hanle curve. [82] [83,
p. 16f]

The carrier spins are aligned along the direction of propagation of the light when polarized
by circularly polarized light. The average spin of nuclei is not zero (static fluctuation).
Due to hyperfine interaction there is an e!ective magnetic field acting on electrons which
is proportional to the average nuclei spin. The carrier spins interact with the nuclear
magnetic field even in the absence of an external magnetic field (Bext). The nuclear
magnetic field is randomly oriented, either parallel or perpendicular to the orientation
of the carrier spins. The perpendicular component causes a precessional motion of the
spins, which leads to a mixing of the spin-up and spin-down eigenstates.

If an external magnetic field is applied along the direction of the carrier spins (Faraday
geometry), and is much larger than the e!ective nuclear field due to fluctuations (Bext ⇐
BNF), the carrier spins can align with their eigenstates. On average, of the total nuclear
spin fluctuations, about one third of the spins are aligned parallel and two thirds
perpendicular to the carrier spin. The polarization of the carrier spins with an applied
external magnetic field is therefore three times as large as the maximum polarization
that can be achieved by the nuclear spin fluctuations alone. [84]

This polarization behavior is mapped in the polarization recovery curve (PRC). A PRC
is observed when the external magnetic field is increased or decreased in the Faraday
geometry, with a dip occurring at Bext = 0. A simple PRC has the form of a Lorentz curve,
but can have several Lorentz curves in complex systems. The schematic representation of
the PRC and Hanle curve can be seen in Figure 3.2. [82]
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3.5 Single Beam Pump-Probe of Spin Dynamics
One of the most widely used techniques for determining the spin relaxation times of
both photoexcited and resident charge carriers in semiconductors is the Hanle e!ect.
This phenomenon is characterized by the depolarization of photoluminescence when a
transverse magnetic field is applied [42] (see Section 3.4.1). In its simplest form, the
depolarization curve is described by a Lorentz profile with a half-width at half-maximum
B1/2 = ⊋/ (gµBTs), where ⊋ denotes the reduced Planck constant, g the Landé factor of
the spin-polarized charge carriers (e.g. conduction band electrons or valence electrons),
µB is the Bohr magneton and Ts is the spin lifetime. The spin lifetime Ts is determined
by the spin relaxation time φs and the charge carrier lifetime φ as T

→1
s = φ

→1 + φ
→1
s . The

exact determination of the spin lifetime from the Hanle curve requires precise knowledge
of the g-factor.

Optical control of spin states and deeper insights into the associated dynamics can
be achieved by time-resolved techniques such as Faraday or Kerr rotation with pump-
probe [85, 86]. These methods utilize pulsed laser sources arranged in a pump-probe
configuration to resolve the pump-induced spin dynamics over time and extract key
parameters, including the g-factor and the spin relaxation time [42, 87]. Of particular
interest is the range in which the spin lifetime exceeds the pulse spacing of the laser source.
Under such conditions, resonant spin amplification occurs when the Larmor precession
frequency ςL = gµBB/⊋ is a multiple of 2ϖf , where f is the laser pulse repetition rate
and B is the external magnetic field strength [88, 89, 90, 91, 92, 93]. Time-resolved
pump-probe Faraday or Kerr rotation measurements require a complex optical setup
that includes precise alignment of the two laser beams, a mechanical delay line and
polarization-sensitive detection.

An alternative method for studying spin dynamics in semiconductors is based on
optical resonance pumping of resident electrons. Specifically, a single laser beam tuned in
resonance with the transition of the charged exciton (trion) in a semiconductor quantum
well is used to spin-pump resident electrons in their ground state. The absorption of
the same laser beam is used to monitor the electron spin polarization. If an external
magnetic field is applied in the Voigt geometry, a depolarization of the electron spin
occurs, which enables the observation of the Hanle e!ect.

Hanle peaks are not limited to B = 0, but also occur with magnetic fields that fulfill the
resonance condition ςL = 2ϖnf , where n is an integer. This occurs when a pulsed laser
source with a high repetition rate (f ⇐ φ

→1
s ) is used. These observations are interpreted

as optical pumping in the rotating frame, where the frequency of the rotation corresponds
to f or its higher harmonics. [94]
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Electron

Trion

Figure 3.3: Energy level diagram with optical transitions for localized trions (T) in
a CdTe/(Cd,Mg)Te quantum well structure, with indicated spin pumping G

±, trion
lifetime φ0,T and trion relaxation time φs,T, and the spin relaxation time of resident
electrons φs for the spin projection ±1/2. [94]

The energy level structure and the possible optical transitions between the levels
in a CdTe/(Cd,Mg)Te quantum well structure are shown in Figure 3.3. The ground
state consists of a doublet, which is characterized by an electron spin s = 1/2. The
optically excited trion complex is formed by two electrons and a hole. The negatively
charged exciton (X→) in the singlet state consists of two conduction band electrons with
antiparallel spins, resulting in a total spin s = 0, and a hole with angular momentum
projections jz = ±3/2. The z-axis is defined by the boundary axis of the quantum well
(QW), which coincides with the growth direction of the structure and is parallel to the
light propagation direction.

The generation of trions by resonant excitation is determined by the polarization of the
light and the spin polarization of the resident electron ensemble. The selective excitation
of spin-up electrons |↓ ⇓ is achieved by pumping with ϱ

+-polarized photons. The excited
spin-up trion state X→ |⇔↓↔ ⇓ either decays radiatively through the same channel or, after
a hole spin-flip process to |↖↓↔ ⇓, by emitting a ϱ

→-polarized photon. This latter process
generates spin-down electrons |↔ ⇓. Consequently, the repeated resonant excitation of
trions with ϱ

+-polarized light leads to a non-equilibrium state characterized by a larger
population of spin-down electrons compared to spin-up electrons, a phenomenon known
as optical pumping.

As a result of optical pumping, the light absorption decreases because the electron
population in the ground state with spin projection +1/2 decreases under ϱ

+-polarized
excitation. This reduction in the electron population lowers the trion excitation rate.
Therefore, the spin polarization of the resident electrons can be studied by the decreasing
of the trion absorption, which manifests itself in an increase in the intensity of the
transmitted light. [95]

In the presence of an external magnetic field ϑB aligned along the x-axis, the equation
of motion for the spin density of the resident electrons ϑS, is expressed as follows

dϑS

dt
= ϑG ↗

ϑS

φs

+ ϑ$ ⇑ ϑS, (3.18)

where ϑG = (0, 0, G) represents the spin pump term, φs denotes the spin relaxation time of
the resident electrons and ϑ$ = (ςL, 0, 0) characterizes the Larmor precession of ϑS around
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3.5 Single Beam Pump-Probe of Spin Dynamics

the external magnetic field [96, 97].
The spin pump term ϑG depends on the helicity of the pump light:

G = ↗ne⇀cG̃

2
φ0,T

φ0,T + φs,T

, (3.19)

where ne is the electron density in the conduction band of the QW,

G̃ = G
+ + G

→

2 (3.20)

is the optical generation rate, which is proportional to the laser intensity I, and

⇀c = G
+ ↗ G

→

G+ + G→ (3.21)

is the circular degree of polarization of the exciting light. The parameters φ0,T and φs,T

represent the trion lifetime and the trion spin relaxation time, respectively, while G
+

and G
→ correspond to the contributions of the ϱ

+ and ϱ
→ polarized light components.

Equation (3.18) is valid for low pump rates Gφs ≃ ne/2, which ensures a small spin
polarization without saturation e!ects [97]. In addition, the condition φs ⇐ φ0,T, φs,T

is assumed. This criterion is fulfilled for CdTe/(Cd,Mg)Te quantum well structure, for
which φ0,T = 50 ps and φs,T = 1000 ps [89, 98].

Under the conditions of low pump rates, the trion population remains significantly
smaller than the ground state population, and the light absorption is expressed as

A ↙
(

ne

2 + ⇀cSz

)
I. (3.22)

The second term on the right-hand side of the Equation (3.22) takes into account the
spin-dependent absorption caused by optical pumping. For ϱ

+-polarized light (⇀c > 0)
optical pumping leads to negative spin polarization (Sz < 0), while ϱ

→ excitation (⇀c < 0)
leads to Sz > 0. With circularly polarized light, the transmitted intensity therefore
increases due to absorption bleaching, while with linearly polarized excitation (Sz = 0)
the transmitted intensity reaches a minimum. It should be noted that the transmission
fluctuations depend on the degree of circular polarization of the incident laser light, but
are independent of the sign of the polarization. The di!erence in intensity, #T between
circularly (⇀c = ±1) and linearly polarized (⇀c = 0) light is given by

#T ↙ |Sz|I. (3.23)

The steady-state solution of the Equation (3.18) with continuous wave excitation is
described by the Hanle curve

Sz0 = P φs

1 + ς
2

L
φ2

s

. (3.24)

With pulsed laser excitation, the excitation rate is time-dependent

G(t) = G0

+↔∑

→↔
exp (i2ϖnft) , (3.25)
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where G0 is proportional to the time-integrated laser intensity I. Using the Equation
(3.18), the stationary solution is obtained as follows

#T

I
↙

+↔∑

→↔
|Szn|, (3.26)

where Sz0, given by the Equation (3.24), represents the Hanle curve around B = 0, and
higher harmonics (|n| > 0) correspond to the optical pumping of resident electron spins
in the rotating frame

Szn = 1
2Sz0 (ςL ↗ 2ϖnf) . (3.27)

The factor 1/2 in Equation (3.27) results from the fact that the harmonic excitation signal
is expressed as the sum of two oppositely rotating components with half the amplitude.
In the rotating frame, only one component contributes to the solution of the steady
state. The harmonics with n ∝= 0 correspond to Hanle e!ect cloning, where the Larmor
precession frequency ςL is replaced by ςL ↗ 2ϖnf in Equation (3.24). [94]

3.6 Evolution of Spin Density of Resident Electrons

(a)

K K´

(b)

Figure 3.4: Figure 3.4a Scheme of energy states and intervalley scattering in the K and
K↑ valley in a MoSe2 monolayer. Indicated are the magnitude of spin-orbit splitting $SO,
spin conserving intervalley scattering rate ⇁v, spin relaxation rate within the same valley
⇁s, and intervalley spin relaxation rate ⇁sv. Figure 3.4b The external magnetic field
Bext is applied in the xz-plane at an angle α relative to the z-axis. Bf is the random
fluctuation field. Red arrows indicate longitudinal (⇒) and transverse (′) components
of the total magnetic field acting on the electrons.

The dynamic of the spin density of the resident electron spins ϑS can be described with
the Bloch equations [97] for low pumping rates G/ω ≃ ne/2

dϑS

dt
= ϑG + ϑ$ ⇑ ϑS ↗ ⇁ · ϑS (3.28)

with the pumping term ϑG, the Larmor frequency ϑ$ and the spin relaxation rate ⇁.
The pumping term ϑG = (0, 0, G) describes the creation of spins in excited states by

pumping. The second term in Equation (3.28) is the cross product between the Larmor
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3.6 Evolution of Spin Density of Resident Electrons

frequency and spin orientation and describes the dynamics of the spin. Spin pumping of
the resident electrons is achieved by exciting the trions with circularly polarized light. Due
to the spin relaxation in the trion state, the repeated excitation of spin-polarized trions
leads to a dynamic polarization of the resident charge carriers [94, 96] Since EF < $SO,
only resident electrons in the lowest energy states K ↓ and K↓ ↔ are considered, which are
doubly degenerate at B = 0.

The intervalley spin relaxation is then determined by ⇁ = ⇁sv, with the assumption
that it is anisotropic and following applies ⇁↗ = ⇁x = ⇁y and ⇁↘ = ⇁z.

By considering the polarization recovery and Hanle e!ect, the e!ective magnetic field Bf

fluctuating from one electron to an other is introduced and thereby leading to additional
depolarization of the signal, even in zero external magnetic field.

Also the anisotropic electron g-factor gi is taken into account which results in Larmor
precession frequency components $i = gi$0, where $0 = µBBext with µB being the Bohr
magneton and i = x, y, z the direction of the magnetic field.

In this case it is a contact spin interaction, which requires electron localization [99].

3.6.1 Steady-State Solution of the Spin Density of Resident Electrons
The Equation (3.28) has to be separated and solved for the steady-state solution. The
calculation of the second term with solving the cross product gives




$x

$y

$z



 ⇑




Sx

Sy

Sz



 =




$ySz ↗ $zSy

$zSx ↗ $xSz

$xSy ↗ $ySx



 (3.29)

Assuming a xz-plane with an applied magnetic field in horizontal direction, the y-direction
can be neglected.

The third term of the equation can be extended written as:

⇁ · ϑS =




⇁↗ 0 0
0 ⇁↗ 0
0 0 ⇁↘



 ·




Sx

Sy

Sz



 (3.30)

Thus separation of Equation (3.28) with the pumping term and Equations (3.29) and
(3.30) leads to

dSx

dt
= $ySz ↗ $zSy ↗ ⇁↗Sx (3.31)

dSy

dt
= $zSx ↗ $xSz ↗ ⇁↗Sy (3.32)

dSz

dt
= G + $xSy ↗ $ySx ↗ ⇁↘Sz (3.33)

for the xyz-direction components of the spin density. In case of steady-state dεS/dt = 0
and $y = 0 the separated but depending equation are following:

Sx = ↗$zSy

⇁↗
(3.34)

Sy = $zSx ↗ $xSz

⇁↗
(3.35)

Sz = G + $xSy

⇁↘
(3.36)
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With the Equation (3.34) for Sx in (3.35) follows an independent Sy from Sx:

Sy = ↗ $xSz⇁↗
⇁

2

↗ + $2
z

(3.37)

With Equation (3.37) for Sy in (3.36), and consideration of the anisotropy with ⇁↗ =
⇁x = ⇁y and ⇁↘ = ⇁z follows the independent steady-state solution for Sz in absence of
fluctuation fields Bf:

Sz = G

⇁↘

$2
z + ⇁

2

↗
$2

z + ω→
ω↑

$2
x + ⇁

2

↗
(3.38)

3.6.2 Steady-State Solution with Fluctuating Magnetic Fields
The initial polarization at zero external magnetic field Bext = 0 T can be explained by
fluctuation fields Bf that leads to an e!ective magnetic field B = Bext + Bf (see Figure
3.4b) that interact with the electron spin. In this case the Larmor precession has the form
$i = gi$0 + bIi with the applied magnetic field direction in the indices i = x, y, z, the
Larmor precession in magnetic field $0 = µBB and the interaction with the fluctuating
spin I with the strength of interaction b. With this and due to radial symmetry in the
sample plane, that corespondents to a rotation around the z-axis, the Larmor precession
can be transformed in $2

z ∞ ($z + bIz)2 and $2
x ∞ ($x + bIx)2 + (bIy)2. With this

substitution in Equation (3.38) follows

Sz = G

⇁↘

($z + bIz)2 + ⇁
2

↗
($z + bIz)2 + ω→

ω↑
(($x + bIx)2 + (bIy)2) + ⇁

2

↗
. (3.39)

The magnitude and direction of the fluctuating field are randomly distributed, which can
be captured by a Gaussian distribution function [84]. In this case the magnitude of Sz

can be obtained only numerically. For this reason a simplified approach is used where
averaging should result in vanishing of the terms linear to ∈Ii⇓ = 0 and the second order
terms are replaced by the mean-square value ∈I2

i ⇓ = 1

3
I

2
0 [100].

With this assumptions follows the steady-state solution for Sz with fluctuating magnetic
fields

Sz = G

⇁↘

$2
z + 1

3
(bI0)2 + ⇁

2

↗

$2
z + ω→

ω↑
$2

x +
(

1

3
+ 2

3

ω→
ω↑

)
(bI0)2 + ⇁

2

↗
(3.40)

3.6.3 Angular Dependence of Spin Density
The angular dependence of the relative spin density follows with consideration of the
anisotropy $x = gx$0 sin(α) and $z = gz$0 cos(α)
for α ∝= 0

Sz(α) = G

⇁↘

$2
0g

2
z cos2(α) + 1

3
(bI0)2 + ⇁

2

↗

$2
0
g2

z cos2(α) + ω→
ω↑

$2
0
g2

x sin2(α) +
(

1

3
+ 2

3

ω→
ω↑

)
(bI0)2 + ⇁

2

↗
(3.41)

and for α = 0

Sz(0) = G

⇁↘

$2
0g

2
z + 1

3
(bI0)2 + ⇁

2

↗

$2
0
g2

z +
(

1

3
+ 2

3

ω→
ω↑

)
(bI0)2 + ⇁

2

↗
(3.42)
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In case of large external magnetic fields Bext is $2
0 ⇐ ⇁

2

↗(bI0)2 all terms without $2
0 are

negligible and thus the equation is independent from fluctuation fields. From this follows
for Equations (3.41) and (3.42):

Sz(α) = G

⇁↘

$2
0g

2
z cos2(α)

$2
0
g2

z cos2(α) + ω→
ω↑

$2
0
g2

x sin2(α) (3.43)

Sz(0) = G

⇁↘
(3.44)

The angular dependence of relative spin density can be defined by

A(α) = Sz(α)
Sz(0) (3.45)

with Equations (3.43) and (3.44) in (3.45) follows

A(α) = $2
0g

2
z cos2(α)

$2
0
g2

z cos2(α) + ω→
ω↑

$2
0
g2

x sin2(α) (3.46)

= $2
0 cos2(α)g2

z

$2
0

cos2(α)ω→
ω↑

g2
x

(
ω↑
ω→

g2
z

g2
x

+ sin2(ϑ)

cos2(ϑ)

) (3.47)

=
ω↑
ω→

g2
z

g2
x

ω↑
ω→

g2
z

g2
x

+ tan2(α)
. (3.48)

With a definition of a ratio for anisotropy

a
2 =

⇁↘g
2
z

⇁↗g2
x

(3.49)

in Equation (3.48) follows the angular dependence of relative spin density amplitude
equation

A(α) = a
2

a2 + tan2(α) (3.50)

This evaluation was previously used to determine the anisotropy of the g-factor of localized
electrons in a GaAs/AlGaAs quantum well structure [31] and does not depend on the
distribution of the fluctuating fields.

3.6.4 Estimation of the Anisotropy in HWHM
In Figure 3.5 are the schematic curves for a Hanle e!ect (red curve) and polarization
recovery (blue curve) shown. The shape for Hanle e!ect for magnetic fields applied in
x-direction follows with the condition $z = 0 and $x ∝= 0 in Equation (3.40)

Sz,V = G

⇁↘

1

3
(bI0)2 + ⇁

2

↗
ω→
ω↑

$2
x +

(
1

3
+ 2

3

ω→
ω↑

)
(bI0)2 + ⇁

2

↗
(3.51)

and for PRC with magnetic fields applied in z-direction $z ∝= 0 and $x = 0

Sz,F = G

⇁↘

$2
z + 1

3
(bI0)2 + ⇁

2

↗

$2
z +

(
1

3
+ 2

3

ω→
ω↑

)
(bI0)2 + ⇁

2

↗
. (3.52)
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Figure 3.5: Schematic curves of
Hanle e!ect (red curve, function in-
dicated as V for Voigt) and polariza-
tion recovery (blue curve, Faraday
F) with example parameter k = 1
and m = 2 showing the half-width at
half-maximum for both curves and
cutting point at f(0) = k2

/m2. The
vertically dashed lines indicates the
position x1/2 = m of the HWHM
that is equivalent to an applied ex-
ternal magnetic field B and the func-
tion fF,V(x) are the polarization de-
gree in dependence of the magnetic
field PF,V(B).
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The terms in both Equations (3.51) and (3.52) can be defined as

k
2 = 1

3(bI0)2 + ⇁
2

↗ (3.53)

m
2 =

(
1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ (3.54)

x
2

F = $2

z (3.55)

x
2

V = ⇁↗
⇁↘

$2

x (3.56)

to describe the simple shape of the steady-state solution for Sz in Voigt (V) and Faraday
(F) geometry.

It follows for Hanle curve

f(x) = k
2

x2 + m2
(3.57)

where f(0) = k2

m2 is the amplitude of the Hanle curve and f1/2 = 1

2

k2

m2 the half-maximum
of the amplitude. The simplified function describes the polarization in dependence of
the magnetic field f(x) = P (B). The position x1/2 of the half-amplitude describes the
half-width at half-maximum (HWHM) and can be calculated with

f(x) = f1/2 (3.58)

∋ k
2

x2 + m2
= 1

2
k

2

m2
(3.59)

with solving the equation to x follows the HWHM x1/2

x
2 = m

2 (3.60)
∋ x1/2 = ±m . (3.61)
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With the definition for xV and m above follows the HWHM in Voigt geometry
√

⇁↗
⇁↘

$x =


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ (3.62)

√
⇁↗
⇁↘

gx$0 =


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ . (3.63)

The simplified function of the Faraday geometry has the form

f(x) = x
2 + k

2

x2 + m2
(3.64)

with the amplitude

f(0) = 1 ↗ k
2

m2
(3.65)

and its half-maximum

f1/2 = k
2

m2
+ 1

2

(

1 ↗ k
2

m2

)

= 1
2

(

1 + k
2

m2

)

. (3.66)

Thus the position x1/2 of the half-maximum is calculated with

f(x) = f1/2 (3.67)
x

2 + k
2

x2 + m2
= 1

2

(

1 + k
2

m2

)

(3.68)

with simplifying and solving for x follows

x
2 ↗ k

2

2m2
↗ x

2

2 = m
2

2 + k
2

2 ↗ k
2

x
2 =


m

2 ↗ k
2


m
2

m2 ↗ k2

x
2 = m

2

∋ x1/2 = ±m . (3.69)

With the definition for xF and m above follows the HWHM in Faraday geometry

$z =


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ (3.70)

gz$0 =


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ . (3.71)

Equating the Equations (3.63) and (3.71) leads to

gz$F

0 =
√

⇁↗
⇁↘

gx$V

0 =


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ (3.72)

$F

0 =
√

⇁↗
⇁↘

gx

gz
$V

0 = 1
gz


(

1
3 + 2

3
⇁↗
⇁↘

)

(bI0)2 + ⇁
2

↗ . (3.73)
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The ratio


ω→
ω↑

gx
gz

= a from Equation (3.49) can be evaluated experimentally in the limit
of large fields using Equation (3.50).

3.7 Long-Range Magnetic Proximity E!ect in Semiconductor
Hybrid Structure

3.7.1 Principle of the Long-Range Proximity E!ect
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Figure 3.6: Scheme of the long-range proximity e!ect principle. Figure 3.6a shows the
schematic drawing of a sample with Cobalt (Co) FM, CdTe QW and CdMgTe barrier
between that the wave function can not overlap. The proximity e!ect is mediated by
chiral phonons. Figure 3.6b shows dispersion relation of a phonon and a magnon in a
FM material with a linear and quadratic behavior, respectively. At the intercept is the
resonance that leads to coupling between magnon and TA phonons. The phonons get
elliptically polarized due to strong spin-phonon interaction. [101] Figure 3.6c shows the
energy state of acceptor-bound hole (A0) with splitting in light hole lh and heavy hole
hh. At the right spin side (↗1/2 △ ↗3/2) the energy gap is #lh and the energy is close
to magnon-phonon energy Emp. At the left spin side (+1/2 △ +3/2) the coupling with
phonons leads to repelling of the levels resulting in splitting #pd.

The magnetic proximity e!ect is the interaction between the spin systems of a magnetic
layer and quantum well in a hybrid semiconductor structure. By bringing them close,
there is an overlap of the wave function of the magnetic layer and QW and a dynamic
and steady state e!ect can occur. This can be due to spin depending tunneling [7] and
exchange interaction that leads to splitting and build up of steady state polarization if
the splitting # is comparable or larger than thermal energy kBT [8, 4]. With a barrier
large enough between the magnetic and quantum well layer the wave function does not
overlap and a direct interaction is not possible (Figure 3.6a).

