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Abstract 

Multi-functional materials systems such as two-photon absorption based up-conversion 

crystals, magnetic/semiconducting hybrid 2D nanoparticles, and hybrid perovskites, have attracted 

significant research interest due to their exceptional magnetic-electronic-optical properties. 

However, the study of magneto-optical properties at room temperature with low field in these 

novel multi-functional materials is still lacking. The fundamental studies on the underlying 

mechanism of magneto-optical phenomenon based on excited states for these materials are still 

highly demanded. Magnetic field effects can be utilized as effective experimental tools to analyze 

spin-dependent processes of multi-functional materials in excited states. This thesis aims to 

experimentally explore the spin-dependent process in excited states for multi-functional materials 

toward improved performance, by using magnetic field effects and polarized photoexcitation. 

Chapter 1 presents a basic introduction to magnetic field effects and the development of metal-

halide perovskites. Chapter 2 demonstrates magnetic field dependent photoluminescence based on 

multi-photon excitation in rare-earth nanocrystals by considering the spin-dependent electric 

dipoles. Chapter 3 illustrates photoexcitation-controllable magnetization based on a magnetic-

semiconducting hybrid system by using steady-state pump-probe measurements in magnetic field. 

Chapter 4 studies the orbit-orbit interaction between polarized photoexcitation generated electron-

hole pairs in metal halide perovskites and its influence on spin mixing process. In chapter 5, the 

dipole moment effect on light emission properties of metal halide perovskite nanoparticles by 

using cation doping will be demonstrated. Chapter 6 summarizes a conclusion for the entire studies 

in this dissertation. 
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Chapter 1  Introduction  
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1.1 Introduction of Magnetic Field Effects 

Magnetic field effects (MFEs) refer to the phenomena where magnetic field can change the 

properties of excited states in photoluminescence, electroluminescence, charge transport, 

photocurrent, etc. and have been intensively studied during the recent years. The magnetic field 

effects are defined as: 

                                                               𝑀𝐹𝐸 =
𝑆𝐵−𝑆0

𝑆0
                                                                (1-1) 

where S0 and SB are signals without and with external magnetic field. In the 1960s and 

1970s, early study on MFEs showed that the interaction between spin dependent excitons can be 

influenced by low magnetic field (~500mT) in organic materials1-3. Due to the development of 

organic electronics, MFEs have attracted extensive research effort, since the first demonstration of 

magneto-resistance in organic spin valve in early 2000s4. During that time, MFEs were 

demonstrated based on spin-dependent charge recombination, dissociation and charge transport in 

organic semiconductors and organic electronic devices5-21. In 2003, Kalinowski et al. found that 

the electroluminescence intensity and current of Alq3 based light emitting diode (LED) can be 

increased by 5% and 3% under applied magnetic field up to 300mT, respectively22. In 2005, 

Mermer et al. reported large magneto-resistance observed in both small molecule and π-conjugated 

polymers without ferromagnetic electrode at room temperature23. Photocurrent change in PPV (p-

phenylene vinylene) thin film under low magnetic field was reported by Frankevich24. In 2013, 

Zang et al. have reported that electric polarization at donor: acceptor interface can be changed by 

external magnetic field based on photoexcitation generated charge transfer states25. Recently, He 

et al. reported scattered light intensity from two-dimensional nanoparticle suspension can be 

changed by external magnetic field26.  

Based on both theoretical and experimental studies, the understanding of key processes and 

parameters in determining MFEs has been improved. Specifically, the external magnetic field can 

influence the spin mixing induced by spin orbital coupling (SOC) and hyperfine interaction (HFI), 

and spin conserving due to exchange interaction, leading to redistribution of population of spin 

dependent excited states, leading to magnetic field dependent properties. Different from the MFEs 

in spin valves, the MFEs based on excited states can be realized without incorporation of magnetic 

structures under low magnetic field at room temperature, which makes MFEs a practical method 
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to analyze the spin dependent charge behaviors in organic semiconductors and devices. 

Nevertheless, since MFEs can reveal the spin and energy parameters in excited states, they can 

provide insight for materials synthesis and device structure design to achieve improved 

performance. 

To get insightful understanding on spin-dependent process in newly emerging materials 

systems, such as metal halide perovskites, 2D materials, and develop new mechanisms to control 

their magnetic, electronic and optical properties, research effort is highly demanded in the 

fundamental understanding of MFEs. The following review section will mainly focus on the key 

process in generation of MFEs, the development of magneto-optical phenomena, and magneto-

optical properties of new materials system. 

1.1.1 Formation of excited states 

Upon photoexcitation and electrical injection, excited states can be formed in 

semiconductors in different forms including exciton, charge transfer state, polaron pair, exciplex. 

Excitons can be classified as Wannier type and Frenkel type according to their electron-hole 

binding energy and separation distance. Wannier exciton forms in semiconductors with large 

dielectric constant, leading to loosely bounded electron hole with typical binding energy around 

0.01eV and large Bohr radius. Whereas, Frenkel exciton can be formed in organic semiconductors 

with small dielectric constant, with typical binding energy on the order of 0.1 to 1 eV and small 

Bohr radius. Excitonic states can dissociate into spatially separated charges at donor-acceptor 

interface to form charge-transfer states. Generally, Organic materials are less rigid than inorganic 

materials. Thus, the charge carrier propagation in organic materials can lead to distortion of host 

materials and consequently form a quasi-particle called a polaron. A polaron pair is a coulombic 

bounded pair of two oppositely charged polarons formed on two adjacent chains. Polaron pair can 

relax to form a tightly bonded state with lower energy called an exciplex. 

Excited states can also be classified by their spin configuration. When electron and hole 

with randomly oriented spin come into contact, they can either form a singlet or a triplet state. In 

optical excitation, singlet excited states are formed due to the spin selection rule. In electrical 

excitation, the electrically injected electrons and holes can form singlet exciton and triplet exciton 
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with the ratio of 1:3 through random capture process based on the spin statistics27, 28, as shown in 

equation 2. 

1 1 1 1

4 4 4 4
e e h h e h e h e h e h  +  →   +   +   +    

                                ( ) ( )
1 1 1 1

4 4 4 4
e h e h e h e h e h e h→   −   +   +   +   +    

                                
0 0 1 1

1 1 1 1

4 4 4 4
m m m mS T T T= = = =−→ + + +                                                                                 (1-2) 

 

1.1.2 Spin mixing and spin conserving 

Spin mixing refers to the conversion between different spin states, which requires spin 

flipping to occur. Spin flipping in most solids is mainly caused by internal magnetic interaction 

such as spin-orbital coupling (SOC) and hyperfine interaction (HFI). In this process, the initial 

spin polarization gradually decays to random, leading to spin relaxation. Spin conserving refers to 

the process where the spin states intend to keep their original spin configurations. In any spin 

dynamic process, the energy and spin momentum should be conserved simultaneously. Due to the 

difference in energy and spin momentum between singlet and triplet states, the conversion of 

different spin states needs to satisfy both energy and spin momentum conservation. The energy 

difference between singlets and triplets (∆EST) is decided by the exchange interaction within the 

excited states. Generally, exchange interaction is mainly responsible for the spin conserving 

process. Here, the spin mixing and spin conserving processes will be briefly introduced. 

SOC originates from the interaction between the electron’s spin and its orbital motion 

around an atomic nucleus. In atomic physics, the relativistic Hamiltonian of electron motion can 

have a term HSO that couples electron’s spin s with orbital l in atom i: 

                                                 𝐻𝑆𝑂 = ∑ 𝜆𝑖  𝒍𝒊 ∙ 𝒔𝒊                                                        (1-3) 

where λi is the atomic SOC strength. For a nucleus with charge Ze, λ∝Z4, where Z is the atomic 

number. Thus, the SOC strength becomes stronger in systems with heavier atoms. Organic 

materials composed of light elements with small atomic SOC, such as C, H, O, and N, have very 
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weak SOC. Many organic materials studied for spintronic applications also contain heavier 

elements, Al in tris-(8-hydroxyquinoline) aluminum (Alq3), Cu in copper phthalocyanine (CuPc), 

which have stronger atomic SOC. 

HFI describes the magnetic interaction between the electron spin and the spin of proton 

nucleus. HFI widely exists in organic materials. Comparing with SOC, HFI is relatively weak, that 

can be overcome by external magnetic field up to 10mT. Early research studied the isotope effects 

on spin dynamics in π-conjugated polymer by replacing H with D. The polymer with deuteration 

shows a narrower curve-shape in magnetic field effect, indicating a weaker HFI strength6. This 

observation confirms that the HFI is generated via interaction between electron spin and nucleus 

spin. The HFI dependent spin dynamics in organic semiconductors, suggests the important role of 

HFI in the generation of magnetic field effects and spin transport. 

Exchange interaction is responsible for spin conserving that prevent spin flipping process 

in polaron pairs and excitons. It is generated from electrostatic Coulomb interaction between 

electron and hole with wavefunction overlap. The exchange interaction can be described as: 

                                        𝐽(𝑟𝑒 , 𝑟ℎ) = 𝐽0exp [−𝛼(𝑟𝑒 − 𝑟ℎ)]                                           (1-4) 

where J0 is a radius constant, α is the exchange interaction strength, re and rh are the spatial position 

of electron and hole, respectively. Exchange interaction is highly dependent on the separation 

distance between electron and hole. In Frenkel excitons with short electron hole separation 

distance, the exchange interaction is relatively strong. Spin mixing is disallowed by the strong 

exchange interaction. Wannier type excitons are spatially extended with large Bohr radius, leading 

to relatively small exchange interaction. Internal magnetic interaction, such as HFI and SOC, can 

compete with exchange interaction, generating spin mixing between singlet and triplet states. The 

exchange interaction can also be modified by the density of excited states via Coulomb screening 

effect. 

1.1.3 Mechanism for magnetic field effects 

1.1.3.1 Polaron pair model (electron-hole pair model) 

In polaron pair state (electron-hole pair), the exchange interaction is relatively small. The 

spins of electron and hole in excited states can flip under the influence of internal magnetic field 
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induced by SOC and HFI, leading to intersystem crossing (ISC) through spin mixing between 

singlet states and triplet states. Meanwhile, the exchange interaction can serve as spin conserving 

process that competes with spin mixing. The competition between exchange interaction and 

internal magnetic interactions leads to equilibrium on the populations of singlet and triplet states. 

When an applied magnetic field can be comparable to the internal magnetic field or exchange 

interaction, equilibrium in singlet/triplet ratio can be disturbed leading to a change in the 

population of singlet and triplet states. Since singlet and triplet excited states have different 

recombination rates, dissociation rates and wavefunctions (Figure 1-1). When the singlet/triplet 

ratio is modified by an external magnetic field, the magnetic field dependent photoluminescence, 

electroluminescence, photocurrent, and dielectric phenomena can be generated consequently. Here, 

the magnetic field effects discussed in this thesis are mainly based on polaron pair model. 

1.1.3.2 Exciton model 

Excitons exhibit strong exchange interaction, which disallowing spin mixing between 

singlet and triplet states. During exciton diffusion in organic semiconductors, exciton inevitably 

collide with each other, or with free carriers and trapped charges, leading to exciton-exciton  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1- 1 Schematic of process and key parameters in magnetic field effect generation. 
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interaction and exciton-charge interaction. Theoretically, both singlet exciton and triplet exciton 

can contribute to the reactions. Nonetheless, due to the longer lifetime of triplet exciton, exciton-

exciton interaction and exciton-charge interaction are dominated by triplet excitons, namely 

triplet-triplet annihilation (TTA) and triplet-charge annihilation (TCA). 

In the TTA process, two triplet excitons can interact with each other to form an excited 

singlet and a ground singlet. The process can be expressed as: 

                                            
1 1 1 0T T S S

   
+ → +

                                                  (1-5) 

where 1T


 and 1T


 are the triplet excited states, 1S


 is the singlet excited state, and 0S


 is the 

ground state29. Delayed fluorescence can be generated by the excited singlet through TTA. An 

external magnetic field may perturb the triplet-triplet annihilation rate, leading to a magnetic field 

dependent light emission30.  

In the TCA process, free charge carrier or trapped charge carrier interacts with triplet 

exciton and breaks triplet exciton into free charge carriers. The free charge carrier generated from 

TCA can undergo dissociation that contributes to electric current, or recapture to form light-

emitting singlet state. An external magnetic field can disturb the spin interaction between a triplet 

exciton and a charge in triplet-charge reaction leading to a change in triplet-charge reaction rate 

constant31, 32. Therefore, magnetic field dependent electric current or magnetic field dependent 

electroluminescence can be realized based on the TCA process. 

1.1.3.3 Bipolaron model 

Early studies have shown that organic magneto-resistance (OMAR) can be observed in 

unipolar injection organic light emitting diode with nonmagnetic electrode. Since excited states 

cannot be formed with single carrier charge injection, the observed OMAR can be attributed to 

magnetic field dependent charge mobility phenomenon. The OMAR can be generated at low 

magnetic field (10mT) at room temperature with large amplitude (more than 10%). Furthermore, 

the sign of OMAR can be switched between positive and negative dependent on materials and 

working conditions. The OMAR can be generated through: i) different types of charged particles 

(polaron and bipolaron) formation with magnetic field dependent interconversion, ii) difference in 

mobility of different charged particles. Based on bipolaron mechanism, considering a charge 
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carrier (polaron) hops to a site filled with a trapped polaron, singlet bipolaron can be formed when 

they have opposite spins leading to no blockage for charge transport. Otherwise, the polaron will 

be blocked since it's much higher in energy to form bipolaron with triplet spin configuration, as 

shown in Figure 1-2. The spins of the polarons precess about their random hyperfine field can 

cause spin mixing leading to the formation of singlet bipolaron. An external magnetic field with 

strength stronger than the hyperfine field, can introduce coherent precession along the applied field 

leading to reduced spin mixing, and consequently, reduce the bipolaron formation probability11. 

Thus, positive magneto-resistance can be observed due to the enhanced spin blocking. On the other 

hand, the density of polaron can be increased when the formation of bipolaron is reduced under 

magnetic field. It is known that polaron and bipolaron high and low mobility due to their different 

lattice distortion. Therefore, the reduction of bipolaron formation can increase the number of 

polarons leading to an increase in current, and consequently producing a negative 

magnetoresistance. 

1.1.3.4 ∆g model 

∆g model is based on that positive and negative polarons have different g-factors. In singlet 

and triplet states, positive and negative polarons precess differently around the applied magnetic 

field, with Larmor frequencies. The difference in frequency can be described as: 

                                                    ∆𝜔𝑝 = 𝜇𝐵∆𝑔𝐵/ℏ                                                       (1-6) 

where 𝜇𝐵 is the is Bohr magneto, B is the applied magnetic field strength, ℏ is the Planck’s 

 

 

Figure 1- 2 (a) (b) Effect of spin blocking during charge transport in bipolaron model. 
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where 𝜇𝐵 is the is Bohr magneto, B is the applied magnetic field strength, ℏ is the Planck's constant, 

∆g=ge-gh is the difference in g-factor of positive and negative polarons33, 34. When the external 

magnetic field is strong enough, the large spin precession frequency difference between positive 

and negative polarons may lead to intersystem crossing between singlet and triplet states, and 

consequently change the singlet/triplet ratio. In a material system that singlet and triplet contribute 

differently to the light emission or charge dissociation, magnetic field dependent luminescence or 

current can be observed. 

