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Abstract

Organic semiconducting materials, consisting mostly of carbon and hydrogen
atoms, provide remarkable promise for electronic applications due to their easy processing,
chemical tenability, low costs and environmental-friendly characteristics. For realizing
electronic applications such as light emitting diodes and photovoltaic cells, charge-transfer
states act as an important intermediate state for recombination and dissociation.
Interestingly, magnetic field effects on semiconducting materials have been realized based
on the suppression of spin mixing in the charge-transfer states. Although lots of studies
have been carried out on investigating the properties of charge-transfer states, little has
been done to consider the interaction between them. This thesis aims to reveal the
interaction between different kinds of charge-transfer states by using the magnetic field
effects. Chapter 1 presents a basic introduction to the organic semiconducting materials
and magnetic field effects. Chapter 2 gives a simple description of the experiment
procedure, such as device fabrication, magnetic field effects measurement and data
analysis. Chapter 3 studies the interaction between intermolecular charge-transfer states.
Chapter 4 indicates the interaction between intramolecular charge-transfer states and d
electrons. Chapter 5 illustrates the interaction between photo-generated and magnetized
charge-transfer states. Chapter 6 introduces the interaction between excitons and free
charge carriers in organo-metal halide perovskite materials. Chapter 7 performs the study
of magneto-electronic interaction at the interface between Rashba perovskite and
ferromagnetic metal. Finally, Chapter 8 gives a short conclusion for the entire study in this

dissertation.
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CHAPTER 1
INTRODUCTION



This chapter provides the fundamental information about the organic
semiconducting materials and magnetic field effects. Main information is focus on the
properties of charge-transfer states and mechanisms of magnetic field effects. The
motivation of this chapter is to give the correspondence information for the studies in the
following chapters. Therefore, the readers whose background are not in this area would

feel free to read this chapter.

1.1 Organic Semiconducting Materials

Organic semiconducting materials, showing semiconducting properties, mostly
consist of carbon and hydrogen atoms. They can be divided into two categories: (1) small
molecules (Figure 1) and (2) polymers (Figure 2), which has a well-defined molecular

weight and structure and a long-chain molecule with repeat units respectively.

AN
e

\Q/

C60

Figure 1 Chemical structures of small molecules: Ceo and Algs.



HsCO

PFO

MEHPPV

Figure 2 Chemical structures of polymers: P3HT and PFO.

1.1.1 History of organic semiconducting materials

Although organic materials are firstly well known for their electrically insulating
properties due to a wide band gap, some specific organic materials were discovered with
clear electrical conductivity in 1950s. It was in 1970s when A. J. Heeger, Alan MacDiarm
and Hideki Shirakawa found that chemical doping can change the conductivity of organic
materials over a full range from insulator to metal, attracting more and more chemists,
physicists and engineers to work on the fabrication, fundamental physics and application
of organic semiconducting materials.[Yl Therefore, they were awarded the Nobel Prize in
Chemistry in the year 2000 for “the discovery and development of conductive polymers”.
Nowadays, many companies have put the OLED into market for display application, which
demonstrated the great potential application of organic semiconducting materials.
Although comparing with the popular inorganic semiconductors, organic semiconducting
materials still have problems such as short lifetime and low efficiency in OPV. However,
the unique properties such as solubility, flexibility, and light weight, low cost and
controllable bandgap predicts a bright future for organic semiconducting materials in

application.l24l



1.1.2 Electronic structure of organic semiconducting materials

Organic semiconducting materials are T-conjugated, consisting of alternative single
and double bonds along the chain of carbon atoms as shown in Figure 3 (a). Each carbon
atom has three sp> and one p; orbitals, forming c-bonds through overlapping between
neighbor carbon atom and hydrogen atom and m-bonds by overlapping with nearby p;
orbitals as shown in Figure 3 (b), respectively. The n-bonds lead to the delocalized =-
electrons along the carbon chain in organic semiconducting materials, producing the
conductivity. Generally, the occupied bonding n-bonds and empty anti-bonding n-bonds
form molecule bonds that are comparable to the valence band and conductance band in
inorganic semiconductors. The bonding m-orbital with the highest energy is called the
highest occupied molecular orbital (HOMO), while the anti-bonding m-orbital with the
lowest energy is called the lowest unoccupied molecular orbital (LUMO).I5 8 The bandgap
between HOMO and LUMO is usually in the range of 1.4-3.0 eV due to the Peierls
distortion, generating the semiconducting properties of these organic materials.

(a)

(b)
«— 1 bond

Ca>«— o bond

Figure 3 (a) Schematic view of the conjugated polymer backbone. (b) Electronic orbitals

and bonds in conjugated carbon atoms.



In general, the organic materials are disordered or amorphous which means the
long-range order is negligible between molecules or polymer segments. Due to the
distortion and weak interaction between organic semiconducting molecules, the n-electrons
are confined at a part of molecule or a segment of polymer. The energy of the site where
the m-electrons are localized is also disordered as a Gaussian distribution with an energy
difference of 75~150 meVI" & because of the spatial disarray as shown in Figure 4.
Consequently, charge carriers hop between localized sites by phonon-assisted tunneling,
leading to a mobility with several orders smaller than that of inorganic semiconductors.

I N
Figure 4 Disorder in the energy (E) of localized sites (left) and the distribution of sites per

energy (N) follows a Gaussian density of states. The hopping of a carrier is illustrated by

the red dashed arrows.

1.2 Excitations in Organic Semiconducting Materials

Upon photoexcitation and electrical injection, charged (polarons) or neutral
(excitons) electronic excited states (excitations) are formed in m-conjugated organic
semiconducting materials. Photoexcitation with the energy larger than the bandgap
produces neutral and spinless excitations named as singlet excitons. They can either
recombine to the ground states with an outcome of luminescence or transfer into a long-

lived neutral excitation named triplet excitons through intersystem crossing. In addition,
5



they can dissociate into positive and negative charged excitations (polarons) with a spin of
%, which can form another type of neutral excitations named polaron pairs. On the other
hand, after the charge carriers are injected into organic semiconducting materials from the
electrodes, they can transport as polarons, or combining with each other to form polaron

pairs or excitons. In the following, we introduce these different types of excitations in

organic semiconducting materials.

1.2.1 Polaron
It is known that organic materials are softer than inorganic materials because of the
weak interaction between adjacent molecules or polymer chains originating from Van der
Vaals forces. Consequently, the transportation of charge carriers in organic materials can
distort the organic material, forming a quasi-particle named polaron as shown in Figure 5.

Polaron is positively or negatively charged with a spin of % Ascribing to the combination

of charges and distortions, polarons are localized within the bandgap of organic
semiconducting materials. The transportation of polaron is described by hopping process
between different localized states.

Figure 5 Schematic of polaron.



1.2.2 Polaron pair

When two oppositely charged polarons on neighbor molecules or polymer chains
combining with each other through Coulomb interaction, a polaron pair is formed (Figure
6 (2)). It is the intermediate state of polarons and excitons. In optical excitation, polaron
pairs derives from the relaxation of high energy singlet exciton at the interface between
two molecules or polymer chains. They have the same spin state as the original singlet
exciton, which is called geminate polaron pairs. Polaron pairs at the interface can also
dissociate into polarons. When these polarons combines with each other through Coulomb
interaction at the interface, they can again form polaron pairs with random spin
configuration, named as non-geminate polaron pairs. In electrical excitation, injected
electrons and holes are captured by Coulomb interaction to form non-geminate polaron
pairs. Different from the germinate polaron pairs which have spin of 0, non-germinate
polaron pairs can have singlet and triplet configuration with spin of 0 and 1 at a ratio of
1:3. Due to the energy difference between singlets and triplets, the intersystem crossing

(I1SC) occurs as shown in Figure 6 (b).
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Figure 6 (a) Diagram of polaron pair. (b) Intersystem crossing between singlet and triplet.



1.2.3 Bipolaron

Comparing with polaron pairs who are constructed by oppositely charged polarons,
bipolaron is formed by two polarons with the same charge on the same site which is shown
in Figure 7. The bipolaron can either be two positive polarons (P+P+) or two negative

polarons (P-P-), leading to a lower energy than that of each individual polaron.
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Figure 7. Diagram of bipolaron with P+P+ or P-P-.
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1.2.4 Exciton

Excitons are electron-hole pairs combined by the Coulomb interaction between
them in a single molecule or single polymer chain. Basically, the Coulomb interaction in
excitons is stronger than that in the polaron pairs due to the short distance between electron
and hole in exciton. Upon photoexcitation, singlet exciton is directly formed by promoting
an electron from lower energy level to higher energy level as shown in Figure 8. This
excitation causes a structural distortion of surroundings, leading to exciton binding energy
round 0.3~0.5eV in most organic semiconducting materials. Due to the spin orbital
coupling, hyperfine interaction or the impurities, singlet excitons can transfer into triplet

excitons via intersystem crossing.



Molecule

Figure 8 Diagram of exciton.

1.3 Spins in organic semiconducting materials

Nowadays, more and more enthusiasm on the research of spins arises because of
the application of inorganic spintronics in read head and modern hard disk drive.
Considering the spin states of polarons, polaron pairs, bipolarons and excitons in organic
semiconducting materials, researchers have moved their attention of spin study into organic
materials. On one hand, people find that organic semiconducting materials can be used as
a space layer sandwiched by two different ferromagnetic electrodes for realization of GMR
or TMR, leading to organic spintronics.> 1% On the other hand, people also notice that the
electronic properties of organic semiconducting materials can be changed by an external
magnetic field without coupling with ferromagnetic electrodes, leading to magnetic field
effects.[!2-28] The following paragraphs discuss these two effects in organic semiconducting

materials.



1.3.1 Organic spintronics: GMR and TMR

Generally, the weak spin orbital coupling due to the absence of high-weight atoms
in organic semiconducting materials generates a longer spin lifetime than that of inorganic
semiconductors.l?” 281 Together with other properties such as cheap price, easy processing
method and chemical tenability, organic semiconducting materials have attracted much
attention on the research of spintronics. The spin injection into organic materials was first
realized in 2002 by using a device with the structure of LSMO/sexithiophene/LSMO.[?°]
However, the correlation of the observed magnetoresistance in this device with the
orientation of the magnetization is unclear at that time. In 2004, Xiong et al, reported the
first organic spin valve by using small molecule Algs as the space layer with 100 nm
sandwiched by LSMO and Co as shown in Figure 9 (a). They observed a large resistance
change with the value of 40% in Algs when switching the magnetization direction of the
ferromagnetic electrode, which is a clear characterization of giant magnetoresistance
(GMR) (Figure 9 (b)). This experiment also demonstrates the long spin diffusion length in
organic materials. After this discovery, many spin valves with the application of other
molecules or polymers are carried out, proving the probability of organic spin valve in

future application.[30-331
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Figure 9 (a) The device structure and SEM image, (b) magnetoresistance of the first
organic spin valve measurement by Xiong et al., measured on a LSMO/AIqg3/Co device at
11 K. Data adapted from Ref. 9.
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Another approach to realize organic spin valve is to use a very thin organic layer as
a tunnel layer to produce TMR.[% 34381 By comparing an Algz layer with an inorganic
tunnel layer Al>Os, researchers found that when Alqg3 layer is very thin, charge carriers can
tunnel through it to form a typical TMR device as shown in Figure 10. In conclusion,
organic semiconducting materials have been proved for realization in spintronics, leading

to a potential application in future data reading and storage.

>

TMR (%)

Magnetic field (Oe)

Figure 10 (a) HRTEM image of a magnetic tunnel junction with a thin (few nm) Alqgs
barrier. (b) TMR of the tunnel junction shown in (a). The inset shows the temperature
dependence of TMR. Data adapted from Ref. 40.

1.3.2 Magnetic field effects

A long time before the realization of organic spin valve, magnetic field effects on

chemical reaction and delayed photoluminescence had been discovered.°-*! The magnetic

field effects are defined as MFEs = SBS;S" where Sg and So are signals with and without

0

magnetic field. Researchers missed to pay much attention to this kind of phenomenon until
21% century when different groups over the world found that many properties of organic
semiconducting materials, such as resistance, electroluminescence, photoluminescence,
photocurrent and capacitance et al. can be changed by an external magnetic field without
coupling with ferromagnetic electrode.™**-61 Wohlgenant group found that both molecule
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and polymer shows a large magnetoresistance without ferromagnetic electrode at room
temperature.[** Further studies shown that this organic magnetoresistance (OMAR)
changes with temperature, bias voltage, thickness of the organic semiconducting layer and
also the device structure.[*1: 20-22.42-45] At the same time, Kalinowski et.al reported that the
electroluminescence and current of Alg3 in an OLED device can be improved up to 5%
and 3% respectively upon applying of an external magnetic field to 300 mT." 8! In addition,
Frankevich found the change of photocurrent from PPV is enhanced up to several
percentages by an external magnetic field.*"! Ito et.al also studied the photocurrent and
luminescence of a doped photoconductive polymer films by applying a magnetic field,
showing the magnetic field effects on photocurrent and luminescence.® Recently, Zang
et.al discovered that magnetic field can even change the capacitance of an organic donor:
acceptor bulk heterojunction under photoexcitation.[*> 14 Distinguished from spin valve,
magnetic field effects on organic semiconducting materials observed at room temperature
and small magnetic field are without the application of ferromagnetic electrodes. It is
strongly believed that these magnetic field effects are related to the spin process in organic
semiconducting materials. Even many mechanisms are proposed to explain these

phenomena, however, there are still controversies between different models.

1.4 Mechanisms for magnetic field effects

Different models have been provided by various groups to explain the magnetic
field effects. Generally, there are four major types of models. The first one is the polaron
pair model which is related to the magnetic field sensitive intersystem crossing. The second
one is bipolaron model relating to the carrier mobility mediated by hyperfine interaction.
The third one is the spin dependent exciton interaction which includes excitons interaction
and exciton charge interaction. The last one is Ag effect caused by the difference between

g factors of electron and hole. Each mechanism is discussed in detail in the following.
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1.4.1 Polaron pair model

The polaron pair mechanism originates from the spin mixing between the singlet
and triplet polaron pairs which can be influenced by external magnetic field. The diagram
of this mechanism is illustrated in Figure 11. When electrons and holes are combined by
Coulomb interaction to form polaron pairs, the spin of electrons or holes can be flipped by
the internal magnetic field from spin orbital coupling (SOC) or hyperfine interaction (HPI),
leading to the spin mixing between singlet polaron pairs and triplet polaron pairs through
intersystem crossing (1SC).[**-%% Generally, the energy difference between singlet polaron
pairs and triplet polaron pairs is negligible without external magnetic field due to the small
exchange energy caused by the large distance between electrons and holes. This leads the
spin mixing occurs between singlet polaron pairs and triplet polaron pairs. After adding an
external magnetic field, the triplets are split into three states with spin of +1, -1 and 0 due
to the external Zeeman splitting. Therefore, spin mixing crossing only happens between
singlet polaron pairs and the triplet polaron pairs with spin of 0. Consequently, the spin
mixing is reduced by the external magnetic field, increasing the ratio between singlet and
triplet. Together with the fact that singlet and triplet have different recombination outcome,
dissociation rate and electric polarization, the electroluminescence, photoluminescence,

current, photocurrent and capacitance can be changed by the external magnetic field.

1.4.2 Bipolaron model

Magnetic field effects were also found in unipolar devices which cannot be
explained by polaron pair models since there are no polaron pairs formed. Bobbert
proposed the bipolaron model to explain this phenomenon based on the changeable
mobility of charge carriers due to the external magnetic field as shown in Figure 12.12%1 In
the bipolaron model, one polaron is assumed to be localized at one site while the other
polarons with the same charge hop from other sites to this site. The two polarons with the
opposite spins tend to form bipolaron due to the reduced energy while the two polarons
with the same spins are blocked to form bipolaron because Pauli Exclusion Principle.
Therefore, they allow or disallow carriers to pass the site to contribute the current. The spin

13
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Figure 11 (a) Diagram of possible routes for recombination of free electrons and holes to

the ground state with (a) and without (b) magnetic field.
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of electrons or holes processes around the hyperfine field when there is no external
magnetic field, leading to a mixing between formations and blocking of the bipolarons.
Applying an external magnetic field affects the procession of spins with an outcome of
more parallel spins. Consequently, the spin blocking is increased, leading to positive
magnetoresistance. On the other hand, the formation of bipolaron reduces the mobility of
free carrier for carrying the current. Therefore, the reduction of bipolaron formation can
increase the mobility of free carriers to improve the current, producing a negative
magnetoresistance. Therefore, it is possible to get the magnetic field effects with different
signs based on the bipolaron mechanism. The sign of the magnetoresistance based on
bipolaron model is determined by the density of free carriers and the branch ratio between

the hopping rate and the formation rate of bipolaron.