In Reference [9] it was demonstrated that another type of indirect exchange interaction
induced by interaction with elliptically polarized phonons may take place. The long-range
proximity e!ect was demonstrated in structure Co-CdMgTe/CdTe where the p-electrons
of the QW and d-acceptor bound holes from the magnetic layer have an indirect exchange
interaction. The chiral phonons (elliptically polarized) originate from the FM layer where
the interaction is mediated by chiral phonons that is possible at the intercept in the
dispersion relation of the magnon and phonon (Figure 3.6b). [101] The dispersion relation
for the phonon is linear (ς(k) ↙ k) and for the magnon is quadratic (ς(k) ↙ k

2). The
non-zero resonance point of the magnon and phonon have the energy Emp = ⊋ς1 ↑ 1 meV.
Such phonons have no barrier and easily penetrate into the non-magnetic semiconductor
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3.7 Long-Range Magnetic Proximity E!ect in Semiconductor Hybrid Structure

part of the structure and reach the QW layer. Here the hole bound to acceptor have a
resonance energy, where the state is split that corresponds to splitting between the heavy
and light hole states.

Figure 3.6c shows the energy states of the acceptor bound hole for +1/2 △ +3/2 spins
at the left side and ↗1/2 △ ↗3/2 spins at the right side. The energy states are split in
hh and lh with an energy gap #lh for the spins at the right side. This energy is close
to the magnon-phonon interaction energy Emp. At the left spin side (+1/2 △ +3/2)
spin-orbit interaction leads to spin dependent coupling of holes with circular polarized
phonons. As the result splitting with #pd occurs which is an equivalent of optical AC
Stark e!ect. The magnitude of #pd was shown to be in the range from 50 µeV to 100 µeV
which corresponds to e!ective magnetic field of 1–2 T [9, 14]. The splitting #pd to the
magnon-phonon energy that correspondents to interaction energy and can be detected by
the polarization of the photoluminescence. [102]

Low voltage control of proximity e!ect was demonstrated in [12] and structures with
Fe-based hybrid structures were studied in [9]. However no studies with dielectric FM
and TMD monolayer hybrid structure were investigated.

3.7.2 Recombination-Induced Spin Orientation of Electrons

, , , 

CB

A0

Figure 3.7: Schematic illustration of the recombination-induced spin orientation
of electrons in electron-hole representation. The holes bound to acceptors (A0) are
independent of the time and have a steady-state polarization (Ph = 1/3 in this example).
The spin relaxation of the electron in the conduction band (CB) is neglected. The
red arrows show the recombination of the electron with holes, that initiates the next
illustrated step.

The dynamics of proximity e!ect in time-resolved photoluminescence (TRPL) allows to
obtain important information about the magnitude of the splitting and types of carriers,
e.g. hole or electrons which are getting spin polarized. Same concerns optical orientation
in CdTe/CdMgTe QW. Therefore spin dynamics of carriers play important role. Here
the degree of circular polarization of PL as function of time under unpolarized (or linear
polarized) excitation is considered which is relevant for interpretation of spin dynamics
in hybrid structures. The e!ect is absent at B = 0 thus the situation in case of Zeeman
split levels is considered. This can be due to external field or e!ective exchange field
originating from magnetized FM layer in hybrid structure.

In Figure 3.7 the qualitative explanation of the dynamical polarization of electrons
after excitation with polarized (or unpolarized) laser pulse is illustrated in three steps
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3 Spin in External Magnetic Field

from left to right. By neglecting the spin relaxation of the electrons the polarization
of the electrons is due to recombination with spin polarized holes. Immediately after
excitation (t = 0) the electrons and holes are unpolarized. The photoluminescence (PL)
polarization begins to increase due to spin relaxation of the holes at the level with lower
hole energy (i.e. +3/2) and the level with angular momentum +3/2 is predominantly
populated. If the hole spin relaxation is fast enough then steady state population for
holes is achieved which depends on the magnetic field B and thermal energy kBT . In
this figure the hole polarization is set to Ph = 1/3 (note it can be di!erent and depends
on temperature and magnetic field) and the PL polarization reaches a maximum value of
⇀c = Ph > 0. The middle Figure 3.7 shows the recombination at time t = t1. The electron
state with spin projection ↗1/2 decays faster than the +1/2 state, and a non-equilibrium
spin orientation of the electrons occurs. The electron spin is oriented along the hole spin,
and the electron polarization Pe increases with time. It is screening the hole polarization,
so that Pe = Ph and the PL polarization is zero. The right Figure 3.7 shows the temporal
evolution for infinite times t = ▽. The electron polarization keeps accumulating and
saturates at Pe = 1. It does not depend on the value of the hole spin polarization in
case it is non-zero. The PL polarization changes sign and saturates at ⇀c = ↗1. In this
simplified model, the sign change of ⇀c occurs at time t1 ↑ φ0, and the characteristic
time of saturation ϖ0/Ph, with the instantaneous lifetime φ0 of the photoexcited electrons.
Thus the hole polarization Ph determines the speed of the occurring saturation, and the
characteristic time of saturation is longer for lower Ph.

For the quantitative description of the dynamics of spin orientation the case of non-
exponential bimolecular recombination is considered, that is typical for intrinsic (undoped)
semiconductors. By neglecting the spin relaxation the recombination-induced orientation
of electrons can be described by the equation

dn±1/2

dt
= G

2 ↗ Cp≃3/2n±1/2 (3.74)

with the densities of electrons n±1/2 with spin projection ±1/2, the densities of holes
p±3/2 with angular momentum projection ±3/2 on the QW confinement axis (z-axis),
the coe"cient of bimolecular recombination C and generation rate of electrons G. For
pulsed excitation G = 0 and n(t = 0) = n0 can be assumed. With taking care about the
circularly polarized components ϱ

± of the PL intensity follows

Iϱ± = Cp±3/2n≃1/2 (3.75)

The total densities n (for electrons) and p (for holes) and their respective spin polar-
izations Pe and Ph are defined as follows:

n = n+1/2 + n→1/2 (3.76)
p = p+3/2 + p→3/2 (3.77)

and

Pe =
n+1/2 ↗ n→1/2

n+1/2 + n→1/2

(3.78)

Ph =
p+3/2 ↗ p→3/2

p+3/2 + p→3/2

. (3.79)
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By solving the Equation (3.76) for n+1/2 = n ↗ n→1/2 and n→1/2 = n ↗ n+1/2 in Equation
(3.78) and solving the Equation (3.77) for p+3/2 = p ↗ p→3/2 and p→3/2 = p ↗ p+3/2 in
Equation (3.79), the following expressions are obtained:

n±1/2 = n

2 (1 ± Pe) , (3.80)

p±3/2 = p

2(1 ± Ph) . (3.81)

The total intensity of photoluminescence (PL) I and the degree of circular polarization
⇀c are given by:

I = Iϱ+ + Iϱ↓ (3.82)

= Cp

2 n(1 ↗ PePh) (3.83)

⇀c = Iϱ+ ↗ Iϱ↓

Iϱ+ + Iϱ↓
(3.84)

= Ph ↗ Pe

1 ↗ PePh

(3.85)

As shown in Figure 3.7, a collection of holes in the +3/2 state leads to ϱ
+-polarized

PL, while electrons in the +1/2 state contribute to ϱ
→-polarized PL. Therefore, the

polarizations in Equation (3.85) are subtracted to reflect these opposite contributions.
The kinetic Equation (3.74), expressed in terms of carrier densities and spin polariza-

tions, is as follows:

dn

dt
= G ↗ Cp

2 n(1 ↗ PePh) , (3.86)

d(nPe)
dt

= Cp

2 n(Ph ↗ Pe) . (3.87)

In the following analysis, the fact that the holes quickly reach a stationary state with a
polarization of

Ph = ↗gAµBB

2kBT
, (3.88)

is used, whereby this polarization is time-independent. This reflects the short relaxation
time of the hole spin φsh compared to the characteristic recombination time. Consequently,
the kinetics are considered at time delays t > φsh after excitation.

The initial conditions for the electron polarization and density are defined as Pe(t =
0) = 0 and n(t = 0) = n0. Since a non-exponential decay of the PL intensity is considered
in this recombination-induced orientation scenario, no time-independent lifetime can be
introduced. Therefore, the density kinetics of both electrons and holes must be taken
into account.

In the simplest case, in which there are no traps, the condition of quasi-neutrality
applies, so that n(t) = p(t). The following expressions for the electron density and
polarization can be derived from the basic Equations (3.86) and (3.87):

dn

dt
= ↗Cn

2(t)
2 (1 ↗ PePh) , (3.89)

dPe

dt
= Cn(t)

2 Ph(1 ↗ P
2

e ) . (3.90)
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The Equations (3.89) and (3.90) are strongly non-linear. In particular, the term (1 ↗ P
2
e )

acts as a limiting factor that prevents an unlimited growth of the electron spin polarization.
The solution of the Equations (3.89) and (3.90) for the condition PePh ≃ 1 and with

initial conditions Pe(t = 0) = 0 and n(t = 0) = n0 is given by

n(t) = n0

1 + t
ϖ0

, (3.91)

Pe(t) =

(
1 + t

ϖ0

)Ph ↗
(
1 + t

ϖ0

)→Ph

(
1 + t

ϖ0

)Ph +
(
1 + t

ϖ0

)→Ph
. (3.92)

Here the time constant φ0 = 2/(Cn0) is introduced, which represents the instantaneous
lifetime of the electrons at the time of excitation. With this solution, the expressions for
the PL intensity and its polarization become

I(t) = Cn
2(t)
2 = n0

φ0

1
(
1 + t

ϖ0

)2
, (3.93)

⇀c = Ph ↗ Pe(t) (3.94)

= Ph ↗

(
1 + t

ϖ0

)Ph ↗
(
1 + t

ϖ0

)→Ph

(
1 + t

ϖ0

)Ph +
(
1 + t

ϖ0

)→Ph
. (3.95)

For small Ph (i.e. Ph ≃ 1) the polarization ⇀c reverses the sign with a delay time
t1 ↑ (e ↗ 1)φ0, whereby the intensity decreases by a factor of ten. The linear range
in which the spin relaxation of the electrons remains small (P 2

e ≃ 1) is now to be
investigated.

The equation for the electron density n(t) = n0
1+

t
ω0

remains unchanged, while the
polarization develops as follows

dPe

dt
= Cn(t)

2 Ph ↗ Pe ↗ P
eq
e

φse

, (3.96)

with the initial condition Pe(0) = 0. Here P
eq
e = ↗geµBB/(2kBT ) is the thermal

equilibrium spin polarization of electrons and φse the spin relaxation time of electrons.
The degree of polarization is then expressed as

⇀c(t) = Ph ↗ P
eq

e

(
1 ↗ exp

(
↗ t

φse

))
↗ P̃h exp

(
↗ t

φse

)  t
ωse

0

e
x

x + α
dx , (3.97)

where the parameter α = ϖ0
ϖse

= 2

Cn0ϖse
represents the ratio of the electron spin relaxation

time to the electron lifetime at the moment of excitation and P̃h is the recombination-
induced dynamic spin polarization.

The physical meaning of the Equation (3.97) is as follows: The first two terms describe
the dynamics without recombination-induced orientation and indicate that spin relaxation
dominates under the condition α = ϖ0

ϖse
⇐ 1.

The last term in the Equation (3.97) results from the recombination-related orientation
of the electrons and becomes significant when α ̸ 1. This form of the equation reflects
the fact that the instantaneous lifetime of the electrons φ(t) = 2

Cn(t) is not constant
due to time-dependent recombination with photoexcited holes. In contrast to a p-type
semiconductor, where the lifetime is usually constant, it varies with time.
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At the beginning, this last term is zero, since the electrons are unpolarized at t = 0.
It also approaches zero when t ∞ ▽, where the instantaneous electron lifetime diverges
(φ(t) ∞ ▽), and spin relaxation begins to dominate. For intermediate times this term
becomes particularly significant.

For delay times that are shorter than the initial instantaneous lifetime (t ≃ φ0), the
Equation (3.97) can be approximated in linear form:

⇀c(t) = Ph ↗ t

φse

(

P
eq

e + P̃h

α

)

. (3.98)

The Equation (3.98) must be applied with caution, as the spin relaxation of the holes
must also be taken into account for time delays (t ̸ φsh).

3.8 Dynamics of Exciton and Carrier Spin Precession in
Magnetic Field in Perovskites

The top valence and bottom conduction bands in lead halide perovskite semiconductors
are two-fold spin-degenerate and can be described using spin-1

2
operators (see Figure

2.1b). This property leads to unique exciton spin dynamics in an external magnetic field,
which is determined by the interplay between the exchange interaction and the Zeeman
splitting of individual charge carriers. The Hamiltonian describing an electron-hole pair
in perovskites with cubic symmetry under an external magnetic field B is given by

Ĥ = µBgeŝeB + µBghŝhB + #exch,e-hŝe · ŝh, (3.99)

where µB is the Bohr magneton, B is the external magnetic field, and #exch,e-h denotes
the electron-hole exchange splitting. The spin operators of the electron and hole are
represented by ŝe and ŝh, respectively. The exchange interaction in the cubic symmetry
can be expressed as ŝe · ŝh = 1

2
Ĵ

2 ↗ 3

4
, where Ĵ = ŝe + ŝh is the total spin operator of the

electron-hole pair, and Ĵ
2 = J(J + 1). The total spin quantum number J can assume

values of either 0 or 1.
The eigenstates of the exchange interaction Hamiltonian are chosen in the form |J, Jz⇓

and given by

ε1 = |1, +1⇓ = |↓, ⇔⇓, (3.100)

ε2 = |1, 0⇓ = 1√
2

(|↓, ↖⇓ + |↔, ⇔⇓), (3.101)

ε3 = |1, ↗1⇓ = |↔, ↖⇓, (3.102)

ε4 = |0, 0⇓ = 1√
2

(|↓, ↖⇓ ↗ |↔, ⇔⇓). (3.103)

Here, the symbols ↓ and ⇔ represent the electron and hole spins, respectively, where the
up and down arrows denote spin projections of +1

2
and ↗1

2
. In the following discussion

the z-axis is chosen to align with the wave vector k of the incident light.
At B = 0, the eigenstates consist of the spin singlet state (J = 0) with energy

↗3

4
#exch,e-h and the spin triplet states (J = 1) with energy 1

4
#exch,e-h, resulting in a

splitting of #exch,e-h between these states. The states with Jz = ±1 (ε1 and ε3) are
optically active in ϱ

± circular polarizations. The exciton state |1, 0⇓ possesses a dipole
moment along the z-axis (referred to as the "longitudinal" exciton) and remains optically
inactive in this geometry. The state |0, 0⇓ is optically dark due to spin selection rules.
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3 Spin in External Magnetic Field

In the presence of a magnetic field, states with the same total spin projection along
the field direction undergo mixing, while states with di!erent total spin components
experience Zeeman splitting. Specifically, in the Voigt geometry, where B = (BV, 0, 0) ⇒ x,
the Hamiltonian in Equation (3.99) takes the form

Ĥ = 1
2
√

2





2
√

2#exch,e-h µBgV,XBV 0 ↗µBgV,DXBV

µBgV,XBV 2
√

2#exch,e-h µBgV,XBV 0
0 µBgV,XBV 2

√
2#exch,e-h µBgV,DXBV

↗µBgV,DXBV 0 µBgV,DXBV 0



 , (3.104)

where gV,X = gV,e + gV,h is the so-called bright exciton g-factor, and gV,DX = gV,e ↗ gV,h

is the dark exciton g-factor.
In the Voigt geometry all excitonic states become optically active. For general cases the

notations of the bright and dark exciton g-factors are used in analogy with the Faraday
geometry. The Larmor frequency of the bright exciton is given by ςL,X = µBgV,XBV

⊋ .
The energies of the exciton states in the presence of the magnetic field are given by

EI = 1
2

(
#exch,e-h ↗


#2

exch,e-h
+ (µBgV,DXBV)2

)
, (3.105)

EII = 1
2

(
#exch,e-h +


#2

exch,e-h
+ (µBgV,DXBV)2

)
, (3.106)

EIII = #exch,e-h ↗ 1
2µBgV,XBV, (3.107)

EIV = #exch,e-h + 1
2µBgV,XBV. (3.108)

The eigenfunctions can be conveniently expressed as superpositions of the basis states
Equations (3.100)–(3.103) in the form

|i⇓ =
∑

j

ai,jεj , (3.109)

where the index i = I, II, III, IV denotes the eigenstates in the presence of the magnetic
field, and the subscript j = 1, 2, 3, 4 refers to the basis functions in Equations (3.100)–
(3.103). The coe"cients ai,j can be rewritten in column-vector form:

aI,j =





1

2


1 ↗ #exch,e-h/C

0
↗1

2


1 ↗ #exch,e-h/C

µBgV,DXBV√
2C(C→!exch,e-h)




, aII,j =





↗1

2


1 + #exch,e-h/C

0
1

2


1 + #exch,e-h/C

µBgV,DXBV√
2C(C+!exch,e-h)




(3.110)

aIII,j =





1

2

↗
⇐

2

2
1

2

0



 , aIV,j =





1

2⇐
2

2
1

2

0



 (3.111)

with C =


#2

exch,e-h
+ (µBgV,DXBV)2.

The dependence of the exciton energy levels on BV is depicted in Figure 3.8a for the
case of zero exchange interaction, #exch,e-h = 0 meV. In this scenario, a linear Zeeman
splitting is observed for all four states. When a significant exchange interaction is present,
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#exch,e-h = 0.42 meV, states III and IV exhibit a linear-in-BV Zeeman splitting, whereas
states I and II show a linear splitting only at high magnetic fields, with an o!set given
by #exch,e-h for BV ∞ 0 (see Figure 3.8d).

To compute the time- and polarization-resolved photoluminescence (PL) intensity
following polarized excitation by a short laser pulse, a coherent model is employed,
neglecting both the finite exciton lifetime and spin relaxation processes. The wave
function of the system !(t) is therefore expressed as a superposition of the eigenstates
|i⇓ from Equation (3.109):

!(t) =
IV∑

i=I

Ci|i⇓ exp(↗iςit), ςi = Ei/⊋. (3.112)

The coe"cients Ci are determined by the initial conditions. Excitation with circularly
polarized light creates excitons in the ε1 or ε3 states, depending on photon helicity. The
initial state (ε1 ↗ ε3)/

√
2 corresponds to horizontal polarization along BV, denoted as ⇒,

while (ε1 + ε3)/
√

2 represents vertical polarization, denoted as ′.
Similarly, the emission intensity in a given polarization is determined by the absolute

value squared of the projection of !(t) onto the corresponding polarized state.
In the experiments, the intensities in the ϱ

+, ϱ
→, ⇒, and ′ polarizations are measured

after ϱ
+-polarized excitation and are given by:

I
ϱ+
ϱ+ =


∑

i

a
2

i,1 exp(↗iςit)


2

, (3.113)

I
ϱ+
ϱ↓ =


∑

i

ai,1ai,3 exp(↗iςit)


2

, (3.114)

I
ϱ+
↘ =


∑

i

(
a

2

i,1 + ai,1ai,3

)
exp(↗iςit)



2

, (3.115)

I
ϱ+
↗ =


∑

i

(
a

2

i,1 ↗ ai,1ai,3

)
exp(↗iςit)



2

. (3.116)

In general, the calculated intensities presented in Figure 3.8 exhibit a complex oscillatory
time dependence, which arises from the superposition of quantum beats with frequencies
determined by Equations (3.105)–(3.108).

For the beats in circular polarization, simplified analytical expressions can be derived
in the limit of negligible exchange interaction, #exch,e-h ∞ 0. In this case

I
ϱ+
ϱ+ ↗ I

ϱ+
ϱ↓ ↙ cos (ςL,et) + cos (ςL,ht) , (3.117)

where ςL,e(h) = ge(h)µBBV/⊋ denotes the Larmor precession frequencies of electrons and
holes.

In the absence of exchange interaction (#exch,e-h ∞ 0), excitonic e!ects do not con-
tribute, and the observed spin precessions correspond to those of electron and hole spins
with the respective Larmor frequencies. This result is in agreement with the numerical
data presented in Figure 3.8b. This situation can be observed in the case of the long-living
time-resolved photoluminescence (TRPL) signal, which is attributed to unbound electrons
and holes.
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If the exchange splitting exceeds the Zeeman splitting, i.e., #exch,e-h > ⊋ςL,X, the
signal of the singlet exciton state can be neglected. In this regime, the spin beats of the
triplet states can be analyzed using the Zeeman Hamiltonian

H3 = 1
2µBgV,XBVL̂x, (3.118)

where L̂x represents the matrix of the x-component of the angular momentum for a
system with total angular momentum J = 1.

Under these conditions, the exciton pseudospin precesses with the frequency ςL,X/2 =
µBgV,XBV/(2⊋), leading to

I
ϱ+
ϱ+ ↗ I

ϱ+
ϱ↓ ↙ cos (ςL,Xt/2) , (3.119)

which is consistent with the numerically computed beats shown in Figure 3.8e for weak
magnetic fields.

For strong exchange splitting, the oscillation of I
ϱ+
ϱ+ ↗ I

ϱ+
ϱ↓ occurs at half the Larmor

frequency of the Zeeman splitting of the bright exciton, ςL,X/2.
Similarly, in the limit of weak exchange interaction, the beats in linear polarization are

described by

I
ϱ+
↗ ↙ 1 + cos [(ςL,e + ςL,h) t] , I

ϱ+
↘ ↙ 1 + cos [(ςL,e ↗ ςL,h) t] . (3.120)

The vertically linearly polarized PL component oscillates with the Larmor frequency
of the bright exciton, while the horizontally linearly polarized component oscillates with
the Larmor frequency of the dark exciton. As a result, the signal I

ϱ+
↗ ↗ I

ϱ+
↘ contains

two oscillatory contributions at the frequencies ςL,e + ςL,h and ςL,e ↗ ςL,h, as shown in
Figure 3.8c.

For strong exchange interaction, the analysis based on the Hamiltonian (3.118) leads
to the beat pattern

I
ϱ+
↗ ↙ 0.5(1 + cos [ςL,Xt]), I

ϱ+
↘ ↙ 1, (3.121)

which agrees with the numerical calculations.
The expressions describing the temporal evolution of the intensities are derived within

a fully coherent framework, neglecting exciton spin relaxation and population relaxation.
These relaxation e!ects can be phenomenologically incorporated through exponential
decay terms exp(↗t/φX) for exciton recombination and exp(↗t/φs) for spin relaxation.

The model presented above is applicable to both the fast dynamics of excitons with
large exchange splitting and the dynamics of charge carriers with negligible exchange
interaction. Exciton dynamics primarily occur on the exciton radiative lifetime scale,
governed by exchange and Zeeman interactions. In contrast, the long-lived dynamics
of electrons and holes are determined by the Zeeman splittings of the individual charge
carriers. [72]
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Figure 3.8: The Figures in the top row 3.8a, 3.8b and 3.8c are showing the calculated
energy levels of the excitons as a function of the magnetic field BV, the dynamics of
I

ω+

ω+ ↗ I
ω+

ω→ and the dynamics of I
ω+

↓ ↗ I
ω+

↔ for #exch,e-h = 0 meV. The Figures in the
bottom row 3.8a, 3.8b and 3.8c show the calculations for #exch,e-h = 0.42 meV. The
dynamics are calculated with ge,V = +3.48, gh,V = ↗1.15, BV = 0.1 T. [72]
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4 Samples
This chapter is about the samples that are investigated in the experimental parts, and their
composition and structures. The hybrid FM-semiconductor structures with magnetite
and nickel ferrite used to study the proximity e!ect are described in Section 4.1.

The MoSe2 monolayer TMD hybrid structure is described in Section 4.2 where EuS
was expected to give FM e!ects to investigate the magnetic proximity but did not work
and spin relaxation was studied.

Section 4.3 discusses the growing technique and some characteristics of the
FA0.9Cs0.1PbI2.8Br0.2 crystal and MAPbI3 microcrystal lead halide perovskite where the
spin dynamics of excitons and charge carriers is investigated.

4.1 Hybrid Ferrimagnetic-Quantum Well Semiconductor
Structures

(a)

GaAs

CdMgTe

CdTe

CdMgTe

Fe3O4

(b)

GaAs

CdMgTe

CdTe

CdMgTe

NiFe2O4

Figure 4.1: A schematic representation of hybrid semiconductor structures is given,
illustrating two di!erent configurations. The structure of the ferrimagnet hybrid sample
with a gradient in the thickness of the magnetite (Fe3O4) layer is shown in Figure 4.1a,
while the structure of the nickel ferrite (NiFe2O4) hybrid sample is shown in Figure
4.1b. Both sample designs share a common architecture, consisting of a GaAs substrate,
a CdMgTe bu!er layer, and a CdTe quantum well. In the first configuration, a gradient
layer of Fe3O4 is deposited on top, while in the second configuration a NiFe2O4 layer is
used instead.