1.2 Magneto-optical Effect in Excited States 

1.2.1 Magneto-photoluminescence  

Magneto-photoluminescence refers to the phenomenon that photoluminescence intensity 

is changed by an applied magnetic field. In semiconductor, electron can be excited into a higher 

excitonic state when a photon with energy higher than the bandgap is absorbed. After rapid 

thermalization, a photon can be re-emitted as the electron returns to the lower energy state (Figure 

1-3a). Basically, singlet excited states can be generated under photoexcitation due to spin selection 

rule, then the singlet excited states can convert to triplet excited states through spin-flipping 

mechanism, leading to a dynamic equilibrium in singlet-triplet population ratio. When a magnetic 

field changes the singlet and triplet population ratio, magneto-photoluminescence can be observed 

due to the different recombination rates of singlet and triplet excited states. 

In general, magneto-photoluminescence can be realized in two different mechanisms: (i) 

manipulating electron spins towards the formation of spin-dependent excited states and (ii) 

redistributing the populations between different spin-dependent excited states. Experimental 

studies have shown that the manipulating electron spins towards the formation of spin-dependent 

excited states requires large magnetic field at low temperature or incorporation of magnetic 

structures, in order to overcome the thermal energy. On contrast, re-distributing the populations 

between different spin-dependent excited states can be realized without magnetic structures at low 

field and room temperature. Generally, when excited states are formed with long electron hole 

separation distance resulting in weak exchange interaction, intersystem crossing due to HFI or 

SOC can occur and compete with exchange interaction leading an equilibrium in singlet-triplet 

population ratio. When an applied magnetic field can disturb the equilibrium, magneto-
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photoluminescence can be observed through field dependent intersystem crossing. Besides, the 

deviation of Lande’s g factor was considered a feasible mechanism to generate magneto-

photoluminescence in excited states. The g factors of positive and negative polarons can be 

differently deviated as compared to free electrons leading to different Larmor frequencies towards 

field-dependent spin mixing, namely Δg mechanism generating intersystem crossing35 (Figure 1-

3b). However, the ∆g for organic semiconductors are in the range of 10-2- 10-3, thus the ∆g 

mechanism can be only available under larger magnetic field 36, 37(>1T).  

Magneto-photoluminescence can be used as an effective experimental tool to investigate 

the spin dependent excited states formation, charge dissociation and recombination process of 

semiconductors. Furthermore, exploring the fundamental mechanism of the magneto-

photoluminescence in various light emitting materials can lead to the development potential 

application of light and magnetic field sensing and field controllable displays. 

1.2.2 Magneto-electroluminescence 

Magneto-electroluminescence refers to the magnetic field induced change on the 

electroluminescence in light-emitting devices through electrically formed excited states. It has  

 

 

 

 

 

 

 

 

Figure 1- 3 (a) Schematic of light emission process under photoexcitation. (b) Schematic of ∆g 

mechanism for intersystem crossing, data adapted from ref 70. 

(a) (b) 
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been extensively demonstrated in organic light emitting diodes, and still attract much attention due 

to its importance in analyzing spin dependent light emission process in newly emerging light 

emitting materials such as TADF molecules. In general, the working principle of OLEDs includes 

four essential processes: (1) injection of charge carriers from electrodes; (2) transport of charge 

carriers under electric field; (3) formation of bound electron-hole pairs as excited states; (4) 

radiative recombination of excitons as shown in Figure 1-4a.  

During the operation, the electrons and holes are injected into the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of organic light 

emitter, respectively. When the distance of oppositely charged carriers is within the Coulomb 

capture radius they can form loosely bound electron-hole pairs such as polaron pairs, CT states, 

and exciplex states. Consequently, the electron-hole pairs can evolve into closely bound excited 

states due to the Coulombic attraction leading to light emitting excitons. The radiative 

recombination of these excitons generates the electroluminescence. Generally, the external 

magnetic field can influence the population ratio of spin dependent excited states in their loosely 

bound electron-hole pair form. It is known that random capture of electrically injected electrons 

and holes generates 25% spin antiparallel states and 75% spin parallel states based on spin statistics. 

The intersystem crossing between singlet states and triplet states can happen within the electron-

hole pairs due to the relatively small exchange interaction38, 39. An external magnetic field can 

change the intersystem crossing in electron-hole pairs, leading to the change in singlet/triplet ratio 

(Figure 1-4b). As a consequence, magneto-electroluminescence is generated due to the different 

recombination rates of singlet and triplet states. 

Magneto-electroluminescence has been proven as a practical tool in analyzing spin 

dependent process including charge transport and recombination in organic light emitting materials. 

The development of magneto-electroluminescence can facilitate the studies on improving light 

emission efficiency and avoiding non-radiative recombination loss, thus offers a new guideline for 

light emitting device design. 
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Figure 1- 4 (a) Schematic of electroluminescence process under electrical injection. (b) Schematic 

of recombination and intersystem crossing process in LEDs.  

(a) 
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1.2.3 Magneto-photocurrent 

In organic semiconductors, an external magnetic field can change electric current generated 

by the photoexcited states leading to magneto-photocurrent. Basically, photocurrent generation is 

composed of four processes: light absorption, formation of excited states, charge carrier generation 

from excited states, charge carriers transport in semiconductors (Figure 1-5a). Among these 

processes, an applied magnetic field can influence charge carriers generation from excited states, 

leading to a magnetic field dependent photocurrent40. Therefore, magneto-photocurrent can be 

used as a useful experimental approach to explore the dissociation, interaction and recombination 

process of excited states in solar cells under working condition15, 41, 42. 

There are two main channels, namely exciton dissociation, and exciton charge reaction, to 

convert photoexcited states into photocurrent in solar cells. Basically, singlet excitons are first 

generated due to the spin selection rule under photoexcitation. Singlet excitons can also dissociate 

into weakly Coulombic bounded singlet electron-hole pairs. Meanwhile, singlet electron-hole pairs 

can be partially converted into triplet electron-hole pairs through ISC caused by internal magnetic 

interaction such as hyperfine interaction (HFI) and spin-orbital coupling (SOC), leading to  

 

 

 

Figure 1- 5 (a) Schematic of the photocurrent generation in photovoltaic devices. (b) Magneto-

photocurrent generated through field dependent intersystem crossing and triplet charge reaction 

channel. 
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coexistence of singlet and triplet electron-hole pairs. For the dissociation channel, magnetic field 

can shift the singlet-triplet electron-hole pairs population ratio by introducing spin precession, 

consequently change the photocurrent due to different dissociation rates. For the exciton-charge 

reaction channel, the exciton–charge reaction occurs mainly through Coulombic scattering 

between an excited state and a charge carrier resulting in excited states breaking into charge 

carriers43, 44 or releasing the trapped charge carriers45-47. Triplets can dominate the exciton charge 

reaction process when experiencing sufficient physical contact with charge carriers due to their 

relatively long lifetime (Figure 1-5b). 

1.2.4 Magnetic field effect of light scattering 

Magnetic field effect of light scattering (MFELS) refers to the phenomenon that the 

scattered light intensity from certain mediums such as nanoparticle suspension can be changed by 

an external magnetic field. Magnetic field effect of light scattering is a new member of the 

magnetic field effect family, which has been observed from diamagnetic and ferromagnetic 

nanoparticles suspended in solvents48. And it has been proved to be an effective experimental 

method to study the dynamic magnetization and field-induced structure change in nanoparticle 

suspension49-51.  

Basically, in suspensions, the suspended particles experience four dynamically balanced 

forces: gravitation, floatation, molecular collision, and solvent dielectric interaction, which can 

lead to even distribution of suspending particles in a solvent with random orientation (Figure 1-

6a).  

 

 

Figure 1- 6 (a) Suspended nanoparticles with four dynamically balanced forces. (b) Randomly 

oriented nanoparticles are re-oriented according to the external magnetic field. 
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An applied magnetic field can induce anisotropic magnetization in the suspended particles, and 

cause re-orientation for suspended particles by breaking the dynamic equilibrium of suspension 

(shown in Figure 1-6b). As a consequence, the light scattering cross-section from the suspended 

particles is significantly changed generating a magnetic field dependent scattered light intensity26.  

1.3 Metal Halide Perovskites 

1.3.1 Recent progress in metal halide perovskites 

Metal halide perovskites (MHPs) (with structure ABX3, where A=Cs+, CH3NH3
+, 

HC(NH2)
2+; B=Pb2+, Sn2+; X=Br-, I-, Cl-) have recently emerged as promising materials for 

solution-processed optoelectronic applications such as photovoltaics52-54, light-emitting diodes55-

57, photodetectors58-60 and lasers61-63 (Figure 1-7a). 

The metal halide perovskite-based photovoltaics have made impressive progress in the past 

few years with maximum power conversion efficiency jumping from 3.8% in 200964 to over 23% 

in 201965. The superior performances of perovskite photovoltaics have been attributed to their high 

carrier mobility, large light absorption coefficient in the visible range, and long charge carrier 

diffusion length in the micrometer range. MHPs have also been proven to be good light emitters, 

with tunable emission color, narrow spectral width. The external quantum efficiency (EQE) of 

MHPs LEDs has increased from 0.1% to 11.7% in three years66, 67. Besides, optical pumped lasing 

has been achieved in MHPs polycrystalline films, and single crystals, with low lasing threshold, 

and high optical gain68.  

However, 3D MHPs suffer from thermo/moisture instability, low recombination rate, and 

low exciton binding energy which are unfavorable for optoelectronic applications, especially for 

the light emitting purpose. By substituting methylammonium (MA) cations with long organic 

cations such as octylamine (OA), phenylethylammonium (PEA), the crystal structures of 

perovskites change to quasi-2D layered structures. The quasi-2D perovskites are composed of 

different numbers of PbX6 (X= Br-, I-, Cl-) monolayer, sandwiched between long organic cations 

as spacer (Figure 1-7c). Quasi-2D perovskites can exhibit large exciton binding energy due to 

strong quantum confinement, much better stability compared to their 3D counterpart with the  
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Figure 1- 7 Schematic diagram to show the structure of (a) 3D hybrid perovskite, (b) perovskite 

quantum dots, (c) layered quasi-2D perovskites.  

(b) 

(c) 
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capped long organic cations, and high radiative recombination rate due to the efficient energy 

and/or charge transfer through couple 2D domains69-71. 0D perovskites such as nanoparticles and 

quantum dots are emerging as another type of efficient emitter due to their narrow emission 

spectral width, strong exciton confinement, tunable emission spectrum through size and 

composition engineering, and high photoluminescence quantum yield (PLQY)72-74 (Figure 1-7b).  

1.3.2 Magnetic field effects in metal halide perovskites 

In addition to the application in photovoltaic and light emission, magnetic field effects 

studies on metal halide perovskites have provided in-depth understanding of electronic properties, 

spin-dependent charge carrier dynamics of perovskites. Theoretical studies showed that the band 

structure of perovskites is modulated by the strong spin orbital coupling (SOC) from Pb atoms to 

generate non-degenerate band, J=3/2, J=1/2 for conduction band and S=1/2 for valance band. J-

singlet and J-triplet excited states can be generated under photoexcitation or electrical injection75. 

It has been considered that the strong SOC due to heavy elements may significantly shorten spin 

lifetime in perovskites, and consequently diminishing magnetic field effects. However, in 2015, 

both Vardeny’s group and Hu’s group reported that applying a low magnetic field (200mT) can 

shift the population of electron-hole pairs with different J-states, leading to magnetic field 

dependent photoluminescence, electro-luminescence, and photovoltaic actions in MHPs at room 

temperature76, 77 (Figure 1-8a, 1-8b). The observed magneto-optical phenomena suggest that: 1) a 

low magnetic field can modify the outcomes of recombination and dissociation process in MHPs 

by tuning population of J singlet and J triplet, 2) the spin relaxation time in electron-hole pair (or 

excitons) may be much longer than the free charge carriers in MHPs. 

Odenthal et al. reported that spin lifetime in excitons of CH3NH3PbClxI3−x may exceed 1ns 

based on pump-probe Faraday rotation measurement78. Recently, a long spin lifetime around 1ns 

was reported by analyzing the Hanle effect from MAPbBr3 based spin valve79. Both theoretical 

and experimental studies revealed a long spin lifetime in electron-hole pair states of perovskites 

which can be comparable to recombination lifetime. The long spin lifetime explains the magneto-

optical phenomena observed at room temperature. Also, strong SOC modulated band structure and 

long spin lifetime suggest a possibility of optically operating spin states by using polarized 

photoexcitation in MHPs 80-82.  
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Figure 1- 8 (a) Magneto-photocurrent in the CH3NH3PbI3-xClx solar cell and (b) magneto-

photoluminescence in CH3NH3PbI3-xClx thin film. Data adapted from ref 76. 

1.3.3 Rashba effect in metal halide perovskite 

Metal halide perovskites exhibit strong spin-orbital coupling due to heavy ions, such as 

lead, tin, and iodine, in the crystal structure. Inversion symmetry breaking can be found in MHPs 

due to crystal distortion associated with atomic and orbital displacement83, 84. Rashba effect arises 

in MHPs when SOC is combined with inversion symmetry breaking in crystal structure. Early 

theoretical study predicted the existence of Rashba effect in perovskite single crystals. Later on, 

experimental studies provide further evidence on the presence of Rashba effect in MHPs. Study 

on circular photo-galvanic effect shows electric current can be generated by oblique incident 

circular polarized photoexcitation in MHPs thin film85. Also, the left-hand and right-hand circular 

excitation generates electric currents in opposite directions, which provide direct evidence of 

photo-generated current transport between Rashba spin-split bands. Another experimental study 

reports that Rashba type band-splitting in MHPs can be tuned based on crystal structure change by 

applying hydrostatic pressure. It has been shown applying pressure can decrease Rashba splitting, 

leading to an increase in recombination rate with more direct band recombination86. 

Rashba effect can have profound influence on the optoelectronic properties of MHPs. 

Rashba effect can give rise to indirect band nature for MHPs. Charge carriers can be generated in 

MHPs by light absorption through direct band transition, then go through indirect band transition 
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with low recombination rate87. This may explain the high dissociation rate and long charge carrier 

lifetime in MHPs solar cells. Nevertheless, Rashba effect can be more prominent in low-

dimensional perovskites due to local symmetry breaking at surface88. A recent study shows that 

the band edge exciton fine structure of CsPbBr3 quantum dots can be strongly affected by Rashba 

effect and quantum confinement, forming bright triplet states, which can lead to high 

photoluminescence efficiency in CsPbBr3 quantum dots89. Further understandings on Rashba 

effect and its influence on charge dissociation and recombination in MHPs are highly demanded.  

1.4 Dissertation Outline 

The MFEs can be utilized as effective experimental tool to analyze magnetic, electronic 

and optical properties of multi-functional materials in excited states. However, the study on 

magneto-optical properties at room temperature with low field in novel multi-functional materials 

system is still lacking. The fundamental studies on the underlying mechanism of magneto-optical 

phenomenon are still highly demanded. The research in this thesis mainly focuses on developing 

unique magneto-optical phenomena in multi-functional materials, such as two-photon absorption 

based up-conversion crystals, magnetic/semiconducting hybrid 2D nanoparticles, and metal halide 

perovskites. We will also explore key parameters and processes in determining the magnetic, 

electronic properties of these multi-functional materials by using various magnetic-optical effects. 

The outline of this thesis is briefly introduced as follows. 