Figure 12 (a, b) The effect of spin-blocking during bipolaron formation. Two polarons
with parallel spins cannot form a bipolaron. (c, d) Hlustration of spin precession in
bipolaron with (c) only the local hyperfine fields or (d) in the total field from the sum of
the local hyperfine field and the external magnetic field. Data adapted from Ref. [56].
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1.4.3 Exciton model

After the formation of excitons by tightly bonding electrons and holes, the excitons
diffuse in organic semiconducting materials. During this process, excitons collide with
other excitons and free charge carriers or trapped charge carriers, leading to the exciton-
exciton interaction and exciton-charge interaction respectively.[?® 41 571 Generally, both
singlet excitons and triplet excitons can involve into these interactions. However, the triplet
excitons dominate these two process due to their long lifetime, namely triplet-triplet
annihilation and triplet-charge reaction respectively.

Triplet-triplet interaction is described in Figure 13. Two triplets interact with each
other to form an intermediate state (TT) with a rate of k1. The intermediate state (TT) on
one hand can dissociate into two triplets with a rate of k.1, and on the other hand can
annihilate into a ground singlet Sp and an excited singlet S* with a rate of ko, which
produces the delayed fluorescence. The intermediate state (TT) has nine spin states
according to the spin orientation: one singlet state, three triplet states and five quintet states.
Similar to the polaron pair model, an external magnetic field can change the spin mixing
of the intermediate states (TT), resulting in a change in annihilation rate of ko.
Consequently, the singlet states in the outcome of the triplet-triplet annihilation is changed,
leading to magnetic field effects.

k k

T+T <= (TT)—=S*+5,
-1

((TT)

(TT)< (TT)?

L(TT)!

Figure 13 Diagram for triplet-triplet interaction.
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Triplet-charge reaction can be expressed in Figure 14. Triplet exciton can interact
with a free charge carrier or a trapped charge carrier to form a (TD) intermediate state with
rate of k1. The intermediate state (TD) can annihilate the triplet into a ground singlet state
(So) and a new free carriers (D) with a rate of k. Additionally, they can dissociate back
into the originate state with rate of k-1. According to the spin orientation, intermediate state
(TD) has six spin states: two doublets and four quartets. Only the intermediate state with
doublet spin configuration undergo the annihilation to produce ground singlet state and
free carriers. An external magnetic field can change the doublet intermediate states with an
outcome of changing reaction rate. Therefore, the property of organic semiconducting
materials is changed. Recently, it was also proposed that the quenching of triplet or the free
charge scattering caused by the triplet-charge reaction can be changed by the external
magnetic field, leading to a change of charge mobility to generate magnetoresistance. The
researchers found that reducing the triplet concentration through intersystem crossing
under magnetic field increases the charge mobility by weakening the triplet-charge

reaction, generating a negative magnetoresistance.
k k)
T+D <= (TD)—~S(+D
-1

- (TD)4
(TD)<

| (TD)?

Figure 14 Diagram for triplet-charge interaction.
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1.4.4 Ag model

It is known that electrons and holes have different g values. Therefore, electrons
and holes process around the magnetic field with a different frequency of gepsB/h and
ghueB/h. Consequently, singlet and triplet polaron pairs are formed due to the difference
in precision frequencies, i.e. AgusB/h, where Ag=ge-gh. Apparently, applying an external
magnetic field can directly change the difference in precision frequencies, leading to the
change of singlet/triplet ratio as shown in Figure 15.15%% Therefore, the magnetic field

effects are produced by combing the different properties of singlets and triplets such as
recombination rate, dissociation rate and so on.
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Figure 15 Diagram for Ag model.

1.5 Organo-metal Halide Perovskite

In recent years, the organo-metal halide perovskites with the structure of ABX3 as
shown in Figure 16, where A as the organic molecules, B as the lead and X as the halide
atoms, have attracted tremendous attention due to their excellent optical and electronic

properties for realizing the photovoltaics and optoelectronic devices.[67
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Figure 16 crystal structure of ABXa.

Over the past 6 years, the power conversion efficiencies (PCE) of perovskite
photovoltaic cells have boosted from ~3% to >20%.[">7° This excellent achievement is
based on their near-optimal direct band gap,["? 78 high optical absorption,t”® 7" high carrier
mobility,l"* 7882 Jong carrier diffusion length,[®® 8l and its spontaneous electronic
polarization.[®>#1 |n addition, these materials are also found to perform greatly in light
emitting diode. Besides the characteristic of tunable wavelength in light emitting diode
devices made from these perovskites, researchers discovered the wavelength-tunable lasing
phenomenon from the perovskites with low lasing thresholds and high quality factors at
room temperature.®¥ Interestingly, the photodetectors built from the perovskite materials
were demonstrated recently, with the detection wavelength changing from infrared light to
X-rays.[**-% Now, more and more efforts are devoted into the studying of the fundamental
physics in these materials such as the spin properties. Magneto-absorption from organo-
metal halide perovskites under high magnetic field at low temperature has been discovered
in 1990s.%%1 However, magnetic field effects from these perovskite materials at room

temperature with small magnetic field were discovered recently, proving an easy and useful
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method to study the fundamental physics.®® °1 In conclusion, organo-metal halide
perovskites have shown pronounced potentials in electronic applications. More
fundamental studies are needed for understating the working principle in perovskites to
further improve the efficiencies.

1.6 Outline of the dissertation

Until now, less research on the interaction between intermolecular charge-transfer
states have been carried out. It is important that intermolecular charge-transfer sates
determine the organic device performance such as photocurrent, photoluminescence,
electroluminescence, current and capacitance. Therefore, studying the interactions between
intermolecular charge-transfer states becomes necessary and important since it can affect
the property of individual intermolecular charge-transfer state. The metal-organic
framework molecules have play an important role in application such as spin filter or spin
injection for the spintronics. However, the interaction between metal atoms and the organic
molecules is lack of studying. Studying the interaction between intramolecular charge-
transfer states and d electrons not only provides the interaction mechanism between them,
but also suggests new ways for magneto-electric coupling. Due to the development of
organic spintronics, the spin injection from ferromagnetic electrode into organic materials
needs further study to improve the efficiency. However, the existence of charge-transfer
states in the organic space layer ignites the study of interaction between photo-generated
charge-transfer states and magnetized charge-transfer states, which on one hand can help
improve the spin injection and on the other hand can provide a way for magneto-optical-
electrical application.

Based on the research progress in this field, my work in the thesis will focus on the
following issues. (1) Examining the interaction between intermolecular charge-transfer
states through magneto-photocurrent and magneto-capacitance. (2) Exploring the
interaction between intramolecular charge-transfer states and d electrons via magneto-
capacitance. (3) Studying the interaction between photo-generated charge-transfer states
and magnetized charge-transfer states by magneto-capacitance. (4) Studying the interaction
between excitons and free charge carriers in organo-metal halide perovskite. (5) Inspecting
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the spin-orbital interaction at the interface between organo-metal halide perovskite and
ferromagnetic metal.

This thesis will include eight chapters. Chapter 1 introduces the fundamental
knowledge of organic semiconducting materials, organo-metal halide perovskites and the
magnetic field effects. Both the excitations and spins in organic semiconducting materials
are summarized. Different mechanisms for explaining the magnetic field effects are
presented. Chapter 2 covers the materials and the device fabrication techniques used in this
thesis. In addition, the setup of magnetic field effects measurements is also introduced.
Chapter 3 presents the interaction between intermolecular charge-transfer states in
P3HT:PCsoBM solar cell studied by magneto-photocurrent. The interaction is changed by
the photoexcitation intensities due to the change of distance between intermolecular
charge-transfer states. Three possible mechanisms including long-range Coulomb
interaction, medium-range spin-orbital coupling and short-range spin interaction are
suggested. Chapter 4 reports the interaction between intramolecular charge-transfer states
and d electrons in organic-magnetic nanocomposites y-FeOx/Ceo(DPAF>Cg) under
photoexcitation. The interaction strength is tuned by the photoexcitation intensities and the
distance between intermolecular charge-transfer states and d electrons. Coulomb
interaction and spin-orbital coupling is used to explain the phenomenon. Chapter 5
describes the interaction between photo-generated charge-transfer states and magnetized
charge-transfer states. Through tuning the photoexcitation intensities and distance between
photo-generated charge-transfer states and magnetized charge-transfer states, Coulomb
interaction and spin-orbital coupling are demonstrated to explain the interaction. Chapter
6 discusses the interaction between excitons and free charge carriers through tuning the
concentration of excitons based on changing injection current, photoexcitation,
temperature and interface confinement. Chapter 7 indicates the spin-orbital interaction at
the CH3NH3PblzxClx/Co interface. By changing the spins and orbitals at the interface, this
interaction is proved from the spin-orbital interaction. Chapter 8 will summarize the whole

discussion in this thesis.
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CHAPTER 2
DEVICE FABRICATION AND MAGENTIC FIELD EFFECTS
MEASUREMENT
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In this chapter, we introduce the detail information about device fabrication and
the magnetic field effects measurement. The device fabrication procedures are described
step by step such as substrate cleaning, organic layer fabrication and metal deposition.
Additionally, the measurements and results analysis for magnetic field effects are also

presented.

2.1 Device fabrication

The organic semiconducting materials used in this thesis are purchased
commercially or synthesized by our cooperators and used as received. All the materials are
carefully sealed and storage in a glove box filled with nitrogen gas to prevent the
degradation caused by oxidation and humidity. All materials are weighted by a precise
balance (Ohas Analytical plus) every time before use. The device fabrication undergoes
the standard procedures including substrate cleaning, active layer deposition and metal

deposition.

N

: Experimental measurement;

Figure 17 Procedures for device fabrication and characterization.
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2.1.1 Substrate cleaning

The substrate used in our experiment is customized patterned ITO glass with a
dimension of 15mmx15mm. The ITO thin layer has a high quality of 200nm thickness with
the average roughness of 2nm, a high optical transmission of 85% and a low electrical
square resistance about 15Q/o. Before fabrication of active layer on the substrates, they
are cleaned by detergent for 15 minutes in ultrasonic bath followed by ultrasonic cleaning
with deionized water, 2-propanol and acetone for 15 minutes of each step. The solvent-
cleaned substrates are dried with a nitrogen gun and subsequently put into a UV-Ozone for
surface treatment before using. It is really important of the substrate cleaning for device
performance. Otherwise, the device is easy to be short-circuit due to the pinholes formed

in the active layer.

2.1.2 Organic layer fabrication

In general, organic thin films can be deposited through spin-casing and thermal
deposition. Basically, there are three steps for spin-casting a thin film of polymer: (1)
polymers are weighed precisely before use; (2) solutions are made by dissolving the
polymers into a chosen solvent; (3) solvent are dropped onto the ITO substrate and spin-
casted in a nitrogen filled glovebox. During the spin-casting, the solvent is evaporated and
left the polymers to form thin films. The thickness of the polymer layer, which is calibrated
by the AFM measurement, can be controlled by the spin-casting speed and solvent
concentration.

It is difficult to make a thin film of small molecule directly by spin-casting due to
the low viscosity of small molecules. On one hand, we can mix the small molecules into a
polymer matrix in solution and then spin-cast to form thin films. On the other hand, thermal
evaporation is a convenient and precise way to deposit a thin layer of small molecules.
After loading the small molecules in the evaporation and the vacuum of chamber reaching
2x10° Torr, the current is gradually added to evaporate the small molecule. The
evaporation rate and deposition thickness is recorded by a thickness monitor. The shutter
is turned on after reaching a steady evaporation speed. When achieving the aimed

thickness, the shutter is turned off and the current is shut down.
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2.1.3 Metal deposition

In this dissertation, the Co layer and the metal electrode are deposited by thermal
evaporation. The process for metal evaporation is similar to that for small molecule
evaporation except the different current and temperature. For Co evaporation, we need first
melt the Co wire with a higher current and then decrease the current for a steady
evaporation rate. In order to make electrodes, the fabricated active layers on substrate are
covered by a mask to define the device active area and then transferred into the chamber.

After reaching the vacuum level around 2x10 Torr, electrodes are deposited.

2.2 Magnetic field effects measurements and results analysis

Magnetic field effects from the fabricated devices are carried out for studying the
interaction between intermolecular charge-transfer states, interaction between
intramolecular charge-transfer states and d electrons, interaction between photo-generated
charge-transfer states and magnetized charge-transfer states, interaction between excitons
and free charge carriers in organo-metal halide perovskite and magneto-electronic coupling
at the interface between organo-metal halide perovskite and ferromagnetic metal. The
amplitude and line-shape of the magnetic field effects curves are compared to illustrate
these interactions. Furthermore, the results are fitted with Lorenz and Non-Lorenz

equations, furthering confirming the interactions.

2.2.1 Magnetic field effects measurement

After fabrication of devices, the basic properties such as absorption,
photoluminescence and current-voltage characterization are characterized. For the study of
interactions, a specific setup was built-up in our lab for the magnetic field effects
measurements as shown in Figure 18. The magnetic field of the electromagnet is driven
and controlled by the current from Sorensen DLM80-7.5. The strength is monitored by a
Hall gauss meter. The devices are placed between the two poles of the electromagnet for
measurement. The current both under photoexcitation and injection are recorded by the
Keithley 2400. Therefore, the change of the currents from the device caused by applying

magnetic field are detected to produce magneto-photocurrent or magneto-current
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respectively. Additionally, the electroluminescence and the photoluminescence are
monitored by the spectrometer after transferring through the fiber. The change of them
under the external magnetic field are defined as magneto-electroluminescence and
magneto-photoluminescence. Moreover, the capacitance under magnetic field are recorded
by the impedance spectrometer and then compared with the value without magnetic field

to generate magneto-capacitance. Their definitions are shown in the following Equations:

PCg — PC,

MFEpc :T
0

PLg — PL,

MFEp, :T
0
Cg —C
MFC =22

Co

Where PC, PL and C are photocurrent, photoluminescence and capacitance respectively. B
and 0 represents the signals with and without magnetic field.

i " __Anode ¥
Kq{thlt) Active Layer < ‘LCR :
2400 Cathode pectrometer

Figure 18 Experiment setup for the magnetic field effects measurements.
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2.2.2 Results analysis

It is known that the magnetic field effects can be fitted with Lorenz or Non-Lorenz
equations as shown in Figure 19. In the fitting equations, B is the external magnetic field
and By is the internal magnetic field of charge-transfer states. The parameter Bo is related
to the exchange interaction and the hyperfine field or the spin orbital coupling in the
semiconducting materials. Consequently, fitting the curve with these equations can
illustrate the interaction more directly by comparing the change of internal magnetic field

Bo.

(a) w2 (b) e
Lorenz: MFE = QW Non-Lorenz: MFE = a(|B|+BO)2
4 M
T L
s =
Magnetic field (mT) Magnetic field (mT)

Figure 19 Characterization of Lorenz equation (a) and Non-Lorenz equation (b).
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CHAPTER 3
INTERACTION BETWEEN INTERMOLECULAR CHARGE-
TRANSFER STATES
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We present the interaction between intermolecular charge-transfer states studied
by the magneto-photocurrent and magneto-capacitance in this chapter. Increasing the
density of intermolecular charge-transfer states leads to an enhancement of interaction
between the intermolecular charge-transfer states, reducing the spin-exchange energy

between electron and hole in the individual intermolecular charge-transfer state.