In previous studies hybrid structures with Cobalt (Co) and Iron (Fe) as ferromagnetic
top layer were used. Here di!erent FM layers are investigated to extend the properties of
long-range proximity and find its universal character. The schematic representation of
the studied ferrimagnetic-semiconductor hybrid structures are shown in Figure 4.1 with
magnetite (Fe3O4) in Figure 4.1a and nickel ferrite (NiFe2O4) in Figure 4.1b.

For the magnetite-based hybrid sample the semiconductor CdTe/(Cd,Mg)Te quantum
well (QW) structure is grown by molecular beam epitaxy on a 400 µm semi-insulating
GaAs (100) substrate. The QW comprises a 3 µm CdTe bu!er layer, followed by an
1.6 µm Cd0.6Mg0.4Te barrier, a 10 nm CdTe quantum well, and a 7 nm Cd0.6Mg0.4Te cap.
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4 Samples

To protect the structure from oxidation, a 20 nm protective Te layer is deposited on top
and stored in a nitrogen atmosphere.

The protective Te layer is subsequently removed by annealing the sample at 200 ⇒C
for 20 min at a background pressure of 1 · 10→6 mbar. The Fe3O4 film is grown on the
structure using pulsed laser deposition at an oxygen pressure of 2 ·10→6 mbar, with a laser
fluence of 1.5 J/cm2 and a laser repetition rate of 5 Hz. Ionized particles are generated
from a rotating Fe2O3 target. The growth temperature is maintained at 300 ⇒C, which
is su"cient to form a single crystalline Fe3O4 phase without impacting the underlying
semiconductor structure. [103, 104, 105, 106, 107]

During deposition, a shutter is used to cover one half of the sample. Positioned at a
specific distance from the sample, the shutter creates a gradient in the magnetite film
thickness, ranging from 0 nm (bare QW) to 15 nm over a distance of 1 cm in the direction
perpendicular to the shutter edge. This results in regions of the structure with and
without magnetite.

The nickel ferrite (NiFe2O4) hybrid-structure is analogous to the magnetite-based
configuration described above. It comprises a 400 µm GaAs (100) substrate, an 1.83 µm
(Cd,Mg)Te bu!er layer, a 10 nm CdTe layer, and an 8 nm (Cd,Mg)Te cap. The structure
is initially covered with a 35 nm thick protective Te layer and stored in a nitrogen
atmosphere to prevent oxidation of the Te surface.

In the subsequent processing stage, the sample is annealed in a vacuum for 44 min at
260 ⇒C to remove the protective Te layer. Following this, a 20 nm thick NiFe2O4 film
is deposited by laser molecular beam epitaxy. The deposition is carried out in an Ar
atmosphere at a pressure of 5 · 10→3 mbar and a temperature of 260 ⇒C by ablating a
NiFe2O4 target.

4.2 Two-Dimensional van der Waals Monolayer Hybrid Structure
The sample under investigation consists of a monolayer of molybdenum diselenide (MoSe2)
deposited on a 10 nm Europium(II) sulfide (EuS) layer, which in turn is grown on a
dielectric distributed Bragg reflector (DBR). The EuS layer is deposited by electron-beam
evaporation onto a silicon dioxide (SiO2) film that serves as the top layer of the DBR. The
EuS film is ferromagnetic but there is no proximity e!ect. The carriers do not interact
directly with the magnetization of FM. This happens possibly to the oxidation of EuS
film at the surface. While the EuS film exhibit ferromagnetic behavior, but shows no
direct interaction with the MoSe2 monolayer, it acts as an electron donor to the MoSe2

monolayer, providing a carrier density below ne ↑ 1012 cm→2. [19]

Figure 4.2: Schematic drawing of the
TMD hybrid structure with the mono-
layer (ML) MoSe2 on a 10 nm EuS layer
grown on 100 nm SiO2 as top layer on
a DBR structure. DBR

SiO2

EuS

MoSe2
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4.3 Lead Halide Perovskite Semiconductors

4.3 Lead Halide Perovskite Semiconductors
The basic principle for growing perovskite single crystals is based on the technique of
inverse temperature crystallization (ITC). In this process, all the necessary reagents,
such as a lead salt and an organic cation salt or a caesium salt are dissolved in a polar
solvent such as ⇁-butyrolactone (GBL), an aprotic polar solvent. Once the reagents are
completely dissolved, the resulting mixture, known as the precursor solution, is carefully
filtered and transferred to a crystallization vessel.

The crystallization vessel is then heated in a water bath. As the temperature rises,
the solubility of the precursors decreases, which leads to the precipitation of perovskite
crystals. This temperature-induced precipitation occurs because the solubility product
of the perovskite material is reduced at higher temperatures, which promotes crystal
formation.

These adjustments will be discussed in detail in the subsequent sections, as referenced
in [108, 109].

4.3.1 FA0.9Cs0.1PbI2.8Br0.2 Bulk Crystal
The growth process for α-phase FA0.9Cs0.1PbI2.8Br0.2 crystals is described in detail in
Reference [108]. The procedure involves mixing all the required salts, such as CsI, FAI,
PbI2, and PbBr2, as described previously. Cs and Br in small content were added in
order to increase the stability of the crystal. Crystallization occurs at a temperature of
130 ⇒C using the inverse temperature crystallization (ITC) technique.

The resulting crystals have a deep black color and a structure size of about 2 mm ⇑
2 mm ⇑ 3 mm. Although the outer surfaces of the crystal have rhombic and trapezoidal
shapes, the internal symmetry is cubic. The facets of the crystal are aligned along the
inclined directions of the cubic unit cell, e.g. along the diagonal [110] direction.

4.3.2 MAPbI3 Microcrystal
The inverse temperature crystallization (ITC) method was modified to facilitate the
growth of MAPbI3 single crystals. In this case, the precursor salts were dissolved in a
mixture of ⇁-butyrolactone (GBL) with the addition of various alcohols. Specifically, the
incorporation of 1-propanol, 1-butanol, 1-pentanol, or 1-hexanol enabled precise control
over the solvent polarity, thereby reducing the crystallization temperature.

However, this modification comes with the potential drawback of increased dissolution
time for the salts, although this e!ect was not thoroughly investigated. The crystallization
of MAPbI3 was successfully achieved at a lower temperature of 85 ⇒C, in contrast to the
typical higher temperatures required for such processes.

The resulting crystal morphology is similar to that of FA0.9Cs0.1PbI2.8Br0.2, with
predominantly rhombic and trapezoidal facets. While MAPbI3 exhibits a tetragonal
phase at room temperature, it assumes a cubic phase at the crystallization temperature.

The studied MAPbI3 single microcrystal was syntesized from the MAPbI3 perovskite
precursors that was injected between two polytetrafluoroethylene coated glasses and
slowly heated to 120 ⇒C. The measured MAPbI3 is a single microcrystal with a tetragonal
crystal structure at room temperature and out of plane tetragonal [001] axis. The sample
has sizes of 2 mm ⇑ 2 mm ⇑ 0.02 mm. The geometry with the light wave vector k ⇒ [001]
was used in all optical experiments.
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5 Magneto-Optical Spectroscopy

This chapter gives an overview about the used magneto-optical spectroscopy techniques.
The used setups are shown schematically and discussed. Most of the measurements in
this thesis were performed with the polarization resolved photoluminescence spectroscopy
described in Section 5.1. A pulsed laser with tunable wavelength and characterized
beam in power and polarization with retarder and polarizer is used to excite the sample
placed in a magneto-optical cryostat. The outcoming photoluminescence is collimated
and characterized by retarder and polarizer before it is detected by a CCD or streak
camera attached to a spectrometer. Thus spin dynamics of exciton and charge carriers
can be investigated time-integrated and time-resolved. Additional the reflected laser
beam from the sample can be detected with a photodiode for magneto-optical Kerr e!ect
measurements and single beam pump-probe experiments. Section 5.2 presents the time
resolution principle of a streak camera and how the axis are calibrated. In Section 5.3 the
evaluation of MOKE is discussed. Further, the single beam optical technique is presented
in Section 5.4.
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5 Magneto-Optical Spectroscopy

5.1 Polarization Resolved Photoluminescence Spectroscopy
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Figure 5.1: Schematic drawing of the photoluminescence spectroscopy setup with laser
system, consisting of a pulsed laser and second harmonic generator (SHG), magneto-
optical liquid helium bath cryostat with variable temperature insert (VTI) and supercon-
ductive split-coil magnet pairs, spectrometer with attached CCD and streak camera for
time integrated and time-resolved measurements. An optional mirror in the detection
path leads the reflected laser beam from the sample to the magnetic-optical Kerr e!ect
setup with photoelastic modulator (PEM), polarizer and photodiode (PD) connected
to a lock-in amplifier with the PEM frequency as reference frequency. The beam path
with the fixed laser output is indicated with dark red solid lines, the tunable laser beam
in red solid lines, the photoluminescence beam and detection beam path in orange solid
lines and the optional MOKE beam path in dashed red lines.

The schematic drawing of the polarization resolved photoluminescence spectroscopy setup
is shown in Figure 5.1. The laser system consist of a pulsed laser and second harmonic
generator (SHG). The laser has a tunable and fixed wavelength output and repetition rate
of 80 MHz and pulse width of 200 fs with a spectral width of about 10 meV. The adjustable
output beam of the laser is used with the SHG, that makes a gapless wavelength range
from 330 to 1320 nm usable. The excitation laser beam is characterized by retarder and
polarizer optics in excitation power and polarization, and directed with a beam splitter
to the sample. The used beam splitter is a beam sampler with small wedge angle of 0.5⇒

and anti-reflective (AR) coating at the back surface to minimize ghosting. For focussing
the excitation beam and collimating the reflected beam or photoluminescence (PL) a lens
is used.

The sample is inside the variable temperature insert (VTI) of a liquid helium bath
cryostat with superconductive split coil magnets with up to B = ±5 T and is surrounded
by superfluid liquid helium in measurements below 4.2 K and helium exchange gas at
4.2–300 K. The cryostat and sample are rotated by 90⇒ to change the direction of applied
magnetic field and use the same excitation and detection beam path as shown. In the
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5.1 Polarization Resolved Photoluminescence Spectroscopy

detection is a spectrometer with a triple turret and dispersion gratings for spectral
resolution. The spectrometer has in the one exit a LN2 cooled CCD for time integrated
measurements and in the other exit a streak camera for time-resolved measurements (see
Section 5.2).

The polarization of the photoluminescence in the detection beam path is analyzed by
the combination of a ς/4-retarder and a polarizer. The retarder is placed in a motorized
rotary mount to select between left and right circular polarization. The polarizer is set to
0⇒ for the transmission and to select vertical linear polarized light. The analyzed beam is
focused with an achromatic lens (AR coated, f = 150 mm, d = 50 mm) to the entrance
slit of the spectrometer. A long pass filter in front of the slit is used to cut out laser
signals from the photoluminescence and protect the sensitive CCD devices.

The description above is for the detection of circular polarization that is done with
a linear polarized excitation beam and selecting in circular polarization detection by
rotating the retarder. To resolve the optical orientation a ς/4-retarder is placed in the
excitation path behind the polarizer and the detection beam path is analyzing the
circular polarization same as in the circular polarization detection. For optical alignment
measurements the excitation beam is set to linear polarization and the motorized retarder
in detection is changed to a ς/2-retarder to select between vertical and horizontal linear
polarization.

An optional mirror in the detection can be used to lead the reflected laser beam from
the sample to the MOKE detection. The MOKE detection consist of a photoelastic
modulator (PEM) with 42 kHz at 0⇒, polarizer in 45⇒, lens and photodiode (PD) connected
to a lock-in amplifier with the first harmonic of the PEM frequency as reference signal.

The laser beam from the fixed wavelength output is decreased in power by a ς/2-retarder
and polarizer, detected by a PIN diode and used as frequency signal source for the streak
camera in synchroscan operate mode for time-resolved photoluminescence spectroscopy
measurements (see Section 5.2).

One special in the shown setup above is the lens in front of the sample inside the VTI
to focus and collimate the excitation and detection beam. The achromatic lens has a
diameter of d = 8 mm and focus length of f = 10 mm that leads to a numeric aperture
of NA = 0.54 and enables a focussed spot size of 4 µm. The lens and sample are placed
on a sample holder with nanopositioner where the lens position is fixed and the sample
position can be moved in xyz-direction that allows microscopy with the magneto-optical
liquid helium bath cryostat.

If the microscopy is not needed, an achromatic lens with the diameter of d = 50 mm
and focus length f = 250 mm placed on a xyz-stage in front of the cryostat is used.
The spot size on the sample with this lens is around 100 µm. Both lenses are used with
anti-reflective coating for the needed range.

For all measurements and type of sample holder a temperature and Hall sensor is
placed close to the sample.
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5.2 Time-Resolved Photoluminescence Spectroscopy
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Figure 5.2: Operating Principle of the streak camera. The incident light is converted
to electrons by a photocathode and accelerated within the streak tube. The electrons
are deflected by a pair of deflection plates with an applied sinusoidal wave sweep voltage,
which results in the time-dependent deflection of the electron beam. The deflection
occurs in a specific direction, typically from top to bottom, as the electrons pass through
a microchannel plate (MCP). The electrons from the MCP are hitting a phosphor screen
that converts the electrons back into photons and a CCD camera records the occuring
streak image. [110]

Figure 5.2 illustrates the fundamental operating principle of the streak camera. The
streak camera operates on the principle of an electron tube, referred to as the streak
tube. Incident light is converted into photoelectrons by a photocathode, and these
photoelectrons are then accelerated by an accelerating electrode.

The accelerated electrons are directed through a pair of deflection plates, where a
high-speed sinusoidal sweep voltage, applied by the synchroscan unit in operate mode,
enables temporal resolution. The deflected photoelectrons are swept from the top to
the bottom and further multiplied by a microchannel plate (MCP), which enhances the
electron signal by a multiplication process. Upon exiting the MCP, the electrons strike a
phosphor screen, where they are reconverted into an optical image.

This optical image is referred to as the streak image and is subsequently recorded by a
high-speed CCD camera. The temporal resolution of the light signal is mapped onto the
spatial axis in the vertical direction. When a spectrometer is placed in front of the streak
camera, the photon energy distribution is mapped onto the horizontal spatial axis, with
wavelengths increasing from left to right. Thus, the streak image displays time resolution
along the vertical axis and spectral resolution along the horizontal axis, with the intensity
of the signal proportional to the photoluminescence intensity of the incident light.

The streak image can be obtained using either the analog integration method or the
photon counting method, the latter is described in detail in Section 5.2.1.

A PIN diode is used to measure the laser signal and for optical triggering the sweep
voltage of the streak camera, ensuring accurate synchronization for the start time of
the measurements. The PIN diode averages over 100 pulses to compensate for jitter in
the laser pulses and ensure precise time referencing. The synchroscan unit of the streak
camera o!ers four distinct time ranges, each with a di!erent time window.

The high-speed CCD camera has a resolution of 1280 ⇑ 1024 pixels (horizontal ⇑
vertical), but for the measurements, the pixels were binned 2 ⇑ 2, resulting in a streak
image resolution of 640 ⇑ 512 pixels. In operate mode of the synchroscan unit, the
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5.2 Time-Resolved Photoluminescence Spectroscopy

time resolution is mapped onto the vertical axis, with 512 pixels o!ering a temporal
resolution of approximately 10 ps by usage of the spectrometer. The spectral resolution
is determined by the horizontal axis with 640 pixels, which is defined by the grating used
in the spectrometer. [110]

The calibration of both the time and spectral axes is described in Section 5.2.2.
Prior to each measurement, the signal on the streak camera is optimized using live

mode image acquisition. The adjustment of the intensity signal is first performed in focus
mode, where the intensity maximum is centered on the streak camera display. Once the
intensity is properly centered, operate mode is used to position the signal in the upper
part of the image, approximately 10 % from the top edge of the streak image, with the
decay direction oriented from top to bottom by adjusting the delay time. Afterward, the
photon counting routine is initiated to set up the background and threshold.

Most of the time-resolved measurements presented in this work have been performed
using photon counting mode, which o!ers enhanced sensitivity for capturing low-intensity
signals.

5.2.1 Principle of Photon Counting

Time
(Wavelength)

Count Photon Coun�ng Signal

Background

Noise

Threshold
Level

Figure 5.3: Principle of the photon counting for a technically measured signal in
dependence of the time or wavelength with peaks in the intensity signal and noise in
the background. A threshold level value is set to measure photoelectrons above this
level and separate from background signal. [110]

Photon counting is an image acquisition mode of the streak camera to measure low signals
and count photons. In this mode the acquisition parameter photon counting threshold,
exposure time, number of acquisition for integration and MCP gain is adjustable. Figure
5.3 shows the schematic spectrum of a technically measured intensity signal in dependence
of the time or wavelength on a CCD with peaks in the intensity signal and noise in the
background. A threshold level value is used to cut out background signal and measure
only signals exceeding the threshold level. During a measurement in photon counting
mode a region of interest is specified in the streak image and the current percentage of
pixel above the threshold level is measured. It is recommended to keep the threshold
above value below 5 % by adjusting the MCP gain value to avoid overlapping photon
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5 Magneto-Optical Spectroscopy

signals and reduce counting error. Thus a high signal-to-noise ratio is achieved. [110,
111]

5.2.2 Calibration of Streak Camera Axis
The information about spectral and time calibration of the streak image axis are useful
and needed for measurements. Changes in laser system, spectrometer or streak camera
system in the experimental setup a recalibration is needed. By using a spectrometer in
front of the streak camera as described in Section 5.1 the spectral calibration has to be
checked. The use of a new laser system and adjusting the synchroscan unit to the laser
frequency makes recalibration of the time axis calibration mandatory.

Spectral Axis

The spectral axis of the streak image is the horizontal axis. Due the usage of a spectrom-
eter with di!raction grating in front of the streak camera a calibration of the spectral
resolution is needed. Thus a Neon-Argon (Ne-Ar) calibration lamp was used that was
mounted in front of the entrance of the spectrometer. An image was taken with the LN2

cooled CCD and with the CCD of the streak camera in focus mode (no time resolution)
for each grating for a fixed centered wavelength close to the region of interest for later
measurements. In the following the procedure for the 300 mm→1 grating will be discussed.
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Figure 5.4: Intensity signal of the Ne-Ar calibration lamp measured with the streak
camera attached to a spectrometer with the grating set to g = 300 mm→1 centered
to the wavelength ωc = 750 nm. Figure 5.4a shows the streak image in focus mode.
The vertical position on the CCD and horizontal spectral resolved axis are in units of
pixel. The cyan solid line plot at the horizontal axis shows the time integrated and
spectrally resolved intensity signal obtained from the streak image. Figure 5.4b the
spectral resolved intensity signal (red, dotted) spectrum with Gaussian fit (di!erent
colored solid lines) for each spectral peak to find the central peak position xc in the
intensity signal.

Figure 5.4a shows the streak image of the Ne-Ar calibration lamp for grating g =
300 mm→1 with centered wavelength ωc = 750 nm. The streak image shows the position
of the intensity signal on the CCD in the vertical axis and spectral resolved signal in the
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5.2 Time-Resolved Photoluminescence Spectroscopy

horizontal axis in units of pixel. The integrated and spectral resolved intensity signal is
shown as cyan solid line curve at the horizontal axis on the streak image. This signal is
used to achieve the peak position of the intensity signal with a Gaussian fit

y = Ae
→( x↓xc

w )2
(5.1)

with the amplitude A, xc the peak position center and w the related peak width. Figure
5.4b shows the intensity signal with Gaussian fit for the peaks in the intensity spectrum.

The intensity peaks from the calibration lamp with characteristic wavelength in nm
can be plotted as function of the peak position xc and fitted linearly with the equation

ω(x) = m · x + (ωc ↗ ω0) (5.2)

that calculates the wavelength in dependence of the pixel position ω(x) with the slope
m for a centered wavelength ωc of the grating with an o!set ω0 as intercept. Thus the
independent parameter to find with the fit are the slope m and intercept ω0. The intercept
ω0 is needed to set the centered wavelength ωc of the grating to the center of the streak
image. That means 2 · ω0 is the spectral range of a grating on the streak camera image.

The corresponding wavelength versus peak position with resulting fit from Equation
(5.2) is shown in Figure 5.5a. The calibration equation for the streak camera to calculate
from position in pixel to wavelength in nm for the triple grating are

ω300(x) = 0.0525 nm/pixel · x + (ωc ↗ 16.032 nm)
ω600(x) = 0.0253 nm/pixel · x + (ωc ↗ 7.794 nm)

ω1200(x) = 0.011 nm/pixel · x + (ωc ↗ 3.377 nm)

with the indicated grating number in mm→1. A comparison of the calibration on the
grating g = 300 mm→1 for the Ne-Ar spectral lamp intensity spectrum between the CCD
after the spectrometer and the streak camera is shown in Figure 5.5b. It shows that the
measured intensity spectra and their peak positions from streak (blue) and spectrometer
(red) CCD match to each other and the calibration fits well.

55



5 Magneto-Optical Spectroscopy

(a)

0 100 200 300 400 500 600
Peak Position xc (pixel)

735

740

745

750

755

760

765

770

W
av

el
en

gt
h 

(n
m

)

data
fit

g = 300 mm-1: 
6(x) = 0.0525 nm/pixel " x + (6c - 16.032 nm)

(b)

735 740 745 750 755 760 765
Wavelength (nm)

0

0.2

0.4

0.6

0.8

1

1.2

In
te

ns
ity

Streak CCD
Spectrometer CCD

Figure 5.5: Fit results of the streak image with calibration lamp for the grating with
g = 300 mm→1 centered to the wavelength ωc = 750 nm. Figure 5.4a Wavelength peak
position of the spectral lamp as function of the peak position xc (blue dots) with linear
fit (5.2) (red solid line). Figure 5.5b Comparison of the calibration with the Ne-Ar
spectral lamp intensity in dependence of the wavelength measured between the CCD
behind the spectrometer (red curve) and streak camera (blue curve) shown within the
region of the streak camera CCD range.

Time Axis Calibration

The time axis in the streak image is the vertical axis and given in pixel that has to
calibrated into ps for each time range of the synchroscan sweep unit. The calibration is
done in operate mode where a sine wave sweep voltage is applied to the deflective plates
and phase locked with the delay unit (time-resolved, locked) and with a laser beam at
the wavelength 735 nm with an optical delay line and the grating 300 mm→1 inside the
spectrometer centered to the laser wavelength. The optical delay line has a delay time of
6.67 ps per 1 mm movement and is moved several numbers of equally fixed steps with
taking streak images. The measurement of each of the four time ranges of the streak
camera begins in the upper range of the streak image that correspondents to smaller
times as first step and reaches the end of the time range window for the last step. The
taken steps on the optical delay line for the time ranges 1 to 4 are 5 mm, 10 mm, 15 mm
and 30 mm. By reaching the end of the time range window the delay line is moved back
to the start position at the upper range of the streak camera to check a shift in time and
thus the stability of the measurement series.
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Figure 5.6: Time-resolved intensity signal in units of pixel measured with the streak
camera in time range 3. Figure 5.6a shows the time and spectral resolved streak image
of the laser in time range 3 at the first delay step. The vertical time axis and horizontal
spectral axis are in units of pixel. The white line at the time axis shows the time-resolved
intensity and is integrated over the spectral axis. Figure 5.6b shows the time-resolved
intensity at di!erent time position on the streak camera in units of pixel for di!erent
delay time steps shown as dotted curves and their corresponding Gaussian fits shown
as solid line curve in the same color. At the first time position at 40 pixel are two
curves, one from the first measurement at the beginning (blue) and one from the last
measurement in the end (orange) to check the stability of the measurement series over
the time.