Chapter 2 presents the experimental observation of magnetic field dependent 

photoluminescence based on multi-photon excitation in rare-earth crystals without magnetic 

structures. The key parameters that control the observed magneto-photoluminescence, including 

excitation intensity, exchange interaction, and crystal field are discussed. Chapter 3 reports a 

unique experimental tool to investigate the dynamic magnetization of nanomaterials under excited 

states by using magnetic field effect of light scattering. This study also explores a practical method 

to develop photoexcitation-controllable magnetization through d-π electron coupling in magnetic 

nanoparticle-graphene 0D-2D hybrid materials. Chapter 4 studies spin and orbit parameters in 

determining charge recombination and dissociation process in perovskite solar cells. Optically 

tuning SOC in perovskites is realized by using polarized photoexcitation, and consequently 

modifying photovoltaic actions. Chapter 5 explores the dipole moment effect on light emission 

efficiency in perovskite nanoparticles through cation doping. This work shows that the SOC 
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associated with electric polarization in perovskite nanoparticles can be influenced by substituting 

organic cation with a lower dipole moment. Chapter 6 presents a summary of the studies in this 

thesis and the outlook for future works.  
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Chapter 2  Magneto-photoluminescence based on Two-

photon Excitation in Lanthanide Doped Up-conversion 

Crystals   



 

22 
 

2.1 Abstract 

This chapter is mainly focused on experimental studies on magneto-photoluminescence 

based on two-photon excitation in up-conversion Y2O2S: Er, Yb crystal particles. We find that the 

up-conversion photoluminescence generated by two-photon excitation exhibits magnetic field 

effects at room temperature, leading to a two-photon excitation induced magneto-

photoluminescence when the two-photon excitation exceeds the critical intensity. By considering 

the spin selection rule in electronic transitions, we propose that spin-antiparallel and spin-parallel 

transition dipoles with spin-mixing are accountable for the observed magneto-photoluminescence. 

Specifically, the two-photon excitation generates spin-antiparallel electric dipoles between 4S3/2-

4I15/2 in Er3+ ions. The antiparallel spins are conserved by exchange interaction within dipoles. 

When the photoexcitation exceeds the critical intensity, the Coulomb screening can decrease the 

exchange interaction. Consequently, the spin-orbital coupling can partially convert the antiparallel 

dipoles into parallel dipoles, generating a spin mixing. Eventually, the populations between 

antiparallel and parallel dipoles reach an equilibrium established by the competition between 

exchange interaction and spin-orbital coupling. Applying a magnetic field can break the 

equilibrium by disturbing spin-mixing through introducing spin precessions, changing the spin 

populations on antiparallel and parallel dipoles and leading to the magneto-photoluminescence. 

Therefore, spin-dependent transition dipoles present a convenient mechanism to realize magneto-

photoluminescence in multi-photon up-conversion crystal particles. 

2.2 Introduction 

Magneto-photoluminescence is a typical phenomenon in magnetic field effects (MFE) of 

excited states in excitonic light-emitting materials21, 90, 91. In excitonic light-emitting materials, the 

excited states become spin dependent to form singlet and triplet states. When a magnetic field 

changes the singlet and triplet populations, magnetic field effects can be observed in excited states 

because the singlets and triplets generate different optical and electrical outcomes. As a result, 

excitonic materials have demonstrated magnetic field effects of photoluminescence91, 

photocurrent15, 92, 93, electroluminescence94-96, electrical current16, 20, 97, and electrical polarization25, 

98. Clearly, spin-dependent excited states become a necessary condition to develop magnetic field 

effects in excitonic materials. However, it remains as an un-addressed issue on whether non-

excitonic materials can demonstrate magnetic field effects in excited states. Here, we select up-
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converting rare-earth light-emitting crystal particles, as an example for non-excitonic materials, to 

explore the possibilities of realizing magneto-photoluminescence by considering spin-dependent 

transition dipoles. Specifically, we consider that an incident photon can generate a transition dipole 

with antiparallel spins, due to spin selection rule, formed between an excited electron and ionic 

core. On the other hand, the heavy lanthanide elements can provide a strong spin-orbital coupling 

(SOC) that can partially convert the spin-antiparallel dipoles into spin-parallel dipoles through spin 

flipping mechanism, leading to a spin mixing. We should note that an exchange interaction can be 

established based on the electrostatic Coulomb interaction within transition dipole. This exchange 

interaction intends to conserve the spin-antiparallel dipoles, against the spin mixing generated by 

SOC. We can expect that the competition between the exchange interaction and SOC leads to an 

equilibrium on the populations of spin-antiparallel and spin-parallel dipoles. If a magnetic field 

can disturb the equilibrium established by the competition between exchange interaction and SOC, 

the populations of spin-antiparallel and spin-parallel dipoles can be modified, changing 

photoluminescence intensity and leading to a magneto-photoluminescence. Therefore, spin-

dependent transition dipoles can present a convenient mechanism to realize magneto-

photoluminescence in non-excitonic light-emitting materials. 

2.3 Materials and Methods 

2.3.1 Sample preparation and characterization 

The X-ray powder diffraction was performed on Bruker AXS D2 diffractometer using Cu-

Ka radiation. The size and morphology of Y2O2S: Er, Yb were characterized by Hitachi TM3030 

scanning electron microscope. The Y2O2S: Er, Yb films were fabricated by drop-casting Y2O2S: 

Er, Yb suspension solutions (2mg/mL Y2O2S: Er, Yb and 10mg/mL Poly (methyl methacrylate) 

(PMMA) in chloroform) on quartz substrates. NaYF4: Er, Yb, and NaYF4: Tm, Yb thin films were 

fabricated with the same method.  

2.3.2 Magneto-photoluminescence measurement 

The magneto-photoluminescence measurements were performed by using SPEX fluorolog 

3 spectrometer combined with an electrically controllable magnet. The photoexcitations were 

provided from 980nm and 325nm CW laser beams for up-conversion and down-conversion 
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photoluminescence, respectively. The photoluminescence emission is collected by an optical fiber 

and directed to the spectrometer (Figure 2-1). The MFEPL magnitude is defined as MFE = (IB-

I0)/I0, where 
BI and 

0I  represent the photoluminescence intensities in the situations with and 

without magnetic field, respectively. 

2.4 Results and Discussion 

Figure 2-2a shows the X-ray diffraction patterns of Y2O2S: Er, Yb powder. The peak 

position and intensity agree well with standard Y2O2S hexagonal phase. The SEM image in Figure 

2-2b reveals that the particle size ranges from hundreds of nanometers to several microns.  Figure 

2-2c shows the up-conversion light-emitting spectrum of Y2O2S: Er, Yb particles under 980nm 

continuous-wave laser excitation at different intensities. We can see that two emission peaks at 

528nm and 551nm correspond to 2H11/2-
4I15/2 and 4S3/2-

4I15/2 transitions of the doped Er3+ ions, 

respectively99. The emission-excitation intensity dependence in Figure 2-2d confirms the two-

photon up-conversion light emission based on the curve slop of 1.9. In the Er, Yb co-doped system, 

the green up-conversion emission is realized through two consecutive steps: (i) the electrons are 

excited to the 4I11/2 of Er3+ ion via energy transfer from neighboring excited Yb3+ ion under first 

photon excitation and (ii) excited electrons at the 4I11/2 is further excited to 4F7/2 level by either 

energy transfer from excited Yb3+ ion or excited state absorption under second photon excitation. 

The 2H11/2 and 4S3/2 are then populated by the subsequent multi-phonon relaxation of 4F7/2 -
2H11/2 

and 4F7/2 -
4S3/2 towards up-conversion emission via 2H11/2-

4I15/2, 
4S3/2-

4I15/2. 

It is interesting to note in Figure 2-3a that a magneto-photoluminescence can be observed 

in the Y2O2S: Er, Yb particles under two-photon excitation of 980 nm laser beam when the 

excitation exceeds the critical intensity of 2080mW/cm2. Here, the magneto-photoluminescence 

amplitude is defined as: MFE = (IB-I0)/I0, where IB and I0 are the photoluminescence intensities 

with and without external magnetic field. In this two-photon induced magneto-photoluminescence, 

the up-conversion light emission intensity gradually increases with the magnetic field up to around 

300 mT and becomes saturated with further increasing magnetic field. The magneto-

photoluminescence shows a typical Lorentzian line-shape with an amplitude of 2.1% at the 

excitation intensity of 4680 mW/cm2 of 980 nm laser beam. We should point out that, below the  
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Figure 2- 1 Measurement setup for magneto-photoluminescence.  
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Figure 2- 2 (a) X-ray powder diffraction patterns of Y2O2S: Er, Yb. (b) SEM image of Y2O2S: Er, 

Yb particles. (c) Up-conversion luminescence spectrum under different intensities 980nm IR laser 

excitation. (d) up-conversion emission intensity as a function of excitation intensity.  
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critical excitation intensity (2080mW/cm2), the magneto-photoluminescence becomes negligible, 

although the up-conversion emission is still very strong (Figure 2-2c).  

To understand the two-photon induced magneto-photoluminescence, we consider that an 

excited electron forms an electric transition dipole with the ionic core in lanthanide-doped up-

converting materials. We should note that the spin selection rule only allows the transition dipoles 

to be generated with antiparallel spins. Within the lifetime of transition dipoles, there are two 

competing parameters: exchange interaction and spin-orbital coupling that intend to conserve and 

change the antiparallel spins in transition dipoles generated by two-photon excitation, leading to 

spin-conserving and spin-mixing processes, respectively. If the exchange interaction is strong 

through the Coulomb interaction within transition dipoles, magneto-photoluminescence can be 

negligible, as demonstrated in Frenkel excitons100-102. In this situation, a strong exchange 

interaction can conserve the antiparallel spins in transition dipoles, dis-allowing spin mixing to 

occur. And a magnetic field is not able to compete with the strong exchange interaction, leading 

to negligible magneto-photoluminescence, although the transition dipoles still generate 

photoluminescence through radiative recombination under two-photon excitation. Here, we 

suggest that increasing excitation intensity can cause a Coulomb screening between transition 

dipoles and consequently decreases the exchange interaction within transition dipoles. As the 

excitation intensity is gradually increased, the exchange interaction can be lowered to a value 

similar to spin-orbital coupling. In this case, the spin-antiparallel dipoles can be partially converted 

into spin-parallel dipoles through spin flipping caused by spin-orbital coupling, leading to a spin 

mixing from spin-antiparallel to spin-parallel dipoles. The competition between exchange 

interaction and spin-orbital coupling reaches an equilibrium on the populations between 

antiparallel and parallel dipoles. Based on the theories of magnetic field effects76, 103, 104, applying 

a magnetic field can disturb the equilibrium on the populations between antiparallel and parallel 

dipoles by introducing coherent spin precessions, leading to enhancement in spin conservation and 

decrease in spin mixing. As a consequence, positive magneto-photoluminescence can be observed 

due to the increased population of antiparallel transition dipoles under magnetic field. This analysis 

indicates that tuning two-photon excitation intensity can activate the spin-mixing between 

antiparallel and parallel transition dipoles, consequently generating a two-photon induced 

magneto-photoluminescence in up-conversion light-emitting materials.  
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To further study the magneto-photoluminescence observed from Y2O2S: Er, Yb particles, 

we explore magneto-photoluminescence under down-conversion light emission through one-

photon excitation of 325nm laser beam. We can see in Figure 2-3b that a down-conversion 

magneto-photoluminescence can be observed when the one-photon excitation exceeds the 

intensity of 500 mW/cm2 of 325 nm CW laser beam. The down-conversion magneto-

photoluminescence shows a broader line-shape with non-Lorentzian characteristics. The broader 

line-shape implies that the down conversion through one-photon excitation corresponds to a 

stronger exchange interaction within transition dipoles, as compared to up conversion through two-

photon excitation. In particular, this can suggest that the one-photon and two-photon excitations 

can cause weaker and stronger electrical polarizations, and consequently affects the Coulomb 

screening effect of exchange interaction. In down-conversion, the magneto-photoluminescence 

amplitude gradually increases with magnetic field up to 600 mT and becomes saturated with 

further increasing magnetic field. In addition, the down-conversion emission spectrum is almost 

identical to the up-conversion emission spectrum which is composed of two peaks at 528nm and 

554nm corresponding to 2H11/2-
4I15/2 and 4S3/2-

4I15/2 transitions of the Er3+ ions (Figure 2-3c). 

Figure 2-3d shows the emission-excitation intensity dependence under down-conversion to 

indicate the one-photon excitation process. Clearly, the one-photon excitation based magneto-

photoluminescence supports the proposed mechanism for two-photon excitation based magneto-

photoluminescence: spin-dependent transition dipoles associated with 4S3/2-
4I15/2 transitions are 

accountable for up-conversion magneto-photoluminescence based on excitation intensity-

controllable spin-mixing in the Y2O2S: Er, Yb particles. 

To simplify the discussion of magneto-photoluminescence in up-conversion luminescence 

(UCL), we consider a three-level system, namely ground state, intermediate level, and upper level, 

in up-conversion particles. The up-conversion is realized by two consecutive excitations from the 

ground state to the intermediate level and upper level (Figure 2-4). According to theoretical 

calculation, at low excitation intensities the excited electrons in intermediate level are mainly 

consumed by linear decay to ground states105, 106, leading to a much lower population in up-

conversion luminescence level compared with intermediate level. In this situation, the transition 

dipoles are formed between the ground state and up-conversion luminescence. The negligible 

magneto-photoluminescence implies that the transition dipoles possess a strong exchange 

interaction at low excitation intensities. However, at high excitation intensities, the dominated  
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Figure 2- 3 (a) Magneto-photoluminescence of Y2O2S: Er, Yb under high intensity 980nm IR laser 

excitation. (b) Magneto-photoluminescence of Y2O2S: Er, Yb under high intensity 325nm laser 

excitation. (c) Down-conversion luminescence spectrum under different intensities 325nm laser 

excitation. (d) Down-conversion emission intensity as a function of excitation intensity.  
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depletion mechanism of excited electrons at intermediate level becomes up-conversion, which 

leads to a large population in the up-conversion luminescence level. The appreciable magneto-

photoluminescence suggests that the electric dipoles can be formed with weak exchange 

interaction at high excitation intensities. Normally, when the exchange interaction is within micro 

eV, the SOC can cause a spin mixing, leading to coexisted spin antiparallel and parallel electric 

dipoles. Applying a magnetic field (< 1 Tesla) can decrease the spin mixing by introducing 

coherent spin precessions and thus modify the populations of antiparallel and parallel electric 

dipoles, generating a positive magneto-photoluminescence. We should point out that electric 

dipoles can be also formed at the intermediate level. By considering that strong up-conversion 

photoluminescence still occurs below the critical intensity (2080 mW/cm2) required for magneto-

photoluminescence (Figures 2-2c and 2-3c), we suggest that the transition dipoles at up-

conversion luminescence level are accountable for the observed magneto-photoluminescence. 

Therefore, the spin-dependent electric dipoles together with operative spin mixing at up-

conversion luminescence level becomes a necessary condition to realize magneto-

photoluminescence in up-conversion particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2- 4 Magneto-photoluminescence generation in two photon up-conversion process by 

magnetically disturbing the balance of population of transition dipoles with different spin states. 
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We can see in Figure 2-5a that the up-converting NaYF4: Er, Yb exhibits negligible 

magneto-photoluminescence at the intensity of 4680 mW/cm2 under two-photon excitation of 980 

nm laser beam. This indicates that a magnetic field can hardly change the populations of spin-

antiparallel and spin-parallel dipoles. This negligible magneto-photoluminescence can be caused 

by two different possibilities. First, the spin lifetime becomes shorter than the photoluminescence. 