3.1 Introduction

Intermolecular charge-transfer (CT) states with singlet and triplet configurations are
inevitably formed at the donor: acceptor (D:A) interfaces under photoexcitation. In general,
the spin-exchange energy between electron and hole in the intermolecular CT states at D:A
interfaces is an important parameter, which can characterize spin-dependent optic,
electronic, and magnetic properties.[?® %8-1061 Experimental studies have shown that the
intermolecular CT states can exhibit magnetic field effects in various functionalities, such
as magneto-current, magneto-photocurrent, magneto-photoluminescence, magneto-
electroluminescence and magneto-capacitance, with largely tunable properties. 23 9-104,107-
111 In this chapter we use magneto-photocurrent as a tool to explore the possibilities of
optically tunable spin-exchange energy in intermolecular CT states at D:A interfaces. The
magneto-photocurrent from intermolecular CT states are essentially generated based on the
following two experimental arguments. First, a magnetic field can change the singlet/triplet
ratio through perturbing the equilibrium in the singlet-triplet intersystem crossing. This
equilibrium is established by the competition between spin mixing and spin conversing
based on the internal magnetic interaction and the spin-exchange energy in intermolecular
CT states respectively.[?® 112 1131 Second, the singlets and triplets in intermolecular CT
states can exhibit high and low dissociation rates due to their different ionic properties.*
1151 Previous studies have found that intermolecular excited states can conveniently
generate magneto-photocurrent due to the fact that a magnetic field can considerably
disturb the equilibrium in singlet-triplet transition through spin mixing in organic
materials.['®® Now, we use the line-shape characteristics of magneto-photocurrent curves
to investigate optically tunable spin-exchange energy at the D:A interfaces. The line-shape
in magnetic field effects has been studied to discuss the positive and negative effects by
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considering the polaron pairs and bipolarons.?® 1161 |n order to explicitly understand the
effect of spin-exchange energy, we consider that the line-shape is essentially determined

o(z)

by the changing rate of singlet/triplet ratio, namely 5 when the equilibrium in singlet-

triplet transition in intermolecular CT states at D:A interfaces is disturbed by the external
magnetic field. In general, perturbing the equilibrium in singlet-triplet ratio can lead to
magnetic field effects (MFE) at hyperfine and spin-exchange regimes occurring at low (<
10 mT) and high (> 10 mT) magnetic fields respectively in organic materials.l*> 117 1181
Therefore, a magnetic field effect can consist of hyperfine and spin-exchange components,
as shown in Eq. (1).

MFE = MFEpyperfine + MFEqpin_exchange @

In particular regime, the competition between magnetic field and spin-exchange energy at
the high-field can determine the changing rate of singlet/triplet ratio in intermolecular CT
states and consequently controls the line-shape characteristics in magneto-photocurrent in
this study. Therefore, investigating the line-shape characteristics of magnetic field effects
in spin-exchange regime can advance the understanding on the critical parameters
controlling the spin-exchange energy in organic semiconducting materials. Experimental
results indicate that the spin-exchange energy in intermolecular CT states at D:A interfaces
can be optically changed by using different photoexcitation intensities through the

interactions between intermolecular CT states.

3.2 Experimental

Photo-induced charge-transfer states are generated in a bulk heterojunction organic
solar cell constructed by organic semiconducting materials P3HT and PCBM (Figure 20
(@) and (b)) as donor and acceptor respectively. The bulk heterojunction thin films were
spin-casted on precleaned indium tin oxide (ITO) conducting glass substrates coated with
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT-PSS), from chloroform
solutions of P3HT:PCBM composites with a calculated weight ratio in a nitrogen
atmosphere. The cathode Ca/Al were thermally deposited onto the bulk-heterojunction thin
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films continuously under a vacuum of 2x107 Torr. The solar cells were thermally annealed

at 150 °C for 10 min in a nitrogen atmosphere to optimize the device performance.
3.3 Results and Discussions

3.3.1 Generation of intermolecular charge-transfer states
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Figure 20 Chemical structure of (a) P3HT and (b)PCBM. (c) IV characterization of the

P3HT:PCBM solar cell. (d) Magneto-photocurrent from intermolecular charge-transfer
states.

The solar cells based on the P3HT:PCBM heterojunction structure give a short-
circuit current density (Jsc) of 3.04 mA/cm?, an open-circuit voltage (Voc) of 0.83 V and a
fill factor (FF) of 0.65, leading to a PCE of 1.66% under the 532 nm CW laser

photoexcitation (Figure 20 (c)). Generally, the photocurrent is from the dissociation of
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intermolecular CT states generated by the photoexcitation. Therefore, the IV
characterization illustrates the formation and dissociation of intermolecular CT states at
P3HT:PCBM interface. Further study of magneto-photocurrent is carried out to illustrate
the existence of intermolecular CT states. Figure 20 (d) shows that magneto-photocurrent
amplitude increases quickly from 0 mT to 500 mT, reaching a value around 0.2%. The
external magnetic field can compete with the spin-exchange energy of intermolecular CT
states to change the singlet/triplet ratio, resulting in a magneto-photocurrent, 108 112,113, 115,
119, 1201 Qur previous studies show that positive magneto-photocurrent dominantly
originates from the intermolecular CT states at the D:A interfaces.['®®! Recent results also
provide an evidence that the observed magneto-current comes from the intermolecular CT
states at the D:A interfaces.*?!] Consequently, the positive magneto-photocurrent further
indicates the formation of intermolecular CT states.

3.3.2 Interaction between intermolecular charge-transfer states

Figure 21 (a) depicts two important differences between magneto-photocurrent under
different photoexcitation intensities. First, increasing photoexcitation intensity generates a
narrower line shape of magneto-photocurrent curve. The full width at half maximum
(FWHM) of decreases from 720 mT to 460 mT when the photoexcitation intensity
increases from 9 mwW/cm? to 24 mW/cm? as described by the normalized magneto-
photocurrent curves in Figure 21 (b). Second, increasing the photoexcitation intensity
improves the magnitude of magneto-photocurrent from 0.1% to 0.2%. Former studies have
shown that positive magneto-photocurrent dominantly originates from the intermolecular
CT states at the D:A interfaces.[1% 1221 Recent published results also provide an evidence
that the magneto-current originates from the intermolecular CT states at the D:A interfaces
in D:A system.[1% Therefore, the positive magneto-photocurrent can reflect the properties
of the intermolecular CT states in this study. In intermolecular CT states, the spin-exchange
energy and internal magnetic interaction disallows and allows the singlet-triplet
intersystem crossing respectively, resulting in a certain singlet/triplet ratio with a dynamic
equilibrium established in the singlet-triplet intersystem crossing. The spin-orbital

interaction is weak in organic materials such as P3HT and PCBM with aromatic structures
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due to the lack of heavy elements. Therefore, the hyperfine interaction dominates the
internal magnetic interaction for spin mixing. However, the hyperfine interaction in organic
materials is normally small (< 10 mT).['7 1231 Together with the fact that the magneto-
photocurrent studied here is in the field range above hyperfine interaction (> 10 mT), the
magneto-photocurrent is essentially controlled by the competition between spin-exchange
energy and external magnetic field that are responsible for spin-conversing process and
spin-mixing process, respectively. Consequently, the spin-exchange energy plays a key
role in determining the line-shape of magneto-photocurrent. The line-shape of magneto-
photocurrent essentially describes how fast the singlet/triplet ratio changes with an external
magnetic field when it perturbs the intersystem crossing within individual intermolecular
CT states. The narrower and broader line-shape at higher and lower photoexcitation
intensities indicates a faster and slower changing rate of singlet/triplet ratio, corresponding
to a smaller and lager spin-exchange energy. Therefore, the line-shape characteristics of
magneto-photocurrent illustrates that the spin-exchange energy can be manipulated

through the interactions between intermolecular CT states.
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Figure 21 (a) Magneto-photocurrent from the P3HT:PCBM solar cell with 20 wt% PCBM
under different photoexcitation. (b) Normalized magneto-photocurrent curves under
different photoexcitation intensities.
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Now we use the magnitude of magneto-photocurrent to predict the effect of
photoexcitation intensity on the density of CT states. Generally, photocurrent in the D:A
composite derives from the dissociation of excitons and intermolecular CT states,

describing as I, = lexciton + IcT. The exciton-based and intermolecular CT states-based
photocurrents are insensitive and sensitive to external magnetic field due to the large and
small spin-exchange energies, respectively. Based on the definition of magneto-
photocurrent given by equation (2):

MFE = Iph® ~Iph(o) (2)

Iph(0)
where I gy and Iy o) are photocurrents with and without an external magnetic field. The
magnitude of magneto-photocurrent can be described by:

MFEp¢ = Icrey—lcT(o) 3)

lexciton+IcT(0)

where Icrg), and I¢roy are photocurrents from CT states with and without external

magnetic field. lexciton IS the photocurrent from excitons. Eq. (3) indicates that the
photocurrent generated from the dissociation of CT states is responsible for the magneto-
photocurrent. Furthermore, the photocurrent from intermolecular CT states can be
approximately expressed as It = aD¢r, where a is the dissociation rate, and D¢y is the
density of charge-transfer states at D:A interfaces. Therefore, the magnitude of MFEpc can

be written as:

aD —aD
MFEp¢ = CT(B) CT(0) (4)
Iexciton(0)+aDcT(0)

where the D¢y and Deroy are the densities of intermolecular CT states with and without
magnetic field. According to the Eq. (4), a larger signal amplitude in the magneto-
photocurrent corresponds to a higher density of CT states. At D:A interface the
intermolecular CT states can interact with each other to affect the spin-exchange energy in
individual intermolecular CT states. This can modify the changing rate of singlet/triplet
ratio which leads to a change on the line-shape in magneto-photocurrent. Consequently,
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under a higher photoexcitation, more intermolecular CT states are formed with stronger
mutual interactions which are responsible for a faster rate of changing singlet/triplet ratio

indicated by the narrower magneto-photocurrent curve.

@) 4 (b) -]
e

~ 3 mWicm’ | .-~

% O- />\080 q—”"“,-/./ _Zg

= \U/ 'i.' L) 2

< -1 9 .

= > K / £

-l 0.75] . 1o
) -____._-/ .’/ L]
; 30 mW/cm’ . .
0.0 0.5 10 0 10 20 30

Voltage (V) Light intensity (mW/cm”)

Figure 22 (a) Current-Voltage curves under photoexcitation intensities. (b) Open-circuit
voltage and short-circuit current as a function of photoexcitation intensity. Red dotted line
is the fitting curve by using the Eq. 5.

The higher density of intermolecular CT states induced by a higher photoexcitation at
the D:A interface is further confirmed by analyzing Vo and Jsc under different light
intensities. Experimental studies have shown that increasing photoexcitation can introduce
a nonlinear increase on Vo and Jsc by increasing the density of intermolecular CT states at
the D:A interface. The Vo increases from 0.69 V to 0.81 V when photoexcitation intensity
changes from 3 mW/cm? to 30 mW/cm?. At the same time, Jsc increases from 0.28 mA/cm?

to 2.36 mW/cm? (Figure 22 (a)). The nonlinearly increased Vo with a light intensity can
be fitted by Eq. (5):[?4]

E kT 1-a)yNc>
VOC = ‘geap — n?ln(ﬁ

) (5)

where Egqp is the energy difference between PCBM’s LUMO and P3HT’s HOMO, a is the

dissociation probability of a bound electron-hole pair into free charge carriers, v is the
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Langevin recombination constant, and G is the generation rate of intermolecular CT states
at the D:A interface. Since a and y do not depend on the light intensity while G is light
intensity dependent, the fitted Vo curve (Figure 22 (b)) illustrates that a higher
photoexcitation produces more intermolecular CT states through the increasing G factor.
The increasing intermolecular CT states production rate G with higher photoexcitation can
be further explained by photoexcitation-enhanced photocurrent. The increasing
intermolecular CT states production rate G introduces more intermolecular CT states under
a higher photoexcitation to dissociate into free charges, increasing the short-circuit current.
Therefore, the increase of Voc and Jsc with light intensity further indicates that more

intermolecular CT states are produced at the D:A interface under a higher photoexcitation.
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Figure 23 (a) Magneto-capacitance from intermolecular CT states under different

photoexcitation intensities. (b) Normalized magneto-capacitance curves.

The tunable spin-exchange energy in intermolecular CT states caused by interaction
between intermolecular CT states is further demonstrated by analyzing the photo-induced
magneto-capacitance from the ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al device operating in
a capacitance mode under an alternating bias of 50 mV at 1 kHz. It is known that the
magneto-capacitance from organic semiconducting materials is established upon two basic
experiment arguments: (1) the singlet/triplet ratio of intermolecular CT states is disturbed

by the external magnetic field through perturbing the intersystem crossing; (2) the singlets
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and triplets have strong and weak electrical polarizations due to their differently spin-
configuration modulated wavefunctions. Generally, magneto-capacitance has two channels
from intermolecular CT states: polarization-based magneto-capacitance and transport-
based magneto-capacitance.[*?>1?81 However, our studies show that polarization-based
magneto-capacitance dominates in the situation of intermolecular CT states.[!*: 1181 Ag 3

o(z)

result, the changing rate of singlet/triplet ratio =5

can be also used to explain the

magneto-capacitance line-shape. Here, the capacitance is developed by the polarizations
from both the exciton (Pexciton) and intermolecular CT states (Pct) which are magnetic field-
independent and magnetic field-dependent respectively. Based on these conditions, the

magnitude of magneto-capacitance can be expressed as

MEC = Pcr)—Pcr(0) (6)

Pexciton(0)tPcT(0)

where Pcr(gy and Peroy are the polarizations of intermolecular CT states with and without
an external magnetic field, Pexciton(o) i the polarization of excitons. Meanwhile, the
polarization of intermolecular CT states is proportional to the density of intermolecular CT
states. With photoexcitation intensity increasing from 2.5 mW/cm? to 10 mW/cm?, the
magneto-capacitance magnitude increases from 0.16% to 0.36% at 600 mT (Figure 23 (a)),
indicating an increase in the density of intermolecular CT states. It is further noticed that
the line-shape of magneto-capacitance curve turns to be narrower under a higher
photoexcitation (Figure. 23 (b)) in high magnetic field region. The narrower curve shape

o(z)

of magneto-capacitance corresponds to the faster changing rate of singlet/triplet ratio 5

in intermolecular CT states. This means that the spin-exchange energy is decreased upon
increasing the density of intermolecular CT states, confirming that changing the density of

intermolecular CT states can modify the spin-exchange energy in intermolecular CT states.

3.3.3 Discussion

This optically tunable spin-exchange energy is suggested to relate to the interactions

between intermolecular CT states. There are three possible mechanisms accountable for
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the interactions between intermolecular CT states to explain the line-shape change. Firstly,
long-range Coulomb interaction can exist between intermolecular CT states due to the
electrical dipole-dipole coupling.[!> 18 The long-range Coulomb interaction has two
effects: (i) weakening the electron-hole Coulomb attraction within individual CT states due
to the dipole field redistribution and (ii) increasing the electron-hole separation distance
due to Coulomb shielding effect. These two outcomes can elongate the distance between
electron and hole in a single CT state and lead to a decrease in the spin-exchange energy
which results in a line-shape narrowing in magneto-photocurrent and magneto-capacitance.
Secondly, mid-range spin-orbital interaction can occur when an electron spin of one
intermolecular CT state interacts with the orbital field of the neighbor intermolecular CT
state. The interaction can essentially enhance the effective spin-orbital coupling in each
intermolecular CT state and results in a broadening magneto-photocurrent and magneto-
capacitance line-shape. Thirdly, short-range spin interaction can exist between two
adjacent intermolecular CT states with different spin configurations. Due to the spin dipole
field redistribution, the spin interaction between intermolecular CT states can weaken the
spin contribution to the spin-orbital coupling and spin-exchange energy intermolecular CT
states and causes a narrower line-shape in the magneto-photocurrent and magneto-
capacitance. Spin interaction have been demonstrated between spin radicals and
intermolecular CT states which enhances the photovoltaic function and magneto-
capacitance.[?® 139 Here, we suggest that the long-range Coulomb interaction between
intermolecular CT states functions as an effective mechanism to change the spin-exchange
energy in intermolecular CT states upon increasing the photoexcitation intensity. Figure 24
(a) schematically depicts that under a lower photoexcitation intensity, the Coulomb
interaction between intermolecular CT states becomes weak, leading to a larger spin-
exchange energy. On the contrary, a higher photoexcitation intensity generates more
intermolecular CT states at the D:A interfaces with a stronger Coulomb interaction,
yielding a smaller spin-exchange energy. Figure 24 (b) summarizes the effect of interaction
between intermolecular CT states on the curve shape in magnetic field effects through
changing the spin-exchange energy in CT states. In an intermolecular CT state, the internal

magnetic field energy and spin-exchange energy compete with each other to establish an
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equilibrium with a certain singlet/triplet ratio through intersystem crossing. Above the
hyperfine field, when an external magnetic field can compete with the spin-exchange

energy, the intersystem crossing can be perturbed to change the singlet/triplet ratio. The
a(5)

effects. Under a higher photoeXC|tat|on intensity, more intermolecular CT states interact

changing rate of singlet/triplet ratio —= is reflected by the line-shape in magnetic field

with each other Coulombically, reducing the spin exchange energy. This can lead to a faster

) S
changing rate of singlet/triplet ratio ( )Wlth a narrower line-shape in magnetic field

effects.
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Figure 24 (a) Diagram to show the intensity of intermolecular CT states under low and
high photoexcitation intensities. (b) Schematic illustration of the effects of photoexcitation

intensity on spin-exchange energy.