Figure 5.6a shows the first taken time-resolved light signal at the upper range of the
streak image in time range 3. The vertical time axis and horizontal spectral axis are in
the units of pixel. The white curve at the left time axis shows the time-resolved intensity
in pixel units integrated over the horizontal axis. This signal is used to achieve the peak
position xc of the intensity signal with a Gaussian fit (5.1). The measured time-resolved
intensities for di!erent delay times and thus times on the streak image are shown Figure
5.6b. The dotted points indicates the measured data and the solid lines in the same color
show the Gaussian fit for each time position.
To achieve the time axis calibration in units of ps/pixel the delay time in ps against the
peak position in pixel can be fitted with a linear equation

t(x) = m · x + b (5.3)

where m is the slope with the unit ps/pixel and the intercept b. The slope in the linear
equation is the time axis calibration on the streak camera. The intercept is not need for
the time axis calibration, but it is needed for fitting and analysis due to the first peak is
set as reference time zero, but was nonzero at the position on the streak image. The delay
time versus peak position in pixel with the fit Equation (5.3) is shown in Figure 5.7. The
time axis calibration values for the di!erent time ranges 1 to 4 of the streak camera are
0.41, 1.56, 2.28 and 4.2 ps/pixel and shown in Table 5.1 with their time window. The time
window is the maximum time range achieved by multiplying the time axis calibration
with the number of 512 vertical pixels for the time resolution and it follows approximately
210, 790, 1170 and 2150 ps.
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5 Magneto-Optical Spectroscopy

Figure 5.7: Delay time as function
of peak position xc from Gaussian
fit (5.1) curve fitted with a linear fit
curve (5.3). The first peak position
is set to zero delay time and used
as reference time t = 0. The slope
from the linear fit is the time cali-
bration for the corresponding time
range. The intercept is needed to
find the correct fit and slope, but
not needed further to use for calibra-
tion of the time axis. Time range
3 has a slope of 2.28 ps/pixel and a
time window of 1170 ps.
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Table 5.1: Time axis calibration and maximum time
limit for di!erent time ranges of the streak camera in the
synchroscan operate mode.

Time Range Calibration Time Window
(ps/pixel) (ps)

1 0.41 210
2 1.56 790
3 2.28 1170
4 4.2 2150
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5.3 Evaluation of MOKE
The experimental setup for MOKE studies the polarization state of light for the reflected
light from a magnetized material. PMOKE is measured in Faraday geometry where the
applied magnetic field orientation is parallel to the incident (reflected) light and normal
to the sample surface. PMOKE signal is proportional to the out-of-plane magnetization
of the magnetic film. In addition, longitudinal MOKE is measured in Voigt geometry
with incident light close to normal incidence giving access to the in-plane component of
magnetization.

The excitation beam was vertically linear polarized. The reflected beam was modulated
by a photoelastic modulator (PEM) at a frequency of f = 42 kHz in ς/2 mode. The
modulated beam is analyzed by a polarizer at 45⇒. The analyzed light is detected by a
photodiode (PD). The signal goes to a lock-in amplifier with the PEM signal as reference
and is measured by a computer. Lock-in measurements at f and 2f reference frequencies
give access to circular and linear polarization of reflected beam, respectively. From these
data ellipticity and angle of rotation of polarization plane are evaluated. The MCD was
calculated by

MCD = V1f

VDC

. (5.4)

The Kerr-Rotation can be calculated by

↽K =
√

2
4J2

V2f

VDC

(5.5)

and the ellipticity [112]

εK =
√

2
4J1

V1f

VDC

(5.6)

Here, V1f and V2f are the first and second harmonic signals from the lock-in, VDC the
DC voltage signal and Jn the n-th order Bessel function. In our case the Kerr-Rotation is

↽K = 1
2 · 0.97 · V2f

VDC

(5.7)

and the ellipticity

εK = 1
2 · 1.14

V1f

VDC

. (5.8)
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5.4 Single Beam Optical Technique
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Figure 5.8: Schematic drawing of the experimental setup of the single beam experiment.
The sample is excited resonantly by a pulsed laser with modulated polarization by
a photoelastic modulator (PEM). A microscope objective (MO) is used to focus and
collimate the laser beam. The reflected beam is detected by a photodiode (PD) connected
to a lock-in amplifier (LIA) with the PEM frequency as reference. The LIA is connected
to a computer and measures the AC signal of the PD while the DC signal is measured
by an oscilloscope. The sample is in a bath cryostat with VTI or flow cryostat. A
single coil magnet oriented in an angle around the sample surface plane and laser beam
direction is used to apply magnetic fields.

In Figure 5.8 is the schematic setup of the single beam setup shown. The single beam
setup alignment is used for measurements of Hanle and polarization recovery e!ects. It
is similar to the MOKE setup with changed position of the PEM from detection into
excitation of the beam. Thus the di!erential reflectivity #R/R between the circular and
linear polarized excitation is measured in the double frequency that is proportional to the
resident electron spin density Sz (see Section 3.5). The previous LHe magneto-optical
bath cryostat is changed to an optical LHe bath cryostat with thin circumstance around
the VTI or a helium flow cryostat with cold finger. That allows the usage of a microscope
objective with magnitude of factor ten (NA = 0.26) in front of the sample for excitation
and collimation of the laser beam. Additionally the use of a single coil electromagnet
is possible that can be placed in di!erent angle to the sample surface plane and laser
beam direction. The angle is defined as laser beam direction to magnetic field direction
thus ±90⇒ is the Hanle e!ect and 0⇒ is polarization recovery e!ect. The laser is a pulsed
laser with a repetition rate of 80 MHz and 1 GHz, respectively. The beam polarization
and excitation power is adjusted with a ς/2 retarder and polarizer and then modulated
by a PEM with the frequency fPEM = 42 kHz in 45⇒ from ϱ

+ over ϖ to ϱ
→ and back.

The excitation energy is set to the resonant position of the QW. The laser beam signal
is detected by a photodiode with lock-in amplifier (LIA) connected to a computer and
PEM frequency is used as reference signal where the 2f signal is measured in single beam
for the di!erential reflectivity #R/R. The DC signal of the PD is measured with an
oscilloscope.
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6 Magnetic Proximity E!ect in
Semiconductor Hybrid Structure

This part of the work about the magnetic proximity e!ect starts with the sample charac-
terization of the magnetite-based hybrid structure in Section 6.1 and the demonstration of
the magnetic proximity e!ect in magnetite-based hybrid structures with time-integrated
measurements in Section 6.2. In Section 6.3 the absence of the proximity e!ect for
conduction band electrons and valence band holes is demonstrated via pump-probe Kerr
rotation.

Next, to explore the dynamics of the proximity e!ect, time-resolved PL measurements
techniques are used. The investigation of the population dynamics in Section 6.4 allows
to evaluate the characteristic lifetimes of photoexcited carriers from the decay of the
total PL intensity. By investigating of the optical orientation dynamics of photoexcited
carriers in Section 6.5 the spin relaxation times of photoexcited carriers from the decay of
the circular polarization of the PL under circularly polarized excitation is evaluated. The
dynamics of the proximity e!ect in Section 6.6 is studied by the dynamics of the magnetic
field induced circular polarization of the PL (MCPL), which includes the contribution
from the magnetized FM layer. Since the spin relaxation times of holes and electrons
di!er strongly, time-resolved studies make it possible to distinguish between the spin
polarizations of electrons and holes bound to acceptors.

Further, the magnetic proximity e!ect in nickel ferrite is demonstrated in Section 6.7.
Finally, the mechanism of the long-range proximity e!ect, the phonon Stark e!ect, is
described in Section 6.8.1 and the conclusion are drawn in 6.8.2.

This part of the thesis is based on the work [102].
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6.1 Sample Characterization
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Figure 6.1: Photoluminescence (PL) spectra of the magnetite-based hybrid sample:
dependencies on magnetite thickness, excitation photon energy, and power. Figure 6.1a
presents the PL intensity spectrum measured at T = 2 K, B = 0 T, and an excitation
photon energy of h▷exc = 1.727 eV. The spectrum shows the exciton (X) signal at
1.622 eV and the acceptor-bound hole (e-A0 optical transition) signal at h▷ = 1.617 eV.
Figure 6.1b shows the PL intensity spectrum for varying magnetite layer thicknesses,
increasing thickness from top (yellow) to bottom (bright blue) following the decreasing
PL intensity of X order. Figure 6.1c illustrates the PL intensity as a function of the
excitation photon energy for X and e-A0, with the PL intensity maximum occurring
at h▷ = 1.727 eV. Figure 6.1d depicts the PL intensity as a function of the excitation
power for the exciton and acceptor-bound hole (blue dots and red dots, respectively)
with a linear fit (solid line).

Figure 6.1a shows a typical photoluminescence (PL) spectrum measured at a temperature
of T = 2 K and an excitation photon energy of h▷exc = 1.727 eV in the magnetite-
based structure for an intermediate thickness of the magnetite layer. The PL spectrum
features an exciton (X) peak at h▷ = 1.622 eV and the radiative recombination of
photoexcited electrons with holes bound to acceptors (e-A0 optical transition) in the
QW at h▷ = 1.617 eV. The tail at lower energies, around 1.595 eV, corresponds to the
PL intensity arising from the radiative recombination of electron-hole pairs in the CdTe
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6.1 Sample Characterization

bu!er layer.
Figure 6.1b shows the PL intensity spectrum of the e-A0 and X transition for di!erent

magnetite layer thicknesses, increasing thickness from top (yellow) to bottom (bright
blue) following the decreasing PL intensity of X order. The e-A0 transition becomes more
pronounced and shifts to lower photon energies in regions of the sample covered with a
thicker magnetite layer. The reduction in PL intensity with increasing magnetite thickness
indicates the involvement of nonradiative recombination channels for electron-hole pairs.

Figures 6.1c and 6.1d present the PL intensity of the exciton X and e-A0 transitions as
a function of excitation photon energy and power, respectively. The excitation energy,
measured in the range from 1.69 eV to 1.775 eV, shows maximum PL intensity at 1.727 eV.
The PL intensity increases linearly with excitation power over the measured range from
0.5 mW to 7 mW. Consequently, the excitation for the time-resolved investigation is
performed at the excitation photon energy corresponding to maximum intensity and at an
excitation power of 1 mW. With a spot size on the sample of d = 100 µm the excitation
power density is below 15 W cm→2.
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

6.2 Magnetic Proximity E!ect in Faraday Geometry

(a)

-1.5 -1 -0.5 0 0.5 1 1.5
Magnetic Field BF (T)

0

1

2

3

4

5

;
: c (%

), 
2
 (%

)

QW e-A0

QW e-h

GaAs e-A0

(b)

-1.5 -1 -0.5 0 0.5 1 1.5
Magnetic Field BF (T)

-1

-0.5

0

0.5

1

M
ag

ne
tiz

at
io

n 
M

z (a
rb

. u
ni

ts
)

(c)

-1.5 -1 -0.5 0 0.5 1 1.5
Magnetic Field BF (T)

-1

-0.5

0

0.5

1

;
: c (%

), 
2
 (%

)

;
:

c

2

(d)

-1.5 -1 -0.5 0 0.5 1 1.5
Magnetic Field BF (T)

-1

0

1

2

3

4

5

6

;
: c(B

F) (
%

)

2K

4K

6K

12K

20K

30K

Figure 6.2: Figure 6.2a shows the magnetic field dependence of the circular polarization
degree ⇀

ε
c
(B) under quasi-resonant linearly polarized excitation at h▷exc = 1.629 eV.

The measurement of ⇀
ε
c
(B) is done at photon energies of h▷ = 1.618 eV (e-A0, blue

dots) and h▷ = 1.626 eV (e-h, red dots), corresponding to the recombination of free
electron-hole pairs. The yellow dots represent the intensity modulation parameter ◁ of
the e-A0 transition in the GaAs substrate, measured at the photon energy h▷ = 1.490 eV.
The solid lines serve as guide for the eyes. Figure 6.2b illustrates the out-of-plane
magnetization Mz(B) of the magnetic layer as a function of the Faraday magnetic field
BF. It is measured at a temperature of T = 2 K and a photon energy of h▷ = 1.24 eV.
Figure 6.2c shows the intensity modulation parameter ◁(B) (red dots) and the circular
polarization degree ⇀

ε
c
(B) (blue dots) as a function of the magnetic field for the e-A0

optical transition at h▷exc = 1.618 eV after subtracting the linear contribution. The
linear contribution arises from the conventional Zeeman e!ect. The excitation photon
energy is h▷exc = 1.698 eV. Figure 6.2d shows a stacked plot with the temperature
dependence of ⇀̄ε

c
(B) as a function of the magnetic field under excitation at a photon

energy of h▷exc = 1.664 eV for the e-A0 optical transition. The horizontal grey lines
indicate the zero values of each stacked curve at BF = 0.

The spin polarization of photoexcited carriers can be evaluated from the circular polar-
ization degree ⇀

φ
c of the photoluminescence (PL) under linearly polarized excitation (ϖ
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6.2 Magnetic Proximity E!ect in Faraday Geometry

light). It is defined as:

⇀
φ
c =

I
φ
ϱ+ ↗ I

φ
ϱ↓

I
φ
ϱ+ + I

φ
ϱ↓

, (6.1)

where I
φ
ϱ+ and I

φ
ϱ↓ represent the PL intensities detected in ϱ

+ and ϱ
→ polarizations,

respectively. Figure 6.2a shows the magnetic field dependence of the circular polarization
degree ⇀

φ
c (B), measured under quasi-resonant excitation at h▷exc = 1.629 eV, which is

approximately 7 meV above the exciton resonance (X peak). The analyzed photon energies
correspond to the e-A0 optical transition (1.618 eV) and the radiative recombination of
free conduction band electrons with valence band holes (e-h, 1.626 eV), which is 4 meV
above the exciton transition.

The e-h recombination exhibits a linear magnetic field dependence, attributed to the
equilibrium population of the Zeeman-split spin levels of the photoexcited carriers. In
contrast, the acceptor band shows a nonmonotonic behavior, indicating the presence of a
magnetic proximity e!ect, i.e., ferromagnetism (FM)-induced spin polarization of holes
bound to acceptors, which is absent for free electrons and holes.

Figure 6.2b presents the FM magnetization curve, proportional to the Kerr rotation
angle of the polarization plane of light with photon energy h▷ = 1.24 eV, reflected from the
sample and measured by the polar magneto-optical Kerr e!ect (PMOKE). The saturation
of the magnetization corresponds to a rotation angle of 0.2 mrad. The magnetic field
dependence of the circular polarization ⇀

φ
c (B) at the e-A0 transition in the CdTe QW

correlates with the FM magnetization curve.
After the subtraction of the linear contribution due to the conventional Zeeman e!ect,

the ⇀̄φ
c (B) dependence (Figure 6.2c) reproduces the shape of the magnetization curve,

with the saturation field 4ϖM ↑ 0.6 T, consistent with the value reported for the Fe3O4

film [113]. This result indicates that the magnetic proximity e!ect is induced by the
magnetite film itself, whereas in metal-based systems, it is induced by the interfacial FM
layer [9, 15].

Magnetic circular dichroism refers to the di!erence in absorption coe"cients for ϱ
+ and

ϱ
→ polarized light in the FM layer. To assess its contribution to the ⇀

φ
c (B) dependence,

the intensity modulation parameter ◁ is measured, defined as:

◁ = I
ϱ+ ↗ I

ϱ↓

Iϱ+ + Iϱ↓ , (6.2)

where I
ϱ+ and I

ϱ↓ are the total PL intensities detected under ϱ
+ and ϱ

→ polarized
laser light excitation. Figure 6.2a (yellow dots) shows that the intensity modulation
parameter, corresponding to the PL from the GaAs substrate (h▷ = 1.490 eV), is close to
zero. Therefore, the nonmonotonic ⇀

φ
c (B) dependence cannot be attributed to magnetic

circular dichroism through excitation and detection via the FM layer.
Additionally, the modulation parameter ◁, measured at the e-A0 band in the CdTe

QW, is also close to zero and remains una!ected by the magnetic field, as shown in
Figure 6.2c (red dots). This confirms that the observed magnetic proximity e!ect is not
related to the spin-dependent capture of photoexcited carriers into the FM layer [7].

This behavior is consistent with expectations for the long-range proximity e!ect, as
the thickness of the (Cd,Mg)Te layer between the QW and the FM is 7 nm, which is
significantly larger than the penetration length (< 1 nm) of the carrier wave function into
the (Cd,Mg)Te barrier [9].
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

The characteristic feature of the proximity e!ect is further evidenced by its resonant
nature: valence band holes do not interact with the FM, whereas holes bound to acceptors
do.

The temperature dependence of the polarization curves ⇀̄φ
c (B) enables the separation of

contributions from the magnetite layer and magnetic clusters. Magnetic clusters exhibit
paramagnetic behavior, making the shape and saturation field of the polarization curve
highly sensitive to temperature increases. In the case of the FM-induced proximity e!ect,
the polarization curves remain unchanged, as observed in the experiment, as shown in
Figure 6.2d.
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6.3 Larmor Precession of Photoexcited Carriers evaluated from Pump-Probe Kerr-Rotation

6.3 Larmor Precession of Photoexcited Carriers evaluated from
Pump-Probe Kerr-Rotation
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Figure 6.3: Figure 6.3a shows the experimental geometry, where the magnetic field
orientation relative to the z-axis is defined by the angle ↽. Figure 6.3b shows the
time-resolved pump-probe Kerr rotation signal measured in Voigt geometry (↽ = 90↗)
at B = 0.5 T and T = 2 K. The experimental data and the corresponding fit, based on
the Equation (6.3) with C = 0, are represented by the blue dots and red solid curve,
respectively. Contributions from electrons and holes are included in the fit and are
represented by black solid curves. Dashed horizontal lines indicate the zero-level signal.
For the fitting parameters, the electron values are Ke = 2.2, T

↘
2,e = 290 ps, and

▷L,e = 11.5 GHz, while the hole values are Kh = 12.2, T
↘
2,h = 240 ps and ▷L,h = 0.77 GHz.

Figures 6.3c and 6.3d show the magnetic field dependence of the Larmor frequency for
conduction band electrons and valence band holes, respectively, measured at ↽ = 90↗

(red circles) and ↽ = 75↗ (blue dots), with linear fits as dashed lines. The g-factors are
determined from the slopes of these linear fits.

Time-resolved studies allow detailed access to the dynamics of the proximity e!ect. In
particular, the use of a transient pump-probe technique based on detection via the
magneto-optical Kerr e!ect enables an investigation of the charge carrier spin dynamics.
[87, 114]. A crucial parameter that can be extracted from pump-probe transients is the
Larmor precession frequency of the photoexcited or resident charge carriers, denoted
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

by ▷L. The magnetic field dependence h▷L = gµBB + #exch provides a method for
determining the energy of exchange splitting #exch, for electrons or holes as a result of
their exchange interaction with the ferromagnetic (FM) layer. This exchange splitting
is expressed by an e!ective exchange field Bexch = #exch/(gµB) which is induced by the
FM layer. Here g stands for the Landé factor of the carrier, µB for the Bohr magneton
and h for Planck’s constant.

The value of Bexch is determined by extrapolating the linear dependence in the limit
of small magnetic fields, as shown in previous studies on conduction band electrons
in (Ga,Mn)As/GaAs/(In,Ga)As hybrid structures [7]. In this study, the samples are
positioned in a vector magnet system consisting of three orthogonally aligned supercon-
ducting coils. This arrangement allows the measurement of the Kerr rotation signal under
di!erent magnetic field orientations defined by the angle ↽ relative to the z-axis, without
having to adjust the optical alignment of the sample or the detection method.

The exact values of the magnetic field components in the Faraday (z-axis) and Voigt
geometry (x- and y-axis) are determined using three Hall sensors positioned near the
sample. The measurements are performed at a temperature of T = 2 K and in magnetic
fields up to B = 1.5 T. For sample excitation and initialization of the photoexcited
electron (or hole) spin along the z-axis, circularly polarized pump pulses of 1.5 ps duration
(spectral width approximately 1 meV) are generated by a mode-locked Ti:sapphire laser
operating at a repetition rate of 75.7 MHz (repetition period TR = 13.2 ns). The helicity of
the pump pulses is modulated between ϱ

+ and ϱ
→ polarizations at a frequency of 50 kHz

with a photoelastic modulator. This ensures that the sample is irradiated uniformly and
without intensity fluctuations with left- and right-circularly polarized pump pulses.

The excited sample region is investigated with linearly polarized pulses in reflection
geometry. The photon energies of both the pump and probe pulses are tuned to resonate
with the free exciton in the CdTe QW h▷exc = 1.621 eV, which enables a degenerate
pump-probe scheme. The pump power ranges from 0.3 to 10 W cm→2, while the probe
power is about 0.15 W cm→2. The spot size of the pump beam on the sample is about
300 µm, whereas the probe beam has a slightly smaller spot size. The Kerr rotation signal,
which is proportional to the rotation angle of the linear polarization plane of the probe
pulse, is measured as a function of the time delay between the pump pulse and the probe
pulse with a symmetrical detector coupled to a lock-in amplifier. A double modulation
detection method is used in which the intensity of the probe beam is modulated at a
frequency of 84 kHz.

An example of a pump-probe transient measured in a magnetic field of 0.5 T in
Voigt geometry, where the magnetic field B is parallel to the sample plane (B ⇒ x)
and perpendicular to the optical axis, is shown in Figure 6.3b. For the extraction
of parameters such as the spin dephasing time, the relative amplitudes and Larmor
precession frequencies for electrons and holes, the transients are fitted with the following
function:

K(t) = Ke cos (2ϖ▷L,et + ε) exp
(

↗ t

T
↑
2,e

)

+ Kh cos (2ϖ▷L,ht + 0) exp
(

↗ t

T
↑
2,h

)

+ C exp
(

↗ t

φnos

)
. (6.3)

Here Ke (Kh), T
↑
2,e (T ↑

2,h), ▷L,e (▷L,h), and ε (0) denote the amplitude, the dephasing
time, the Larmor precession frequency and the initial phase of the fast (slow) oscillating
components of the Kerr rotation signal, which are assigned to the conduction band
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6.3 Larmor Precession of Photoexcited Carriers evaluated from Pump-Probe Kerr-Rotation

electrons or the valence band holes. The terms C and φnos represent the amplitude and
decay time of the non-oscillating component that occurs when the magnetic field has a
component unequal to the z-axis.

The magnetic field dependences of the Larmor precession frequencies for electrons and
holes are shown in Figures 6.3c and 6.3d. Only the Larmor precession frequencies of
conduction band electrons and valence band holes are accessible, since the e"cient optical
orientation of photoexcited carriers under circularly polarized excitation is achieved by
resonant exciton pumping, which has a much larger oscillator strength than that of
excitons bound to acceptors. The dependencies for electrons Figure 6.3c and holes Figure
6.3d are shown for the Voigt field orientation (↽ = 90⇒, red dots) and oblique geometry
(↽ = 75⇒, blue dots). All dependencies are well described by a linear slope of the Larmor
precession frequency, where the slope is defined by the g-factors of the photoexcited
charge carriers. For electrons, the g-factor is approximately isotropic with a value of
|ge| = 1.65, which agrees well with previous results in comparable CdTe-QW structures
[115, 89]. For holes, the magnitude of the g-factor |gh| ↑ 0.1.

In cases where FM-induced exchange splitting of spin levels occurs, an additional
o!set in the ▷L(B) dependence is expected. For the long-range interaction mediated by
elliptically polarized phonons, the proximity e!ect requires a magnetization component
along the z-axis Mz, as #exch → Mz [9]. It is therefore essential to evaluate the ▷L(B)
dependence under oblique magnetic fields. However, no measurable o!set is observed
in the ▷L(B) dependencies for each ↽ in Figure 6.3. This confirms that, in contrast to
holes bound to acceptors, neither valence band holes nor conduction band electrons are
a!ected by the e!ective exchange magnetic field induced by the FM layer (Section 6.2).
For electrons, the interaction with the FM is significantly weaker due to the limited
spin-orbit coupling, while for valence band electrons the splitting between heavy and light
holes (→ 20 meV) far exceeds the characteristic energy of elliptically polarized phonons
(→ 1 meV). This result is also consistent with previous studies of the long-range proximity
e!ect in Co/(Cd,Mg)Te/CdTe QW structures, where a similar behavior was observed
[14].