In this case, introducing coherent spin precessions upon applying a magnetic field cannot change 

the populations of spin-antiparallel and spin-parallel dipoles. Second, the exchange interaction 

becomes strong, disallowing any spin mixing and leading to un-changed spin populations on 

transition dipoles. We should note that, because of the same lanthanide ions, the Y2O2S: Er, Yb 

and the NaYF4: Er, Yb can have similar SOC controlled by Er3+ and Yb3+ ions. Therefore, the 

negligible magneto-photoluminescence implies that the Y2O2S: Er, Yb possesses a strong 

exchange interaction which disallows the spin mixing. Here, we consider the effects of crystal field 

on the exchange interaction. Specifically, the host crystal lattice can exert crystal field on the 

dopant RE ions which substitute the cation sites of the host lattice due to the ion size mismatch107-

109. The crystal field can also be affected by morphology and crystallinity of the crystals110, 111. In 

this light, the Er3+ and Yb3+ ions in NaYF4 host crystals can be subjected to different crystal fields 

as compared to Y2O2S host crystals, leading to an enhanced spin-exchange interaction with the 

consequence of negligible magneto-photoluminescence. Nevertheless, this phenomenon suggests 

that changing the exchange interaction can largely affect the magneto-photoluminescence in up-

converting rare-earth light-emitting materials.  

      Figure 2-5b shows the normalized magneto-photoluminescence generated by up-

conversion and down-conversion under 325 nm (630 mW/cm2) and 980 nm (2600 mW/cm2) 

excitations in the Y2O2S: Er, Yb particles. In comparison with up-conversion magneto-

photoluminescence, the down-conversion magneto-photoluminescence exhibits a broader line-

shape characteristic, indicating a stronger exchange interaction. We should point out that the up-

conversion and down-conversion show much stronger and weaker light emission, respectively, at 

the critical intensity (2080 mW/cm2 for 980 nm laser) and (500 mW/cm2 for 325 nm) required to 

generate magneto-photoluminescence. This phenomenon means that, at the condition of 

generating magneto-photoluminescence, the up-conversion and down-conversion correspond to 

higher and lower densities of electrical dipoles at UCL level. In particular, increasing the density 

of electric dipoles can weaken the Coulomb attraction within the electric dipoles due to Coulomb  
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Figure 2- 5 (a) Magneto-photoluminescence of Y2O2S: Er, Yb and NaYF4: Er, Yb under high 

intensity 980nm IR laser excitation. (b) Normalized magneto-photoluminescence characteristics 

under 325nm and 980nm photoexcitation. 

 

screening effect and thus decreases the exchange interaction98, 112. As a consequence, the up-

conversion and down-conversion can lead to narrow and broader line-shape characteristics in 

magneto-photoluminescence.  

We further study magneto-photoluminescence through three photon process in the NaYF4: 

Tm, Yb particles. Figure 2-6a shows up-conversion emission under 980 nm laser excitation with 

different intensities. Two emission peaks are obtained at 450 nm and 475 nm corresponding to 

1D2-
3H5 and 1G4-

3H6 transitions, respectively. The photoluminescence-excitation intensity 

dependence with the slope of 2.4 confirms that the blue emission in Tm and Yb co-doped system 

is a three photon process. Figure 2-6b shows that magneto-photoluminescence can be observed 

when the 980 nm excitation exceeds the critical intensity of 3120mW/cm2, similar to the 

phenomenon observed in the two-photon process in the Er, Yb co-doped system. Here, we note 

that the three-photon system (NaYF4: Tm, Yb) exhibits a much broader line-shape in magneto-

photoluminescence comparing with the two-photon system (Y2O2S: Er, Yb) (Figure 2-6c). The 

broader line-shape in magneto-photoluminescence implies that the populations on spin-antiparallel  
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Figure 2- 6 (a) Up-conversion luminescence spectrum of NaYF4: Tm, Yb under different 

intensities 980nm IR laser excitation. (b) Magneto-photoluminescence of NaYF4: Tm, Yb under 

high intensity excitation. (c) Normalized magneto-photoluminescence of different up-converting 

materials under 3640mW/cm2 980nm photoexcitation.  
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and spin-parallel dipoles are more difficult to disturb in the NaYF4: Tm, Yb upon applying a 

magnetic field. Based on the fact that the NaYF4: Tm, Yb has a similar SOC due to the same heavy 

lanthanide elements as compared to the Y2O2S: Er, Yb, the broader line-shape can suggest that the 

NaYF4: Tm, Yb exhibits a stronger exchange interaction under three-photon excitation.   

2.5 Summary 

This chapter reports experimentally study on up-conversion magneto-photoluminescence 

by using two-photon and three-photon excitations based on the Y2O2S: Er, Yb and NaYF4: Tm, 

Yb particles. We found that magneto-photoluminescence can be observed when the excitation 

exceeds the critical intensity in both two-photon and three-photon processes. We proposed that 

spin-dependent transition dipoles with operative spin mixing between antiparallel and parallel 

spins form the necessary condition to generate magneto-photoluminescence in up-conversion 

materials. Specifically, the electric dipoles can be formed initially with antiparallel spins through 

electronic transitions between ground state and up-conversion level based on spin selection rule. 

When the excitation exceeds the critical intensity, the exchange interaction within electric dipoles 

becomes weak reaching eV, allowing spin mixing to occur under the influence of SOC, and 

partially converting the antiparallel electric dipoles into parallel electric dipoles. The populations 

of antiparallel and parallel dipoles reach equilibrium due to the competition between the spin 

mixing from SOC and the spin conserving from exchange interaction in up-conversion materials. 

An external magnetic field can then disturb the equilibrium established by the competition between 

spin mixing and spin conserving, modifying the populations on antiparallel and parallel dipoles. 

This leads to a magneto-photoluminescence through up-conversion when the electric dipoles 

undergo radiative emission. By comparing the magneto-photoluminescence from the up-

conversion particles with different host materials, we find that the exchange interaction between 

the electron and ionic core is the critical parameter in determining the magneto-photoluminescence 

in up-conversion particles. Therefore, our experimental studies provide new insight to generate 

magneto-optical effects in up-conversion materials by considering the spin-dependent electric 

dipoles together with operative spin mixing between antiparallel and parallel spins.   
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Chapter 3  Photoexcitation-controllable Magnetization in γ-

Fe2O3-Graphene (0D-2D) Nanohybrids   
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3.1 Abstract 

This chapter presents photoexcitation-enhanced magnetization in γFe2O3-Graphene (0D-

2D) van der Waals heterostructures based on the experimental studies of steady-state pump-probe 

measurements. It is observed that applying a magnetic field on the γ-Fe2O3/graphene material 

suspended in an organic solvent can cause a light scattering on the probe beam in the absence of 

pump beam, leading to a magnetic field effect of light scattering. This result shows that the 

magnetization on the γ-Fe2O3 nanoparticles can lead to a partial orientation of Fe2O3-graphene 

heterostructure components suspended in liquid. This effect of magnetic field on light scattering 

is caused by the dynamic magnetization of the superparamagnetic-semiconducting hybrid material. 

Interestingly, applying the pump beam functioning as photoexcitation can lead to an enhancement 

on the scattering of probe beam, increasing magnetic field effect of light scattering. The increased 

magnetic field effect of light scattering indicates that the photoexcitation from the pump beam 

applied to the hybrid enhances the magnetization on the γ-Fe2O3 nanoparticles through the d- 

electron coupling between γ-Fe2O3 and graphene in the hybrid material. This d- electron coupling 

can be a practical method to develop photoexcitation-controllable magnetization through excited 

states based on chemically linked magnetic-semiconducting hybrid design. 

3.2 Introduction 

Photoexcitation-controllable magnetization offers unique principles for developing 

magneto-optical properties. Generally, semiconducting materials can exhibit significant response 

in charge transport and electric polarization under photoexcitation113-116, while magnetic 

nanoparticles can be magnetized by applying an external magnetic field due to the localized 

spins117, 118. Incorporating magnetic nanoparticles into semiconducting materials in well-balanced 

systems provides a possible method to realize optical tuning on magnetic properties through the 

internal coupling between excited states in semiconductors and local spins in magnetic 

nanoparticles. In this work, we explore the possibilities of realizing the photoexcitation-

controllable magnetization by chemically linking the magnetic γ-Fe2O3 nanoparticles and 2-D 

graphene based on the experimental studies of pump-probe measurements in the magnetic field. 

The γ-Fe2O3 nanoparticles are well-known magnetic nanoparticles with size-dependent 

magnetization and coercivity119-121. In particular, the γ-Fe2O3 nanoparticles allow the surface 

modification by using organic ligands, ready for chemically integrating with semiconducting 
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materials towards the development of magneto-optical effects. On the other hand, the 2-D 

semiconducting graphene possesses highly anisotropic optic and magnetic properties26, 122-130 due 

to the coexisted delocalized and localized  electrons122-125. Here, the semiconducting graphene is 

chemically linked with magnetic γ-Fe2O3 particles by using organic -conjugated structures to 

form magnetic-semiconducting hybrid materials. The pump-probe measurements in magnetic field 

are applied to the magnetic-semiconducting γ-Fe2O3/graphene hybrid materials suspended in 

organic solvent to explore photoexcitation-controllable magnetization. Specifically, the pump 

beam functions as a photoexcitation to generate excited states in the semiconducting graphene. 

When the suspended γ-Fe2O3/graphene hybrid material is placed in a magnetic field, the probe 

beam can be scattered by the semiconducting graphene upon magnetization-induced orientation. 

Therefore, the pump-probe measurement leads to magnetic field effects of light-scattering in 

excited states to explore the photoexcitation-controllable magnetization based on magnetic-

semiconducting γ-Fe2O3/graphene hybrid materials. By using the pump-probe measurements in 

magnetic field, we find that the magnetization in the γ-Fe2O3 nanoparticles can be increased by 

applying a photoexcitation through excited states in semiconducting graphene in the γ-Fe2O3-

graphene hybrid material.  

3.3 Materials and Methods 

3.3.1 Materials synthesis 

For γ-Fe2O3 functionalized graphene nanohybrid, the monolayer graphene is prepared by 

standard electrochemical exfoliation method using platinum as the counter electrode and a graphite 

flake as the working electrode131. The γ-Fe2O3 nanoparticles are functionalized with the ligand Y 

and coupled with graphene in N-methyl pyrrolidone (NMP) solvent at room temperature through 

self-assembly (Figure 3-1a). Then the γ-Fe2O3 graphene nanohybrids are dispersed into NMP to 

form suspension with concentration of 2mg/ml for light scattering measurement. 

3.3.2 Magnetic field effect of light scattering measurement 

For light scattering measurement, the γ-Fe2O3 graphene nanohybrids (structure illustrated 

as Figure 3-1a) were dispersed into NMP to form suspension with concentration of 2mg/ml. The 

suspension was sealed in a quartz vial placed in a magnetic field generated by an electrical magnet. 
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The incident beam was provided from a YAG solid-state laser at 532 nm with an output intensity 

of 8 mW/cm2. The scattered light was collected by an optical fiber and measured by SPEX 

Fluorolog-3 spectrometer. For the MFE of light scattering measurement under excited state, pump 

beam from a He-Cd laser at 325 nm was used to excite the suspended nanohybrid (Figure 3-1b). 

3.4 Results and Discussion 

We have carried out experimental measurements on the transmission electron microscopy 

(TEM) images for γ-Fe2O3-graphene hybrid material (MYG), as shown in Figure 3-2a. The MYG 

nanohybrid was synthesized by coupling γ-Fe2O3 with electrochemically exfoliated graphene with 

aid of a ligand Y. The ligand Y has a catechol residue with two hydroxyl groups at one end and a 

pyrene moiety at the other terminal, as given in the inset of Figure 3-2a. The catechol residue 

binds with the surface of the nanoparticle while the pyrene residue interacts with the surface of 

graphene through van der Waals interactions. The average size of the graphene flakes used to 

synthesize MYG is 1-3 microns. The nanoparticles were separately functionalized with the ligand 

Y and combined with graphene in N-methyl pyrrolidone (NMP) solvent at room temperature. The 

MYG nanohybrid is formed by the spontaneous self-assembly of the functionalized γ-Fe2O3 onto 

graphene in NMP solution. Since the MYG nanohybrid of γ-Fe2O3 and graphene are assembled by 

van der Waals forces between the pyrene group in ligand Y and the surface of graphene, the MYG 

nanohybrid can be considered a zero dimensional-two dimensional (0D-2D) van der Waals  

 

 

 

 

 

 

 

Figure 3- 1 (a) Schematic of self-assembled MYG nanohybrid. (b) Measurement setup of 

magnetic field effect of light scattering. 
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heterostructure132-134. The schematic of the setup for the magnetic field effect of light scattering 

(MFELS) measurement can be seen in Figure 3-2b, the suspension is sealed in a quartz vial placed 

in a magnetic field generated by an electrical magnet. A 532 nm continuous-wave laser is used as 

probe beam to generate scattered light in magnetic field, and a 325 nm continuous-wave laser is 

used as pump beam to generate excited states in both graphene and magnetic nanoparticles. The 

magnetic field is linearly increased for the MFELS measurement. It is kept constant at a given 

magnetic field strength during the time dependent measurement for analysis of magnetic torque 

generation under magnetic field. Absorption spectrum in Figure 3-2c reveals that MYG, graphene 

and the ligand Y have strong absorption below 400nm wavelength, which indicates that excited 

states can be generated within all these three components under 325nm laser excitation. The 

presence of characteristic pyrene peaks at 327 nm and 343 nm MYG is further evidence of the 

coupling of γ-Fe2O3 on to graphene.  

The ground state MFELS signal from MYG nanohybrid can be seen in Figure 3-3a. The 

amplitude of MFELS is defined as: MFE = (IB-I0)/I0, where IB and I0 are the scattered light intensities 

with and without external magnetic field. The light scattering intensity collected in the out of plane 

direction can be seen gradually increasing with applied magnetic field in Figure 3-3a. The 

scattering intensity gradually increases with the applied magnetic field and saturates at the MFELS 

amplitude of 12.4% for MYG. The enhancement in light scattering intensities is an indication that 

the MYG particles can be orientated parallel to the in-plane direction of magnetic field leading to 

larger reflection surface under magnetic field. The orientation of suspended particles can be 

determined by the magnetic energy generated by magnetic polarization, as shown in Eq. (1)123  

                                         < 𝑐𝑜𝑠2𝜃 >= 𝐶 ∙
∆𝜒𝑉𝐻2

𝑘𝑇
                                                         (3-1) 

where θ is the angle between spin polarization and magnetizing field H, ∆𝜒 is the difference 

between the magnetic susceptibilities along different directions, V is the average volume of 

individual nanoparticles, C is the constant. The MFELS results are clear evidence to show 

anisotropic magnetization in the suspended MYG particles upon applying a magnetic field. The 

time-dependent MFELS results measured under fixed magnetic field strength are given in Figure 

3-3b. It can be seen that a higher MFELS amplitude can be generated under higher magnetic field. 

Under 450mT and 900mT magnetic field, MYG shows MFELS with the amplitude of 12.1% and 
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Figure 3- 2 (a) TEM image to show the morphology of magnetic nanoparticle functionalized 

graphene (MYG). The inset shows the chemical structure of ligand Y. (b) Schematic setup for 

measuring magnetic field effect of light scattering (MFELS) in excited state. (c) UV-vis absorption 

spectrum of MYG, ligand (Y), as synthesized magnetic nanoparticles (MNP) and electrolytically 

exfoliated graphene.  
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15.3% respectively. The more complete orientation of MYG flakes can be generated in presence 

of a stronger magnetic field leading to larger scattering cross-section, according to equation (1). 