3.4 Conclusion

In summary, changing photoexcitation intensity can change the spin-exchange
energy in intermolecular CT states through the interactions between different
intermolecular CT states by studying the line-shape and magnitude of both magneto-
photocurrent and magneto-capacitance in organic bulk heterojunction (P3HT:PCBM) solar
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cells. The line-shape narrowing with increasing photoexcitation intensity reflects an
optically tunable spin-exchange energy in intermolecular CT states. Our analysis indicates
that the long-range Coulomb interaction between intermolecular CT states can decrease the
spin-exchange energy at the D:A interface upon changing photoexcitation intensity. As a
result, our work presents a convenient approach to optically change the spin-exchange

energy at organic D:A interfaces by using intermolecular CT states.
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CHAPTER 4
INTERACTION BETWEEN INTRAMOLECULAR CHARGE-
TRANSFER STATES AND D ELECTRONS
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This article reports the interaction between intramolecular charge-transfer states
and d electrons based on magneto-capacitance studies by using organic-magnetic
nanocomposites y-FeOx-Cso(>DPAF-Cg). We observe that the intramolecular charge-
transfer states and magnetic d electrons exhibit stronger coupling in excited state than that
in ground state. By changing the densities of electric polarization and spin polarization,
we show that this coupling originates from the Coulomb interaction and spin-spin

interaction.

4.1 Introduction

Delocalized = electrons have shown fascinating semiconducting properties in organic
material and significant responses to external electrical and optical excitations.[*31-133
However, semiconducting = electrons lack magnetic properties due to their weak spin
interactions.!*?® 134 The d electrons, on the other hand, have shown tremendous magnetic
properties due to their spin interactions, though they often lack semiconducting
functions.[**> 1361 Therefore, combining semiconducting = electrons and magnetic d
electrons can generate electric-magnetic coupling to create magneto-electronic and
magneto-optic actions through materials processing. Studies have indicated materials
mixing as an effective way to combine different functional materials.[*” 1381 Here, we
incorporate organic semiconducting materials with surface-modified solvent-soluble
magnetic nanoparticles to synthesize nanocomposites for studying the interaction between
the intramolecular charge-transfer states and magnetic d electrons.

Experimental studies have shown that charge-transfer states in organic
semiconducting materials can generate magneto-capacitance phenomena in
semiconducting m electron systems.[30. 1391401 This can be attributed to (i) the magnetic
field-dependent singlet/triplet branching ratio in charge transfer states and (ii) the singlet
and triplet charge-transfer states have different electric polarizations.[®® 110-112 115, 118, 122,
1411431 |n addition, ferromagnetic materials can demonstrate magneto-capacitance due to
the coupling between the electronic polarization and the magnetic polarization in d electron
systems.[103 107, 126, 1441 Therefore, combining charge-transfer states in semiconducting =
electron systems with magnetic dipoles in d electrons systems provides an opportunity to
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investigate the n-d coupling in excited state by using magneto-capacitance studies based
on organic-magnetic y-FeOx-Ceo(>DPAF-Cg) nanoparticles.

In this study, intramolecular charge-transfer states function as electrical dipoles in &t
electron systems that have tunable moments under photoexcitation; applying
photoexcitation can thereby greatly change the density of the electrical dipoles.[***! Surface
modified solvent-soluble magnetic particles, when combined with these = electron
systems, provide magnetic d electron systems ready to couple with the electrical dipoles
from the intramolecular charge-transfer states. Combining intramolecular charge-transfer
states and surface modified magnetic nanoparticles presents a unique way of exploring r-
d electron coupling in excited state under photoexcitation. In this study we use magneto-
capacitance measurements to explore w-d electron coupling in excited state. Our magneto-
capacitance measurements show that combining intramolecular charge-transfer states with
surface modified solvent-soluble magnetic nanoparticles leads to a n-d electron coupling
that is much stronger in excited state than in ground state. Our analysis indicates that the

n-d electron coupling results from the Coulomb interaction and the spin-spin interaction.

4.2 Experiments

The organic-magnetic y-FeOx-Cso(>DPAF-Cg) nanocomposites as shown in Figure
25 are designed by combining the charge-polarizable fullerenyl chromophore Ceo(>DPAF-
Co), in a form of nanocomposite with magnetic y-FeOx, as a well-defined, covalently
periconjugated  acceptor-donor  nanostructure.'*1  The  fullerenyl chromophore
Ceo(>DPAF-C9) was made by combining a highly  photoresponsive
dialkyldiphenylaminofluorene (DPAF-C,) donor-chromophore subunit, used as an antenna
for absorbing electro-magnetic wave in the visible range, with the electron-accepting Ceo
cage.. In the excited state, this combination facilitates the facile intramolecular electron
transfer from the DPAF-C, moiety to the moiety of the Ceo. The Ceo(>DPAF-Cy) is also
coupled with a cyclopropanyl keto-linker to enable the keto-enol isomerization mechanism
within the material to increase the rate of electron transfer from the donor to the acceptor
subunits. The magnetic nanoparticle y-FeOx, which provides d electrons, was created by

binding n-octylamine to the surface of iron oxide nanoparticles. The d electrons in y-FeOx
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interact with the w electrons in Ceo(>DPAF-Cs) by coupling in the organic-magnetic y-

FeOx-Ceo(>DPAF-Cg) nanocomposites.

Figure 25 Chemical structure of organic-magnetic y-FeOx-Ceo(>DPAF-Co)

nanocomposite.

The thin-film devices were fabricated with a sandwiched architecture of ITO/active
layer/Al. The active layers were spin cast on pre-cleaned ITO substrates with a thickness
of 50 nm from the chloroform solution containing the PMMA and y-FeOyx, Ceo(>DPAF-
Co) and y-FeOx-Ceo(>DPAF-Cy) in a weight ratio of 8:4. Aluminum (Al) electrodes were
thermally deposited under the vacuum of 8 x 1077 torr with the thickness of 80 nm. The
magneto-capacitance measurements were performed on the fabricated devices located in a
magnetic field by using an Agilent E4980A LCR meter with zero DC bias and 50 mV AC
field at 1 kHz. The magneto-current measurements were performed on the fabricated
devices located in a magnetic field by using Keithley 2400. The 405 nm solid state laser

was used as photoexcitation to generate intramolecular excited state of Ceo(>DPAF-Co).
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The magneto-capacitance was defined as MFC =% , the Cg and Co are the
0

capacitances with and without magnetic field, respectively. The magneto-current was

defined as MC = IBI;I" the Ig and lo are the currents with and without magnetic field,

0

respectively. All the measurements are done under nitrogen atmosphere at room

temperature.
4.3 Results and discussion

4.3.1 Ground state-based n-d electron coupling

Figure 26 (a) describes the magneto-capacitance phenomena produced by
Ceo(>DPAF-Cg), 7-FeOyx, and v-FeOx-Cso(>DPAF-Co) in ground states. Clearly,
Ceo(>DPAF-Cg) shows negligible magneto-capacitance while y-FeOx exhibits clear
magneto-capacitance. More importantly, y-FeOx-Cso(>DPAF-Co) shows even larger
magneto-capacitance than y-FeOx. The positive magneto-capacitance from y-FeOx clearly
demonstrates the coupling between spin and electric polarizations of d electrons in y-FeOx
particles. It indicates that the spin polarization of y-FeOx can be changed by an external
magnetic field, thereby changing electric polarization as well to produce the magneto-
capacitance signal. Previous studies have shown that charge-transfer states can be formed
in ground state at the interface between donor and acceptor based on charge transfer
through Van der Walls-type bonding and electron tunneling.[*4”-14%1 This means that the -
d electron coupling in ground state can theoretically occur in the y-FeOx-Ceso(>DPAF-Co)
composite. Our magneto-capacitance measurements demonstrate the existence of this
coupling experimentally. The increased magneto-capacitance of y-FeOx-Ceso(>DPAF-Co)
shown in Figure 26 (a) demonstrates plainly that the -electron in Ceo(>DPAF-Cs) couples
with the d-electron in y-FeOx. The coupling is further confirmed by the line-shape of the
magneto-capacitance from y-FeOx-Ceo(>DPAF-Cy), which is narrower than that from the
v-FeOx, as shown in Figure 26 (b).
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Figure 26 (a) Magneto-capacitance from v-FeOx-Ceo(>DPAF-Cg), y-FeOx and
Ceo(>DPAF-Cy) in ground state; (b) Normalized magneto-capacitance in ground state.

4.3.2 Excited state-based n-d electron coupling

Now we show the w-d electron coupling is enhanced in excited state by measuring
magneto-capacitance under photoexcitation. Figure 27 (a) describes the magneto-
capacitance phenomenon from the y-FeOx-Ceo(>DPAF-Co) composite in both ground and
excited state. It is interesting that the magneto-capacitance signal from the y-FeOx-
Ceo(>DPAF-Cy) composite in excited state can be divided into two components with
different slopes. The first component with smaller slope shows a slow increase below 20
mT while the second component with larger slope exhibits a fast increase above 20 mT.
The phenomenon of two components in the magneto-capacitance of y-FeOx-Ceo(>DPAF-
Co) suggests that n-d electron coupling is stronger when the nanocomposite is in the excited
state. It is also clear that applying photoexcitation dramatically increases the amplitude of
the magneto-capacitance signal as comparing to the ground state. The magneto-capacitance
of Ceo(>DPAF-Co) in both ground state and excited state shown in Figure 27 (b) illustrates
distinctly that the photo-induced magneto-capacitance of Cso(>DPAF-Cg) contributes to
the increase of the magneto-capacitance of the nanocomposites y-FeOx-Ceo(>DPAF-Coy).

However, the magneto-capacitance of the nanocomposites y-FeOx-Ceo(>DPAF-Cg) shows

46



a much greater value (6.0E-4) than the Ceo(>DPAF-Co) (2.28E-6) under photoexcitation,

confirming that the n-d electron coupling is stronger in excited state.
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Figure 27 (a) Magneto-capacitance of y-FeOx-Ceo(>DPAF-Cy) in ground state and excited
state; (b) Left axis: magneto-capacitance of Ceo(>DPAF-Cy) in ground state and excited
state (black dot) and magneto-capacitance of y-FeOx (black diamond). Right axis: M-H

curve of y-FeOx at room temperature. Red dotted lines are the fitting curves.

4.3.3 Confirmation of polarization-based magneto-capacitance

It is known that a magneto-current can exist during the magneto-capacitance
measurement, which can also be shown as a magneto-capacitance phenomenon in
capacitance measurements.[*?”: 1281 Therefore, a magneto-capacitance phenomenon can be
generated in two different ways: polarization-based magneto-capacitance and transport-
based magneto-capacitance developed from magneto-polarization and magneto-current
respectively [t 118, 127, 128] The nolarization-based magneto-capacitance is essentially
developed by the different electrical polarizations from singlet and triplet charge-transfer
states.[*42 1431 The argument that singlets and triplets have stronger and weaker electrical
polarizations is supported theoretically by their higher and lower ionic properties
originating from spin configuration-modulated orbital wavefunctions.*> It is also

supported by the experimental result that singlets and triplets have higher and lower
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dissociation rates, shown in photocurrent studies in organic solar cells.[% 114 151 The
transport-based magneto-capacitance comes from the experimental phenomenon that the
singlet and triplet charge-transfer states generate higher and lower electrical conductivities
though charge dissociation, which is a primary mechanism for realizing magneto-current
in organic semiconducting materials.[?% 23 102-1041\we find that the transport-based magneto-
capacitance contributes negligibly to the magneto-capacitance measurements under
photoexcitation.!81 This is the case because the magneto-current has no detectable

response to capacitance measurements at AC frequencies.
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Figure 28 (a) Magneto-capacitance of ITO/y-FeOx-Cso(>DPAF-Co):PMMA/AI with
250mW/cm? phtoexcitation under different AC bias, inset showing the magneto-
capacitance value at 300 mT under different AC bias voltage; (b) Current change of device
ITO/y-FeOx-Ceo(>DPAF-Cg):PMMA/AI with 125 mW/cm? in magnetic field. The +50 mV
and -50 mV is the magnitude of AC bias during the magneto-capacitance measurement.

The following two measurements are used to confirm that the magneto-capacitance
observed in this study is from magneto-polarization instead of magneto-current. First, the
magneto-capacitances shown in Figure 28 (a) are almost unchanged after the AC bias is
increased from 20 mV to 1000 mV, suggesting that the observed magneto-capacitance
arises predominantly from magneto-polarization rather than magneto-current. Second,

Figure 28 (b) indicates a negligible change in magneto-current between +50 mV and -50
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mV bias with photoexcitation under which the magneto-capacitance measurements are
taken. This non-detectable magneto-current phenomenon illustrates that during the
magneto-capacitance measurements, transport-based magneto-capacitance is negligible.
All these experiment results support our argument that the observed magneto-capacitance

comes primarily from magneto-polarization.

4.3.4 Comparison between excited state- and ground state-based n-d electron couplings

Figure 29 Schematic of the three components in magneto-capacitance from y-FeOx-
Ceo(>DPAF-Cg) nanocomposite.

The coupling between n-electron and d-electron in the y-FeOx-Ceso(>DPAF-Co)
nanocomposite in both ground and excited state is further analyzed by using curve fitting
from theoretical analysis. Since the organic-magnetic nanocomposite y-FeOx-Ceo(>DPAF-
Co) consists of an organic Ceo(>DPAF-Cg) component and magnetic y-FeOx nanoparticles
as shown in Figure 29, the magneto-capacitance can be expressed as:

B? B2

MFC = €y % =—————+ C; * Mg? + C3 ¥ ———— *
LUBI+Bp? T P E " (IB] + By)?

Mz? (7
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Cq, Cy, Cs are the coefficients for the magneto-capacitance signals from Cego(>DPAF-Cy),
v-FeOy, and n-d electron coupling, respectively. B is external magnetic field. Bo is related
to the spin exchange energy in charge-transfer states in the Ceo(>DPAF-Cg) component.
Mg is the magnetization of magnetic y-FeOx nanoparticles.

The magneto-capacitance from the organic Ce(>DPAF-Cg) component is
negligible in dark condition while an appreciable magneto-capacitance occurs when
photoexcitation is applied as shown in Figure 27 (b). This magneto-capacitance under

photoexcitation can be fitted by the non-Lorentzian function: MFC(organic) = P; *

Tpip2 With P1=2.417E-4 and Bo=10.251 mT.[152154 The magneto-capacitance from the
0

y-FeOx nanoparticles is proportional to the square of its magnetization, given by

MFC(magnetic) = P, * Mg? [145 146 155 156] The M-H curve of magnetic y-FeOx

B B B

nanoparticles can be fitted by the equation: Mz = A;e 1 + Aye 2 + Aze t + y, with
y0=5.1465; A1=-3.2263; t1=48.7131; A>=-0.8621; t,2=516.9337; A3=-1006; and t3=14.6706.
Consequently, the magneto-capacitance from the y-FeOx-Ceso(>DPAF-Cg) composite can
be described by Eqg. (7) in both ground and excited state. The coefficients of magneto-

capacitance from different components are shown in Table I.