71



6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

6.4 Population Dynamics of Photoexcited Electrons and Holes
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Figure 6.4: Population dynamics of electrons and holes. Figure 6.4a shows a streak
image of time versus photon energy, with a colorbar representing the total photolumi-
nescence (PL) intensity with signals originating from the bu!er layer at 1.595 eV, the
e-A0 transition at 1.607 eV, and the e-h recombination at 1.62 eV. The streak image
is measured at T = 2 K, B = 0 T, and excitation photon energy h▷exc = 1.727 eV.
The region of interest (ROI) is indicated by vertical dashed lines and spans 11 meV,
centered at the maximum of the e-A0 signal. Figure 6.4b illustrates the stacked plot of
the temporal evolution of the PL decay. The signal from the bu!er layer significantly
interferes with the intensity of the e-A0 signal in the quantum well (QW) up to 200 ps.
Therefore, the QW signal for t > 200 ps is used for analysis. Figure 6.4c shows the PL
intensity decay of the e-A0 optical transition (black dots) and the corresponding fit (red
dashed line) to determine the lifetime φ0 at B = 0 T and T = 2 K. The PL intensity
and fit are displayed logarithmic scales on both axes. Figure 6.4d presents the lifetime
φ0(B) as a function of the Faraday magnetic field BF.

The main results of the population dynamics of the photoexcited carriers are summarized
in Figure 6.4.

A streak image of the total photoluminescence (PL) intensity plotted against time and
photon energy is presented in Figure 6.4a. It is measured at T = 2 K, B = 0 T, and an
excitation photon energy of h▷exc = 1.727 eV in the absence of a magnetic field and shows
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6.4 Population Dynamics of Photoexcited Electrons and Holes

signals originating from the bu!er layer at 1.595 eV, the e-A0 transition at 1.607 eV, and
the e-h recombination at 1.62 eV.

Figure 6.4b depicts the time evolution of the PL spectrum from bottom to top.
Immediately after excitation (blue line at the bottom, t = 10 ps after the laser pulse),
the spectrum is broad and comprises both primary contributions: a rapid decay on the
timescale of several tens of picoseconds from the radiative recombination of excitons
in the CdTe quantum well (QW) at a photon energy around 1.62 eV and the PL from
the CdTe bu!er layer centered around 1.595 eV. Starting from 100 ps after the laser
excitation pulse, a prominent e-A0 band, attributed to the recombination of thermalized
electrons with holes bound to acceptors, appears centered around 1.607 eV. The peak at
1.591 eV is attributed to the recombination of excitons bound to impurities in the CdTe
bu!er [116].

In the subsequent analysis, the PL signal related to the e-A0 optical transition is
defined as the region of interest (ROI). The vertical dashed lines indicate the ROI, which
is centered at the maximum of the e-A0 band with a width of #ROI = 11 meV, integrated
to obtain time-resolved intensity data. The PL signal is evaluated in the time range
from 500 to 1000 ps. The signal maximum in the ROI at zero magnetic field is located at
1.607 eV (vertical dashed lines in Figures 6.4a and 6.4b). The signal shifts to 1.609 eV in
a Faraday magnetic field of 2 T due to a diamagnetic shift.

Figure 6.4c shows the analyzed temporal evolution of the PL signal on a log-log
scale. Due to the PL intensity contribution from the CdTe bu!er layer at short time
delays, the signal before t = 50 ps is excluded from the analysis. The decay is non-
exponential, and the recombination follows bimolecular recombination behavior, described
by Equation (3.93) in Section 3.7.2 with I(t) = n0

ϖ0
1

(1+t/ϖ0)2 , which typically occurs in
intrinsic semiconductors. Here, n0 represents the density of electron-hole pairs, and φ0

is their characteristic instantaneous lifetime at the moment of excitation. For T = 2 K
and B = 0, the lifetime is determined to be φ0 = 70 ps from fitting the data using this
equation.

Figure 6.4d presents φ0(B) as a function of the Faraday magnetic field at T = 2 K and
6 K. The lifetime of φ0 = 70 ps at T = 2 K (blue dots) is independent of B and decreases
slightly at T = 6 K. Therefore, the instantaneous lifetime remains approximately the
same for di!erent Faraday magnetic fields and temperatures.
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

6.5 Optical Orientation of Photoexcited Carriers
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Figure 6.5: The dynamics of the optical orientation transients ⇀
c
c
(t) at di!erent

temperatures and Faraday magnetic fields are presented. The dashed lines in Figure
6.5a represent exponential fits based on Equation (6.6). The magnetic field dependence
of the spin relaxation time φse(B), evaluated from these exponential fits for T = 2 K
and 6 K, is shown in Figure 6.5b. The dashed lines serve as visual guides.

To determine the spin relaxation times of photoexcited carriers, their optical orientation
is measured, where circularly polarized excitation results in spin-polarized electrons and
holes. The spin polarization is detected through the degree of photoluminescence (PL)
circular polarization, defined as:

⇀
ϱ+
c =

I
ϱ+
ϱ+ ↗ I

ϱ+
ϱ↓

I
ϱ+
ϱ+ + I

ϱ+
ϱ↓

, (6.4)

where I
ϱ+
ϱ+ and I

ϱ+
ϱ↓ represent the PL intensities detected in ϱ

+ and ϱ
→ polarizations,

respectively, under ϱ
+ polarized light excitation. In an external magnetic field applied in

the Faraday geometry (B ⇒ z), an additional contribution due to carrier thermalization
between spin levels, known as magnetic circular polarization of luminescence (MCPL), is
present. To exclude this MCPL e!ect, the symmetric part of the circular polarization
degree with respect to the excitation helicity is analyzed:

⇀
c
c(B) = ⇀

ϱ+
c (B) + ⇀

ϱ↓
c (B)

2 . (6.5)

The excitation photon energy is approximately 100 meV above the exciton transition
energy, suggesting rapid spin relaxation of holes due to the complex valence band structure
[42]. Therefore, the optical orientation signal ⇀

c
c(t) is predominantly determined by the

spin polarization of photoexcited electrons, which decays exponentially from its initial
value Pe(0) with the electron spin relaxation time φse, described by:

Pe(t) = Pe(0) exp
(

↗ t

φse

)
. (6.6)

The results of the optical orientation measurements are summarized in Figure 6.5.
Examples of ⇀

c
c(t) transients are shown in Figure 6.5a for B = 0.5 T and 1.5 T at two
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6.6 Dynamics of the Magnetic Proximity E!ect

di!erent temperatures, T = 2 K and T = 6 K. The temporal dependencies are well
described by the exponential decay given in Equation (6.6), which is used to evaluate the
spin relaxation time φse and the initial spin polarization Pe(0).

The evaluated spin relaxation times and their dependence on the magnetic field for
T = 2 K and T = 6 K are presented in Figure 6.5b. At T = 2 K, the spin relaxation time
increases from 2 ns in the absence of a magnetic field to 4 ns at a magnetic field of 3 T. At
a higher temperature of 6 K, the dependence of φse(B) remains nearly constant at 2 ns.

6.6 Dynamics of the Magnetic Proximity E!ect
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Figure 6.6: The dynamics of the magnetic proximity e!ect are analyzed through the
temporal dependence of the circular polarization ⇀̄ε

c
for various Faraday magnetic fields,

measured at T = 2 K (Figure 6.6a) and T = 6 K (Figure 6.6b). The dashed lines
represent fits of the circular polarization degree using Equation (3.97).

The dynamics of the proximity e!ect are investigated by analyzing the temporal de-
pendence of the magnetic field-induced circular polarization, ⇀

φ
c (B), under excitation

with linearly polarized light. In this scenario, non-polarized electrons and holes are
generated. The degree of magnetic circular polarization of luminescence (MCPL) is
determined similarly to the continuous wave (cw) experiment Equation (6.1). For B > 0,
the polarization initially starts at a positive value and gradually decreases over time.
Applying the magnetic field in the opposite direction (B < 0) reverses the polarization
relative to zero. This is a characteristic behavior of MCPL, as expressed by

⇀
φ
c (↗B) = ↗⇀

φ
c (+B). (6.7)

Figure 6.6 presents the temporal dependence of the circular polarization antisymmetrized
with respect to the magnetic field,

⇀̄φ
c (t) = ⇀

φ
c (+B) ↗ ⇀

φ
c (↗B)

2 , (6.8)

for Faraday magnetic fields B = 0, 1, and 1.75 T, measured at T = 2 K (Figure 6.6a) and
T = 6 K (Figure 6.6b). While ⇀̄φ

c (t) remains positive at T = 2 K, it changes sign around
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

200 ps at T = 6 K. The initial value of ⇀̄φ
c for t < 100 ps is attributed to the equilibrium

spin polarization of the acceptor-bound holes,

Ph = ↗gAµBBe!

2kBT
. (6.9)

This value appears almost immediately (→ 20 ps) after excitation with a laser pulse due
to the short spin relaxation time of holes (compared to 2 ns for electrons). Here, gA

denotes the g-factor of the acceptor-bound holes. It should be noted that Be! represents
the e!ective magnetic field, which includes contributions from both the external field B

and the ferromagnetic (FM) exchange field Bexch, such that

Be! = B + Bexch. (6.10)

The subsequent dynamics of ⇀̄φ
c are governed by the spin polarization Pe of electrons,

which tend to reach their thermal equilibrium spin polarization

P
eq

e = ↗geµBB

2kBT
(6.11)

within the spin relaxation time φse. Consequently, the temporal evolution of MCPL can
be approximated using the expression:

⇀̄φ
c (t) = Ph ↗ Pe(t) (6.12)

= Ph ↗ P
eq

e

(
1 ↗ exp

(
↗ t

φse

))
. (6.13)

From the temporal dependence of ⇀̄φ
c (t) in Figure 6.6, both Ph and P

eq
e are observed to

be positive, indicating that the g-factors of the carriers involved in recombination, gA and
ge, are negative. While the g-factor ge = ↗1.64 for electrons is known from the literature
[115], the sign of the g-factor for acceptor-bound holes has not yet been established.

It is important to note that the MCPL dynamics for the magnetite-based hybrid
structures di!er significantly from those observed in Co-based structures, where the
spin relaxation time of acceptor-bound holes (φsh = 2 ns) is substantially longer [9].
Initially, the experimental data in Figure 6.6 (dots) are fitted using Equation (6.13),
which enables the determination of the equilibrium spin polarization of electrons, P

eq
e ,

and of acceptor-bound holes, gh. However, it is found that the parameter P
eq
e does not

scale linearly with the magnetic field but rather follows the magnetization curve of the
magnetite film.

In Sections 6.2 and 6.3, it is demonstrated that there is no exchange interaction between
conduction band electrons and the FM. The non-linear magnetic field dependence of P

eq
e

is attributed to the recombination-induced dynamical polarization of electrons, which
becomes significant when φsh < φ0 ≃ φse. This results in an additional term in Equation
(6.13) that describes the recombination-related orientation of the electrons and leads to
Equation (3.97) in Section 3.7.2

⇀c(t) = Ph ↗ P
eq

e

(
1 ↗ exp

(
↗ t

φse

))
↗ P̃h exp

(
↗ t

φse

)  t
ωse

0

e
x

x + α
dx ,

with α = ϖ0
ϖse

is the ratio of the electron lifetime at the moment of excitation to the ratio
of the electron spin relaxation time and P̃h is the recombination-induced dynamic spin
polarization. This equation is used to fit the experimental data and discussed in the

76



6.6 Dynamics of the Magnetic Proximity E!ect

following. The only free fitting parameter are the initial polarization degree Ph at t = 0
and the recombination-induced dynamic spin polarization P̃h. The other variables are
evaluated from measurements shown in the section before: the lifetime φ was evaluated
in Section 6.4, the spin relaxation time φse in Section 6.5 and the equilibrium spin
polarization of electrons P

eq
e can be calculated with the g-factor of Section 6.3.
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Figure 6.7: The equilibrium spin polarization of holes (Ph) and the recombination-
induced dynamical polarization of electrons (P̃h) are shown as functions of the magnetic
field at T = 2 K in Figure 6.7a and at T = 6 K in Figure 6.7b. The polarization data
are extracted from the MCPL transients in Figure 6.6 using Equation (3.97) as the
fit function. The equilibrium spin polarization of electrons (red lines) is described by
P

eq
e

= ↗geµBB/ (2kBTc), with ge = ↗1.65 and Tc = T + 2 K. The blue dashed lines
represent linear fits using Equation (6.14).

Figure 6.7 presents the fitting parameters Ph and P̃h, along with the calculated
equilibrium electron spin polarization P

eq
e for T = 2 K and 6 K. The magnetic field

dependence of Ph exhibits a nonlinear behavior (shown by the blue dots in Figure 6.7). It
remains close to zero at low magnetic fields (B < 0.5 T), where the contribution from the
proximity e!ect-induced ferromagnetic (FM) splitting is comparable in magnitude but
opposite in direction to that of the external magnetic field. As the magnetization of the
FM layer reaches saturation, the hole spin polarization Ph becomes positive and increases
linearly with the magnetic field. The overall magnetic field dependence of Ph(B) can be
described by the equation:

Ph(B) = ↗µBgAB + #exch(B)
2kBTc

, (6.14)

where the exchange splitting #exch(B) follows the magnetization of the FM film. At
high magnetic fields (B > 0.5 T), where #exch reaches saturation, a linear fit based
on Equation (6.14) (dashed lines in Figure 6.7) is applied, yielding gA = ↗1.8 and a
saturation value of #exch = 70 µeV. Such a behavior indicates the presence of long-range
magnetic proximity e!ect. These values are comparable to those observed in Co- and
Fe-based hybrid structures [9, 16]. The parameter P̃h follows a similar trend but has
a lower absolute value than Ph, which aligns with theoretical expectations (see Section
3.7.1).
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6 Magnetic Proximity E!ect in Semiconductor Hybrid Structure

6.7 Magnetic Proximity E!ect in Nickel Ferrite Hybrid Structure
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Figure 6.8: Magnetic proximity e!ect in nickel ferrite based hybrid structure. Figure
6.8a shows the photoluminescence (PL) spectrum measured under excitation with photon
energy h▷exc = 1.696 eV at a temperature of T = 2 K. The exciton (X) peak and the
e-A0 shoulder correspond to the radiative recombination of the exciton and the electron
with a hole bound to the acceptor, respectively. Figure 6.8b presents the magnetic
field dependencies of the circular polarization degree under linearly polarized excitation,
⇀

ε
c
(B), measured at photon energies of h▷ = 1.6145 eV (e-A0 in QW, blue dots for

the sample with nickel ferrite, yellow dots for the sample without nickel ferrite) and
h▷ = 1.625 eV (X in QW, red dots) under excitation at h▷exc = 1.696 eV. Figure 6.8c
shows the magnetic field dependence of the out-of-plane magnetization Mz(B) of the
nickel ferrite film that is measured using polar magneto-optical Kerr e!ect (PMOKE).
Figure 6.8d presents the dependence of ⇀

ε
c
(B) for the e-A0 line from Figure 6.8b after

the subtraction of the linear contribution due to the conventional Zeeman e!ect.

Figure 6.8a presents a typical photoluminescence (PL) spectrum measured at low tem-
perature of T = 2 K under non-resonant excitation with energy h▷exc = 1.696 eV in the
nickel ferrite semiconductor quantum well (QW) hybrid structure. The PL spectrum is
similar to that of the magnetite-based hybrid structure (Figure 6.1a), showing the exciton
(X) line at h▷ = 1.622 eV and the electron-acceptor bound holes band (e-A0) centered at
h▷ = 1.617 eV.
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6.7 Magnetic Proximity E!ect in Nickel Ferrite Hybrid Structure

The dependencies of PL circular polarization under linearly polarized excitation on the
Faraday magnetic field ⇀

φ
c (B) are shown in Figure 6.8b. Here, the detection is performed

at photon energies corresponding to the e-A0 transition (h▷ = 1.6145 eV, blue dots) and
the exciton transition (h▷ = 1.625 eV, red dots) in the CdTe QW. These detection energies
are selected not at the peak maxima to prevent mutual interference of PL polarization
caused by the overlap of the PL transitions.

For the QW situated 8 nm away from the ferromagnetic (FM) layer, the circular
polarization degree ⇀

φ
c (B) of the e-A0 band exhibits a nonmonotonic behavior with

saturation at higher magnetic fields (blue dots in Figure 6.8b). In contrast, for the QW
not covered by the nickel ferrite layer (yellow dots in Figure 6.8b), the ⇀

φ
c (B) dependence

is linear. This indicates that the nonlinear contribution to ⇀
φ
c (B), which saturates at

high B, is attributed to the influence of the adjacent FM film, i.e., the ferromagnetic
proximity e!ect.

The magnetic field dependence for excitons is linear, which is attributed to the equilib-
rium polarization resulting from the Zeeman splitting of the exciton spin sublevels. A
comparison of the e!ects on the e-A0 band and on the exciton suggests that only holes
bound to acceptors interact with the FM. After subtracting the linear contribution from
the conventional Zeeman e!ect, the ⇀

φ
c (B) dependence (Figure 6.8d) precisely mirrors the

nickel ferrite magnetization curve (Figure 6.8c), with a saturation field of approximately
1 T. This similarity indicates that the magnetic proximity e!ect is induced by the nickel
ferrite film itself.

Thus, it is demonstrated that the long-range magnetic proximity e!ect for holes bound
to acceptors in CdTe QWs within nickel ferrite based hybrid structures is analogous to
that observed in magnetite-based hybrid structures.
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6.8 Summary and Discussion
6.8.1 Phonon Stark E!ect
The long-range proximity e!ect in the magnetite- and nickel ferrite-based hybrid structures
is demonstrated in this work. The e!ect involves the e!ective p-d exchange interaction
of acceptor-bound holes in the quantum well (QW) with d-electrons of the ferromagnet
(FM), without their wave functions overlapping. In Reference [9], it is proposed that this
long-range exchange interaction is mediated by elliptically polarized acoustic phonons,
referred to as the phonon Stark e!ect. The current research confirms the validity of this
mechanism and highlights its universal behavior.

The key principles underlying the phonon Stark e!ect are as follows:
1. In the FM, near the magnon-phonon resonance (approximately 1 meV), there is strong
coupling between spin waves (magnons) and transverse acoustic phonons propagating
along the magnetization direction. Only the phonon mode with a polarization vector
rotating in the same direction as the magnetization vector in the spin wave participates
in this coupling, leading to elliptical polarization of the phonons. [101]
2. Transverse acoustic phonons cross the interface between the FM and semiconductor
with minimal damping. [117]
3. There is a significant spin-phonon coupling (Bir-Pikus interaction) in the semiconductor
valence band due to large strain constants (on the order of → 10 eV). (Reference [118])
Even a small deformation (on the order of → 10→5) causes a shift in hole energy levels by
→ 0.1 meV.
4. In the QW, the ground state of shallow acceptors is split into two doublets with
angular momentum projections of ±3/2 and ±1/2 along the structure growth direction.
The characteristic splitting energy #lh ↑ 1 meV (Reference [119]) is close to the energy of
the magnon-phonon resonance and, thus, to the energy of elliptically polarized phonons.

These factors result in the chiral phonon-mediated p-d exchange interaction. Elliptically
polarized phonons generated in the FM with energy #ph → 1 meV penetrate the nonmag-
netic barrier and enter the QW. In the QW, they couple with acceptor-bound holes via
spin-phonon interaction. For instance, if the phonons are predominantly ϱ

+ polarized,
angular momentum conservation leads to the coupling of the ground state ↗3/2 with the
excited state ↗1/2. This coupling results in an energy shift of these levels, analogous to
the optical ac Stark e!ect. The shift has a dispersion-like behavior: it becomes stronger
as the phonon energy approaches the initial splitting #lh of the acceptor states and
vanishes when #ph = #lh. The sign of the shift depends on whether #ph is smaller or
larger than #lh. The other pair of levels (+3/2 and +1/2) remains una!ected, lifting the
degeneracy of the ±3/2 doublet in the absence of an external magnetic field. The splitting
between the ±3/2 hole states, referred to as exchange splitting (#exch → 0.1 meV), leads
to equilibrium spin polarization of the holes, which manifests in the circular polarization
of photoluminescence (PL) in the e-A0 line (Section 6.2).

As expected, the long-range s-d exchange interaction is not observed for conduction band
electrons (Section 6.3) due to the weaker spin-orbit interaction in the conduction band
compared to the valence band. Valence band holes are similarly una!ected by elliptically
polarized phonons because their #lh ↑ 10 meV splitting is an order of magnitude larger
than the phonon energy.

It is concluded that the long-range exchange is universal, occurring not only in metal-
based hybrid systems but also in systems comprising semimetal or dielectric FMs. The
exchange constant #exch = 70 µeV for the magnetite-based hybrid structure (Section 6.6)
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is comparable to the #exch = 50 µeV reported for the Co-based structure in Reference [14].
The universality of the long-range exchange interaction is attributed to the universality
of the phononic mechanism. First, the energy of the magnon-phonon resonance, and
consequently the energy of elliptically polarized acoustic phonons, is close to 1 meV for
many common ferro- and ferrimagnetic materials. [101] Second, despite variations in
structure thickness and potential barrier heights for charge carriers, these barriers do
not hinder sound waves. As a result, phonons propagate into the semiconductor over
distances far exceeding the charge carrier wave function overlap with the FM.

6.8.2 Conclusions
In this chapter the long-range proximity e!ect in hybrid structures consisting of a FM
layer (magnetite, nickel ferrite) and a semiconductor CdTe QW, separated by a thin
nonmagnetic (Cd,Mg)Te barrier was demonstrated.

The e!ect consists in the e!ective p-d exchange interaction of acceptor-bound holes
in the QW with d-electrons of the FM without overlap of their wave functions. This
shows the universal behavior of the long-range exchange interaction for a wide range
of ferromagnetic components with metals (Fe, Co), semimetals (magnetite), dielectrics
(nickel ferrite), and for various potential barriers for charge carriers with di!erent heights
(Cd0.6Mg0.4Te and Cd0.8Mg0.2Te) and di!erent thicknesses in the range from 1 nm to
40 nm. [9, 12, 14, 15, 16]

The ubiquity of the magnetic proximity e!ect is attributed to the universal nature of
the phononic mechanism. Moreover, the long-range exchange mechanism mediated by
elliptically polarized phonons does not impose stringent requirements on the quality of
interfaces. However, the non-metal systems investigated in this study exhibit di!erent
properties.

First, in contrast to metal-based hybrid structures, the proximity e!ect in non-metallic
systems is caused by the magnetic material itself (e.g. magnetite or nickel ferrite) and
not by a ferromagnetic interface. Second, the dynamics of the proximity e!ect in non-
metal hybrid structures is not monotonic and di!ers significantly from that observed in
metal-based structures, where the spin relaxation time of the acceptor-bound holes is
much longer.

This complex dynamic behavior can be explained by considering the additional
recombination-induced dynamic polarization of electrons in the quantum well (QW). It
is shown that this mechanism becomes significant when the spin relaxation time of the
electrons is much longer than their lifetime. Despite the lack of a long-range s-d exchange
interaction for conduction band electrons, they are therefore indirectly influenced by the
ferromagnet through recombination with polarized holes.
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7 Spin Dynamics of Resident Electrons in
Monolayer MoSe2

At the beginning of the chapter the sample is characterized in its optical properties for
further investigation. In the Section 7.1 the PL and reflectivity spectra are presented. The
sample is characterized in its amplitude and half-width at half-maximum magnetic field
dependence in excitation power and temperature by applying an external magnetic field
and using the single beam optical technique. In Section 7.2 the Hanle and polarization
recovery curves e!ects are presented and discussed.

The results of this chapter are published in [120].
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7.1 Optical Properties
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Figure 7.1: Optical properties of the TMD monolayer MoSe2 on EuS. Figure 7.1a
shows the photoluminescence (PL, blue solid line) and reflectivity (Refl., red solid line)
intensity spectra at zero magnetic field, together with the amplitude H of the Hanle
curve derived from a single Lorentzian fit as a function of excitation energy (green
dots, dashed line serves as a guide for the eye). The reflectivity spectrum shows signals
corresponding to the exciton (X) and trion (T), while the PL intensity spectrum shows
the trion signal with a Stokes shift of 7 meV. The excitation energy reaches a maximum
at 1.625 eV, which corresponds to the peak position of the trion PL intensity. Figure
7.1b shows a Hanle curve fitted with a single Lorentzian function, characterized by the
amplitude parameter H and the half-width at half-maximum (HWHM) B1/2. Figure
7.1c shows the amplitude and HWHM resulting from the single Lorentzian fit as a
function of excitation power. Both parameters increase linearly with rising excitation
power up to 10 µW. Figure 7.1d shows the amplitude and HWHM as a function of
temperature, with no significant variation observed up to 15 K.