This is the key to enhance MFELS amplitude. 

The MFELS of individual components of MYG are compared in Figure 3-3c. The MFELS 

of the ligands, the graphene flakes, and γ-Fe2O3 nanoparticles were measured separately for this 

study. The ligand Y did not exhibit any notable MFELS while positive MFELS can be generated 

from electrolytically exfoliated graphene and γ-Fe2O3 magnetic nanoparticles (MNP). Pristine 

graphene suspension shows MFELS with lower amplitude (7%) than MFG suspension, while MNP 

shows the lowest amplitude around 3%. It has been shown that in graphene and its derivatives, 

defects such as vacancies, adatoms, and zigzag edges can introduce localized magnetic moments 

by the formation of unpaired spins leading to anisotropic magnetism124-127. We have previously 

reported that fluorinated graphene can be oriented by a magnetic field due to defect induced 

anisotropic magnetism, the MFELS results of electrolytically exfoliated graphene indicate that it 

may also incorporate such effects26, 51. It should be noted that MFELS of superparamagnetic γ-Fe2O3 

MNP shows much narrower line-shape, revealing that MNP possesses a larger magnetic 

susceptibility giving rise to a faster magnetic response21. By coupling MNP with graphene flakes 

through ligand Y, narrower MFELS line-shape and increase in MFELS amplitude can be observed 

in MYG suspension, indicating an enhancement of magnetic properties. 

The excited state effect on magnetization in MYG particles has been studied with MFELS 

measurement by adding a 325nm excitation beam. The MFELS results of MYG suspension in 

ground state and excited state are given in Figure 3-3d. An increase in MFELS amplitude can be 

observed in MYG suspension with photoexcitation. Under 250mW/cm2 photoexcitation, the 

MFELS amplitude increases from 12.2% to 14.8% in MYG suspension. In general, the 325nm 

pump beam can influence the MFELS amplitude through different channels including: interfering 

with the detection of scattered light, generating photoluminescence, changing solvent viscosity 

through heating, and enhancing magnetic properties through excited states. In our steady state 

pump-probe measurement, the pump beam and probe beam are completely separated in 

wavelength by the spectrometer. Thus, the pump beam (325 nm) does not affect the scattering 

detection of probe beam (532 nm) at any incident angle. Furthermore, the MYG particles do not 

have detectable photoluminescence under 325nm pump beam excitation, excluding the 
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possibilities of having photoluminescence in scattering detection. In addition, the viscosity of 

solvent may be changed due to the heat generated by the pump beam, leading to a change in MFELS 

signal. However, based on our experimental analysis, the temperature change upon photoexcitation 

is less than 1K, which is not sufficient to introduce an appreciable change in MFELS signal via 

variation of solvent viscosity26. Therefore, the enhanced MFELS amplitude can be induced by the 

enhancement of magnetic properties through excited states in graphene or MNP. According to the 

MFELS result from graphene and MNP, 325nm photoexcitation does not cause a notable change 

on MFELS signal in MNP suspension as seen in Figure 3-3e. In Figure 3-3f, MFELS signal in 

graphene suspension increases from 7.2% to 8.2% upon 250mW/cm2 photoexcitation. Therefore, 

the enhanced MFELS from both graphene and MYG under photoexcitation implies that MYG 

particles possess a stronger magnetization in excited state contributed by the excitation of the 

graphene part. It is known that delocalized  electrons can exhibit stronger electrical polarization 

in excited state based on molecular orbital theory. Due to the interaction between delocalized  

electrons and localized spins in graphene flakes, it can be expected that a larger magnetization can 

be generated with enhanced electrical polarization in graphene under excited state. As a 

consequence, increased MFELS amplitude can be obtained from both graphene and MYG 

suspension upon photoexcitation due to the enhanced magnetization.  

To better understand the excited state effect on magnetization of MYG particles, we 

analyzed the magnetic response by comparing MFELS line-shape in ground state and under 

different intensity photoexcitations. Figure 3-4a and Figure 3-4b are the MFELS results and 

normalized MFELS curves of MYG suspension under high intensity photoexcitation. Interestingly, 

increasing photoexcitation intensity leads to a narrower line-shape, in addition to the enhancement 

in MFELS amplitude in MYG suspension. However, no obvious line-shape narrowing phenomenon 

can be observed in the MFELS from graphene suspension under the influence of photoexcitation in 

Figure 3-3f. In general, a narrower line-shape implies that the orientation of suspended nanohybrid 

caused by magnetization occurs more easily due to magnetization under photoexcitation. 

Therefore, a line-shape narrowing phenomenon can provide an evidence that the magnetization 

becomes stronger under photoexcitation in the nanohybrid. Specifically, in the MYG nanohybrid, 

the graphene can interact with the γ-Fe2O3 nanoparticles through d- electron coupling135, 136 based 

on (i) long-range Coulomb interactions and (ii) short-range spin-spin interactions between  
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Figure 3- 3 (a) MFELS signals from magnetic nanoparticle functionalized graphene suspended in 

NMP with a concentration of 1mg/ml. (b) Time-dependent MFELS profile under different magnetic 

field (c) MFELS signals from the coupled sample (MFG) and separated components (MNP, 

graphene, organic molecules). (d) MFELS signals from MNP functionalized graphene in ground 

state and excited state. MFELS signals from (e) magnetic nanoparticles and (f) graphene. 
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magnetic d electrons and semiconducting  electrons136, 137. When the MYG nanohybrid is placed 

in excited state upon photoexcitation, both Coulomb interaction and spin-spin interaction between 

d electron in γ-Fe2O3 nanoparticles and delocalized  electron in graphene can be enhanced. 

Consequently, stronger magnetization can be generated in γ-Fe2O3 particles. Therefore, combining 

the superparamagnetic γ-Fe2O3 nanoparticles with semiconducting graphene presents a convenient 

method to generate photoexcitation-controllable magnetization in the MYG nanohybrid.  

 Time-dependent MFELS results from MYG suspension at a fixed magnetic field in 

ground and excited state are shown in Figure 3-4c and Figure 3-4d. In time-dependent 

measurement, instead of gradually increasing the magnetic field, magnetic field is turned on and 

turned off immediately in order to analyze the magnetic response and relaxation of suspended 

particles in solvent The MYG particle under photoexcitation exhibit a shorter response time 

orienting under the influence of the magnetic field and reaching a saturated scattering intensity of 

light as seen in Figure 3-4d. Also, the time for MYG particles to relax into random orientation is 

shorter in excited state. The magnetization of the MYG nanohybrid particles in solution by an 

applied magnetic field can lead to the gain of magnetic energy which can be defined as follows138:  

                                                𝑈 = −𝝁𝐻𝑐𝑜𝑠𝜃 −
𝑉∆𝜒𝐻2

2𝜇0
𝑐𝑜𝑠2𝜃                                              (3-2) 

Here μ is the magnetic moment, the orientation angle θ is the angle between magnetic 

moment and magnetic field. In the time-dependent measurement, the suspended MYG 

nanoparticles are located at the states with different magnetic energy, labeled as U0 and UB, 

representing their energy without and with external magnetic field, respectively. After magnetic 

field is removed, the relaxation of suspended MYG nanoparticles is essentially driven by the 

restoring torque , given by 

                                                    𝜏 =
𝜕(∆𝑈)

𝜕𝜃
                                                                  (3-3) 

where U = (UB – U0). In excited state, the total energy U consists of two components: 

magnetic energy U1 due to the magnetization of MYG nanoparticles in ground state, and the 

additional magnetic energy U2 under photoexcitation. The restoring torque ex in excited state then 

can be defined as  
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                                           𝜏𝑒𝑥 = (
𝜕𝑈1

𝜕𝜃
) + (

𝜕𝑈2

𝜕𝜃
)                                                         (3-4) 

When magnetic field is removed, the magnetic energy generated restoring torque can relax 

MYG particles back to random orientation. Clearly, a faster relaxation due to stronger restoring 

force suggests a larger magnetization of MYG particles in the excited state leading to a faster 

relaxation process as shown in Figure 3-4d. 

To further understand the interaction between magnetic nanoparticles and the 

semiconducting graphene involved in photoexcitation-controllable magnetization, the effect of 

mixing MNPs into MYG and pristine graphene suspension liquids were examined. This is crucial 

in establishing the importance of assembling the van der Waals heterostructure of graphene and 

ligand functionalized γ-Fe2O3 MNPs. Both MYG and graphene suspensions were loaded with a 

higher concentration of as-synthesized MNPs and their MFELS were measured. The results from 

the MYG dispersions containing an added 0.1mg/ml of MNPs are given in Figure 3-5a. The result 

shows that MFELS signals can be further increased by the addition of MNPs. Furthermore, the line-

shape of MFELS becomes narrower by adding MNP particles into MYG suspension as shown in 

the normalized MFELS in Figure 3-5b. The addition of MNPs to MYG can lead to complex 

interactions between the magnetization of free suspended superparamagnetic MNPs and the MNPs 

immobilized on graphene. The superior magnetic susceptibility of the MNPs lead to larger 

magnetization, this would mean that increasing the density of MNPs non-covalently assembled on 

graphene would lead to a faster response in the MYG particle. The density of nanoparticles on the 

surface of the graphene is controlled by conditions of self-assembly of the nanohybrid and should 

be optimized during the synthesis of MYG. Interestingly when 0.1 mg/ml MNP is added into 

pristine graphene dispersion, the MFELS amplitude only increases slightly, while the line-shape 

becomes broader as shown in Figure 3-5c and Figure 3-5d. This means that the magnetization of 

the sample became gradual on addition of MNPs. In the absence of the ligand mediating the 

attachment of MNPs to the surface of graphene, the possible interaction between the MNPs and 

graphene would be through residual carboxylic or hydroxyl groups on the surface of graphene139. 

Such an interaction is non-specific and random leading to sparse interaction between MNPs and 

graphene sheets and hence slower response to magnetism. In this scenario, it can be concluded that 

the MFELS amplitude increase shown in the case of MYG hybrid (Figure 3-5a) indicates additional 

interaction between the suspended MNPs and those assembled on graphene. Moreover, the MFELS  
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Figure 3- 4 (a) MFELS signals from MYG in ground and excited states, (b) normalized MFELS 

curve of MYG in ground state and excited state. Time-dependent profile of MFELS signals from 

MYG under (c) ground state and (d) excited state. 
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Figure 3- 5 (a) MFELS signals from MFG with MNP added. (b) normalized MFELS curves of MFG 

with MNP added. (c) MFELS signals from graphene with MNP added. (d) normalized MFELS 

curves of graphene with MNP added.  
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results presented in this study imply that the ligand (Y) mediated non-covalent assembly of MNPs 

on to graphene in the nanohybrid MYG leads to enhanced anisotropic magnetism. 

3.5 Summary 

In summary, we experimentally study the magnetic properties of γ-Fe2O3/graphene hybrid 

materials by using magnetic field effect of light scattering. Our study shows that scattered light 

intensity from the γ-Fe2O3/graphene nanohybrid suspension can be enhanced upon applying 

magnetic field due to the orientation of MYG particles under external magnetic field. Specifically, 

we find that by chemically bonding graphene with MNP, the coupled sample can show a much 

faster magnetic response as compared to pristine graphene. We observe that the amplitude of MFE 

of scattering from MYG suspension can be enhanced upon applying excitation beam, which 

indicates that photoexcitation can induce enhanced magnetization due to the interaction between 

delocalized  electrons and localized spins in graphene. Furthermore, loaded with a higher 

concentration of as-synthesized MNPs, MYG, and graphene, show enhanced and deteriorated 

magnetic response, respectively. This result provides evidence that mediated non-covalent 

assembly of MNPs on to graphene through ligands in the nanohybrid MYG can lead to enhanced 

anisotropic magnetism. Clearly, by using MFE of light scattering with the pump-probe method, 

our studies provide a deeper understanding on the coupling between magnetic and semiconducting 

properties in nanohybrid with 0D-2D heterostructures.  
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Chapter 4  Optically Tunable Spin-orbital Coupling Effects 

in Metal Halide Perovskites Solar Cell based on Polarized 

Photoexcitation  
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4.1 Abstract 

Hybrid metal halide perovskites have emerged as promising materials for photovoltaic and 

light emitting applications. These materials also show great potential for the spintronics due to 

their strong spin orbit coupling, and Rashba effect. Under the influence of strong spin-orbital 

coupling, photo-generated excited states in metal halide perovskites possess both orbit momentum 

and spin momentum with total angular momentum J=L+S. Manipulating spin and orbit parameters 

in perovskites offers unique opportunities to generate different multifunctional properties. 

However, generating J polarized excited states and detecting the interaction between polarized 

excited states in perovskite remain un-addressed issues. In this chapter, polarized photoexcitations 

are used to generate electron-hole pairs with different orbit momentums. Our results indicate the 

SOC of hybrid perovskite can be optically tuned through orbit-orbit interaction, and consequently 

generating different bright-to-dark state conversion through SOC. Based on the optically tunable 

SOC, the charge dissociation and recombination process in hybrid perovskite can be manipulated 

by switching photoexcitation polarization. The important precondition for optically manipulating 

SOC in electron-hole pairs is discussed by comparing the spin lifetime, recombination lifetime and 

dissociation lifetime of MAPbI3.  

4.2 Introduction 

Metal halide perovskites have attracted extensive attention in the past decade as active 

layers in photovoltaic devices due to their excellent optoelectronic properties, such as: high carrier 

mobility140-142, large light absorption coefficient in visible range143-145, and long charge carrier 

diffusion length146-149. Specifically, due to the strong SOC of metal hybrid perovskites, the orbit 

motion and spin of carriers are strongly coupled, the total angular momentum J = L + S must be 

considered. Thus, in hybrid perovskites, the excited states are referred to J states, different from 

spin singlets and spin triplets in organic materials where orbit momentum is absent. It has been 

reported that, under the influence of strong SOC and electron-hole exchange interaction, the fine 

structure of band edge excitons in MHPs can have recombination allowed triplet states, and 

recombination disallowed singlet state, namely, bright state (J = 1) and dark state (J = 0). The 

magnetic field effect studies on MHPs have shown that bright and dark states have different 

dissociation and recombination processes. Tuning bright state and dark state population ratio by 

applying magnetic field can lead to field-dependent photocurrent, photoluminescence, 
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electroluminescence and electric polarization76, 77, 150-152. In principle, electron hole pairs generated 

by polarized photoexcitation possess orbital field through orbital momentum transfer. The SOC 

can be possibly tuned when the electron hole pairs interact with each other with regard to their 

orbit fields.  

In this chapter, the magneto-photocurrent of perovskite solar cells is studied by using 

polarized photoexcitation. Different line-shape of MFE is observed between linear and circular 

polarized photoexcitation. This indicates that the spin mixing due to SOC can be essentially 

changed by switching photoexcitation polarization. Polarization-dependent photocurrent confirms 

that SOC can be essentially tuned by switching photoexcitation polarization through orbit-orbit 

interaction, which leads to optically controllable photovoltaic actions. Transient absorption and 

PL lifetime are measured to analyze the necessary condition for generation of optically tunable 

charge recombination and dissociation process in perovskites. 