Table 1. Parameters from curve fitting with Eq. (7) in Figure 27 (a).

Ci1 Cx Cs Bo
0 mW/cm? 0 4.457E-6 1.490E-6 11.587
31.25 mW/cm? 4.289E-5 4.659E-6 2.558E-5 10.181

The increase of the magneto-capacitance coefficient (C1) from negligible to
4.289E-5 upon photoexcitation clearly illustrates that charge-transfer states are formed in
the organic Ceo(>DPAF-Cg) component in the excited state. The negligible change of the
magneto-capacitance coefficient (Cz) from 4.457E-6 to 4.659E-6 confirms that the spin
polarization of d electrons in y-FeOx shows a non-detectable response to photoexcitation.

The large change of the magneto-capacitance coupling coefficient (C3) from 1.490E-6 to
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2.558E-5 by a factor of 17 demonstrates that the nt-d electron coupling is much stronger in
excited state than in ground state. This stronger n-d coupling is confirmed again by the
decrease of the spin-exchange energy (Bo) from 11.587 mT to 10.181 mT when the
photoexcitation is introduced. Our early studies have shown that interaction between
charge-transfer states can weaken the spin-exchange energy of an individual charge-
transfer state.l!'® 1571 Here we find that when we introducing magnetic nanoparticles to
form organic-magnetic nanocomposites, the stronger coupling between 7 electrons and d
electrons under photoexcitation can further weaken the spin-exchange energy in charge-
transfer states. Therefore, in excited state the semiconducting © electrons and magnetic d

electrons are more strongly coupled as compared to ground state.

4.3.5 Discussion

The mechanisms that could be responsible for the interactions between the  and d-
electrons are investigated by changing the n-d separation distance to adjust the interaction
strength. A simple way of increasing the distance between © and d-electrons is to replace
Ceo(>DPAF -Co) with Ceo(>DPAF-C12) (Figure 30) in the mixture with y-FeOx particles.
Changing the branched alkyl chain from Cg to unbranched alkyl chain C1> can effectively

increase the separation distance between = electrons and d electrons.

Figure 30 Chemical structure of Ceo(>DPAF-Cg) and Ceo(>DPAF-C12).
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Increasing in separation distance between m and d electrons lessens amplitude of
the magneto-capacitance and the line-shape of the magneto-capacitance as shown in Figure
31. Our former studies indicated two interactions that can change magnetic field effects:
the Coulomb interaction and the spin-spin interaction.[*'® 3571 The Coulomb interaction can
weaken the electron-hole Coulomb attraction within the charge-transfer states by
redistributing the dipole fields. On the other hand, the Coulomb screening effect increases
the distance between electron holes. These two outcomes of the Coulomb interaction can
reduce the spin-exchange energy within the individual charge-transfer state, leading to a
narrower line-shape and larger magnitude in magnetic field effects. On the contrary, the
spin-spin interaction has two outcomes: an increase in the effective spin-orbital coupling
and greater spin-exchange energy within charge transfer states. These effects can broaden
the line-shape and decrease the magnitude of magnetic field effects.
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Figure 31 Normalized magneto-capacitance of Ceo(>DPAF-Cg) and Ceo(>DPAF-C12)
mixing with y-FeOx under photoexcitation with 405 nm laser. Inset shows the absolute

magneto-capacitance value.
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The interactions between 7 electrons and d electrons in the organic-magnetic
nanocomposite, including Coulomb interaction and spin-spin interaction, is described in
Figure 32. A Coulomb interaction would result from the coupling of electric dipoles in the
charge-transfer states in Ceo(>DPAF-Cy) (x=9 or 12) with the electrical polarization of d
electrons in y-FeOx. A spin-spin interaction would derive from the spin polarization of d
electrons in y-FeOx and 7 electrons in Ceo(>DPAF-Cy) (x=9 or 12). Increasing the distance
between m-electron and d-electron by replacing Ceo(>DPAF-Cg) with Ceo(>DPAF-C12)
would reduce the Coulomb and spin-spin interactions at the same time. Decreasing the
Coulomb interaction would produce a broader magneto-capacitance curve with a smaller
value, while decreasing the spin-spin interaction would result in a narrower magneto-
capacitance curve with a larger value. The broader line-shape and smaller amplitude of
magneto-capacitance thus indicate that the Coulomb interaction would be dominant in 7-d

electron coupling.
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Figure 32 Diagram showing interactions between © and d electrons. Red bold arrows
predict the electric polarization while the fine arrows describe the spin. Black dotted lines

represent the spin-spin interaction and red dotted ones show Coulomb interaction.
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To further verify the Coulomb and spin-spin interactions involved in the coupling
of m-electron and d electron in y-FeOx-Ceso(>DPAF-Cy), we study magneto-capacitance by
separately changing the electric polarization and spin polarization. Figure 33 (a) shows that
simply increasing the intensity of electric polarization through increasing photoexcitation
narrows the magneto-capacitance line-shape and raises the magneto-capacitance value of
v-FeOx-Ceo(>DPAF-Cg). The narrower line-shape and larger amplitude of magneto-
capacitance under higher photoexcitation can be ascribed to two possible Coulomb
interactions. First, the Coulomb interaction between charge-transfer states in Ceo(>DPAF-
Co) becomes stronger due to the increased intensity caused by higher photoexcitation. The
increased Coulomb interaction reduces the spin-exchange energy, leading to a larger and
narrower magneto-capacitance, as shown in Figure 33 (b). Second, the Coulomb
interaction between the charge transfer states in Ceo(>DPAF-Cg) and d-electrons in y-FeOx
change the magnitude and line-shape of the magneto-capacitance concurrently. This
Coulomb interaction is enhanced by the larger number of charge-transfer states in
Ceo(>DPAF-Cy) that result from the higher photoexcitation. The increased Coulomb
interaction can further reduce the spin-exchange energy within charge-transfer states, with

an out of smaller value and narrower line-shape of the magneto-capacitance.
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Figure 33 Normalized magneto-capacitance curves from(a) y-FeOx-Ceo(>DPAF-Co) and
(b) Ceo(>DPAF-Cy) with increasing photoexcitation intensities. Inset: absolute value of

magneto-capacitances.
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In order to distinguish the Coulomb interaction between charge transfer states and
d electrons, we compare the half width at half maximum (HWHM) of magneto-capacitance
under varied photoexcitation as shown in Figure 34 (a). It is clear that the HWFM of the
magneto-capacitance from the organic-magnetic nanocomposites y-FeOx-Cso(>DPAF-Co)
decreases as photoexcitation becomes more intense. The large slope of HWHM decrease
straightforwardly demonstrates that the Coulomb interaction between n-electron and d
electron is dominated to weaken the spin-exchange energy through n-d electron coupling.
In addition, combining magnetic nanoparticles y-FeOx with Cgo(>DPAF-Co) leads to a
much larger magneto-capacitance under a given photoexcitation, further illustrating the

dominant effect of the Coulomb interaction between the t and d electrons.
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Figure 34 (a) Comparison of HWHM between y-FeOx-Cso(>DPAF-Cg) and Ceo(>DPAF-
Co). (b) Normalized magneto-capacitance curves from y-FeOx-Cgo(>DPAF-Cg) mixed with
iron oxide nanoparticles with different weight ratios; inset: absolute value of magneto-

capacitance.

The HWHM of magneto-capacitance in y-FeOx-Cso(>DPAF-Co) is also much
larger than that in Ceo(>DPAF-Cy), as shown in Figure 34 (a), indicating a broader line-
shape of magneto-capacitance. It is known that spin-spin interaction occurs in the n-d
electron coupling, as illustrated in Figure 32. On one hand, the enhanced spin-spin
interaction can increase the spin-orbital coupling within charge-transfer states in
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Ceo(>DPAF-Cy), increasing the spin-spin interaction can also strengthen the spin-exchange
energy within charge-transfer states in Ceo(>DPAF-Cy). Both of these two outcomes retard
the changing rate of singlet/triplet ratio under the external magnetic field, producing a
magneto-capacitance with a broader line-shape and smaller value. The broader line-shape
of magneto-capacitance from organic-magnetic nanoparticles y-FeOx-Ceo(>DPAF-Co)
indicates that spin-spin interaction between m and d electrons also increases as
photoexcitation becomes more intense.

To investigate the effect of the spin-spin interaction further, we change the density
of spin dipoles by varying the concentration of magnetic nanoparticles. As shown in Figure
34 (b), increasing the intensity of spin polarization results in a magneto-capacitance with a
smaller value and a broader line-shape. This phenomenon illustrates that the spin-spin
interaction between the m and d electrons becomes stronger as the intensity of spin
polarization increases. Consequently, magneto-capacitance measurements with different
intensities of  and d electrons demonstrate that the interaction between n-electron and d-

electron contains the Coulomb and spin-spin interactions.

4.4 Conclusion

In conclusion, the n-d electron coupling in both ground state and excited state are
studied by using magneto-capacitance measurements based on the organic-magnetic y-
FeOx-Ceo(>DPAF-Cy) nanocomposites. These magneto-capacitance measurements show
that the n-d electron coupling occurs in both ground state and excited state with a largely
enhanced n-d electron coupling in excited state. The two mechanisms responsible for this
coupling are identified as the Coulomb interaction and the spin-spin interaction, a result
verified by varying electric polarization and spin polarization through tuning the intensity
of photoexcitation and the concentration of magnetic nanoparticles, respectively. The
Coulomb and spin-spin interactions mutually compete to determine the spin-exchange and
spin-orbital interactions in the charge-transfer states, as demonstrated by the magnitude
and line-shape of magneto-capacitance. This study provides a new method for tuning n-d
electron coupling by using excited state for developing excited states-based

magnetoelectronic applications.
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CHAPTER 5
INTERACTION BETWEEN PHOTO-GENERATED CHARGE-
TRANSFER STATES AND MAGNETIZED CHARGE-TRANSFER
STATES
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The interaction between optical charge-transfer states and magnetized charge-
transfer states is studied by the magneto-dielectric measurement. Combining the optical
CT states and magnetized CT states yields a new magneto-dielectric signal with distinctive
line-shape and amplitude comparing to the signal from individual charge-transfer states,
indicating a coupling between optical CT states and magnetized CT states. The coupling
between optical CT states and magnetized CT states experiences long-range Coulomb and
medium-range spin-orbital interactions by changing (i) the density of optical CT states and
(i1) the separation distance between optical CT states and magnetized CT states.

5.1 Introduction

Optical charge-transfer states can be generated at intermolecular interfaces in
organic materials under photoexcitation. Actually, they are essentially electrical dipoles
generated through a charge-transfer process.['*: 1% 159 |n general, the optical CT states
process multiple functions in organic semiconducting materials involved in light-emitting,
photovoltaic, lasing, and dielectric actions. Furthermore, the optical CT states can be
formed as singlets and triplets with respective populations. The ratio between singlets and
triplets is determined by the competition between spin-conserving and spin-mixing
controlled by spin-exchange interaction and hyperfine or spin-orbital coupling respectively.
In particular, the singlet and triplet populations can be facially modified by a low magnetic
field (< 100 mT) at room temperature through perturbing either spin-conserving or spin-
mixing, leading to magnetic field effects on light-emitting, photovoltaic, and dielectric
properties.[!2 108 111,118,129, 130, 160-1641 A5 3 result, using optical CT states presents a unigue
approach to develop magneto-optic and magneto-electric properties in excited states. On
the other hand, a 2D ferromagnetic/semiconducting interface can form magnetized CT
states due to direct charge transfer or wavefunction hybridization.[*65-1681 |n the magnetized
CT states, both spin and electrical dipoles are oriented, leading to an electrically polarized
spin interface. It has been experimentally found that magnetized CT states can function as
a spin filter to enhance spin transport.[66: 169 1701 Fyrthermore, through magneto-electric
coupling, magnetized CT states can offer a mutual tuning mechanism between magnetic

and electric properties based on a ferromagnetic/semiconducting interface.[*”*17¢] Here, we
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combine a ferromagnetic/semiconducting interface with molecular donor:acceptor
composites through thin-film design in the device with architecture of
ITO/TPD:BBOT/TPD/Co/Al to fabricate optical CT states and magnetized CT states under
photoexcitation. We find that the Co/TPD interface exhibits a magneto-dielectric function
at room temperature by measuring the magneto-dielectric, indicating that the Co/TPD
interface becomes an electrically polarized spin interface. Furthermore, the optical CT
states are coupled with magnetized CT states under photoexcitation, presenting a
convenient approach to generate optically tunable spin interface based on thin-film design.

5.2 Experiments

TPD, BBOT, PMMA and Co were purchased from Aldrich and used as received.
For the study of interactions between magnetized CT states and optical CT states, devices
with structures of ITO/TPD:BBOT/AI, ITO/TPD:BBOT/TPD/AI and
ITO/TPD:BBOT/TPD/Co/Al were fabricated. The pre-cleaned ITO substrates were treated
with UV-zone before device fabrication. The TPD: BBOT layers were spin cast onto the
ITO substrate from chloroform solutions, resulting in smooth films with a thickness of 300
nm. TPD thin films, Co layers and aluminum electrodes were deposited onto the organic
layers by thermal evaporation in a high-vacuum chamber under a pressure of 2x10® Torr.

The capacitance was measured by an Agilent E4980A LCR meter under zero DC
bias and 50 mV AC field. A solid-state, 405 nm CW laser was used for photoexcitation to
generate intermolecular excited states in the TPD:BBOT:PMMA composites. The

magneto-dielectric (MFC) was defined as MFC = % = A?C, where Cg and C are the

capacitances with and without magnetic field, respectively.
5.3 Results and discussion

5.3.1 Magnetized Charge-Transfer States
The device with the structure of ITO/TPD/Co/Al as shown in Figure 35 (a) is used

to generate magnetized charge-transfer states. Figure 35 (b) depicts the magneto-dielectric
characteristics from ITO/TPD/Co/Al and ITO/TPD/AI devices measured under a 1 kHz
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alternating voltage of 50 mV without a DC bias under dark condition. It is clearly that
inserting a thin Co layer between TPD increases the capacitance with magnetic field. The
positive magneto-dielectric indicates that there is a magneto-dielectric coupling occurring
at the interface between TPD and Co. It is known that CT states formed at the ferromagnetic
metal/organic semiconducting interface have spin polarizations due to the coupling
between m electrons in semiconducting materials and d electrons in ferromagnetic
metals.”” 18] Consequently, the electric polarization of the magnetized charge carriers can
be changed by applying an external magnetic field through manipulating their spin
polarization, generating a magneto-dielectric coupling at the interface. In our system, the
N atoms in TPD, bearing lone electron pairs, can interact with the d electrons in Co atoms
at the Co/TPD interface by electron-transfer from N atoms in TPD to the intermediate state
formed by interaction between © electrons in TPD and d electrons in Co. This results in

spin polarized charge-transfer states at the TPD/Co interface, which is reflected by the

magneto-dielectric signal.
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Figure 35 (a) Device structure for generating the magnetized CT states at the TPD/Co
interface. (b) Magneto-dielectric signals from devices with the structure of ITO/TPD(60
nm)/Co(7 nm)/Al and ITO/TPD(60 nm)/Al under dark condition.
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5.3.2 Optical Charge-Transfer States
The device with structure of ITO/TPD:BBOT/AIl as shown in Figure 36 (a) are used

to produce optical charge-transfer states under photoexcitation. Figure 36 (b) shows that
photoexcitation leads to an increase in magneto-dielectric, which increases fast at low
magnetic field and saturates at high magnetic field, leading to a narrow, Lorentzian line-
shape. On the contrary, magneto-dielectric from this device is negligible under dark
condition. Our former studies show that pure TPD and BBOT do not exhibit magneto-
dielectric.['81 Therefore, the positive magneto-dielectric originates from the TPD/BBOT
interface in the bulk heterojunction. It is known that intermolecular charge-transfer states
can be formed at the TPD/BBOT interface under photoexcitation. Based on the following
two facts: (i) the singlet/triplet ratio of intermolecular charge-transfer states can be changed
by an external magnetic field through perturbing the intersystem crossing and (ii) singlets
and triplets have different electric polarization.[54 110: 112, 1421431 The positive magneto-
dielectric is ascribed to the optically induced intermolecular CT states at the TPD:BBOT
interface in the bulk heterojunction. Accordingly, the positive magneto-dielectric signals
from the ITO/TPD:BBOT/AI devices indicate the formation of optical CT states in the
TPD:BBOT bulk heterojunction.