Figure 7.1 presents the optical properties of the TMD monolayer MoSe2 on the EuS
sample, including the PL and reflectivity intensity spectra shown in Figure 7.1a, a
description of the Lorentzian fit to the Hanle curve and its parameters in Figure 7.1b,
and the dependencies of the Hanle e!ect on excitation photon energy Eexc, excitation
power Pexc (Figure 7.1c), and temperature T (Figure 7.1d). When these dependencies are
not being measured, the experiments are conducted with Eexc = 1.625 eV, Pexc = 10 µW,
and T = 2 K. The PL spectrum is recorded at T = 6 K with an excitation photon energy
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7.1 Optical Properties

of Eexc = 1.823 eV and an excitation power of Pexc = 10 µW.
The reflectivity (Refl., red solid line) spectrum exhibits trion (T) resonances at photon

energies of 1.633 eV and exciton (X) resonances at 1.665 eV. The photoluminescence (PL)
spectrum shows a trion peak at 1.625 eV with a Stokes shift of approximately 7 meV and
a broader emission band at a lower energy of around 1.58 eV, indicating the presence
of localized states in the MoSe2 monolayer. The Fermi level of the resident electrons is
estimated to be about EF ↑ 5 meV above the conduction band minimum [19], which is
smaller than the spin-orbit splitting of the conduction band states with opposite spins,
$SO = 23 meV [121].

The Hanle curve is measured with the magnetic field aligned at α = 90⇒ to the
incident light direction under pulsed excitation at f = 80 MHz with a photon energy
of ⊋ς = 1.631 eV and a light intensity of Pexc = 8 µW. The depolarization of resident
electron spins (reduction of Sz) is described by a Lorentzian curve with an amplitude H

at B = 0 and a half-width at half-maximum (HWHM) of B1/2 = 2.1 mT.
The Hanle e!ect is observed in proximity to the trion resonance, as indicated by its

spectral dependence shown in Figure 7.1a, and is attributed to spin-selective absorption
during the probing process of the spin density Sz [94]. Both the amplitude H and the
HWHM B1/2 increase linearly with the excitation power Pexc.

This behavior is explained by two factors: first, the light absorption at the trion
resonance in the linear regime, where the density of excited trions is significantly lower
than the carrier spin density ne and #R ↙ Sz; and second, the reduction in the resident
electron spin lifetime due to trion excitation. In the low-power limit, the value of
B1/2 ↑ 1.9 mT corresponds to the intrinsic spin relaxation time, which is comparable to
values reported for electrons in MoS2, WS2, and WSe2 monolayers [24, 25].

Increasing the temperature to T = 15 K does not significantly alter the parameters of
the Hanle curve.
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7.2 Hanle And Polarization Recovery E!ects
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Figure 7.2: The Hanle curve and the polarization recovery curve (PRC) are measured in
oblique magnetic fields at T = 5 K with an excitation photon energy of Eexc = 1.625 eV,
an excitation power of Pexc = 4 µW, and a repetition rate of frep = 1 GHz. Figure 7.2a
shows the di!erential reflectivity #R/R as a function of the magnetic field for angles of
0↗, 30↗, 60↗ and 90↗. The angle-dependent amplitude A(α), which represents the o!set
of the Lorentz curve, shows the change in polarization between zero magnetic field and
saturation polarization. Figure 7.2b shows the angular dependence of the amplitude as
a function of the magnetic field angle relative to the surface plane (black dots), together
with the fitted function (black line). For the half-width at half-maximum (HWHM),
the ratio is a = 3. Figure 7.2c shows the HWHM as a function of the magnetic field
angle relative to the surface plane (blue dots). The data show a ratio of a = 3 between
the HWHM values at α = 0 and α = ±90↗. Figure 7.2d shows the amplitude H as a
function of the magnetic field angle relative to the surface plane (red dots).

Figure 7.2a displays the di!erential reflectivity #R/R as a function of the magnetic field
for di!erent applied angles: 0⇒, 30⇒, 60⇒, and 90⇒. Depolarization is observed at 0⇒ in
the Voigt geometry, while polarization recovery occurs at 90⇒ in the Faraday geometry
and in oblique magnetic fields. The di!erential reflectivity #R/R is proportional to the
spin polarization Sz and increases and saturates during polarization recovery when the
external magnetic field Bext increases.
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7.2 Hanle And Polarization Recovery E!ects

For angles α > 30⇒ the data can be fitted with a single Lorentzian function, resulting in
a half-width at half-maximum (HWHM) B1/2 of a few mT. However, for angles α ̸ 30⇒,
an additional contribution to polarization recovery is observed, which can be described
with a double Lorentzian function (see blue and dark blue dashed lines for α = 0 in Figure
7.2a). This additional contribution has a larger HWHM of approximately 15 mT, and it
is possibly attributed to higher-energy electrons, which spin relaxation is suppressed by
Zeeman splitting in a longitudinal magnetic field [28]. In the following analysis, the focus
is on the narrow dip in the magnetic field dependence, while the broader polarization
recovery is excluded from further consideration.

The Lorentzian fit o!set, defined as the amplitude A(α), is shown in Figure 7.2b (black
dots), along with the fit function (red line) described by Equation (3.50), which yields an
anisotropy ratio a = 3 for the HWHM (Figure 7.2c). The amplitude A(α) reaches its
maximum at α = 0⇒ (Faraday geometry) and its minimum at α = 90⇒ (Voigt geometry).
The amplitude H of the polarization recovery is ten times greater than that of the Hanle
e!ect depolarization.

In two-dimensional semiconductors, a strong out-of-plane spin-orbit field $SO is present.
This field is aligned along the z-axis and does not induce relaxation of the z-component of
the electron spin. Therefore, the magnetic field in the Faraday geometry is not expected
to influence the spin dynamics.

Spin depolarization of electrons in a weak transverse magnetic field has been observed
with B1/2 ↑ 10 mT for AB2 monolayers (A = Mo or W, and B = Se or S) [24, 25]. This
phenomenon, combined with the absence of Larmor spin precession, has been attributed to
anisotropic spin relaxation rates, ⇁x = ⇁y = ⇁s + 2”v and ⇁z = ⇁s, where ”v = $2

SO
/(4⇁v),

⇁v is the spin-conserving intervalley scattering rate, and ⇁s is the spin relaxation rate
within the same valley [122]. This mechanism requires EF > $SO, which is not the case
here, and it neglects intervalley spin relaxation ⇁sv (see Figure 3.4a).

The suppression of spin relaxation and dephasing by an external magnetic field suggests
a di!erent mechanism. An increase in the spin polarization of electrons localized on
shallow donors in external magnetic fields of approximately 5 mT has been observed
in bulk GaAs [123]. In this case, the spin of a localized electron precesses in random
nuclear fields due to hyperfine interactions. A longitudinal magnetic field greater than
the characteristic value of the random field, Bf ↑ 5 mT, suppresses the precession of
the spin z-component and restores its orientation (polarization recovery), whereas a
transverse magnetic field stronger than Bf causes electron depolarization (Hanle e!ect).
In the MoSe2/EuS heterostructure, random magnetic fields can also arise from exchange
interactions with the magnetic atoms in EuS. The applied model incorporating these
random fields is discussed phenomenologically in Section 3.6.

The HWHM shown in Figure 7.2b results in a ratio for the anisotropy of a = 3, in
accordance with the predictions of the Equations (3.49) and (3.73): ⇁↘gz ↑ 9⇁↗gx and
$F

0 ↑ ”
V
0

3
. The HWHM in Faraday geometry is 2–3 times smaller than in Voigt geometry.

An upper limit of ⇁↗ is estimated from the HWHM of the polarization recovery curve
in Faraday geometry at B

F

1/2
= 1 mT. Using a g-factor of gz = 3.68 for the lower-energy

conduction state of MoSe2, determined from exciton reflectivity spectra in high magnetic
fields [124], it follows that ⇁↗ < gzµBB

F

1/2
↑ 0.2 µeV, which corresponds to a spin

relaxation time of ⊋/⇁↗ ↭ 3.3 ns.
The degree of anisotropic spin relaxation can be estimated from the ratio between

amplitudes H in the Voigt and Faraday geometries, C = H
F
/H

V ↑ 10 (Figure 7.2d).
From this, it is deduced that ⇁↗ ↭ 5⇁↘.
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7 Spin Dynamics of Resident Electrons in Monolayer MoSe2

Based on the above analysis, the transverse g-factor is estimated as |gx| ̸


2

C
gz
a ↑ 0.15,

with gx ≃ gz. It is reasonable to assume that the dispersion of the transverse g-factor
1gx due to inhomogeneities within the excitation spot is comparable to its magnitude,
which could lead to suppression of oscillations in spin transients.

This suppression is corroborated by the absence of oscillatory behavior in time-resolved
pump-probe Kerr rotation experiments in the Voigt geometry at B = 0.5 T, as shown
in Figure 7.3. In this case, it is not necessary to satisfy the additional condition for the
absence of Larmor precession, |gx$0| < |⇁↗ ↗⇁↘|, which would require a small |gx| < 10→2

and an extremely long spin relaxation time of ⊋/ω↑ ↑ 150 µs [24, 25, 122]. For a realistic
spin relaxation time of ⊋/ω↑ ↑ 1 µs, it is estimated that |gx| ↑ 1gx ↑ 0.1.

Figure 7.3: Time-resolved Kerr ro-
tation measurements are performed
in the Voigt geometry for B = 0
and 0.5 T. The circularly polarized
pump beam has a photon energy of
⊋ςpump = 1.675 eV, while the lin-
early polarized probe beam has a
photon energy of ⊋ςprobe = 1.636 eV.
The Kerr rotation angle of the probe
beam is measured using balanced de-
tection with a photodiode.
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7.3 Summary
The spin dynamics in weak magnetic fields is governed by localized resident electrons, as
evidenced by data analysis and supported by several factors. Despite the strong spin-orbit
splitting, equivalent to an e!ective magnetic field of approximately 100 T acting on the
electrons, a small external magnetic field of just 1 mT is su"cient to induce depolarization
or polarization recovery of resident electron spins.

Spin-conserving intervalley scattering is suppressed because the electrons do not occupy
the higher-energy states K ↔ and K

↓ ↓, thereby precluding their involvement in the
dynamical averaging of $SO. The observation that the Hanle and polarization recovery
curves exhibit comparable widths is similar to the behavior of donor-bound electrons in
bulk GaAs, where spin relaxation is dominated by random nuclear fields [123].

In 2D monolayers, the g-factor and spin relaxation are highly anisotropic compared
to bulk semiconductors. The model necessitates a non-zero intervalley in-plane g-factor
for the electrons, which is achievable if they are localized within the layer. Localization
reduces the spatial symmetry and induces mixing between the K ↓ and K

↓ ↓ states, as
well as between the K ↔ and K

↓ ↔ states. This symmetry breaking is random, causing
significant fluctuations in the magnitude of the in-plane g-factor, which manifests as spin
dephasing without Larmor spin precession in pump-probe experiments.

The single-laser beam technique is used to study the spin dynamics in transition metal
dichalcogenides and shows that localized electrons significantly influence the spin behavior
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7.3 Summary

in 2D monolayers. In the investigated MoSe2/EuS structure, spin relaxation is driven by
random e!ective fields due to contact spin interactions, such as hyperfine interactions
with the nuclei in MoSe2 or exchange interactions with the magnetic ions of EuS.

These localized electrons exhibit not only anisotropic spin relaxation but also a nonzero
out-of-plane g-factor due to the mixing of split-o! bands with identical spins. The in-plane
g-factor fluctuates significantly, comparable in magnitude to its mean value, accounting
for the absence of oscillatory behavior in the spin dynamics transients. Further research
is necessary to determine the precise origin and magnitude of these random fields.
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8 Spin Dynamics of Excitons and Charge
Carrier in Lead Halide Perovskite
Semiconductors

This chapter is about the optical orientation of excitons and charge carriers in
FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3 bulk lead halide perovskites. The samples are inves-
tigated by photoluminescence spectroscopy with time resolution described in Section
5.1, where streak image with time and spectral resolution gives access to the exciton
signal. The optical properties are presented in Section 8.1.1 for FA0.9Cs0.1PbI2.8Br0.2 and
8.2.1 for MAPbI3. The photoluminescence measured time-integrated and time-resolved
regimes and the reflectivity spectrum shows the exciton absorption resonance. The
spectrally resolved image from the streak camera allows the isolation of the exciton signal.
The exciton recombination time is analyzed from the PL dynamics. The dynamics of
the optical orientation of exciton spins in FA0.9Cs0.1PbI2.8Br0.2 and its dependence on
excitation photon energy (energy detuning), temperature and transverse magnetic field is
presented in Section 8.1.2. The dependence of the optical orientation on the excitation
power is discussed in Section 8.1.3. The magneto-induced polarization of excitons in
longitudinal magnetic fields is presented in 8.1.4 and the Landé factor gF,X is evaluated
from the spectral shift of the exciton PL in magnetic field. The spin coherence of excitons
in FA0.9Cs0.1PbI2.8Br0.2 is studied in transverse magnetic field, showing pronounced spin
precession of excitons, electrons and holes, as shown in Section 8.1.5. By this method the
g-factor of the exciton and charge carriers is evaluated.

For MAPbI3, optical orientation degree is presented in Section 8.2.2 and the dependence
of the optical orientation degree on excitation photon energy, power, temperature and
transverse magnetic field in Section 8.2.3. The exciton spin polarization in longitudinal
magnetic fields is presented in 8.2.4, where the Landé factor for gF,X is evaluated. The
spin precession in magnetic field is analyzed in Section 8.2.5. It is measured by the optical
orientation and gives access to the g-factor of electron and hole in transverse magnetic
fields, and by exciting with circular polarized light and linear polarization detection with
access to exciton g-factor in longitudinal and transverse magnetic fields.

The conclusion and summary is presented in Section 8.3.
The results of this chapter are published in [72], [125] and [126].
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8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

8.1 Spin Dynamics of Excitons in FA0.9Cs0.1PbI2.8Br0.2 Bulk
Crystal

8.1.1 Optical Properties
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Figure 8.1: The photoluminescence (PL) spectrum, streak image, and PL dynamics in
bulk FA0.9Cs0.1PbI2.8Br0.2 crystal are presented. Figure 8.1a shows the time-integrated
photoluminescence spectrum (blue line) with excitation photon energy at Eexc =
1.669 eV, using a laser excitation power of Pexc = 0.1 mW and the temperature of
T = 1.6 K. The photoluminescence excitation spectrum (red line) is detected at
Edet = 1.496 eV. The exciton resonance is denoted by X. The PL spectrum at the
moment of excitation (t = 0 ps) for pulsed excitation is shown by the yellow line. A
streak image of time-resolved photoluminescence with the exciton ROI 1X is shown in
Figure 8.1b, excited by 200 fs laser pulses. In Figure 8.1c the recombination dynamics
is shown. They are detected at Edet = 1.509 eV (red) and integrated over the spectral
range from 1.503 eV to 1.509 eV around the exciton line maximum at EX = 1.506 eV
(blue). The lines represent bi-exponential fits with decay times of φR1 = 55 ps and
φR2 = 840 ps for Edet = 1.506 eV, and φR1 = 35 ps and φR2 = 380 ps for Edet = 1.509 eV.

In this study, a bulk single crystal of FA0.9Cs0.1PbI2.8Br0.2 hybrid organic-inorganic lead
halide perovskite is selected due to its high structural quality and minimal inhomogeneous
broadening of the exciton resonance. The crystal maintains cubic lattice symmetry even
at cryogenic temperatures, as confirmed by the isotropic electron and hole g-factors
measured at T = 1.6 K [49].

The optical properties of the crystal are illustrated in Figure 8.1, with additional
details provided in the References [49, 51, 52, 127]. At T = 1.6 K, the exciton resonance
is observed at 1.506 eV in the photoluminescence excitation (PLE) spectrum (red line).
The exciton binding energy is expected to be close to 14 meV for FAPbI3 [128], resulting
in a bandgap energy of Eg = 1.520 eV for the studied crystal. The time-integrated
photoluminescence (PL) spectrum (blue line) was measured under pulsed excitation
by CCD with a single lens (f = 250 mm) focussing the laser beam on the sample and
collecting the outcoming PL (see Section 5.1) with an excitation power of 0.1 mW. The
PL exhibits a peak at 1.501 eV with a full width at half maximum of 5 meV. The
recombination dynamics measured in ns time-range by time-of-flight PC board span a
broad temporal range from 700 ps to 44 µs with significant spectral dispersion [72, Supp.
Inf., Section S3], suggesting the presence of multiple recombination processes, including
those involving spatially separated charge carriers [51].

The coherent spin dynamics of resident electrons and holes, following their optical
orientation, demonstrate nanosecond-scale spin dephasing times in such crystals [51]. In
this study, the focus is on the spin properties of excitons with short recombination times.
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8.1 Spin Dynamics of Excitons in FA0.9Cs0.1PbI2.8Br0.2 Bulk Crystal

Time-resolved photoluminescence (TRPL), recorded using a streak camera, is employed
to isolate the exciton signals. The PL dynamics are displayed as streak image in Figure
8.1b time and spectral resolution. Immediately after photogeneration at t = 0 ps, the
emission exhibits a spectral maximum at 1.506 eV, matching the exciton resonance X
in the PLE spectrum at EX = 1.506 eV (see Figure 8.1a, PLE red line, I(t = 0) yellow
line). The spectrally integrated exciton emission (blue line in Figure 8.1c) shows a
double-exponential decay. The fast decay time, φR1 = 55 ps, is attributed to exciton
recombination, while the longer time, φR2 = 840 ps, corresponds to the recombination of
spatially separated electrons and holes. Decay times are evaluated from the PL dynamics
of the total intensity (proportional to the population) with multiple recombination times
(φRi):

I(t) =
∑

i

Ii(0) exp
(

↗ t

φRi

)
(8.1)

where Ii(0) is the initial population of each component.
It is characteristic of lead halide perovskites that multiple recombination processes

overlap spectrally, complicating the interpretation of the recombination and spin dynamics
[48, 51]. The assignment of the φR2 time to the recombination of separated electrons
and holes is confirmed by results from coherent spin dynamics in a magnetic field, as
measured by time-resolved Kerr rotation in Reference [51], and in this study by time-
resolved polarized emission, shown in Figure 8.5a. The dependencies of the exciton
and electron-hole pair recombination times on temperature and excitation power are
discussed in Section 8.1.3. It is important to note that the excitation power of 0.1 mW
corresponds to a relatively low exciton density of approximately 1013 cm→3, ensuring that
exciton-exciton interactions can be neglected.

The red line in Figure 8.1c shows the PL dynamics measured at 1.509 eV, corresponding
to the high-energy wing of the exciton line. The dynamics at this energy, with values
φR1 = 35 ps and φR2 = 380 ps, are faster than those obtained by integrating over the exciton
line, indicating that energy relaxation of excitons contributes to the spectral dependence
of their dynamics. This behavior has been demonstrated recently for FA0.9Cs0.1PbI2.8Br0.2

crystals using transient photon echo spectroscopy [127]. The PL dynamics exhibit two
contributions: one from exciton recombination and another from electron-hole pair
recombination (Figure 8.1c). Although these contributions spectrally overlap, they can
be distinguished in the time domain.

To focus on the exciton spin dynamics in polarization-resolved measurements, the
recombination dynamics are integrated in the energy range of 1X = (1.506 ± 0.003) eV
around the exciton line maximum at EX = 1.506 eV, using temporally and spectrally
resolved PL (blue line in Figure 8.1c).

93



8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

8.1.2 Optical Orientation of Exciton Spins
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Figure 8.2: Optical orientation of exciton spins has been recorded at the exciton energy
of 1.506 eV. Figure 8.2a shows the photoluminescence (PL) dynamics that is detected
in ϱ

+ (red line) and ϱ
→ (blue line) polarization under ϱ

+ excitation at Eexc = 1.669 eV,
with a laser excitation power of 0.1 mW at T = 1.6 K. The violet dots are showing
the corresponding dynamics of the optical orientation degree ⇀

ω+
c (t). An exponential

fit (violet line) between the 0.85 and 0.60 levels yields a decay time of 100 ps. Figure
8.2b shows the dependence of ⇀

ω+
c (t = 0) on the excitation energy Eexc (dots), with the

upper axis showing the detuning from the exciton resonance, Eexc ↗ EX. The violet line
shows the theoretical curve P

SR, calculated considering Elliott-Yafet spin relaxation
due to interaction with longitudinal optical phonons [72, Supp. Inf.]. Figure 8.2c shows
the temperature dependence of ⇀

ω+
c (t = 0) (dots), with the line serving as a guide to

the eye. Figure 8.2d shows the dependence of ⇀
ω+
c on the magnetic field applied in Voigt

geometry (BV) for ϱ
+ excitation at Eexc = 1.675 eV with Pexc = 0.3 mW at T = 1.6 K.

Each point is obtained by integrating the PL dynamics over 6 ps. The line represents a
fit using Equation (8.3) with 1BX = 65 mT.

The dynamics of the ϱ
+ and ϱ

→ circularly polarized photoluminescence (PL) intensity
excited with ϱ

+ polarized pulses and the optical orientation ⇀
ϱ+
c (see Equation (6.4))

are shown in Figure 8.2a. The strong di!erence in their amplitudes, favoring the ϱ
+

polarized signal, reveals a large degree of optical orientation.
The initial value of ⇀

ϱ+
c reaches 0.85 (85 %), dropping within the 100 ps to a saturation
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8.1 Spin Dynamics of Excitons in FA0.9Cs0.1PbI2.8Br0.2 Bulk Crystal

level of 0.60 (60 %) with almost no further decay. Typically, the decay of ⇀
ϱ+
c (t) is

attributed to spin relaxation. In this case both excitons and electron-hole recombination
contribute to ⇀

ϱ+
c , and the exciton spin relaxation time exceeds the exciton lifetime φX

(detailed in Section 8.1.3). Initially, the contribution to ⇀
ϱ+
c (t) comes primarily from

excitons. Following exciton recombination, the PL signal is dominated by long-lived
carriers with ⇀

ϱ+
c = 0.60. Therefore, the decay of ⇀

ϱ+
c from 0.85 to 0.60 is determined by

the exciton lifetime.
A detailed analysis of optical orientation for electrons and holes is provided in Reference

[129]. Assuming, in agreement with the experiment, that the lifetime and spin relaxation
time of electrons and holes far exceed the exciton lifetime, the limiting value of the
circular polarization degree is given by (see Section 2.5, Equation (2.20))

⇀
ϱ+
c (t ⇐ φX, φs) = φs

φX + φs

⇀
ϱ+
c (t = 0) (8.2)

where φs is the exciton spin relaxation time and φX is the exciton lifetime. The initial
polarization value ⇀

ϱ+
c (0) is limited by the maximum ⇀

ϱ+
c,max = 1 (100 %), which is

determined by the band structure for optical transitions at the absorption edge. Taking
φX = φR1 = 55 ps and ⇀

ϱ+
c = 0.85 from the experiment, the exciton spin relaxation time

is estimated as φs = 220 ps.
A high degree of initial optical orientation is also observed for a substantial detuning

of the laser energy from the exciton resonance Eexc ↗ EX = 0.163 eV. This result is
attributed to the strict selection rules for optical transitions between the involved bands,
which exhibit low mixing and are not a!ected by the Dyakonov-Perel mechanism in the
cubic crystal phase of the perovskite material. In contrast, in conventional III-V and
II-VI semiconductors with zinc-blende crystal structures, a high ⇀

ϱ+
c is observed only for

resonant or near-resonant excitation due to: firstly, the fitting of strict selection rules
caused by band mixing, and secondly, the e!ective Dyakonov-Perel mechanism, which
accelerates spin relaxation in charge carriers with high kinetic energy [28, 42, 130].

The dependence of initial exciton spin polarization on excess energy in CsPbBr3

nanoplatelets is reported in Reference [57] and attributed to spin relaxation e!ects.
However, at low temperatures, size quantization of electrons and holes in nanoplatelets
leads to fundamentally di!erent spin relaxation mechanisms unrelated to spin-orbit
interactions [42, 130]. At higher temperatures, spin relaxation is driven by interactions
between charge carriers and phonons [131].