4.3 Materials and Methods 

4.3.1 Device fabrication 

All solar cells studied in this work were fabricated with a planar structure of 

ITO/NiOx/perovskite/PCBM/PEI/Ag (Figure 4-1a and Figure 4-1b). The PEDOT: PSS layer was 

spin-cast on top of pre-cleaned indium tin oxide (ITO) substrates at 4000 rpm for 90 seconds and 

then annealed at 300 °C in ambient conditions for 60 min. The MA-based perovskites were 

prepared from the precursor solutions of MAPbI3 (1.3 M) by dissolving methylammonium iodide 

(MAI, from 1-Material), and lead (II) iodide (PbI2, from Alfa Aesar). The mixed solvent of γ-

butyrolactone (GBL) and dimethyl sulfoxide (DMSO) (7:3 v/v, from Sigma-Aldrich) was used for 

the precursor solutions, which were stirred at 65 °C for 12 h and then cooled to room temperature 

before using. The perovskite thin films were spin-cast on top of NiOx with a two-step spin-coating 

process (1000 rpm for 10 s and 4000 rpm for 40 s). The substrates were subjected to a fast 

antisolvent extraction process with toluene (400 μL) at the 20th second of the second step, followed 

by thermal annealing at 100 °C for 10 min. The PC61BM layer was coated on top of the perovskite 

layer at 2000 rpm for 60 s from a 20 mg/mL solution of chlorobenzene (from Sigma-Aldrich); the 

substrates were then kept in a glass Petri dish for 45 min. Afterward, a solution of PEI (Mw ∼2000, 

50 wt % in water) in isopropyl alcohol (0.5 mg/mL) was spin-cast on top of the PCBM at 5000 
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rpm for 60 s. Finally, a 100 nm silver layer was thermally deposited as the cathode with an effective 

area of 0.075 cm2 under a vacuum of 7 × 10−7 Torr. 

4.3.2 Characterization and magnetic field effect measurements 

The PL measurements were performed by SPEX Fluorolog III spectrometer. The current 

density-voltage (J-V) characteristics of perovskite solar cells were measured in a nitrogen-filled 

glove box by using Keithley 2602 source meter under simulated sunlight (AM 1.5G, Thermal Oriel 

96000 300 W, Newport). Before experimental measurements, the devices were illuminated with 

simulated sunlight for 30 minutes to remove light soaking for developing stable JSC and VOC. The 

magneto-photocurrent measurements were performed by recording the photocurrent as a function 

of magnetic field (B, ~900 mT), which was applied parallel to the device plane. The magneto-

photoluminescence measurements were performed by recording the photoluminescence as a 

function of magnetic field with the same setup through Fluorolog III spectrometer (Figure 4-1c). 

The magneto-photocurrent and magneto-photoluminescence signal (%) is defined by MFE= 

𝐼𝐵−𝐼0

𝐼0
× 100% , where IB and I0 represent the photocurrents (or photoluminescence) with and 

without magnetic field, respectively. The curve shape of MFE can be fitted by a Lorentzian 

function: 𝑀𝐹𝐸 = 𝐴
𝐵2

𝐵2+𝐵0
2  where A is the coefficient, B is the applied magnetic field, and B0 

corresponds to the internal magnetic interaction. The control-experiment was done by using 

organic solar cells with the planar structure of ITO/PFN/PCBM: PTB7/MoO3/Ag. 

4.3.3 Polarization-dependent photocurrent and photoluminescence measurements 

The spin effect on light emission and charge dissociation is studied by detecting 

photoluminescence and photocurrent when photoexcitation is switched between linear and circular 

polarization. The measurement setup is shown in Figure 4-2. Linear polarized light is first 

produced when laser propagating through a linear polarizer. Then the polarization of the laser can 

be tuned by rotating the quarter wave-plate at 0° and 45° for linear and circular polarization. The 

light is then applied to the sample surface with normal incidence (normal to the sample plane). 

Based on Fresnel equations, the reflectance of linear polarized light (with and polarization 

direction) and circularly polarized light should be identical at normal incident. The absorption of  
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Figure 4- 1 (a) schematic diagram of perovskite solar cell. (b) Energy level diagram of perovskite 

solar cell. (c) Schematic of magnetic field effect measurements. 
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Figure 4- 2 Measurement setup for polarization-dependent Jsc and PL in metal halide perovskites 

by switching photoexcitation polarization. 

 

linear and circular light for perovskite sample should also be identical due to the same incident 

light intensity and the same reflectance. To minimize the experimental error caused by the optics 

and the optics alignment, the measurement setup is calibrated with a silicon photodetector (Thorlab 

APD120A, 200-1000nm). By switching photoexcitation polarization, the change in Jsc should be 

lower than 0.05%. During measurement, the photoluminescence is collected by optical fiber and 

direct to the spectrometer, and the photocurrent is measured by Keithley 2400. 

4.4 Results and Discussion 

The planar metal halide perovskite (MHP) solar cells with device structure of 

ITO/NiOx/MAPbI3 /PC60BM/PEI/Ag are fabricated via anti-solvent process (Figure 4-3a). The 

current-voltage (J-V) characteristics of the devices under AM 1.5G irradiation are shown in Figure 

4-3b. The device exhibits power conversion efficiency (PCE) of 17.7%, with a short-circuit current 

(Jsc) of 22.99 mA/cm2, an open-circuit voltage (Voc) of 1.07V, and a fill factor (FF) of 72%. The 

absorption and PL spectrum are shown in Figure 4-3c. The absorption onset is at 785nm, which 

is consistent with the bandgap of MAPbI3 around 1.55eV. The typical MAPbI3 emission peak at 

780nm can be observed in the photoluminescence spectrum. 
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Figure 4- 3 (a) Device structure of MAPbI3 based solar cell. (b) Current-voltage characteristics of 

MAPbI3 based solar cell. (c) Absorption and photoluminescence spectrum of MAPbI3 thin film.  
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Figure 4-4 shows the magneto-photocurrent under linearly and circularly polarized 488nm 

continuous-wave laser excitation in MHP solar cells. The 488nm laser beam is switched between 

linear and circular polarization through a quarter wave-plate with identical intensity. We can see 

that the photocurrent increases with increasing the magnetic field strength, leading to a positive 

magneto-photocurrent. Here, the magneto-photocurrent amplitude is defined as: MFE = (IB-I0)/I0, 

where IB and I0 are the photocurrents with and without external magnetic field. It should be noted 

that J = 1 electron hole pairs ( |ψ1,+1⟩, |ψ1,0⟩, |ψ1,−1⟩) are generated under photoexcitation. These 

electron hole pairs can be partially converted into J = 0 (|ψ0,0⟩) electron hole pairs through spin 

mixing due to the strong spin-orbital coupling (SOC) arise from heavy elements, leading to 

coexisting of bright stats (J=1) and dark states (J=0). Meanwhile, exchange interaction in electron 

hole pairs can serve as spin conserving disallowing interconversion between bright and dark states. 

The competition between exchange interaction and SOC can reach equilibrium in the population 

ratio of bright and dark states. Since bright state and dark state have different dissociation rates. 

An external magnetic field can change the bright state/dark state population ratio by suppressing 

spin mixing, and consequently modify the photocurrent, generating magneto-photocurrent. 

Furthermore, the line-shape of magnetic field effect can represent how fast the external magnetic 

field can change the bright state/dark state ratio in generating MFE response.  

It is interesting to note that, the line-shape of magneto-photocurrent becomes slightly 

broader when photoexcitation is switched from linear and circular polarization with low intensity 

(Figure 4-4a). By increasing photoexcitation intensity (120mW/cm2) (Figure 4-4b), the 

difference in line-shape of magneto-photocurrent becomes larger when between linear and circular 

photoexcitation. Basically, the line-shape of MFE can represent how fast the singlet/triplet ratio 

changes under external magnetic field. We should note that spin mixing induced by SOC and spin 

conserving due to exchange interaction allows and disallows the interconversion of bright and dark 

states, respectively. The competition between spin mixing and spin conversing leads to an 

equilibrium on the populations between spin-singlet and spin-triplet electron hole pairs. When the 

external magnetic field is comparable to the internal magnetic interaction, it can disturb the 

equilibrium and consequently change the bright state/dark state ratio. In our measurements, by 

switching the photoexcitation between linear and circular polarization, the exchange interaction 

determined by the Coulomb interaction for electron hole pairs are identical due to the same 

excitation intensity. Therefore, the line-shape of MFE can be essentially determined by SOC. Here, 
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the magneto-photocurrent curve can be fitted by a Lorentzian function: 𝑀𝐹𝐸 = 𝐴
𝐵2

𝐵2+𝐵0
2, where A 

is the coefficient, B is the applied magnetic field, and B0 corresponds to the internal magnetic 

interaction from SOC. It can be numerically analyzed that the B0 under 48mW/cm2 linearly 

polarized photoexcitation (B0L) is 207.6mT, while the B0 under 48mW/cm2 circularly polarized 

photoexcitation (B0C) is 218.1mT. At 120mW/cm2 photoexcitation intensity, B0L is 177.4mT, and 

B0C is 261.5mT. It can be observed external magnetic field are competing with much different 

internal magnetic interaction to generate MFE between linear and circular photoexcitations, and 

lead to a significant difference in MFE line-shape. This suggests that SOC for circular 

photoexcitation generated electron hole pairs is larger than that under linear photoexcitation. To 

verify the influence of SOC on MFE line-shape in MHP solar cells, the MFE of MAPb0.5Sn0.5I3 

based MHP has been measured and shown in Figure 4-4d. The Pb is partially substituted by Sn 

with lighter atomic weight. The MAPb0.5Sn0.5I3 solar cells show a narrower line-shape of magneto-

photocurrent as compared to Pb based MHP solar cells with the same excitation intensity. Clearly, 

this observation suggests that the line-shape of magneto-photocurrent in MHP devices are mainly 

controlled by SOC. According to this scenario, electron-hole pairs generated by linearly and 

circularly polarized photoexcitation can exhibit different SOC leading to the change in line-shape 

of magneto-photocurrent.  

It has been studied that under the influence of strong SOC, the band structure of MHPs is 

modulated to form a non-degenerate conduction band with J=3/2 and J=1/2, and valance band with 

S=1/2, where J is the total angular momentum quantum number. Specifically, in metal (Pb) halide(I, 

Br) perovskites, the conduction band (CB) is constituted of the Pb-p orbitals, while the valence 

band (VB) is originated from the hybridized anti-bonding state between Pb-s and halide-p orbitals, 

which retains the s symmetry. Thus, excited electrons can have strong orbit momentums due to 

SOC. Under circularly polarized photoexcitation, the excited electrons are moving on the orbitals 

with the same direction. As a result, the excited electrons have same-directional magnetic dipole 

momentums. On the other hand, when a linearly polarized photoexcitation is applied, which 

equivalent to the combination of left-hand (σ+) and right-hand (σ-) polarized photoexcitations, the 

excited electrons are moving on their orbitals with opposite direction, leading to opposite-

directional magnetic dipole momentums. When the excited electrons moving on adjacent orbitals 

encounter a mutual interaction, same-directional and opposite-directional magnetic dipole  
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Figure 4- 4 Normalized MFEPC curves of MAPbI3 based solar cells under linear and circular 

excitation (a) 48mW/cm2, (b) 120mW/cm2, (c) 240mW/cm2, (d) Normalized MFEPC curves of 

MAPbI3 and MAPb0.5Sn0.5I3 based solar cells under 48mW/cm2 photoexcitation.  
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momentums combine into stronger and weaker total momentums, respectively. This leads to 

higher and lower spin-orbit coupling under circular and linear photoexcitations. As a consequence, 

a change in SOC(∆SOC) can be induced by switching the photoexcitation between linear and 

circular polarization. At low excitation intensity, the light polarization induced SOC difference is 

relatively small due to relative weak orbit-orbit interaction with less excited orbits. By increasing 

the excitation intensity, the SOC difference becomes more significant due to the enhanced orbit-

orbit interaction between photo-generated electron-hole pairs, consequently a larger difference in 

line-shape of MFE can be observed.  

To further confirm the photoexcitation polarization effect on SOC, we perform the time-

dependent Jsc measurement on MHP solar cell by switching photoexcitation between linear and 

circular polarizations. It can be seen in Figure 4-5a, the Jsc increases from 1.586mA/cm2 to 

1.602mA/cm2 by 0.98% upon switching photoexcitation from linear to circular polarization with 

48mW/cm2 intensity. Clearly, the photovoltaic action can be modulated by switching the 

photoexcitation polarizations with the same intensity, which indicates that the existence of an 

interaction between polarized light generated electron-hole pairs. In particular, more 

recombination forbidden dark electron hole pairs are generated under circularly polarized 

photoexcitation through enhanced spin mixing process due to the stronger SOC, while more bright 

state electron hole pairs are maintained under linear polarized photoexcitation due to the weaker 

SOC (Figure 4-5b). As a result, lower and higher Jsc values can be obtained when switching 

photoexcitation between circular and linear polarizations. The ∆Jsc of 1.4% can be obtained under 

120mW/cm2 photoexcitation, as shown in Figure 4-5c. It is worth noting that the Jsc change (∆Jsc) 

shows a similar dependence on photoexcitation intensity comparing with the line-shape difference 

of magneto-photocurrent upon switching photoexcitation polarizations (Figure 4-5d). The 

photoexcitation intensity dependent ∆Jsc upon switching photoexcitation polarization provides 

further evidence that the orbit-orbit interaction is enhanced by increasing density of excited orbits.  

Now we verify that the photo-generated electron-hole pairs in MHP exhibit different SOC 

regarding to the incident light polarization through angular momentum transfer. The magneto-

photocurrents under different polarized photoexcitation have been measured with photoexcitation 

intensity of 120mW/cm2 based on organic solar cells with device structure of ITO/PFN/PCBM:  
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Figure 4- 5 (a) Short-circuit current density of MAPbI3 solar cells recorded by switching 

photoexcitation polarization at 48mW/cm2. (b) Schematic diagram of polarization dependent 

photocurrent. (c) Short-circuit current density of MAPbI3 solar cells recorded by switching 

photoexcitation polarization at 120mW/cm2 (d) Excitation intensity dependence of ∆Jsc between 

linearly polarized excitation and circularly polarized excitation in MAPbI3 solar cells.   
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PTB7/MoO3/Ag. Figure 4-6a shows that the line-shape of magneto-photocurrent under linearly 

and circularly polarized photoexcitation are identical in organic solar cells. It is known that organic 

semiconductors with negligible SOC can be excited by polarized photoexcitation to generate spin 

antiparallel electron hole pairs due to spin selection rule. Angular momentum transferring process 

is not involved during photoexcitation, since the orbit momentum of electron or hole can only be 

zero. Obviously, photo-generated electron hole pairs in organic solar cells have no orbital 

momentum contributor. Consequently, orbit-orbit interaction cannot occur between electron-hole 

pairs. In addition, the time-dependent Jsc upon switching photoexcitation polarization has been 

studied in organic solar cells. It can be seen in Figure 4-6b, the change of Jsc between linear and 

circular photoexcitation is around 0.02%, which is within experiment error. The ∆Jsc does not 

show an appreciable dependence on photoexcitation intensity (Figure 4-6c). This can also be 

understood that the electron hole pairs generated by linearly and circularly polarized 

photoexcitation in organic solar cells are subjected to the same spin mixing process from the 

intrinsic internal magnetic interactions, leading to almost identical singlet/triplet ratio, and 

consequently the photocurrents show a negligible difference. These results indicate that the light 

polarization induced change in SOC lies in the requirement of semiconducting materials with 

strong SOC modulated band structure where the angular momentum transfer can occur during 

photoexcitation process. 