Under photoexcitation

TPD:BBOT / 0.2- Under dark condition

ITO

0 300 600 900
Magnetic field (mT)
Figure 36 (a) Device structure for generating the optical CT states at the TPD/Co interface.
(b) Magneto-dielectric from device of ITO/TPD:BBOT:PMMA/AI both in ground and

excited states.
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5.3.3 Interaction between Magnetized CT states and Optical CT states

Optically-Generated
CT States

Figure 37 Device structure for demonstrating the interaction between optical CT states and

magnetized CT states.

The interaction between the magnetized CT states and the optical CT states is
studied by combining them together in the device ITO/TPD:BBOT/TPD/Co/Al as shown
in Figure 37. Depositing a thin layer of TPD on optical CT states generates a magneto-
dielectric signal exhibiting appreciable value with an initial negative component at low
field (< 40 mT) followed by a positive component at high field (> 40 mT) showing in
Figure 38 (a). Whilst, no negative magneto-dielectric is observed in the device
ITO/TPD:BBOT/Al without the TPD layer (Figure 36 (b)). Therefore, the negative
magneto-dielectric signal is ascribed to the interface between the TPD:BBOT bulk
heterojunction and the TPD thin layer. Under photoexcitation, excitons in TPD transfer to
the interface between TPD and BBOT to dissociate into electron-hole pairs. Therefore,
excitons from the thin TPD layer and charge carriers from the TPD:BBOT heterojunction
interact with each other at the interface, leading to triplet-charge reaction. In general, an
external magnetic field can weaken the triplet-charge reaction, resulting in a reduction of
free charge carriers.[1%% 170180 Together with the fact that singlet optical CT states tend to
dissociate into free carriers, the reduced charge carriers from decreased triplet-charge

reaction under an external magnetic field promote singlet optical CT states into free
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carriers. It reduces the number of singlet optical CT states, producing a negative magneto-
dielectric. Combined with the positive magneto-dielectric from optical CT states in
TPD:BBOT heterojunction, the magneto-dielectric turns into positive value with
increasing external magnetic field. In this study, we focus on the interaction between
optical CT states and magnetized CT states. Here, after combining the magnetized CT
states and optical CT states by depositing a Co layer on top of the thin TPD layer, the
amplitude of magneto-dielectric increases. The increased magneto-dielectric signal
demonstrates that the magnetized CT states and optical CT states interact with each other.
Furthermore, combining the magnetized CT states and the optical CT states leads to a
narrower line-shape in magneto-dielectric as shown in Figure 38 (b). It is known that the

decrease of spin-exchange energy in the optical CT states can increase the changing rate of

S
. . i . . .
singlet/triplet ratio (%), leading to a narrower line-shape of magnetic field effects.[*? 1181

Therefore, the narrower line-shape of the magneto-dielectric curve illustrates a decrease in
spin-exchange energy in optical CT states caused by the interaction between magnetized
CT states and optical CT states.
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Figure 38 (a) Magneto-dielectric signals from devices ITO/TPD/Co/Al,
ITO/TPD:BBOT/TPD/AI and ITO/TPD:BBOT/TPD/Co/Al under photoexcitation. The

red solid lines are fitting curves. (b) Normalized magneto-dielectric signals.
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Next, the interaction between the optical CT states and the magnetized CT states is
theoretically analyzed using the interaction coefficients from fitting the magneto-dielectric
signals. Three components that respectively describe (i) the magneto-dielectric from
optical CT states, (ii) the magneto-dielectric from magnetized CTs and (iii) the magneto-
dielectric from the interaction between optical CT states and magnetized CT states are
combined to describe the overall magneto-dielectric as:

MFCrotar = MFCp_crs + MFCy—crs + MFCinteraction

BZ BZ 2 2
= +b + ¢0————+c*xbh—
(ﬁ (B + By)? B2 + 322> (B + By)? B2 + B,*
BZ
"B+ By)?

B, b, a and c are the coefficients for the magneto-dielectric signals from triplet charge

(8)

reaction, optical CT states, magnetized CT states and interaction between optical CT states
and magnetized CT states, respectively. B is the external magnetic field. B1, B> and Bg are
constants corresponding to the spin exchange energy in triplet charge reaction, optical CT
states and magnetized CT states, respectively. Using Equation (8) requires the
determination of the magneto-dielectrics of optical CT states and magnetized CT states.

Figure 38 (a) shows that the optical CT states can be fitted by the function: MFCp_.rs =

B? B?
ﬁ(B+B )2 + bBZ+B 2>
1 2

where $=-0.0014, b=0.0063, B1=9.02 mT and B»=102.76 mT.

Furthermore, the magneto-dielectric from magnetized CT states can be given by the

2

MCITNE,
fitting the magneto-dielectric curve for ITO/TPD:BBOT/TPD/Co/Al device with Equation
(8) determines the magneto-dielectric coefficients of b=0.0068, ¢=13.15 and B»=68.24
mT. The large coupling coefficient c=13.15 clearly indicates the interaction between

function: MFCy_crs = where 0=0.00284 and Bo=120.70 mT. Consequently,

magnetized CT states and optical CT states. Additionally, the spin exchange energy (B:)
in optical CT states decreases from 102.76 mT to 68.24 mT when interaction between
optical CT states and magnetized CT states is introduced, indicating a narrower line-shape
of magneto-dielectric (Figure 38 (b)). Our earlier studies showed that the Coulomb
interaction between the charge-transfer states can weaken the spin-exchange energy within
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individual optical CT states, leading to a narrower magnetic field effects line-shape.['? 118
1641 Here, we find that the combination of optical CT states and magnetized CT states
further weakens the spin exchange energy within optical CT states to generate a narrower
magneto-dielectric line-shape, indicating the interaction between the optical and
magnetized CT states.

5.3.4 Photo-tunable interaction

In order to further confirm the interaction between magnetized CT states and optical
CT states, we adjust the interaction strength through tuning the density of the optical CT
states by varying photoexcitation intensity. Figure 39 (a) indicates that increasing the
photoexcitation intensity leads to a larger magneto-dielectric value. In addition, the line-
shape narrows as the photoexcitation intensity increases (Figure 39 (b)). These phenomena
indicate that the interaction between magnetized CT states and optical CT states is

changeable by tuning the photoexcitation intensity.
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Figure 39 (a) Magneto-dielectric from the device of ITO/TPD:BBOT/TPD(10 nm)/Co/Al
under different photoexcitation intensities. Red solid lines are the fitting curves. (b)
Normalized magneto-dielectric from the ITO/TPD:BBOT/TPD(10 nm)/Co/Al device.

There are two possible mechanisms responsible for the magneto-dielectric change

with the photoexcitation intensity. First, the optical CT states interact with each other to
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reduce the spin-exchange energy of individual optical CT states, leading to a larger and
narrower magneto-dielectric (Figure 40 (a)). Second, the interactions between optical CT
states and magnetized CT states decrease the spin-exchange energy of optical CT states,

further increasing and narrowing the magneto-dielectric.
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Figure 40 (a) Normalized magneto-dielectric from ITO/TPD:BBOT/TPD(10 nm)/Al
under different photoexcitation intensities. Inset: the original magneto-dielectric curves.

(b) HWHM of magneto-dielectric between devices with and without Co layer.

In order to distinguish between these two possible mechanisms, the half width at
half maximum (HWHM) of the magneto-dielectric from devices with structure of
ITO/TPD:BBOT/TPD/Co/Al and ITO/TPD:BBOT/TPD/AlI as a function of
photoexcitation intensity are compared (Figure 40 (b)). Clearly, increasing photoexcitation
leads to a smaller HWHM from the ITO/TPD:BBOT/TPD/AI device, demonstrating the
reduced spin-exchange energy in individual optical CT states through the interaction
between them. Furthermore, the HWHM of magneto-dielectric from the
ITO/TPD:BBOT/TPD/Co/Al device is smaller than that from the ITO/TPD:BBOT/TPD/AI

device under the fixed photoexcitation intensity, reflecting a faster changing rate of

. . I . . . o
singlet/triplet ratio (%). It is known that the change rate of singlet/triplet ratio is

determined by the spin-exchange energy of individual optical CT states: external magnetic
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field can change the singlet/triplet ratio much faster when the spin-exchange energy is
smaller.'? Therefore, the smaller HWHM from the ITO/TPD:BBOT/TPD/Co/Al device
directly illustrates a further reduced spin-exchange energy, anticipating the interaction
between magnetized CT states and optical CT states. More importantly, it is clearly shown
that the HWFM from the device ITO/TPD:BBOT/TPD/Co/Al decreases much faster with
increasing photoexcitation intensity, predicting the stronger interaction between
magnetized CT states and optical CT states under higher photoexcitation intensity.
Consequently, the magnetized CT states and optical CT states interact with each other.
Increasing the density of optical CT states can enhance this interaction.

We also study the photo-enhanced interaction between magnetized CT states and
optical CT states by fitting magneto-dielectric under different photoexcitation intensities
with Equation (8) (red lines in Figure 39 (a)), as shown in Table 2. The coupling coefficient
c greatly increases under higher photoexcitation intensity, demonstrating the enhanced
interaction between magnetized CT states and optical CT states. The decreasing of spin
exchange energy (B:) of optical CT states further confirms the larger interaction between
optical CT states and magnetized CT states under higher photoexcitation intensity. It is
known that higher photoexcitation can enhance the density of electrical dipoles of optical
CT states by producing larger number of optical CT states.[*>"] Therefore, the interaction
between magnetized CT states and optical CT states originates from the Coulomb
interaction between them through electrical dipole-dipole interaction.

Table 2. Parameters from curve fitting with Eq. (5.1) in Figure 39 (a).

b c B2
80 mW/cm? 0.0068 13.15 68.24
240 mW/cm? 0.0115 109.82 59.14
400 mW/cm? 0.0155 164.43 50.66
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5.3.5 Distance-tunable interaction

The interaction between magnetized CT states and optical CT states is further
investigated via tuning the distance between them by manipulating the TPD thickness.
Figure 41 (a) shows that increasing the TPD thickness leads magneto-dielectric to a broader
line-shape, illustrating a larger spin-exchange energy in individual optical CT states.
Increasing the TPD thickness increases the distance between magnetized CT states and
optical CT states, generating a weaker interaction between them. Therefore, the weaker
interaction increases the spin-exchange energy in individual optical CT states to develop
the broader line-shape. Figure 41 (b) describes that the value of magneto-dielectric
becomes smaller as the TPD thickness decreases. Normally, increasing the Coulomb
interaction between magnetized CT states and optical CT states with a thinner TPD
thickness should lead to a larger magneto-dielectric. This smaller magneto-dielectric with
a thinner TPD layer illustrates that another mechanism is needed to explain the decreasing
magneto-dielectric value with the thinner TPD thickness. Generally, increasing the spin-
orbital interaction between two different charge-transfer states can essentially increase the
effective spin-orbital coupling of each of the charge-transfer states, generating a decrease
of magnetic field effects.[!? 24 181 Consequently, the decreased value of magneto-dielectric
indicates that the spin-orbital coupling is another important mechanism in determining the
interaction between optical CT states and magnetized CT states.

We further demonstrate the distance-tunable interaction between magnetized CT
states and optical CT states through fitting the magneto-dielectric curves (red lines in
Figure 41 (b)) with Equation (8) with parameters shown in Table 3. We can directly see
that the coupling coefficient ¢ decreases with increasing TPD thickness. This thickness-
induced decreasing of the coupling coefficient illustrates that the interaction between
magnetized CT states and optical CT states becomes smaller with thicker TPD thickness.
On the other hand, the spin exchange energy (B2) of optical CT states increases with
thickness of the TPD layer. Increasing the distance between optical CT states and
magnetized CT states produces a decreased interaction between them, leading to a larger
spin-exchange energy in individual optical CT states. Consequently, this distance-related
value of spin exchange energy further demonstrates the weaker interaction between
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magnetized CT states and optical CT states when the distance between them becomes
larger.
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Figure 41 (a) Normalized magneto-dielectric from device ITO/TPD:BBOT/TPD/Co/Al
with different TPD thickness. (b) Absolute value of magneto-dielectric from device
ITO/TPD:BBOT/TPD/Co/Al with different TPD thickness. The red lines are fitting curves.

Table 3. Parameters from curve fitting with Eq. (5.1) in Figure 41 (b).

b C B2
5nm 0.0125 178.91 40.95
10 nm 0.0155 164.43 50.66
20 nm 0.0175 108.27 72.48

5.3.6 Discussion

In general, the interaction between magnetized CT states and optical CT states can
occur via two possible mechanisms: Coulomb interaction and spin-orbital interaction. The
Coulomb interaction comes from the electrical dipole-dipole coupling since the magnetized
CT states and optical CT states can be treated as electrical dipoles. The Coulomb

interaction can generate two outcomes: (1) weakening the Coulomb interaction between
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the electron and hole in single photo-induced CT states due to the dipole field
redistribution; (2) increasing the electron hole distance in single optical CT states via
Coulomb shielding effect. These two outcomes can decrease the spin-exchange energy in
single optical CT states by increasing the electron-hole separation, leading to a narrower
line-shape and larger value of magneto-dielectric. The spin-orbital interaction is equivalent
to intermolecular spin-orbital coupling between two molecules.?* 18 |t can increase the
effective spin-orbital coupling of single optical CT states, which can generate a broader
line-shape and smaller magnitude of magneto-dielectric. Therefore, the interaction
between optical CT states and magnetized CT states can be explained by the combination

of Coulomb interaction and spin-orbital interaction as shown in Figure 42.

Magneto-dielectric
A

Optical CT sates Magnetized CT sates

Coulomb Interaction Spin Orbital Coupling

Magnetic Field

Figure 42 Schematic of the mechanisms to explain the interaction between optical CT

states and magnetized CT states.

Higher photoexcitation produces a larger density of optical CT states, leading to
more electrical dipoles to Coulombically interact with the magnetized CT states. This
increased Coulomb interaction can reduce the spin-exchange energy in individual optical
CT states, resulting in a narrower line-shape and larger value of magneto-dielectric. On the
other hand, the number of magnetized CT states is reduced under higher photoexcitation
demonstrated by the smaller magneto-dielectric signal as shown in Figure 43. Therefore,

the spin-orbital coupling between optical CT states and magnetized CT states decreases,
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with an outcome of a narrower curve and a larger value of magneto-dielectric.
Consequently, increasing the density of optical CT states can enhance the Coulomb
interaction and reduce the spin-orbital interaction, leading to a narrower magneto-dielectric

line-shape and a larger magnitude.
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Figure 43 Magneto-dielectric from device of ITO/TPD(60 nm)/Co(7 nm)/Al under

different photoexcitation intensities.

When the charge-transfer states are treated as electric dipoles, the energy from the

Coulomb interaction between optical CT states and magnetized CT states can be expressed

P1'P2-3(p17)(F'p2)
4mer3

and magnetized CT states, the energy from spin-orbital coupling can be described as U =

asU =

. Considering the spin-orbital coupling between optical CT states

#sf 1.7 .5 ltis clear that Coulomb interaction is inversely proportional to the distance

Amc?2 12

cubed while spin-orbital coupling is inversely proportional to the distance squared.

Therefore, increasing the distance between magnetized CT states and optical CT states can
weaken the Coulomb interaction and spin-orbital interaction directly. The decrease in

Coulomb interaction should result in a broader and smaller magneto-dielectric while the
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spin-orbital coupling should result in a narrower and larger magneto-dielectric. However,

the line-shape of magneto-dielectric is determined by the changing rate of singlet/triplet

S
. 0G - . .
ratio %, which is related to the spin-exchange energy in single charge-transfer states.