The excitation energy detuning of ⇀
ϱ+
c (0) is presented for a wide range from 0.8 eV

up to 1.2 eV in Figure 8.2b. The value of 0.85 is maintained up to a detuning of 0.3 eV
that is decreasing to zero at 1.05 eV. These detunings are far greater than the exciton
binding energy, so photogenerated electrons and holes rapidly separate due to their
opposite momenta. Thus, direct formation of excitons from photogenerated electron-hole
pairs is unlikely. Instead, the carriers relax within a few picoseconds to the conduction
band minimum and the valence band maximum, where they may either form excitons or
become localized, from which they recombine as spatially separated carriers at cryogenic
temperatures.

The high value of ⇀
ϱ+
c for excitons indicates three points: first, chiral selection rules are

obeyed not only at the absorption edge but also for large detunings, second, carriers retain
their spin polarization during energy relaxation, and third, when bound to an exciton
near the bandgap, they exhibit negligible spin relaxation during the exciton lifetime at
T = 1.6 K. The preservation of chiral selection rules and the absence of e"cient spin-flip
events in charge carriers are supported by atomistic modeling [72].
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It is also noted that significant optical orientation implies not only strict selection rules
but also suppressed spin relaxation, which indirectly suggests the presence of an inversion
center of symmetry in the sample. Otherwise, momentum-dependent spin-orbit splitting
associated with inversion asymmetry would cause e"cient spin depolarization via the
Dyakonov-Perel mechanism [42, 131].

The depolarization in a transverse magnetic field in Voigt geometry (BV ′ k) via the
Hanle e!ect (Figure 8.2d) yields a similar exciton spin relaxation time of 300 ps. The
Hanle e!ect is analyzed by investigating the contributions of resident electrons and holes
and excitons. The Hanle contribution of long-lived charge carriers can be described
by established expressions, such as in [28, 130]. Given the long spin relaxation times
of electrons and holes, their Hanle curves are extremely narrow with about 4 mT for
electrons and 18 mT for holes [129]. The contribution of the free charge carriers to
⇀

ϱ+
c (BV) is not observable within the experimental magnetic field range up to 0.5 T.
To focus on the contribution of the excitons, the intensities I

ϱ+
ϱ+ and I

ϱ+
ϱ↓ were integrated

over a time scale up to 600 ps, which is beyond the exciton lifetime, but much shorter
than the spin relaxation time of the charge carriers. This integration yielded ⇀

ϱ+
c (BV)

values, which are shown in Figure 8.2d. It is assumed that the exchange interaction of the
exciton is dominant within the relevant field range (BV ̸ 100 mT). The Hanle curve is
can be expressed by combining equation of the Larmor precession (3.3) and steady-state
polarization from Equation (3.8) in (3.9)

⇀
ϱ+
c (BV) = φs

φX + φs

· ⇀
ϱ+
c (t = 0)

1 +
(
µBgV,XBV

Ts
2⊋

)2
, (8.3)

where Ts represents the exciton spin lifetime (see Equation (3.10)):

Ts = φXφs

φX + φs

, (8.4)

where φs is the spin relaxation time of the exciton and ⇀
ϱ+
c (0) is the optical orientation

degree in the zero field. This equation approximates the Hanle profile either for continuous
wave excitation or for cases where Ts is significantly shorter than the integration time
of the time-resolved photoluminescence signals (TRPL). In this scenario, the steady
state ⇀

ϱ+
c at zero magnetic field simplifies to Equation (8.2). By adjusting ⇀

ϱ+
c (BV)

to Equation (8.3), a half-width at half-maximum (HWHM) of 1BX = 65 mT and an
exciton spin lifetime Ts = 150 ps is obtained using gV,X = 2.3. The estimation of Ts from
the half-width of the Hanle curve is only approximate, since the expression assumes an
experimental integration time which is much longer than the actual spin lifetime.

The Hanle curve width 1BX = 65 mT corresponds to Ts = 75 ps. With an exciton
lifetime φX = 85 ps, measured at an excitation power of Pexc = 0.3 mW, a carrier spin
relaxation time of φs = 300 ps is estimated. The essential value of ⇀

ϱ+
c = 0.6, which remains

constant from 100 ps to 500 ps (and has been measured up to 2 ns), indicates remarkably
long spin relaxation times for electrons and holes (at least for one type of carrier, probably
for both). Using the lower limit of the electron-hole recombination time φR2 = 840 ps,
the spin relaxation time of the charge carriers is set to φs, e/h ∀ 1.5 · φR2 = 1260 ps.

Additionally, a strong temperature dependence of ⇀
ϱ+
c is observed Figure 8.2c, with

polarization disappearing at temperatures above 30 K, which is attributed to thermally
activated spin relaxation of excitons and free carriers, and their interaction with phonons
[51, 131, 132].
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8.1.3 E!ect of Excitation Power
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Figure 8.3: Figure 8.3a shows TRPL intensity signals measured for excitation power
Pexc = 0.1 mW (blue line) and Pexc = 6 mW (red line), with conditions of T = 1.6 K,
Edet = 1.506 eV, and Eexc = 1.675 eV. Figure 8.3b shows time-resolved ⇀

ω+
c recorded for

P = 0.1 mW (blue dots) and P = 6 mW (red dots). Figure 8.3c presents the dependence
of φR1 (blue dots) and φR2 (red dots) on the excitation power, with lines serving as
guides to the eye. Figure 8.3d shows the optical orientation of excitons (measured at
t = 0 ns, blue dots) and localized carriers (measured at t = 1.5 ns, red dots) as a function
of excitation power Pexc, with lines serving as guides to the eye.

Experimental results on the modification of recombination and spin dynamics of excitons
and resident carriers with increasing excitation power are presented in Figure 8.3. These
results provide insights into the interplay between exciton and carrier contributions to the
emission at a spectral energy of 1.506 eV. It is shown that in this case the dynamics of
the optical orientation degree is not determined by the spin relaxation time, as is typical
when only a single recombination process is involved, but by the fast recombination of
excitons. This situation is rather unusual in the context of semiconductor spin physics,
and a corresponding discussion in the literature has not been found so far.

The excitation power of 0.1 mW corresponds to an exciton density of approximately
1013 cm→3. At such low densities, the interaction between excitons can be neglected.
The exciton-exciton interactions may become significant at higher excitation densities,
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8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

particularly in nanostructures [57, 133]. Results for recombination and ⇀
ϱ+
c (t) dynamics,

measured across a wide range of excitation power from 0.1 mW to 6 mW, are shown in
Figure 8.3.

Figure 8.3a compares the recombination dynamics for excitation densities of 0.1 mW
(blue line) and 6 mW (red line). With increasing excitation power the initial decay
slows, and the decay time increases from 55 ps to 200 ps. The slow contribution to
the dynamics accelerates, with the corresponding decay time decreasing from 840 ps
to 200 ps. A redistribution of intensity between the fast and slow components is also
observed. At Pexc = 6 mW the initial decay of PL intensity, approximately 95 %, becomes
mono-exponential, with a decay time of 200 ps.

The dependencies of the recombination times φR1 and φR2 on excitation power Pexc

are shown in Figure 8.3c. The longer recombination time, φR2, is attributed to the
recombination of spatially separated electrons and holes. As the concentrations of these
carriers increase at higher excitation densities, their separation reduces, leading to faster
recombination. The increase in φR1 with rising excitation power is proposed to indicate
an increasing contribution of spatially separated electrons and holes compared to exciton
recombination. At higher excitation densities, PL dynamics are predominantly associated
with electron-hole recombination.

Figure 8.3b shows the dynamics of optical orientation degree ⇀
ϱ+
c (t) measured at

Pexc = 0.1 mW and 6 mW. The ⇀
ϱ+
c (t) dependence at Pexc = 0.1 mW (blue dots) is the

same as shown in 8.2a but extended to a longer time range up to 1.8 ns, demonstrating
an almost negligible decay of polarization over the entire period. At the initial time
after excitation, ⇀

ϱ+
c (t = 0) reaches 0.85, then decreases and saturates at about 0.60.

The transition takes approximately 55 ps, matching the exciton lifetime measured in the
recombination dynamics φX = 55 ps. The dynamics of ⇀

ϱ+
c (t) reflect the recombination of

excitons with a high optical orientation degree of 0.85, and at later times, the degree of
orientation is determined by the smaller values typical for resident carriers. This is an
unusual case in which the dynamics of ⇀

ϱ+
c (t) is determined by the recombination time

and not by the spin relaxation time.
At the maximum excitation power of Pexc = 6 mW, the initial optical orientation

decreases to ⇀
ϱ+
c (t = 0) = 0.50. Over a time interval of 150 ps, the polarization drops to a

saturation level of approximately 0.15 (red dots in Figure 8.3b). The power dependencies
of ⇀

ϱ+
c (t = 0) and ⇀

ϱ+
c (t = 1.5 ns) are shown in Figure 8.3d. The initial degree of

polarization decreases with increasing excitation power from 0.85 down to 0 while the
degree at longer delays, which is attributed to resident carriers, exhibits the largest
decrease from 0.60 to 0.20 up to excitation power of 0.1 mW. The reduction in the
saturation level is related to the increase in the short exciton recombination time φR1

according to Equation (8.2). At low excitation power, the factor ▷ = φs/(φX + φs) ↑ 0.8
(from experimental data) is consistent with φX = φR1 = 55 ps and φs = 220 ps, as discussed
in Section 8.1.2. This explains the reduction of ⇀

ϱ+
c from 0.85 to 0.60, while at higher

pump power, ▷ ↑ 0.5 corresponds to φX = φR1 = 200 ps. Additional factors, such as a
reduction in exciton spin relaxation time at higher excitation power, cannot be excluded.

The experiments are conducted with the sample in direct contact with superfluid
liquid helium. It is expected that lattice heating e!ects are negligible across the entire
power range used, although the exciton and carrier temperatures may be elevated. If
the reduction of ⇀

ϱ+
c at higher excitation power is due to local heating by the laser, then

⇀
ϱ+
c (t = 0) = 0.5 at 6 mW would correspond to a temperature of 10 K, based on the

temperature dependence shown in Figure 8.2c. The exciton recombination time at 10 K
does not increase compared to that at 1.6 K and remains around 60 ps. At 1.6 K and
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8.1 Spin Dynamics of Excitons in FA0.9Cs0.1PbI2.8Br0.2 Bulk Crystal

6 mW, the recombination time is 200 ps. From this it can be concluded that the increase
in pump fluence does not contribute significantly to sample heating. This observation
is consistent with the absence of wave-vector-dependent Rashba and Dresselhaus term.
Otherwise, an enhancement of spin relaxation with increasing temperature would be
expected.

8.1.4 Polarization of Bright Excitons in Longitudinal Magnetic Field
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Figure 8.4: The exciton Zeeman splitting and polarization in a longitudinal magnetic
field at T = 1.6 K. Figure 8.4a shows the photoluminescence (PL) spectra integrated
over the exciton lifetime φX for ϱ

+ (red) and ϱ
→ (blue) polarizations in a longitudinal

magnetic fields BF = 0 T, 3 T and 5 T. The excitation is performed using a linearly
polarized laser at Eexc = 1.669 eV with an excitation power of Pexc = 0.1 mW. Figure
8.4b presents the exciton Zeeman splitting as a function of BF (dots). A linear fit to
the data gives a Landé factor of gF,X = +2.4 (line). Figure 8.4c shows the degree of
circular polarization as a function of BF (blue dots). The blue line represents a fit using
Equation (8.6) with T = 1.6 K and φs = 4.6φX. For comparison, the red line shows
the calculated result for the condition φs = 0.1φX at T = 1.6 K. Figure 8.4d shows
the schematically drawing of the population of the excitons on their Zeeman split spin
sublevels and the resulting polarized emission. The crystal ground state is represented
by |0⇓.
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To investigate the spin dynamics of excitons in their ground state, independently of the
spin dynamics of carriers at higher energies, the degree of circular polarization induced
by a magnetic field applied in the Faraday geometry ⇀

φ
c (BF) is analyzed under linearly

polarized excitation. The polarized photoluminescence (PL) spectra as function of the
photon energy, integrated over the exciton lifetime, are presented in Figure 8.4a. The
exciton peak at 1.506 eV exhibits Zeeman splitting of the bright (optically active) exciton
states with angular momentum z-components Jz = ±1 and can be expressed by combining
Equation (3.2) and (3.3) as

EZ = µBgXB (8.5)

where gX is the exciton g-factor and µB is the Bohr magneton. The magnetic field
dependence of the Zeeman splitting, shown in Figure 8.4b, yields a value of gF,X = +2.4,
which is consistent with known values for FA0.9Cs0.1PbI2.8Br0.2 [52]. The positive sign
of gX corresponds to the lower-energy sublevel having ϱ

→ polarization, as illustrated in
Figure 8.4d. A detailed investigation of bright exciton g-factors in lead halide perovskites
has been conducted in Reference [52] using magneto-reflectivity methods. The exciton
g-factor is isotropic and remains relatively constant over a wide bandgap energy range
from 1.5 to 3.2 eV.

Figure 8.4a shows the PL emission becomes circularly polarized in the presence of
a magnetic field, with stronger emission in ϱ

→ polarization for BF > 0, indicating a
higher population of the lower-energy Zeeman sublevel (see Figure 8.4d). The circular
polarization degree ⇀

φ
c is calculated as referred in Equation (6.1) in Section 6.2. The

dependence of ⇀
φ
c on BF is shown in Figure 8.4c. The magnitude of the circular polarization

degree increases linearly at small magnetic fields and saturates at ⇀
φ
c = ↗0.20 at BF = 5 T.

This behavior for the circular polarization degree is typical for excitons thermalizing
between Zeeman sublevels and is described by (see Equation (3.17) in Section 3.4.1)

⇀
φ
c (BF) = ↗ φX

φX + φs

tanh
(

gF,XµBBF

2kBT

)
. (8.6)

The experimental data are fitted using this equation with T = 1.6 K and φX = 55 ps,
as shown by the blue line in Figure 8.4c. The fit yields a spin relaxation time of
φs = 4.6φX = 250 ps, which is close to the φs = 220 ps obtained from optical orientation
measurements. Notably, the longer spin relaxation time relative to the exciton lifetime
results in two key e!ects: first, a significant reduction in circular polarization degree ⇀

φ
c

compared to the fully thermalized case (φs ≃ φX), represented by the red line in Figure
8.4c, and second, higher values of optical orientation ⇀

ϱ+
c , as described by Equation

(8.2).
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8.1.5 Spin Precession in Transverse Magnetic Field
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Figure 8.5: The spin precession of excitons and resident carriers in a magnetic field
applied in Voigt geometry measured by time-resolved photoluminescence (TRPL) at
T = 1.6 K. Figure 8.5a shows the dynamics of the optical orientation degree ⇀

ω+
c (t)

measured at BV = 0.5 T using ϱ
+ excitation at Eexc = 1.675 eV with Pexc = 0.3 mW

(dots), with detection at Edet = EX = 1.506 eV. The blue line represents a fit using
Equation (8.7), which includes contributions from both electrons and holes, shown
by the violet and green lines, respectively. Figure 8.5b presents the dependence of
the Larmor precession frequencies for electrons (green dots) and holes (violet dots)
on BV. Linear fits yield |gV,e| = 3.48 and |gV,h| = 1.15. Figure 8.5c shows the
dynamics of the linear polarization degree ⇀

ω+
ε (t) measured at BV = 0.2 T using ϱ

+

polarized excitation (red dots). The fit (red line) is performed using Equation (8.9) with
ςL,X = 0.048 rad ps→1 and φX = 55 ps. Figure 8.5d shows the magnetic field dependence
of the Larmor precession frequency from ⇀

ω+
ε (t) (dots). A linear fit yields |gV,X| = 2.3.

The corresponding Zeeman splitting is indicated on the right axis.

The spin dynamics can be further explored by applying a magnetic field in the Voigt
geometry that is oriented perpendicular to the wave vector of the light (BV ′ k). In this
configuration, the spins of excitons and/or charge carriers, which are initially optically
oriented along the k vector, are subject to undergo a Larmor precession around the
magnetic field direction with a frequency given by Equation (3.3) ςL = gµBBV

⊋ . The
resulting spin dynamics allows direct access to the g-factor and the spin dephasing
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8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

time φX, where the latter is extracted from the decay of the signal. Time-resolved
photoluminescence (TRPL) can be used to determine the spin precession quantum beats
of excitons and charge carriers through the circular and linear polarization degrees of
the emission [134, 135, 136]. This is demonstrated in Figure 8.5a, where the dynamics of
⇀

ϱ+
c (t) are measured for BV = 0.5 T at the exciton energy (Edet = EX = 1.506 eV). A

complex pattern of spin beats with a weak decay is observed over a time span of 400 ps.
The dynamics of the optical orientation degree can be described by the sum of decaying
oscillatory functions from Equation (3.14)

⇀
ϱ+
c (t) =

∑

i

⇀
ϱ+
c (0) cos(ςL,it) exp

(

↗ t

φs,i

)

(8.7)

with the spin polarization degree at zero time delay ⇀
ϱ+
c (0) and the index i = e,h denotes

the electron or hole component to the Larmor precession frequency ςL,i and in the spin
relaxation time φs,i.

The decay time is significantly longer than the exciton lifetime, leading to the assignment
of the signal to the coherent spin precession of resident carriers. The signal comprises
two oscillating components, with Larmor frequencies corresponding to the g-factors of
the electron (|gV,e| = 3.48) and the hole (|gV,h| = 1.15), as shown by the fits in Figure
8.5a. The magnetic field dependence of these Larmor frequencies is depicted in Figure
8.5b, consistent with time-resolved Faraday/Kerr rotation measurements on the same
perovskite crystal [51]. The absence of any o!set in the Zeeman splittings as BV ∞ 0
confirms that the signal arises from pairs of spatially separated electrons and holes, where
the exchange interaction is negligible. The evolution of ⇀

ϱ+
c (t) is accurately modeled

using the approach developed for the case where there is no splitting between the singlet
and triplet exciton states (#exch,e-h = 0) (see Section 3.8).

The exciton PL in the Voigt geometry is linearly polarized when excited with circular
polarization. The degree of linear polarization is defined as

⇀
ϱ+
φ =

I
ϱ+
↗ ↗ I

ϱ+
↘

I
ϱ+
↗ + I

ϱ+
↘

(8.8)

where I
ϱ+
↗ and I

ϱ+
↘ are the PL intensities in the linear polarizations perpendicular and

parallel to the magnetic field direction, respectively. The dynamics of ⇀
ϱ+
φ (t), measured

at BV = 0.2 T, is shown in Figure 8.5c. The exciton Larmor precession in the degree of
linear polarization is described by Equation (3.14)

⇀
ϱ+
φ (t) = ⇀

ϱ+
φ (t = 0) cos(ςL,Xt) exp

(
↗ t

φX

)
. (8.9)

The degree of polarization decays with a time constant φX = 55 ps, during which it
precesses with a Larmor frequency of |gV,X| = 2.3 (Figure 8.5d). This value is close to
the exciton g-factor obtained from PL measurements, gF,X = +2.4 (Figure 8.4b), and the
sum of the carrier g-factors, gV,e + gV,h = +2.33.

These observations enable the spin beats detected in the linear polarization degree
to be reliably attributed to the dynamics of the bright exciton states with Jz = ±1,
which possess a finite exchange interaction (#exch,e-h > 0) (see Section 3.8). The linear
polarization beats serve as a clear indication of electron-hole spin correlations. It is
important to note that individual charge carrier spin polarization alone can only result
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in circular polarization of the emission, while the linear polarization ⇀
ϱ+
φ is governed by

the quantum mechanical average ∈se
xsh

x ↗ se
ysh

y⇓, where se/h represent the electron and
hole spin operators, and x and y label their in-plane components (see Section 3.8).

For a non-zero ⇀
ϱ+
φ , a non-zero average of se

xsh
x or se

ysh
y must exist, implying the necessity

of electron-hole spin correlation. Spin precession in the magnetic field leads to oscillations
in ⇀

ϱ+
φ . Therefore, the polarization of both electron and hole spins is required to generate

linear polarization, contrasting with the case of circular polarization, which can arise
from the recombination of a polarized carrier with an unpolarized one. The presence of
such correlations is crucial for the generation of entangled electron-hole spin states (see
Section 3.8). It is noteworthy that the beats in both circular and linear polarization can
be excited highly non-resonantly, for instance, with a detuning Eexc ↗ EX = 0.17 eV.
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8.2 Spin Dynamics of Excitons and Charge Carriers in MAPbI3
Microcrystal

8.2.1 Optical Properties

(a)

1.55 1.575 1.6 1.625 1.65
Photon Energy (eV)

0

0.5

1

PL
 In

te
ns

ity
, R

ef
le

ct
iv

ity X
Time-Integrated
PL Re..

t = 0ps

(b)

1.6 1.62 1.64
Photon Energy (eV)

0

200

400

600

800

1000

Ti
m

e 
(p

s)
0

2

4

In
te

ns
ity

 (a
rb

. u
ni

ts
)

/X

(c)

0 0.2 0.4 0.6 0.8 1
Time (ns)

10-2

100

PL
 In

te
ns

ity

/X = 1:640' 0:005 eV

Figure 8.6: Figure 8.6a shows the time-integrated photoluminescence (PL) spectrum
(blue) excited with a photon energy of Eexc = 1.771 eV and an excitation power of
P = 0.1 mW, at T = 1.6 K. The reflectivity spectrum (red) is measured at T = 7 K with
a halogen lamp. The exciton resonance is marked by X. The yellow line shows the PL
spectrum at t = 0 ps at initial excitation integrated from the streak image. A streak
image PL with the region of interest 1X is shown in Figure 8.6b. Figure 8.6c shows the
recombination dynamics, detected at the exciton resonance and integrated over the 1X

spectral range (dots). The red line corresponds to a fit with three exponential decay
components, with decay times of φR1 = 15 ps, φR2 = 85 ps, and φR3 = 520 ps.

The optical properties of the MAPbI3 single microcrystal are shown in Figure 8.6a. The
exciton resonance is observed at EX = 1.636 eV at a temperature of T = 1.6 K. Given the
exciton binding energy of bulk MAPbI3 as 16 meV [128], the estimated band gap energy
is Eg = 1.652 eV. The time-integrated photoluminescence (PL) spectrum, obtained under
pulsed laser excitation has a complex shape, with a high-energy peak at 1.627 eV and a
full width at half maximum (FWHM) of 10 meV.

To clarify the origin of the emission lines, time-resolved photoluminescence measure-
ments (TRPL) are carried out. The time- and spectrally-resolved PL is shown in Figure
8.6b as streak image. The spectral line at 1.627 eV has a long recombination time that
exceeds the laser pulse repetition period of 12.5 ns. This long recombination time is
attributed to the recombination of spatially separated electrons and holes, a property
often observed in perovskite bulk structures [48, 49, 51, 137].

Immediately after optical excitation, the PL reaches its maximum at EX = 1.636 eV
(see Figure 8.6b and the yellow line in Figure 8.6a). This energy corresponds to the
exciton resonance in the reflectivity spectrum. The spectrally integrated recombination
dynamics over the exciton spectral range 1X is shown in Figure 8.6c and extends up to
1 ns. The dynamics show a triple exponential decay. The two fast decay components
with times φR1 = 15 ps and φR2 = 85 ps are attributed to exciton recombination. The
longer component with a decay time of φR3 = 520 ps corresponds to the recombination of
spatially separated electrons and holes.
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8.2 Spin Dynamics of Excitons and Charge Carriers in MAPbI3 Microcrystal

8.2.2 Optical Orientation of Excitons, Electrons and Holes
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Figure 8.7: Figure 8.7a shows the photoluminescence (PL) dynamics measured for ϱ
+

excitation at Eexc = 1.771 eV and Pexc = 100 µW for the ϱ
+ (red line) and ϱ

→ (blue line)
polarizations in detection with the dynamic of the optical orientation degree ⇀

ω+
c (t) that

is calculated from the time-resolved photoluminescence (TRPL). The measurements
are performed at a temperature of T = 1.6 K. Figure 8.7b shows the time-integrated
PL spectra for the ϱ

+ (red line) and ϱ
→ (blue line) polarizations in detection under ϱ

+

excitation at Eexc = 1.771 eV and Pexc = 100 µW and the spectral dependence of the
optical orientation degree ⇀

ω+
c , measured at T = 1.6 K.