Based on the study of photoexcitation polarization modulated charge dissociation process 

in MHP solar cell above, now we analyze the photoexcitation polarization effect on the 

recombination process. Figure 4-7a shows photoluminescence change by switching 

photoexcitation polarization (∆PL). In contrast to the results of ∆Jsc measurement, the ∆PL 

measurements upon switching photoexcitation between linear and circular polarization do not 

show any appreciable change in PL intensity. We should note that photo-generated electron hole 

pairs can go through dissociation process to generate photocurrent or radiative recombination 

process. Research has shown that the spin lifetime for free electron and hole in perovskite are 5ps 

and 1ps at room temperature75. When the electron hole pairs dissociate within the spin lifetime, 

∆Jsc can be observed upon switching photoexcitation polarization. Similarly, when the spin 

lifetime is comparable to the recombination lifetime, ∆PL can be observed upon switching 

photoexcitation polarization under steady state measurement. The dissociation time of photo-

generated electron hole pairs in MAPbI3 thin film  
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Figure 4- 6 (a) MFEPC curves of organic solar cells with device structure of ITO/PFN/PCBM: 

PTB7/MoO3/Ag under different polarized photoexcitations. (b) Short-circuit current density of 

organic solar cells recorded by switching photoexcitation between linearly polarized light and 

circularly polarized light excitation at 120mW/cm2. (c) Short-circuit current density change of 

organic solar cells by switching light polarization as a function of photoexcitation intensity.  
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Figure 4- 7 (a) Photoluminescence intensity of MAPbI3 thin film on a quartz substrate 

recorded by switching photoexcitation between linearly polarized excitation and circularly 

polarized excitation at 120mW/cm2. (b) Transient absorption spectra of MAPbI3 thin film on a 

quartz substrate at different delay times up to 1 ps. (c) PL lifetime of MAPbI3 thin film on a quartz 

substrate.  
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has been studied by transient absorption spectra and shown in Figure 4-7b. The typical 

dissociation time is around 500 fs. The PL lifetime shown in Figure 4-8b indicated that the 

electron hole pairs in MAPbI3 thin film can have PL decay time around 900 ns. Clearly, the fast 

dissociation process in MHP enables that Jsc change due to the polarized excitation induced 

population difference between bright and dark states. Meanwhile, the dissociated electrons and 

holes can be recaptured to form electron hole pairs, and then generated photoluminescence through 

bimolecular recombination. Since this process is much longer than spin relaxation process, 

negligible PL change under upon switching photoexcitation polarization can be observed. A recent 

study reported much spin relaxation time around 1ns for electron and hole in excitonic states of 

polycrystalline MHP. This suggests a potential approach to obtain photoexcitation dependent 

photoluminescence in low dimensional perovskites, in which photogenerated states are mainly 

geminate excitons due to large binding energy. 

4.4 Summary 

In this chapter, we explore the optical manipulation of spin and orbit parameters in metal 

halide perovskites by using polarized photoexcitations. The MFE curve-shape difference between 

linear and circular photoexcitations indicates an optically induced SOC change through orbit-orbit 

interaction. Based on orbit-orbit interaction, linear and circular photoexcitations can generate a 

difference in photocurrent in perovskite solar cells due to the different SOC. The transient 

absorption and PL lifetime studies suggest the necessary conditions for generation of polarization 

dependent photocurrent and polarization dependent photoluminescence. When the spin lifetime is 

longer than charge dissociation time, the polarization dependent photocurrent can be observed in 

metal halide perovskites. When the spin lifetime is comparable to PL lifetime, polarization 

dependent photoluminescence can be realized. These findings provide fundamental understanding 

on optically tuning of spin-dependent dissociation and recombination processes in perovskites. 

Furthermore, the photoexcitation polarization dependent photocurrent and photoluminescence can 

be utilized as experimental tools to probe SOC, which have a great influence on optoelectronic 

properties of perovskites.  
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Chapter 5  Dipole Moment Effect on Light Emission 

Properties in Metal Halide Perovskite Nanoparticles  
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5.1 Abstract 

Metal halide perovskite nanoparticles have attracted considerable attention as light emitters 

due to their narrow spectral width, tunable emission color, and high photoluminescence quantum 

efficiency. However, the conversion from bright state to dark state due to spin-orbital coupling 

(SOC) can give raise to additional non-radiative loss and limit light emission efficiency. In this 

work, we fabricate FAPbBr3 nanoparticles with formamidinium (FA) cations partially substituted 

by near-zero dipole moment guanidinium (GUA) cations. By analyzing photoexcitation 

polarization dependent photoluminescence, lowered orbit-orbit interaction between photo-

generated exciton in GUA doped perovskite nanoparticles can be observed. Improved 

photoluminescence quantum efficiency of 84% is achieved in GUA doped nanoparticles due to the 

suppressed conversion from bright state to dark state through SOC. The photoluminescence decay 

profiles, and photoluminescence anisotropy decay profiles suggest that the reduced SOC are 

induced by weakened orbit momentum associated with lowered electric polarization under 

photoexcitation in GUA doped nanoparticles. Our work provides new insight on improving the 

light emission efficiency of perovskite nanoparticles by considering electric polarization effects 

on SOC. 

5.2 Introduction 

Metal halide perovskites (MHPs) (with structure ABX3, where A=Cs+, FA+, MA+; B=Pb2+, 

Sn2+; X=Br-, I-, Cl-) have recently emerged as promising light emitting materials for light emitting 

diodes55-57 and lasers applications62, 63, 153, due to the narrow spectral width154, 155, tunable emission 

color156, 157, high carrier mobility158-160, and low materials cost. In the past four years, the 

photoluminescence quantum yield of hybrid perovskites has been increased to near unity, while 

the external quantum efficiency of perovskite-based LEDs has been increased from 0.125% to over 

20%66, 161, 162. Different structure and composition engineering approaches, including mixed 

cations, quasi-2D structure69, 163, 164, nanocrystal engineering165-167, have been reported to show 

improved light emission properties through improving crystallinity, passivating trap states, and 

enhancing exciton confinement. In 2018, Becker et al. demonstrated that CsPbX3 (X=Br, I, Cl) 

nanocrystals have highly emissive triplet states based on theoretical and experimental analysis89. 

The fine structure of band edge excitons in CsPbX3 (X=Br, I, Cl) nanocrystals have recombination 

allowed triplet states, and recombination forbidden singlet state, under the influence of Rashba 
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effect and strong spin-orbital coupling (SOC). In this light, SOC and Rashba effect should be 

considered as important parameters in further improving the light emitting efficiency of 

perovskites. Early studies have shown that SOC in perovskites can be effectively tuned by 

substituting metal cation Pb with Sn or Ge168, 169. Despite of emission color tuning, changing halide 

composition is also reported to have influence on SOC170, 171. However, A site cations substitution 

is mostly studied for its effects on increasing crystallinity172, 173, reducing trap density174, 175, and 

improving thermo/moisture stability175, 176. The possible influence on SOC induced by A-site 

cations substitution is barely addressed. It is known that the hybrid perovskites possess both orbital 

momenta (L) and spin momentum (S) with the total momentum J = L + S under influence of strong 

SOC82. Changing A site cation with different dipole moments can lead to a change in interaction 

between A-site cation and PbX6 octahedra, resulting in a change of electric polarization. The 

change of electric polarization can influence the orbital momentum of excitons in perovskites and 

consequently influences SOC. 

Here, the dipole moment effects on light emission properties of perovskite nanoparticles 

have been studied. Guanidinium (GUA) with zero dipole moment is introduced177, 178, to partially 

substitute Formamidinium (FA) (dipole moment ~0.2D) in FAPbBr3 nanoparticles. The orbit-orbit 

interaction between photogenerated excitons in both doped and undoped perovskite nanoparticles 

are examined by using polarized light modulated photoluminescence. A decrease of SOC can be 

determined in GUA doped nanoparticles, which is induced by the reduced orbit contribution 

associated with reduced electric polarization. Due to the suppressed bright-to-dark states 

conversion, improved light emission efficiency is obtained from FAPbBr3 nanoparticles with GUA 

doping. Further, PL lifetime and PL anisotropy decay are studied to explore the possible 

mechanism of suppressing electric polarization with GUA doping. This chapter provides new 

insight on improving light emission properties of low dimensional perovskites by considering 

dipole moment effects on photoluminescence quantum efficiency through A-site cation doping. 

5.3 Materials and Methods 

5.3.1 Device fabrication 

FAPbBr3 nanoparticles were synthesized by using an emulsion system with two immiscible 

solvents (n,n-dimethylformamidinium (DMF) and hexane). We dissolved 0.4 mmol of 
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CH(NH2)2Br (Sigma-Aldrich) and 0.4 mmol of PbBr2 (Dyesol) in 1 mL of DMF to form a 

precursor solution. In another vial, we mixed 6.05 μmol of amine ligand and 0.25 mL of oleic acid 

with 5 mL of hexane. Dropping 0.4 mL of precursor solution into ligand-dissolved hexane solution 

with vigorous stirring yielded a milky emulsion. Dropwise addition of 4 mL of tertbutanol into the 

emulsion solution caused crystallization of perovskite. Guanidinium (GUA) cation doped 

perovskite NPs with GUA: FA molar ratio of 1:9 were synthesized by using the same method. 

The FAPbBr3 nanoparticles based light emitting diode are fabricated with device structure 

of ITO/PEDOT: PSS/FAPbBr3/TPBI/LiF/Al (Figure 5-1a). The energy level diagram of the 

device is shown in Figure 5-1b. ITO patterned glasses were cleaned by sonication in acetone and 

2-isopropanol for 15 min sequentially, and then boiled in 2-Isopropanol for 30 min. The glasses 

were dried, then UV-ozone was treated for 10 min. After UV-ozone treatment, PEDOT: PSS was 

spin-coated on the ITO patterned glasses at 4500 rpm for 90 s, then baked at 150 °C for 30 min. 

The substrates were transferred to a glove box and FAPbBr3 NP solutions were spin-coated at 3000 

rpm for 90 s. They were then baked at 90 °C for 10 min, then loaded in a vacuum chamber ( <10-

7 Torr). Then, TPBI (50 nm) was deposited at 1 Å/s, LiF (1 nm) was deposited at 0.1 Å/s, and Al 

(100 nm) was deposited at 3 Å/s sequentially.  

                 

 

 

 

 

 

 

 

 

Figure 5- 1 (a) schematic diagram of perovskite light emitting diode. (b) Energy level diagram of 

perovskite light emitting diode. 
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5.3.2 Measurement and characterization 

The photoluminescence and electroluminescence measurements were performed by Horiba 

Jobin Yvon Fluorolog-3 spectrometer. The photoexcitation was provided from a 405nm CW laser. 

For the photoexcitation polarization-dependent PL measurement, the linearly polarized laser beam 

with 2 mm diameter was combined with a ¼ wave plate to generate switchable linearly and 

circularly polarized photoexcitations with identical intensity when the ¼ wave plate was rotated 

with 0° and 45° relative to the direction of linear polarization of laser beam. The measurement 

setup can be referred to Figure 4.2. The PL decay time was measured by using Horiba Jobin Yvon 

Flourolog-3 and Flourohub. A nano-laser with 370nm excitation wavelength and 1 MHz repetition 

rate was used as excitation source. PLQEs of perovskite NP solutions were measured using the 

same spectrofluorometer with a 100-nm integrating sphere (ILF-835) and Jasco SpectraManager 

II Software. The excitation wavelength for measuring PLQEs was 375 nm. 

Photoluminescence anisotropy decay measurement: Anisotropy decay measurements are 

performed with Horiba Jobin Yvon Flourolog-3 and Flourohub. 370nm nano-laser combined with 

a linear polarizer is used as plane-polarized excitation light. The photoluminescence emission is 

then detected through a second polarizer. The excitation source, sample and detection part are 

aligned in an “L geometry” (as shown in Figure 5-2). The time-resolved anisotropy r(t) is  

 

 

 

 

 

 

 

 

Figure 5- 2 Time-resolved photoluminescence anisotropy measurement setup. 
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calculated by: 

                                              𝑟(𝑡) =
𝐼𝑉𝑉(𝑡)−𝐺𝐼𝑉𝐻(𝑡)

𝐼𝑉𝑉(𝑡)+2𝐺𝐼𝑉𝐻(𝑡)
                                                    (5-1) 

where IVV(t) is the intensity with vertically polarized excitation and vertical polarization on the 

detected emission. IVH(t) is the intensity with vertically polarized excitation and horizontal 

polarization on the detected emission. G is a wavelength-dependent grating factor used to correct 

the instrument’s differential transmission of the two orthogonal vector orientations. It can be 

calculated by 𝐺 =
𝐼𝐻𝑉

𝐼𝐻𝐻
 , where IHV(t) is the intensity with horizontally polarized excitation and 

vertical polarization on the detected emission. IVH(t) is the intensity with horizontally polarized 

excitation and horizontal polarization on the detected emission. 

5.4 Results and Discussion 

The particle size distribution of FAPbBr3 nanoparticles was determined by using 

transmission electron microscopy (Figure 5-3a). FAPbBr3 nanoparticles were characterized of 

10nm average particle size and a narrow particle size distribution, indicating a controlled 

crystallization kinetic for nanoparticles with emulsion method. However, perovskite nanoparticles 

with 10% GUA doping had smaller average size of 8nm. The decrease in particle size suggests 

that GUA cation doping can effectively influence crystallinity perovskite nanoparticles, preventing 

formation of larger crystals. Photoluminescence spectrums of undoped and GUA doped perovskite 

nanoparticles are shown in Figure 5-3b. PL spectrum of FAPbBr3 nanoparticles was centered at 

533nm with narrow spectrum width (~22nm). PL peak of GUA doped perovskite nanoparticles 

showed slightly blue shift at 532nm. The absorption spectrums were measured from FAPbBr3 

nanoparticles thin film samples (as shown in Figure 5-3c). The absorption spectrums for both 

GUA doped and undoped FAPbBr3 nanoparticles were almost identical with absorption onsets 

around 527nm.  

To explore GUA doping effects on light-emitting properties of FAPbBr3 nanoparticles, 

linear/circular photoexcitation modulated photoluminescence measurement in probing bright-to-

dark states conversion process was conducted. It has been studied that under the influence of strong 

SOC due to heavy Pb atom and electron-hole exchange interaction, the fine structure of band edge 

excitons in perovskite nanocrystals have recombination allowed J triplet states, and recombination  
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Figure 5- 3 (a) Photoluminescence spectrum of undoped and GUA doped FAPbBr3 nanoparticle 

thin films. (b) FAPbBr3 nanoparticle size with different GUA doping concentration.  
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forbidden J singlet state, namely, bright states and dark states. Under photoexcitation, excitons are 

formed with J triplet states in perovskites due to angular momentum conservation. SOC can serve 

as spin mixing that converts photo-generated bright excitons into dark excitons. Therefore, bright-

to-dark state conversion is essentially a critical process that determining the photoluminescence 

efficiency of perovskite nanoparticles. In linear/circular photoexcitation modulated 

photoluminescence measurement, the photoluminescence intensity of FAPbBr3 nanoparticles was 

monitored while photoexcitation was switched between linear and circular polarization by using 

the same optical path as shown in Figure 4-2. The experiment detail has been described in Chapter 

4.3.3. It can be seen in Figure 5-4a that, PL intensity change with ∆PL=0.45% can be observed 

from undoped FAPbBr3 nanoparticles when 405nm photoexcitation was switched between linear 

and circular polarization with 100mW/cm2 intensity. Meanwhile, ∆PL of 0.3% was obtained from 

GUA doped FAPbBr3 nanoparticles as shown in Figure 5-4b. Here, ∆PL is defined by ∆PL= 

(ILinear-ICircular)/ICircular, where ILinear and ICircular are the PL intensities under linear and circular 

photoexcitations, respectively. In principle, left-hand (+) or right-hand (-) circularly polarized 

photoexcitation generates Jz=+1 or Jz=-1 excitons with same-directional orbital momentum. 