Combining the fact that spin-exchange energy is modified by the Coulomb interaction, it
is clear that Coulomb interaction determines the line-shape of magneto-dielectric when
changing the distance between photo-induced charge transfer states and magnetized CT
states. On the other side, the magnitude of magneto-dielectric is determined by the
singlet/triplet ratio. The singlet/triplet ratio in the high magnetic field region in this study
is controlled by the competition of external magnetic field and internal magnetic field from
spin-orbital coupling. Consequently, the magnitude of magneto-dielectric is determined by
spin-orbital coupling. Therefore, increasing the distance between optical CT states and
magnetized CT states weakens the Coulomb interaction and spin-orbital interaction,

leading to a broader line-shape and larger amplitude, respectively.

5.4 Conclusion

In summary, we study the interaction between optical CT states and magnetized CT
states by using magneto-dielectric measurement. The photo-tunable and distance-
changeable magneto-dielectric phenomenon demonstrates the variable interaction strength
between optical CT states and magnetized CT states. In addition, analysis indicates that
this interaction is due to the Coulomb interaction and spin-orbital coupling between the
optical CT states and magnetized CT states. This study suggests a new way to combine the
electric and magnetic properties through charge-transfer states in organic semiconducting
materials under photoexcitation, presenting a new method to study the magneto-electric
coupling for future electric, magnetic and optic applications in excited states.
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CHAPTER 6
INTERACTION BETWEEN EXCITONS AND FREE CHARGE
CARRIERS IN ORGANO-METAL HALIDE PEROVSKITES
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Organo-metal halide perovskites, considered to be a semiconducting material with
Wannier excitons of low binding energy, provide a new way for next generation solar cells
due to the incredible increasing of the efficiency. In this chapter, the magneto-current and
magneto-photocurrent studies indicate the coexistence of free charge carries and excitons
in perovskites. Furthermore, the interaction between free charge carriers and excitons are
also demonstrated by the amplitude and sign change of the magneto-current and magneto-
photocurrent signals. This interaction is consolidated by tuning the concentration of
excitons through increasing the injection current, rising the photoexcitation intensities,

confinement effect and decreasing the temperature.

6.1 Introduction

Organo-metal halide perovskites (OMHPs) have achieved amazing improvements
in reaching high efficiency solar cells in the past 5 years. The power conservation
efficiencies have dramatically increased from 3% up to 20% by the utilization of materials
processing and device engineering.l’ 7 182-1871 The high efficiency of OMHPs is due to
their near-optimal direct band gap,l’> " high optical absorption,[’”® 71 high carrier
mobility,"* 7882 |ong carrier diffusion length,[®® &1 and its spontaneous electronic
polarization.®>-# However, there is still a fundamental question involved in photovoltaic
mechanism: whether the bound excitons exist in the bulk OMHPs during the photovoltaic
process.!*8-191 The binding energy of excitons in OMHPs has been reported in the range
of 20-150meV, which is in the order of thermal energy at room temperature.[ 192 1931
Therefore, many studies show that almost neat free charge carriers are generated due to
this small binding energy in working solar cells.[®8 194191 Nonetheless, excitons are also
demonstrated to exist based on the observation of coincidence of hot exciton relaxation and
cold exciton relaxation.l” %71 Furthermore, both free charge carriers and excitons are found
to be generated simultaneously under higher photoexcitation intensity, larger
photoexcitation energy and low temperature.[*%-2001 Consequently, more studies are needed
to answer the fundamental question of the coexistence and interaction between excitons
and free charge carriers in OMHPs. In this study, the magnetic field effects on both the

injection current (magneto-current) and photocurrent (magneto-photocurrent) are carried
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out under different conditions, illustrating the coexistence and interaction of free charge
carriers and excitons in OMHPs.

Generally, free carriers in OMHPs can be captured to form electron-hole pairs due
to the Coulomb attraction when they are in the mutual capture radius.[": 20% 2021 These
electron-hole pairs generate two opposite outcomes: (i) recombining or (ii) dissociating
with each other to form luminescence and current respectively. Recently, studies have
shown that the charge recombination and dissociation in OMHPs is spin dependent.[°: %71
Therefore, applying an external magnetic field can tune the branching ratio between spin-
parallel and spin-antiparallel electron-hole pairs through competing with spin mixing,
leading to the magneto-current, magneto-photoluminescence and magneto-photocurrent.
Although magneto-absorption was reported for OMHPs at low temperature of 4.2 K and
high magnetic field of 20 T in 1994, magnetic field effects from OMHPs at room
temperature and low magnetic field (<1 T) were discovered recently.[*® 1 Accordingly,
magnetic field effects provide unique and useful ways to explore the spin properties in
OMHPs. Here, the spin-parallel and spin-antiparallel excitons, relaxing from the electron-
hole pairs, are indicated by appearance of the magneto-current and magneto-photocurrent.
In addition, tuning the intensity of carriers via changing the applied voltages,
photoexcitation intensities and temperatures alters both magneto-current and magneto-

photocurrent, indicating the interactions between free carriers and excitons.

6.2 Experiments

The OMHP (CHsNH3Pbls xClx) precursor was prepared with an overall
concentration of 30% by mixing methylammonium iodide (MAI) and lead chloride (PbCl>)
in anhydrous dimethylformamide (DMF) (Aldrich) with a mole ration of 3:1. The
perovskite precursor was then stirred for 12 h at 60 °C and followed by filtration with a
0.45 um PVDF filter. The TiOx was prepared by adding a 0.026 M HCI (diluted in
isopropyl alcohol) into a 0.46 M titanium isopropoxide solution (diluted in isopropyl
alcohol) with stirring for 12 h and then filtered with a 0.2 um PTFE filter. The TiOx thin
films were spin-cast with the thickness of about 35 nm on the pre-cleaned ITO substrates
and then thermally annealed at 130 °C for 15 min. The perovskite (CH3NH3sPbls xClx) was
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spin-cast with the film thickness of 100 nm on the ITO/TiOx substrates, followed by
thermal annealing at 90 °C for 3 h. The MoOs was then thermal evaporated with the
thickness of 10 nm. The gold (Au) electrodes were thermally deposited with film
thicknesses of 100 nm. All the thermal evaporations were carried out under the vacuum of
7 x 107" Torr.

The devices were finally fabricated with the structure of ITO/TiOx/CH3NH3Pbls-
xClx/MoOs/Au. The current—voltage (1-V) characteristics were measured by using Keithley

2400 source meter. The magneto-current and magneto-photocurrent were defined as MC =

]B];]", where Jz and J, are the currents of the devices with and without magnetic field,
0

respectively. The magneto-current and magneto-photocurrent signals were recorded by
measuring the injection current and short-circuit current as a function of magnetic field.

The photoexcitation was provided from 532 nm CW lasers.
6.3 Results and discussion

6.3.1 Magneto-current from CH3NH3Pblz.xCly

The current density versus voltage characteristics and the corresponding
electroluminescence from the device with structure of ITO/TiOW/CH3NH3Pbla.
xClx/M0oOs/Au are presented in Figure 44 (a). A clear turn-on of injection is observed
around 0.8 V. Additionally, the illumination turns on around 1.2 V, corresponding to the
current density around 0.1 mA/cm?. It directly validates the recombination between
electrons and holes in this device, providing facilitated ways to study the charge
recombination and dissociation in OMHPS. Figure 44 (b) shows the magneto-currents from
this device at different injection current densities. It is obvious that the injection current
becomes a function of magnetic field at room temperature, leading to a magneto-current.
The magneto-current signal gradually increases and then becomes saturated around 200
mT. Additionally, the magneto-current signal decreases with the increasing injection
current and ultimately changes into a negative value when the injection current reaches 1

mA/cm?.
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Figure 44 (a) Combined electroluminescence (Red) and current density (Black) versus
voltage characteristics of the device with structure of ITO/TiOx/CHsNH3sPbls-
xClx/MoOs/Au. Inset shows the device structure. (b) Magneto-current from this device with
different injection current intensities.

Considering the fact that no spin-polarized charge injection occurs in the device
due to the absence of ferromagnetic electrode, the magneto-current intrinsically originates
from the CH3NH3sPblz «Clx. Researches indicate that electron-hole pairs with different spin
configurations, either parallel or antiparallel, are formed when electrons and holes
approaching each other during their transportation. Our former study indicated that an
external magnetic field suppresses spin mixing between the antiparallel and parallel spin
states in electron—hole pairs, increasing the electron-hole pairs with parallel spin
configuration to generate a positive magneto-photocurrent.’”l In combination with the
different lifetimes of electron-hole pairs with parallel or anti-parallel spin configurations,
the electron-pairs in CH3sNH3PblsxClx provides a possibility to generate magneto-current
through changing the ratio of spin-configuration by the external magnetic field. As the
injection current is low, the density of electron-hole pairs is small. Consequently, the
external magnetic field mainly affects the electron-hole pairs, leading to an increasing of
pairs with parallel spin. Due to the long lifetime of these spin parallel electron-hole pairs,

they have more opportunity to dissociate for current, generating a positive magneto-
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current. Increasing the injection current, the density of electron-hole pairs becomes larger
to generate the interaction between single carriers and electron-hole pairs. Experimental
studies shown that the interaction between spin parallel electron-hole pairs and free carriers
results in a negative magneto-current due to the scattering of free carriers.[10% 179 180]
Therefore, the decreasing magneto-current amplitude in this study indicates that the
carriers and electron-hole pairs interact with each other in CH3NH3Pblz«Clx. Further
increasing the injection current causes the interaction between carriers and electron-pairs
to dominate the magneto-current, changing the sign of magneto-current from positive to
negative. Consequently, the experiment results of magneto-current measurement indicate
that the interaction between carriers and electron-hole pairs occurs in OMHPs when their

densities are high enough.

6.3.2 Magneto-photocurrent from CH3NH3PblzxCly

Magneto-photocurrent is utilized to further confirm the interaction between carriers
and electron-hole pairs in OMHPs. In general, free carriers are generated in OMHPs under
the photovoltaic working condition due to the small binding energy.[®8 197-203. 2041 However,
with increasing the photoexcitation intensity, the excitons are demonstrated to be
generated. [19 2002051 Consequently, the interaction between exciton and free carriers
happens, generating a negative magneto-photocurrent due to the scattering caused by
interaction. Figure 45 (a) describes the magneto-photocurrent changing with
photoexcitation intensity. Under the photoexcitation intensity of 400 mW/cm? which is
much higher than the photovoltaic working function, the magneto-photocurrent is negative
with the maximum value around -2.3% and tends to saturate around 250 mT. Increasing
the photoexcitation intensity enhances the magneto-photocurrent signals with the
amplitude changing from -2.3% at 400 mW/cm? to -3.00% at 800 m\W/cm? and ultimately
to -3.29% at 1600 mW/cm?. It also indicates that increasing the photoexcitation intensity
from 400 mW/cm? to 1600 mW/cm? leads the line-shape of magneto-photocurrents
narrower with the half width at half maximum (HWHM) decreasing from 62.26 mT to
44.81 mT. In addition, the saturation field is found to decrease from around 260 mT to 150

mT. The negative values of magneto-photocurrent under higher photoexcitation intensities
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directly illustrate the interaction between excitons and free carriers in OMHPs. More
excitons normally introduce a stronger interaction between free carriers, leading to a larger
scattering of free carriers with an outcome of larger negative magneto-photocurrent.
Therefore, the increasing value of magneto-photocurrent proves that the density of excitons
becomes larger as the photoexcitation becomes stronger. According to the higher intensity
of excitons under stronger photoexcitation, the frequency of interaction between excitons
and free carriers becomes higher, generating a quicker change of magneto-photocurrent
which is demonstrated by the narrower line-shape and smaller saturation magnetic field.
As a result, the change of magneto-photocurrent under higher photoexcitation further

illustrates the interaction between excitons and free carriers in OMHPs.
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Figure 45 (a) Magneto-photocurrent from device with structure of ITO/TiOx/CH3NH3Pbls-

xClx/MoOs/Au under different photoexcitation intensities. (b) Magneto-photocurrent from
this device under 1600 mW/cm? with different bias voltages.

In order to additionally demonstrate the interaction between excitons and free
carriers in OMHPs, different bias is applied to the devices under photoexcitation for tuning
the density of free carriers to further influence the number of excitons. Figure 45 (b)
indicates that adding a negative biases declines the value of magneto-photocurrent from -
3.3%at0Vto-1.8% at-0.3V and -0.6% at -0.6 V under 1600 mW/cm?. In general, adding
the negative bias helps to extract the electrons and holes to the electrodes, reducing the
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density of free carriers and excitons. Therefore, the interaction between excitons and free
carriers reduces, generating a magneto-photocurrent with smaller amplitude. Since the
interaction between excitons and free carriers becomes weak due to the less number of
carriers and excitons, the frequency of the interaction becomes smaller and the rate of
changing the photocurrent becomes slower. As a result, the line-shape and the saturation
point of magneto-photocurrent becomes broader and larger respectively. As shown in
Figure 2 (b), adding a negative bias leads the HWFM of the magneto-photocurrent to
increase from 44.27 mT to 62.08 mT and the saturation point changes from around 150 mT
to around 230 mT at 0 V and -0.6 V, respectively. In consequence, the change of magneto-
photocurrent by adjusting the density of free carries through varying the applied bias proves
the interaction between excitons and free carriers. In addition, this interaction is

demonstrated to depend on the density of excitons and free carriers in the OMHPs.

6.3.3 Confinement effect on magneto-photocurrent from CH3zNH3Pblz«Clx

The interaction between excitons and free carriers in OMHPs is further
demonstrated by using interfacial confinement in the device. In general, the interfacial
confinement can be used to unbalance the density of the injected electrons and holes,
leading to spare charge carriers for interacting with the excitons. In this study, the hole
transport layer of MoOg is removed to reduce the hole injection. As a result, an unbalanced
concentration of electrons and holes are formed, leading to the formation of excitons with
spare electrons. Figure 46 (a) indicates that magneto-current with the injection current of
0.5 mA/cm? turns from positive to negative after eliminating the MoOs layer. It is caused
by the interaction between electrons and excitons with the scattering between them to
reduce the mobility of carriers, transferring the magneto-current into negative. The
magneto-photocurrent from the devices with and without hole transport layer MoO3 is also
studied as shown in Figure 46 (b). Under the photoexcitation of 800 mW/cm?, removing
the MoO3 layer increases the magneto-photocurrent from the value of -3.00% to -4.67% at
300 mT. In general, the holes generated by photoexcitation becomes difficult to be
extracted by the anode of Au without MoOz layer while the electrons are easy to be

extracted by the cathode of ITO with TiOx layer, leading to an unbalanced electrons and
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holes with more holes left in the device. Consequently, interaction between excitons and
holes occurs to scatter the free carriers, leading to an increase of the negative magneto-
photocurrent. Therefore, the studies of magneto-current and magneto-photocurrent under
the condition of interfacial confinement indicate that interaction between excitons and

carriers, both electrons and holes, exists in OMHPs.
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Figure 46 (a) Magneto-current from devices with and without MoOs at the injection
current of 0.5 mA/cm?. (b) magneto-photocurrent from devices with and without the MoOs
layer under the photoexcitation of 800 mW/cm?.

6.3.4 Temperature effect on magneto-photocurrent from CH3NH3zPblz.xCly

Former study shown that the density of exciton in OMHPs increases with
decreasing temperature.!** Consequently, changing the temperature provides another way
to tune the interaction between excitons and free carriers in OMHPs. Figure 47 clearly
indicates that the magneto-current from device with the injection current of 0.1 mA/cm?
decreases and ultimately changed into negative with the temperature decreasing from 330
K to 77 K. It has been discussed that low density of excitons generates a positive magneto-
current due to the suppression of spin-mixing caused by the external magnetic field while
high density of excitons produces a negative magneto-current owe to the carrier scattering
arising from the interaction between excitons and free carriers. Consequently, the

decreasing value and the sign change of magneto-current with decreasing temperature
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demonstrate the increasing density of excitons and the interaction between the excitons and

free carriers.
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Figure 47 Magneto-current from device with structure of ITO/TiOx/CH3NH3Pbls-

«Clx/MoOs/Au with the injection current of 0.1 mA/cm? under different temperatures.