The photoluminescence (PL) dynamics detected in ϱ
+ and ϱ

→ polarizations under ϱ
+

excitation are shown in Figure 8.7a. The measured signal amplitude in ϱ
+ polarization

is larger than in ϱ
→ polarization that indicates a strong optical orientation degree ⇀

ϱ+
c (t)

(see Equation (6.4)). The time-dependent behavior of ⇀
ϱ+
c (t) is shown in Figure 8.7a.

Immediately following optical excitation, ⇀
ϱ+
c reaches a value of 0.75, then decreases to

0.4 within 15 ps, and remains constant within the observed time range.
This rapid decrease in ⇀

ϱ+
c is attributed to exciton decay into electrons and holes, with

the process limited by the exciton recombination time rather than the spin relaxation time.
Consequently, the spin relaxation time cannot be directly inferred from the dynamics
of ⇀

ϱ+
c . After exciton recombination, electron-hole pairs with long recombination times

slowly relax their spin orientation, leading to a steady polarization ⇀
ϱ+
c = 0.4. The

absence of ⇀
ϱ+
c before pulse arrival (negative time in Figure 8.7a) suggests that the spin

relaxation time of electron-hole pairs is less than the pulse repetition period of 12.5 ns.
The complete polarization of excitons in perovskites is described by ⇀

ϱ+
c (0) = 1 and

the Equation (8.2) from Section 8.1.2 where the spin relaxation time φs can be estimated.
By taking φX = φR1 = 15 ps and ⇀

ϱ+
c = 0.75 from the experimental data, φs = 75 ps is

obtained.
The time-resolved photoluminescence (TRPL) measurements are performed with the

laser photon energy Eexc detuned by 0.035 eV from the exciton resonance energy EX,
which may accelerate spin relaxation and reduce ⇀

ϱ+
c (t ⇐ φX, φs).

The optical orientation can also be observed in the time-integrated spectrum. Figure
8.7b shows the time-integrated PL spectrum measured for ϱ

+ (red) and ϱ
→ (blue)

polarizations in detection under ϱ
+ excitation. The ϱ

+ polarized emission dominates
ϱ

→ polarized emission at the higher energy side of the PL spectrum. The corresponding
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8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

spectral dependence of the optical orientation degree ⇀
ϱ+
c . A pronounced maximum of

⇀
ϱ+
c = 0.24 is observed at the exciton resonance, indicating contributions from excitons,

electrons, and holes. These contributions can be separated using a magnetic field (via
the Hanle e!ect) or by examining decay times in TRPL.

In this work, the focus is on the optical orientation of excitons measured with the
TRPL method.

8.2.3 Optical Detuning and Temperature Stability
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Figure 8.8: The optical orientation of excitons, detected at the exciton resonance
energy of 1.64 eV. Figure 8.8a shows the dependence of the initial optical orientation
degree ⇀

ω+
c (t = 0) on the excitation photon energy Eexc for ϱ

+ excitation with a power
of Pexc = 100 µW at T = 1.6 K. The upper axis indicates the optical detuning from the
exciton resonance that is defined as Eexc ↗ EX. The solid line shows the theoretical
curve of P

SR (see Section 8.1.2) accounting for the Elliott-Yafet spin relaxation due to
interaction with longitudinal optical phonons. Figure 8.8b presents the temperature
dependence of ⇀

ω+
c (t = 0). Figure 8.8c shows the dependence of ⇀

ω+
c (t = 0) on the

excitation power. Figure 8.8d shows the dependence of ⇀
ω+
c (t = 0) on the magnetic

field applied in the Voigt geometry (BV). The data are fitted with a Lorentzian curve,
showing a half-width at half maximum of 1BX = 30 mT.
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8.2 Spin Dynamics of Excitons and Charge Carriers in MAPbI3 Microcrystal

Figure 8.8a presents the optical orientation degree ⇀
ϱ+
c (t = 0) in dependence of the

excitation photon energy (dots) measured at the exciton resonance energy of 1.64 eV.
It is observed that ⇀

ϱ+
c gradually decreases from 0.85 to 0.70 as the excitation photon

energy increases from 1.7 eV to 2.3 eV, corresponding to an optical detuning of 0.6 eV.
⇀

ϱ+
c decreases for higher detuning faster and approaches zero at Eexc = 3.1 eV, which

corresponds to an optical detuning of 1.5 eV. A similar dependence was measured for
FA0.9Cs0.1PbI2.8Br0.2 (see Section 8.1.2). The theoretical dependence (violet line) is
calculated by accounting for the modification of the optical matrix elements for large
detunings and the Elliott-Yafet spin relaxation mechanism due to interaction with
longitudinal optical phonons. It is dependence in agreement with the experimental data
in FA0.9Cs0.1PbI2.8Br0.2, and also closely follows the experimental data for the MAPbI3.
This leads to the conclusion that the Dyakonov-Perel spin relaxation mechanism is absent
in MAPbI3 and that the reduction of the crystal symmetry from cubic to orthorhombic
does not provide a breaking of the spatial inversion symmetry.

Non-resonant optical excitation with energy exceeding the exciton binding energy
generates electron-hole pairs with opposite momenta, reducing the probability of exciton
formation. It is hypothesized that these electrons and holes relax to the band edges,
where they can either form excitons or become localized.

The observation of large ⇀
ϱ+
c under non-resonant excitation indicates that optical

selection rules are maintained not only near the absorption edge but also for larger
detunings. Unlike bulk materials, ⇀

ϱ+
c in perovskites remains stable with increasing

excitation power from 10 µW to 130 µW (Figure 8.8c) and temperature from 1.6 K to 45 K
(Figure 8.8b). In this range of powers the optical orientation of excitons is weakly sensitive
to the excitation density. The maximal used excitation power of 130 µW corresponds to
an exciton density of about 1.3 · 1013 cm→3, which is relatively small for e!ects related to
exciton-exciton interaction to take account.

The depolarization of exciton spin in a transverse magnetic field (Hanle e!ect) was
measured. I

ϱ+
ϱ+ (t) and I

ϱ+
ϱ↓ (t) were integrated over a time range of 1 ns, which is longer

than the exciton spin lifetime but shorter than the carrier recombination time. The
results are presented in Figure 8.8d. The Hanle curves for electrons and holes, which
exhibit narrow profiles due to their long spin relaxation times, are not included in this
dependence. For magnetic fields weaker than the exciton exchange interaction, the Hanle
e!ect in perovskites can be expressed by the same Equation (8.3) in Section 8.1.2 for the
optical orientation degree ⇀

ϱ+
c (BV), where the equation describes the Hanle curve under

continuous wave excitation or when Ts is much shorter than the integration time in the
time-resolved photoluminescence (TRPL) dynamics.

By fitting the Hanle curve, the half-width at half-maximum is determined to be (see
Equation (3.11) in Section 3.4.1) 1BX = 2⊋

µBgV,XTs
= 30 mT and the exciton spin lifetime

is calculated as Ts = 300 ps, using a g-factor of gV,X = 2.5.
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8.2.4 Exciton Spin Polarization in Longitudinal Magnetic Field
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Figure 8.9: Figure 8.9a shows the photoluminescence (PL) spectra at t = 0 ps measured
in ϱ

+ (red) and ϱ
→ (blue) polarizations under an applied longitudinal magnetic field

of BF = 0 T and BF = 6 T. The excitation is linearly polarized with a photon energy
of Eexc = 1.771 eV and power Pexc = 100 µW at a temperature of T = 1.6 K. Figure
8.9b shows the dependence of the exciton Zeeman splitting energy EZ in the magnetic
field BF. A linear fit of the data yields a g-factor of gF,X = +2.4. Figure 8.9c shows the
dependence of the circular polarization degree induced by the longitudinal magnetic
field BF (dots). The line represents a fit using Equation (8.6) with a fitting parameter
of φs = 6φX = 90 ps.

To determine the exciton g-factor directly and to observe the magneto-induced degree of
circular polarization, time-resolved photoluminescence signals (TRPL) were measured
under linearly polarized excitation in a longitudinal magnetic field with ϱ

+ and ϱ
→

polarizations in detection and calculated the same way as described in Section 8.1.4.
The PL spectra at t = 0 ps for ϱ

+ and ϱ
→ polarizations in detection measured at

BF = 0 T and BF = 6 T are shown in Figure 8.9a. The spectral shift of 0.8 eV between
the two polarizations at BF = 6 T results from the Zeeman splitting of the bright exciton
EZ = µBgF,XBF (see Equation (8.5)). The dependence of EZ on the magnetic field is
linear, with no zero-field o!set, as shown in Figure 8.9b. The calculated g-factor is
gF,X = +2.4, where the positive sign indicates that the polarized ϱ

+ spectrum appears at
higher energy. The exciton g-factor is in agreement with the results in [52], where the
exciton g-factor varies from +2.3 to +2.7 for various bulk lead halide perovskites with
band gaps in the visible spectral range from 1.52 to 3.21 eV.

The PL spectrum detected in ϱ
→ polarization exhibits a higher intensity than in ϱ

+

at BF = 6 T, whereas equal intensities are observed in the absence of a magnetic field.
This indicates that the degree of circular polarization of the PL is induced by the applied
magnetic field. The exciton spectrum was integrated over the exciton recombination
time, and the circular polarization degree ⇀

φ
c (BF) was calculated as in the sections before.

As shown in Figure 8.9c, in strong magnetic field the lower-energy spin state is more
populated. The process is schematically depicted in Figure 8.4d. The circular polarization
degree dependence on magnetic field can be described by exciton thermalization across
Zeeman-split levels as before (see Equation (8.6) in Section 8.1.4). A fit to the data, using
the experimentally determined exciton recombination time φX = 15 ps and temperature
T = 1.6 K, is shown in Figure 8.9c as a solid line. This fit yields a spin relaxation time of
φs = 90 ps as the only fitting parameter. This value is consistent with the spin relaxation
time determined from the optical orientation degree at zero magnetic field. The longer
spin relaxation time relative to the recombination time leads to a large degree of optical
orientation and a low magneto-induced circular polarization degree ⇀

φ
c .
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8.2 Spin Dynamics of Excitons and Charge Carriers in MAPbI3 Microcrystal

8.2.5 Spin Precession in Magnetic Field
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Figure 8.10: The spin precession of excitons measured in Voigt and Faraday geometries.
Figure 8.10a shows the dynamics of the optical orientation degree ⇀

ω+
c (t) for ϱ

+ excitation
in a transverse magnetic field (BV = 0.5 T) at T = 1.6 K (dots). The data were fitted
with a double decaying cosine function, as represented by the solid line (violet for hole,
green for electron, blue sum of hole and electron). Figure 8.10b presents the Larmor
precession frequency of electron and hole as a function of BV (dots). A linear fit to
the data yields a g-factor of |gV,e| = 2.83 for the electron and |gV,h| = 0.54 for the
hole. Figure 8.10c shows the dynamics of the linear polarization degree ⇀

ω+
ε (t) for

ϱ
+ excitation in a transverse magnetic field (BV = 0.3 T) (blue dots) and ⇀

ω+
ε (t) for

linearly polarized V excitation in a longitudinal magnetic field (BF = 0.3 T) (red dots)
at T = 1.6 K (dots). The data were fitted with a decaying cosine function, as represented
by the solid line. Figure 8.10d shows the Larmor precession frequency of excitons as a
function of magnetic field B obtained from ⇀

ω+
ε (t). A linear fit provides a g-factor of

|gV,X| = 2.5 and |gF,X| = 2.2.

Figure 8.10a (top panel) presents the dynamics of ⇀
ϱ+
c (t) measured at the exciton energy

(Edet = 1.640 eV) in a transverse magnetic field of BV = 0.5 T (blue dots). A complex
spin-beat pattern is observed, characterized by a slow decay over a temporal range of
600 ps. The decay time is significantly longer than the exciton lifetime, indicating that
the signal originates from the coherent spin precession of spatially separated, localized
electrons and holes. The optical orientation dynamics is fitted using equation (8.7). The
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8 Spin Dynamics of Excitons and Charge Carrier in Lead Halide Perovskite Semiconductors

individual dynamics of hole and electron spin polarization are displayed in the middle
and bottom panels of Figure 8.10a.

The dependence of the Larmor precession frequencies on the magnetic field is shown in
Figure 8.10b. From linear fits, the Landé factors of the electron and hole are determined
as |gV,e| = 2.83 and |gV,h| = 0.54, respectively. The absence of a finite o!set in the
Zeeman splittings as BV ∞ 0 confirms that the observed signal originates from spatially
separated electron-hole pairs with negligible exchange interaction. Such an interaction
would otherwise result in a finite o!set for electron-hole pairs bound into excitons.

Considering that in MAPbI3, the electron g-factor is positive and the hole g-factor is
negative [49, 137], the bright exciton g-factor is calculated as gV,X = gV,h + gV,e = +2.29,
which is in good agreement with the value gF,X = +2.4 obtained from the Zeeman
splitting of the PL emission line measured in longitudinal magnetic field (see Section
8.2.4).

For calculation of the dynamics of the linear polarization degree ⇀
ϱ+
φ Equation (8.8)

is used. The linear polarization degree ⇀
ϱ+
φ arises only from the spin orientation of

both electrons and holes during exciton recombination, whereas the recombination of a
polarized carrier with an unpolarized one could lead to circular polarization, complicating
the optical orientation signal analysis.

The dynamics of ⇀
ϱ+
φ (t), measured at BV = 0.3 T for ϱ

+ polarized excitation, is shown
in the top panel of Figure 8.10c (blue dots). The signal exhibits a single oscillatory
component with a short decay time, which can be fitted by Equation (8.9) the same
way as in Section 8.1.5 (see Figure 8.10d). The dependence of ςV,X on BV is linear with
no zero-field o!set, and the slope gives a g-factor of |gV,X| = 2.5, consistent with direct
measurements from the spectral shift.

The spin coherence of the bright exciton can also be generated in Faraday geometry. In
this configuration, a longitudinal magnetic field not only splits the Zeeman levels of the
bright exciton but also creates a quantum superposition of the exciton’s dipole moments,
oriented both horizontally and vertically. Thus, if one of the dipole moments is induced
by linearly polarized light, oscillations of the bright exciton can be observed in ⇀

ϱ+
φ in

the presence of a longitudinal magnetic field.
The dynamics of ⇀

ϱ+
φ under vertically polarized excitation at BF = 0.3 T are shown in

bottom panel in Figure 8.10c (red dots), with a single oscillating component, which can
also be fitted using (8.9). The dependence of ςF,X on BF is linear with no zero-field o!set,
yielding a g-factor of |gF,X| = 2.2 that is comparable to gF,X = 2.4 from the Zeeman
splitting for MAPbI3 in Section 8.2.4 and for FA0.9Cs0.1PbI2.8Br0.2 in Section 8.1.4.

The theoretical modeling based on the fine structure of these signals in both geometries
can accurately reproduce the observed results. The study of ⇀

ϱ+
φ dynamics in both

longitudinal and transverse magnetic fields provides access to the anisotropy of the
exciton g-factor. For the MAPbI3 single microcrystal, a g-factor of |gF,X| = 2.2 (out-of-
plane) and |gV,X| = 2.5 (in-plane) was measured. The similarity of these values suggests
that the exciton g-factor is isotropic, a property commonly observed in bright excitons
within bulk perovskites.
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8.3 Summary

8.3 Summary
The use of time- and polarization-resolved photoluminescence spectroscopy techniques
to distinguish between short lived exciton and long-lived electron-hole recombination
signals. The perovskite samples demonstrate for excitons an optical orientation degree up
to 85 % in FA0.9Cs0.1PbI2.8Br0.2 bulk perovskite crystals and in MAPbI3 microcrystals
at T = 1.6 K.

The optical orientation in FA0.9Cs0.1PbI2.8Br0.2 shows a robustness in detuning of the
excitation energy up to 0.3 eV from the fundamental absorption edge, and is fully sup-
pressed for excitation energies exceeding 1 eV. The robustness of the excitation detuning
in MAPbI3 is 0.3 eV, similar to FA0.9Cs0.1PbI2.8Br0.2, but has a larger suppression with
about 1.5 eV.

A combination of symmetry analysis and atomistic calculations suggests that the
optical orientation observed in lead halide perovskites is due to their unique intrinsic
properties. In particular, these properties include the chiral selection rules that govern
the optical transitions between the twofold degenerate valence and conduction bands, and
the suppression of spin relaxation due to the lack of spin splitting in the bands, which is
a direct consequence of the crystalline inversion center present in these materials.

In FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3 the coherent spin precession of electrons and
holes were observed in time-resolved circularly polarized luminescence for non-resonant
excitation in transverse magnetic field. The precession provides direct access to their
Landé factors and shows preserved the spin orientation of the charge carriers during their
energy relaxation.

A linear polarization of the emission was observed that serves as indication of electron
and hole spin correlations in perovskites.

An overview of the achieved results of FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3 about spin
lifetime Ts,e-h/X, electron-hole/exciton lifetime φe-h/X, spin relaxation time φs,e-h/X and
initial optical orientation degree ⇀

ϱ+
c,e-h/X

(0) of the exciton and electron-hole (e-h) in Table
8.1 and the Landé factors is in Table 8.2.

The initial polarization degree ⇀
ϱ+
c (0) for FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3 for exciton

remains with 0.85 the same, but is di!erent for e-h where the optical orientation degree
in FA0.9Cs0.1PbI2.8Br0.2 (0.6) is higher compared to MAPbI3 (0.4). The spin lifetime,
exciton lifetime and spin relaxation time for FA0.9Cs0.1PbI2.8Br0.2 is higher compared
to MAPbI3. This changes for the e-h lifetime, where it is approximately twice longer
for MAPbI3 compared to FA0.9Cs0.1PbI2.8Br0.2. For both sample the spin lifetime Ts

for exciton and e-h is closer and lower to the spin relaxation time φs, then to the higher
lifetime φ .

The Landé factor for carrier in Voigt geometry |gV,e| and |gV,h| are in
FA0.9Cs0.1PbI2.8Br0.2 higher compared to MAPbI3, but in sum approximately the same for
both samples (gV,X = gV,e + gV,h ↑ 2.3) [49]. This is comparable to the measured values
for the exciton in transverse magnetic fields with gV,X = 2.3 for FA0.9Cs0.1PbI2.8Br0.2

and gV,X = 2.5 for MAPbI3. The Landé factor for exciton in longitudinal magnetic fields
is with gF,X = 2.4 the same for both samples.
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Table 8.1: Spin lifetime (Ts), lifetime (φ), spin relaxation time φs, initial optical orientation
degree ⇀

ω+
c

(0) of the exciton (X) and carrier (e-h) in FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3.

Sample φX φs,X Ts,X φe-h φs,e-h Ts,e-h ⇀
ϱ+
c,X

(0) ⇀
ϱ+
c,e-h

(0)
(ps) (ps) (ps) (ps) (ps) (ps)

FA0.9Cs0.1PbI2.8Br0.2 55 250 45 840 1260 505 0.85 0.6
MAPbI3 15 90 13 520 2500 430 0.85 0.4

Table 8.2: Landé factors of the exciton and carrier in FA0.9Cs0.1PbI2.8Br0.2 and MAPbI3.

Sample |gV,e| |gV,h| gV,e + gV,h gV,X gF,X

FA0.9Cs0.1PbI2.8Br0.2 3.48 1.15 2.33 2.3 2.4
MAPbI3 2.83 0.54 2.29 2.5 2.4
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9 Summary and Outlook

In this thesis di!erent polarization-resolved time-integrated and time-resolved magneto-
optical spectroscopy techniques were used to investigate optically the spin and charge
dynamics in FM-hybrid semiconductor structures, monolayer TMD hybrid structure and
lead halide perovskite samples.

First, the long-range magnetic proximity e!ect was investigated in magnetite (semimetal)
and nickel ferrite (dielectric) hybrid structure with CdTe QW separated by a nonmagnetic
(Cd,Mg)Te barrier in Chapter 6. The e!ect consists in the e!ective p-d exchange
interaction of acceptor-bound holes in the QW with d-electrons of the FM without
overlap of their wave functions. It was shown that the magnetic proximity e!ect has an
universal behavior due to the universal nature of the phononic mechanism. Moreover,
the e!ect is caused by the magnetic material itself and not ferromagnetic interface. The
dynamics of the magnetic proximity e!ect of nonmetals is nonmonotonic and di!ers
from metal-based (Fe, Co) hybrid structures, that show a much longer spin relaxation
time of the acceptor-bound holes. This dynamic behavior is explained by additional
recombination-induced dynamic polarization of electrons in the quantum well, that
becomes significant for much longer spin relaxation times of the electrons than their
lifetime. The universal origin of the long-range exchange interaction along with the
possibility of its electrical control o!ers prospects for the development of low-voltage
spintronic devices compatible with existing solid-state electronics.

To investigate the long-range magnetic proximity e!ect in the samples the circular
polarization degree in longitudinal magnetic fields studied and compared to the magneti-
zation induced by the magnetic material of the samples. The g-factor from photoexcited
carriers was evaluated from the Larmor precession from pump-probe Kerr-Rotation mea-
surements and the e!ective exchange magnetic field induced by the magnetic layer was
excluded. The population dynamics of photoexcited electrons and holes was evaluated for
di!erent temperature and applied longitudinal magnetic fields, thus a constant lifetime
was achieved. By measuring of the dynamics the optical orientation degree in longitudinal
magnetic fields the spin relaxation time was studied. With the investigations carried out
previously, the dynamics of the magnetic proximity e!ect was studied, where the spin
polarization of the acceptor-bound holes was achieved, that gave access to the exchange
splitting energy #exch = 70 µeV.

Second, the Hanle and polarization recovery e!ect on resident electrons in single-layer
MoSe2 were studied using single beam excitation and detection of spin polarization of
resident electrons in Chapter 7.

The spin dynamics in weak magnetic fields are governed by localized resident electrons
in the MoSe2/EuS hybrid structure. Despite strong spin-orbit splitting, equivalent to an
e!ective magnetic field of → 100 T, a weak external field of just 1 mT can induce spin
depolarization or polarization recovery.

Spin-conserving intervalley scattering is suppressed since electrons do not occupy
higher-energy states K ↔ and K

↓ ↓, preventing their contribution to the dynamical
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averaging of the spin-orbit splitting $SO. The similar widths of Hanle and polarization
recovery curves resemble donor-bound electrons in bulk GaAs, where spin relaxation is
dominated by random nuclear fields.

In 2D monolayers, the g-factor and spin relaxation are highly anisotropic compared
to bulk semiconductors. The model requires a nonzero intervalley in-plane g-factor,
achievable if electrons are localized within the layer. Localization breaks the symmetry
and leads to non-zero in-plane g-factor, which fluctuates around zero value. When a
magnetic field is applied this results spin dephasing but no oscillations are observed
because the average g-factor is close to 0.

A single-laser beam technique reveals that localized electrons significantly influence
spin dynamics in 2D monolayers. In the MoSe2/EuS structure, spin relaxation is driven
by random e!ective fields from contact spin interactions, such as hyperfine interactions
in MoSe2 or exchange interactions with EuS magnetic ions.

This work demonstrates that the implemented single laser beam technique is a powerful
tool for spin studies in transition metal dichalcogenides. It opens new avenues for the
investigation of proximity e!ects in hybrid structures and magnetic sensor applications
with 2D monolayers.

Third, the spin dynamics of exciton and charge carriers in lead halide perovskite was
studied in Chapter 8. The use of time- and polarization-resolved photoluminescence
techniques enables to distinguish between short lived exciton and long-lived electron-hole
recombination signals.

A high optical orientation degree of 85 % was achieved for excitons at low temperature.
The detuning of the excitation energy shows a robustness from the edge to fully suppression.
The investigation shows a suppression of spin relaxation due to lack of spin splitting
in the bands due to crystalline inversion center. Spin precession was studied in the
circular polarization degree in transverse magnetic fields and the g-factors were evaluated.
Electron and hole correlation in perovskite was indicated through the observation of
oscillations in linear polarized emission.

The combination of highly polarized exciton emission and extended spin relaxation
times in lead halide perovskites makes these materials promising candidates for quantum
information and spintronic technologies. Their ability for e"cient optical spin manipula-
tion and maintenance of long-lived spin coherence further emphasizes their potential for
these applications.
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