Whereas, linearly polarized photoexcitation can be considered as combination of left-hand and 

right-hand circular photoexcitation, generates both Jz=+1 and Jz=-1 excitions with opposite 

directional orbital momentum. It should be pointed out, when the orbitals encounter interaction 

through magnetic dipoles formed from orbital current loops, excitons with same-directional orbital 

momentums exhibit stronger total magnetic dipoles under circular photoexcitation. In contrast, 

excitons with opposite-directional orbital momentums formed under linear photoexcitation have 

weaker total magnetic dipoles. As a consequence, stronger and weaker SOC are generated under 

circular and linear photoexcitation through orbit-orbit interaction81, 179. Importantly, bright 

excitons can convert into dark excitons due to orbit-orbit interaction through SOC. Thus, circular 

and linear photoexcitations generate stronger and weaker bright-to-dark state conversion leading 

to different populations of bright and dark states, consequently yield to different light emission 

intensity (Figure 5-4c). 

It is worth noting that photoexcitation polarization dependent photoluminescence cannot 

be observed in perovskite nanoparticles below certain photoexcitation intensity. The threshold 

excitation intensity required to generate ∆PL for undoped FAPbBr3 nanoparticles and GUA doped  



 

73 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5- 4 (a) Polarization dependent photoluminescence of FAPbBr3 nanoparticle thin film with 

100mW/cm2 photoexcitation. (b) Polarization dependent photoluminescence of GUA doped 

FAPbBr3 nanoparticle thin film with 100mW/cm2 photoexcitation. (c) Schematic diagram of 

linear/circular photoexcitation modulated photoluminescence in perovskites. 
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nanoparticles were 50mW/cm2 and 100mW/cm2, respectively (Figure 5-5a). It should be pointed 

out, the absorption intensities for both nanoparticle samples are almost identical at 488nm as 

shown in Figure 5-3c. Therefore, the different threshold excitation intensity for ∆PL caused by 

absorption difference can be excluded. Importantly, the realization of ∆PL relies on 

photoexcitation induced SOC change through orbit-orbit interaction between excitons. When the 

orbit-orbit interaction between excitons is relatively weak, no difference in spin-mixing can be 

induced between linear and circular photo-generated excitons, leading to a negligible change in 

PL intensity. By increasing photoexcitation intensity to a certain threshold value, the orbit-orbit 

interaction between excitons can be enhanced due to the increased density of excitons. Linear and 

circular photoexcitation generated excitons can experience different bright-to-dark state 

conversion process, leading to an appreciable change in PL intensity. Based on this analysis, 

threshold excitation intensity for polarization dependent photoluminescence can provide essential 

insight on intrinsic orbit-orbit interaction between excitons in different perovskites. Here, 

compared to undoped nanoparticles, higher threshold excitation intensity observed for GUA doped 

nanoparticles suggests that, excitons generated in GUA doped nanoparticles have weaker orbit-

orbit interaction between each other, leading to weaker bright-to-dark state conversion. Figure 5-

5b shows the PLQEs measured for both perovskite nanoparticles with and without GUA doping. 

GUA doped nanoparticles have an improved PLQE (~84%), comparing with undoped FAPbBr3 

nanoparticles (~69%). This result can be attributed to the weaker bright-to-dark state conversion 

process in GUA doped nanoparticles. Theoretically, the hybrid metal halide perovskites possess 

both orbital momentum (L) and spin momentum (S) with the total momentum J = L + S. The 

interaction between J polarized excitons generated by polarized light can be affected by both the 

orbital momentum and spin momentum through spin-orbital coupling. Changing electric polarized 

and magnetic polarization in perovskites can effectively change orbital momentum and spin 

momentum, respectively. Electric polarization of perovskite nanoparticles can be possibly affected 

by GUA cation doping through: 1)  passivating the charged defects at grain boundaries177, 180, 

leading to a decrease in electric polarization, 2) substituting FA with near-zero dipole moment 

cation GUA, leading to a suppressed dielectric response under photoexcitation. In the former and 

later regime, the surface and bulk electric polarization can be reduced, respectively. Accordingly, 

orbit-orbit interaction between excitons becomes weaker in GUA doped nanoparticles based on 

the weaker SOC.  
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Figure 5- 5 (a) PL intensity change by switching photoexcitation polarization as a function of 

excitation intensity for GUA doped FAPbBr3 nanoparticle thin films. (b) PLQE of undoped and 

10% GUA doped FAPbBr3 nanoparticle thin films. 

 

 

To further confirm the relationship between orbit-orbit interaction and light emission 

efficiency in FAPbBr3 nanoparticles, PL lifetime was measured by using time-correlated single-

photon counting (TCSPC) system. PL decay curve of FAPbBr3 nanoparticles was fitted with a 

two-exponential equation: 

                                         𝐼(𝑡) = 𝛼1𝑒−𝑡/𝜏1 + 𝛼2𝑒−𝑡/𝜏2                                                 (5-1) 

where τ1 and τ2 are the time constant of PL decay component 1 and PL decay component 2, α1 and 

α2 are the intensity contributions of component 1 and component 2 to PL decay, respectively. It 

can be seen that the PL decay curves represent a fast component and a slow component (Table 5-

1). Generally, the fast component of PL decay is related to the trap-assisted recombination of 

photo-generated carriers at the surface of nanoparticles and grain boundaries. The slow component 

refers to the radiative recombination of geminate electron-hole pairs inside the nanoparticles66, 167. 

The undoped FAPbBr3 nanoparticles showed slightly shorter PL lifetime and higher fraction of 

short PL decay component (α1~19.8%) than GUA doped nanoparticles (α1~17.6%) (Figure 5-6a).  
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Table 5-1. PL lifetime of FAPbBr3 nanoparticles and GUA doped FAPbBr3 nanoparticles. 

 𝜏1 (ns) α1 (%) 𝜏2 (ns) α2 (%) 

0% GUA 11 19.8 151 80.2 

10% GUA 13 17.6 152 82.4 

 

 

It is known that most nanoparticles contain under-coordinated ions at particle surface and grain 

boundaries between crystals. GUA molecules are likely to reside at grain boundaries to form 

hydrogen bonds with under-coordinated bromide ions due to its strong hydrogen bonds formation 

capacity. Consequently, the charge trapping species at surface of FAPbBr3 nanoparticles can be 

passivated by GUA doping. However, the relatively small change in PL lifetime suggests that the 

improved light emitting efficiency upon GUA doping is not mainly contributed from the 

suppression of trap assisted non-radiative recombination. It is also important to note that, the 

surface polarization of nanoparticle cannot be readily tuned by GUA doping, due to the 

inefficiency surface trap passivation. 

To get further understanding on the weakening of SOC upon GUA doping, we measured 

photoluminescence anisotropy decay. It has been studied bulk polycrystalline hybrid perovskites 

can exhibit polarization memory due to the anisotropic crystal structure and polar distortion of 

local crystal lattice181-184. Based on this, linear photoexcitation generated excited states in hybrid 

perovskite can maintain the initial polarization anisotropy with certain timescale. It can be seen in 

Figure 5-6b, the photoluminescence anisotropy for undoped FAPbBr3 nanoparticles was 

measured to decay within 10ns. Whereas, GUA doped FAPbBr3 nanoparticles did not exhibit a 

detectable photoluminescence anisotropy within our detection limit (Figure 5-6c). We should note 

that FAPbBr3 nanoparticles have cubic crystal structure which cannot be responsible for 

maintaining polarization anisotropy. However, polar distortion of local crystal lattice can be 

induced due to the rotation of polar cation FA+ under photoexcitation, leading to larger bulk 

polarization185. Partially substituting FA with GUA can effectively reduce polar distortion 

generated from rotational organic cations, and consequently leads to weaker bulk polarization. 

Clearly, the negligible PL anisotropy of GUA doped perovskite nanoparticles indicates a relatively  
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Figure 5- 6 (a) PL lifetime of undoped and GUA doped FAPbBr3 nanoparticles. (b) PL anisotropy 

decay of FAPbBr3 nanoparticles, (c) PL anisotropy decay of GUA doped FAPbBr3 nanoparticles.  
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weak bulk electric polarization. Consequently, GUA doped perovskite nanoparticles possess 

weaker SOC due to the suppressed electric polarization. 

The EL characteristics and device efficiencies were measured in undoped FAPbBr3 

nanoparticles and GUA doped perovskite nanoparticle LEDs with device structure of ITO/ PEDOT: 

PSS/MHP NPs/TPBI/LiF/Al. Similar to the PL spectrum, a blue shift in EL spectrum was observed 

for GUA doped nanoparticle LED, which was attributed to enhanced quantum confinement of 

electron-hole pairs generated from charge injection (Figure 5-7a). In every applied bias, GUA 

doped nanoparticles LED showed enhanced luminance compared to undoped FAPbBr3 

nanoparticles LED (Figure 5-7b). An improved luminescence efficiency 16830cd/m2 was 

achieved in GUA doped nanoparticle LED, as compared to the undoped FAPbBr3 nanoparticle 

LED (4260cd/m2). The improved device performance can be attributed to 1) improved PLQE of 

nanoparticles with weaker bright-to-dark states conversion due to SOC, 2) improved charge 

injection and transport in nanoparticles due to improved film continuity. However, further 

increasing GUA: FA molar ratio above 10%, device performance began to decrease. This result 

suggests that charge injection and transport can be impeded in nanoparticles with reduced size and 

higher surface to volume ratio67, 186.  

 

 

 

Figure 5- 7 (a) Electroluminescence spectrum of FAPbBr3 nanoparticle LEDs with different GUA 

dopant concentration. (b) Luminance characteristics of FAPbBr3 nanoparticle LEDs. 
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5.5 Summary 

In sum, FAPbBr3 nanoparticles and nanoparticles with proper amount GUA cation doping 

were synthesized. The dipole moment effect from GUA doping on light emission properties is 

studied.  The linear/circular photoexcitation modulated photoluminescence measurements indicate 

that zero dipole moment cation GUA doping in FAPbBr3 nanoparticles can lead to suppressed 

bright-to-dark state conversion process in excitons due to the weaker orbit-orbit interaction. 

Accordingly, PLQE of FAPbBr3 nanoparticles increases from 69% to 84% with 10% molar ratio 

GUA doped. PL lifetime characteristics suggest that, the improvement in photoluminescence 

quantum efficiency should not be attributed to the insignificant trap passivation due to GUA 

doping. The PL anisotropy decay measurement confirms that GUA doping can essentially weaken 

the electric polarization in perovskite nanoparticles, leading to a weaker SOC, and consequently 

suppresses bright-to-dark state conversion. An improved luminescence of 16830cd/m2 is achieved 

in GUA doped nanoparticle LED. Our results suggest that reducing electric polarization in 

perovskite nanoparticles through GUA cation doping can be a promising approach to further 

improve light emitting properties of perovskite NPs.  
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Chapter 6  Conclusion  
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The magnetic-optical effects in multifunctional materials and newly emerging metal halide 

perovskites are studied in this research. Magnetic field effects are applied as an effective tool to 

study the spin and polarization-dependent behavior of multi-functional materials in excited states. 

Also, new magneto-optical effects are explored to analyze the internal coupling between magnetic 

and optical properties in multi-functional materials.  

First, we experimentally studied magneto-photoluminescence by using two-photon and 

three-photon excitations based on the Y2O2S: Er, Yb and NaYF4: Tm, Yb particles. The magneto-

photoluminescence can be observed above certain threshold excitation intensity. We proposed the 

possible mechanism of this photoexcitation intensity dependent magneto-photoluminescence by 

considering spin-dependent transition dipoles. When the photoexcitation exceeds the critical 

intensity, the exchange interaction between electric dipoles becomes weak due to Coulomb 

screening effects, allowing spin mixing induced by SOC to happen. An external magnetic field 

can then disturb the equilibrium established by the competition between exchange interaction and 

SOC, modifying the populations on antiparallel and parallel dipoles, leading to an appreciable 

magneto-photoluminescence. Based on this analysis, we further studied the magneto-

photoluminescence through down-conversion and three photon up-conversion. By comparing the 

curve-shape of the magnetic field effects, the key parameter and process to generate magneto-

photoluminescence in up-conversion crystals are revealed. These findings provide new insight to 

generate magneto-optical effects in up-conversion materials by considering the spin-dependent 

electric dipoles, and potential of field sensing and IR detection application based on up-conversion 

materials. 

Second, a new steady state pump-probe measurement in magnetic field was developed for 

studying magnetic properties of nanoparticles suspension in both ground state and excited states.  

By using magnetic field effect of light scattering, a stronger magnetic response and faster response 

time were observed in MNP-graphene hybrid than in pristine graphene. More importantly, the 

amplitude of MFE of scattering from the hybrid sample can be enhanced upon applying excitation 

beam, which indicates that photoexcitation can induce enhanced magnetization due to the 

interaction between delocalized  electrons and localized spins in graphene. In addition, the ligand 

effect on the coupling between MNP and graphene is studied with MFE of light scattering.  The 

result suggests that mediated non-covalent assembly of MNPs on to graphene through ligands in 
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the nanohybrid MYG can lead to enhanced anisotropic magnetism. Our study reveals fundamental 

information about the internal coupled magnetic and semiconducting properties in dedicated 

designed MNP-graphene nanohybrid. Also, the optically tunable magnetic properties in 0D-2D 

heterostructure give rise to new possibilities to design magnetic imaging and displays. 

Last, the SOC effects on charge recombination and dissociation process in newly emerged 

metal halide perovskites have been studied. With strong SOC modulated band structure, electron-

hole pairs with different orbit fields can be generated with polarized photoexcitation. By analyzing 

the curve-shape of magneto-photoluminescence, we found that the interaction between the same 

directional and opposite directional orbit momentums can give rise to optically tunable SOC, and 

consequently generating photovoltaic actions. Our study indicates that the in presence of orbit field, 

the conversion between bright and dark states through SOC can be detected in perovskites, leading 

to a photoexcitation dependent SOC. Moreover, the polarized photoexcitations dependent 

photocurrent and photoluminescence can be used as effective tools to explore the SOC and Rashba 

effects in perovskites. Based on this understanding, we studied the dipole moment effect on SOC 

as well as light emission properties of SOC in perovskite upon GUA doping. The photoexcitation 

polarization dependent photoluminescence suggests that SOC is reduced in GUA doped perovskite 

due to the reduced electric polarization. As a consequence, the conversion from bright to dark state 

is effectively suppressed, leading to an improved photoluminescence quantum efficiency. This 

series of studies provide insightful understanding on the nature of SOC mediated recombination 

and dissociation process of electron-hole pairs in perovskite. It also provides an important 

guideline for designing metal-halide perovskite by considering the SOC. 

In sum, this thesis provides both fundamental understand and future possibilities for 

magneto-optical effects in multi-functional materials.  
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