6.3.5 Discussion

Generally, free carriers dominate in OMHPs due to the small binding energy no
matter they originate from photoexcitation or electric injection. Subsequently, the free
electrons and holes can be captured to form electron-hole pairs due to the Coulomb
interaction when they enter their mutual capture radius.[**" 2°% 2021 The recombined
electron-hole pairs on one hand can relax into excitons with an ultimate outcome of
photoluminescence through recombination.[2% 261 On the other hand, they can dissociate
again into free carriers for the generation of current.['® It is known that the electron-hole
pairs has spin-parallel and spin-antiparallel configurations. Applying a magnetic field can
decrease the number of spin-antiparallel states but increase the number of spin-parallel
states through suppressing the spin mixing process between these two states. Eventually,
the modification between different spin states in electron-hole pairs influence the exciton

formation when the electron-hole pairs relaxing into excitons. Because the excitons with
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antiparallel and parallel have high and low annihilation rate due to the Pauli Exclusion
Principle, decreasing the number of electron-hole pair with antiparallel spin states enhances
the formation of exciton with parallel spin states, which generates a positive magneto-
current. Owing to the coexistence of exciton and free carriers in OMPHSs by increasing the
density of carriers, the exciton charge reaction is possible to take place, decreasing the
mobility of free carriers due to the scattering. The external magnetic field increases the
number of excitons with spin parallel states, which enhances the decrease of mobility of
free carriers to generate a negative magneto-current. Therefore, the total magneto-current
or magneto-photocurrent from OMHPs are constructed by the combination of positive
signal from suppression of spin mixing and the negative signal from the exciton charge
reaction. In the region of free carriers with low density, the suppression of spin mixing due
to the external magnetic field generates a positive value as shown in our results. In the
region of free carriers with high density due to the larger injection current, higher
photoexcitation and low temperature, the exciton charge reaction produces the negative
value. Additionally, studies have demonstrated the excitons turns to be more in very higher
photoexcitation or low temperature.!®8l It leads to a stronger exciton charge reaction,
generating the negative signal of magneto-photocurrent and magneto-current as indicated

in this study.

6.4 Conclusion

In conclusion, the magneto-current and magneto-photocurrent from OMHPs are
studied in different conditions. Increasing the density of free carriers generates a decreasing
in value of magneto-current, which ultimately changes the sign from positive to negative.
The results indicate that exciton can be formed with the increasing density of free carriers,
leading to the interaction between excitons and free carriers. This phenomenon is further
proved by magneto-photocurrent under higher photoexcitation and adding different bias
voltage and by magneto-current under low temperature, where both the excitons and free
carriers coexist to interact with each other. The study here provides the information for
balancing the ratio between excitons and free carriers in OMHPs to further improve the
efficiency of photovoltaic devices.

83



CHAPTER 7
INTERACTION BETWEEN RASHBA PEROVSKITE AND
FERROMAGNETIC METAL AT THE INTERFACE
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This chapter reports magneto-dielectric phenomenon at the interface by combining
ferromagnetic metal (Co) and Rashba perovskite (CH3NH3Pbls.xClx) based on thin-film
design. The magneto-dielectric effect shows broader and narrower line-shapes when the
magnetization is vertically and horizontally operated on the Co surface, generating an
anisotropic magneto-electric coupling at the Co/CH3NH3sPblsCly interface. It is proposed
that the spins on ferromagnetic surface interact with the asymmetric orbitals on the Rashba
perovskite surface based on two conditions: (i) the residual polarization from asymmetric
orbital fields on Rashba perovskite surface and (ii) the interaction between the spins on
the ferromagnetic surface and the asymmetric orbitals on the Rashba perovskite surface.
Additionally, a frequency-tunable interaction between ferromagnetic surface and Rashba
perovskite surface is demonstrated based on tuning the frequency in the process of

magneto-dielectric measurement.

7.1 Introduction

Organo-metal halide perovskites have demonstrated multifunctional properties
such as photovoltaic, light-emitting, lasing, and magneto-optic effects due to dual electrical
polarization and semiconducting functions.[®4 65 69,74, 89, 183, 207-209] Recently, it has been
theoretically shown that such multifunctional perovskites can demonstrate Rashba effects
based on coexisted strong spin-orbital coupling and asymmetric polarizations.?0-213]
Studies based on theoretical calculation show that the strong spin-orbital coupling in the
organo-halide perovskites can generate the inversion symmetry-breaking field. This
asymmetrical field can develop a Rashba effect by lifting the spin degeneracy with the spin
splitting and the helical spin texture. In addition, the inversion symmetry-breaking field
can also be produced by the polarization in the perovskites. Therefore, the polarization and
the strong spin-orbital coupling can directly couple with each other through this inversion
symmetry-breaking field in the Rashba perovskites. Consequently, we can expect
asymmetric spin-orbital coupling on the Rashba perovskite surface ready for developing
electric-magnetic coupling. On the other hand, a ferromagnetic surface possesses
anisotropic spin polarizations at room temperature. Our early experimental studies have

shown that the spin polarizations in ferromagnetic nanoparticles (y-FeOx) can interact with
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nearby orbital field in organic molecules, generating spin-orbital interaction between
ferromagnetic nanoparticles and organic molecules.™*®* Furthermore, the spin valve studies
have found that a spin interface can be formed at semiconducting/ferromagnetic interface
through the hybridized interfacial states based on the interaction between the n electrons
and d electrons, leading to a different density of states for spin splitting at the organic
semiconducting/ferromagnetic interface.[?*4 Clearly, the spin interface provides further
evidence that electric polarization and spin polarization can be coupled at
semiconducting/ferromagnetic interface. Therefore, combing the Rashba surface with
ferromagnetic surface presents opportunities to introduce the interaction between the
asymmetric orbitals with anisotropic spin properties for developing electric-magnetic

coupling at room temperature.

7.2 Experiments

The OMHP (CH3NH3Pbls«Clx) precursor was prepared with an overall
concentration of 30% by mixing methylammonium iodide (MAI) and lead chloride (PbClI>)
in anhydrous dimethylformamide (DMF) (Aldrich) with a mole ration of 3:1. The
perovskite precursor was then stirred for 12 h at 60 °C and followed by filtration with a
0.45 um PVDF filter. The PMMA solution was prepared in chloroform solvent with a
weight concentration of 20 mg/ml. The PMMA thin films were spin-cast with the thickness
of about 100 nm on the pre-cleaned ITO substrates. The perovskite (CH3NH3Pblz xCly)
was spin-cast with the film thickness of 100 nm on the ITO/PMMA substrates, followed
by thermal annealing at 90 °C for 3 h. The Co layer was then thermal evaporated with the
thickness of 10 nm. The second layer of PMMA was spin-casted on the prepared perovskite
layers. The gold (Au) electrodes was thermally deposited with film thicknesses of 100 nm.
All the thermal evaporations were carried out under the vacuum of 7 x 1077 Torr.

The capacitance was measured by an Agilent E4980A LCR meter under zero DC

bias and 50 mV AC field. The magneto-dielectric (MFC) was defined as MFC = CB—C_C =

A?C, where Cg and C are the capacitances of the capacitors with and without magnetic field,

respectively. The PUND measurement was measured by using Precision LC. The M-H

hysteresis were performed by using SQUID at room temperature.
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7.3 Results and discussion

7.3.1 Interaction between Co and CH3sNH3PblsxClx

The magneto-capacitance signals are measured at 1 KHZ from the device with the
structure of ITO/PMMA/CH3NH3Pblz.xCly/Co/PMMAJ/AI as shown in Figure 48 (a).
Clearly, inserting a thin layer of Co increases the capacitance with magnetic field, leading
to a positive magneto-dielectric effect as shown in Figure 48 (b). In general, the magneto-
dielectric effect originates either from (1) the bulk CHsNH3zPblsxClx or (2) the
CH3NH3Pblz «Clx/Co interface. However, the bulk CH3NH3sPbls.xClx shows a negligible
magneto-dielectric signal as described in Figure 48 (b), indicating that the magneto-
dielectric signal is formed at the interface between CH3NH3PblsxClx and Co instead of the
CH3sNH3Pblz«Cly bulk.
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Figure 48 (a) The device structure used in this study. The PMMA layers are used for
eliminating the effect of magneto-current. (b) Capacitance change from CH3NH3zPblzxClx
coupled without (black) Co thin layer, with Co thin layer (blue) and Au thin layer (red)

under the external magnetic field.

We should note that magneto-capacitance can be generated in two different
channels: polarization-based magneto-capacitance and transport-based magneto-

capacitance.l*?” 128 2151 Former experimental and theoretical studies have indicated that the
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polarization-based magneto-dielectric phenomenon dominates in the capacitance
measurement.[**8 Here, in order to further exclude the effect from the magneto-current in
this study, active layers are sandwiched between the two layers of PMMA with the
thickness around 100nm. Therefore, the transport-based magneto-capacitance is eliminated
due to the insulating property of PMMA. Additionally, coupling CH3NH3PblsxClx with
Au presents a negligible magneto-dielectric signal as shown in Figure 48 (b). This
phenomenon indicates that the spin polarization on Co surface is a prerequisite for realizing
the magneto-dielectric effect at the interface between Co and CH3sNH3Pbls3.xClx surfaces.

7.3.2 Anisotropy of interaction between Co and CH3NH3Pblz«Clyx

We further study the magneto-dielectric effect at the interface with the angle-
dependent characterization as shown in Figure 49 (a). Swiping the external magnetic field
from in-plane to out-of-plane direction increases the amplitude of magneto-dielectric signal
from 4.92E-4 to 6.34E-4 by 29% at 900 mT. At the same time, the HWHM (half width at
the half maximum) of the magneto-dielectric curve increases from 120 mT to 303 mT,
leading to a broader line-shape with increasing magnetic field. The results demonstrate that
the magneto-dielectric effect at the CH3NH3sPblsxCly/Co interface is an anisotropic
phenomenon. The magnetic M-H curves in Figure 49 (b) indicate that the coercivity of the
magnetic hysteresis increases from the value of 17 mT to 30 mT after changing the
direction of the external magnetic field from in-plane to out-of-plane. Furthermore, the spin
polarization on Co surface changes from a soft ferromagnetic characterization to a hard
ferromagnetic characterization as the magnetic field changes from in-plane to out-of-plane
direction. This reveals that the anisotropic magneto-dielectric effect at the interface is
related to the magnetic anisotropy of Co surface. Additionally, theoretical studies have
shown that the organo-metal halide perovskites can exhibit ferroelectric Rashba effects
when the spin splitting and spin helicity are generated by the strong spin-orbital coupling
and electric polarization in asymmetric structures. Former experimental study illustrates
that the angle-dependent Rashba effect at the graphene/Ni interface is generated through
interaction between the spin-polarized electrons and the gradient electric field, which is

demonstrated by the angle-resolved photoelectron spectroscopy.[?®! This phenomenon
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indicates a possibility for the spin-orbital interaction at the interface between ferromagnetic
metal Co and Rahsba perovskite CH3NH3zPblsxClyx in this study. Here, the interaction
between spins on the Co surface with the asymmetric orbitals on the CH3NH3PblzxClx
provides a way for generating the magneto-dielectric effect through spin-orbital interaction
at the interface. In general, the Rashba effect can be expressed by the Rashba Hamiltonian
Hp = agr(o X p) -z, where o is the Pauli matrix vector, p is the momentum, Z is the
direction of electric field and ay is the Rashba coefficient depending on the spin-orbital
interaction strength. When the spin polarization on the Co surface changes from the soft to
the hard direction by swiping the external magnetic field from in-plane to out-of-plane
direction, the spin-orbital interaction between the spins on Co surface and asymmetric
orbitals on CH3NH3zPblsxClx surface becomes weak and strong respectively. As a
consequence, the change of the electric polarization on CHsNH3Pblz«xClx surface based on
this spin-orbital interaction are small and large respectively, leading to an angle-dependent
magneto-dielectric effect in the device with structure of ITO/PMMA/CH3NH3sPbIs.
xClx/Co/PMMA/AL.
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Figure 49 (a) Capacitance change from the device under the external magnetic field with
in pane and out of plane directions different directions. Inset shows the normalized
magneto-dielectric signals. (b) Normalized magnetic M-H hysteresis measured under the

magnetic field with in pane and out of plane directions.
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7.3.3 Effect of interaction between Co and CH3NH3Pbl3;<Cly

Now we discuss the effect of the spin-orbital interaction at CHsNH3zPblz«Clx/Co
interface on the residual polarization of the CHsNHsPblz«Clx surface and the spin
polarization of the Co surface through interface engineering. Three different devices with
the active layers of pristine CHsNH3Pbls.xClx, spin-casting the CH3sNH3sPbls.xClx layer on
Co surface and depositing Co on CH3sNH3sPblsxClx surface are used to tune the spin-orbital
interaction by changing the interaction area based on penetration. Depositing Co on
CHsNHsPblz«Clx surface generates a large interaction area for the spin-orbital interaction
at the CH3aNHz3PblsxClx/Co interface due to the perennation of Co, leading to a strong spin-
orbital interaction.
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Figure 50 (a) PUND signals from pristine CH3NH3sPblz.xClx and CH3NH3sPblz.xCly
combining with Co on different sides. (b) Magnetic M-H hysteresis from pristine Co layer,
Co layer on top of CH3NH3PblzxClx and Co underneath CH3NH3PblzxCl.

The positive-up/negative-down (PUND) measurements from these devices are
shown in Figure 50 (). It is known that the PUND measurement can be used to demonstrate
the residual polarization after the application of positive and negative pulses. Here, the
PUND measurement is carried out with a triangle pulse width of 1 ms and delay time of
1000 ms, leading to low frequency and repetition rate to ensure the residual polarization
from the Rashba perovskite surface. Figure 50 (a) indicates that the pristine CH3NH3Pbls.
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«Clx presents a residual electric polarization with the value of 0.004 uC/cm?, demonstrating
a spontaneous polarization on the CH3NH3PblsxClyx surface. We should also note that the
residual electric polarization increases to 0.008 uC/cm? when introducing the spin-orbital
interaction by spin-casting the CH3sNH3PblsxClx layer on Co surface. In addition, the
electric polarization further increases to 0.023 uC/cm? when increasing the spin-orbital
interaction by improving the interaction area through depositing the Co layer on
CH3NH3sPblz «Clx surface. Consequently, the strong spin-orbital interaction can enhance
the surface polarization of the Rashba perovskite CHsNH3PblsxCly, generating a large
residual polarization. On the other hand, the spin polarization on Co surface can also be
changed by the spin-orbital interaction at the CH3sNH3PblzxClx/Co interface as shown in
Figure 50 (b). The coercivity of Co increases from 2.0 mT to 4.5 mT after introducing the
spin-orbital interaction with spin-casing CH3NH3Pblz«Clx on Co surface. It further
increases to 22.3 mT after enhancing the spin-orbital interaction by depositing Co on
CH3sNHsPblz«Clx surface. Therefore, the increased coercivity of Co illustrates that the
spin-orbital interaction at the CHsNHsPblz«Clx/Co interface can influence the spin
polarization on Co surface. Consequently, the interface engineering can modify the residual
polarization on CH3NH3Pbls.xClyx surface and the spin polarization on Co surface through

the spin-orbital interaction by simply changing the interaction area.

7.3.4 Principle for interaction between Co and CH3NH3PblzxCly

In principle, the magneto-dielectric effect at the CH3NH3sPblz.xClx/Co interface can
be realized by satisfying two conditions: (1) the residual polarization on Rashba perovskite
surface from the asymmetric orbitals and (2) the interaction between the spins on the
ferromagnetic surface and the asymmetric orbitals on the Rashba perovskite surface. The
PUND measurement demonstrates the residual polarization on the Rashba perovskite
surface. The M-H hysteresis clearly indicates the spin polarization from the ferromagnetic
Co film. Based on the structure of ABX3 with A as the organic cations, B as the heavy
metals and X as the halide elements, theoretical calculations indicate that the orbital
interaction between B and X in the Rashba perovskites can be modified by the structural

modification in the inorganic frame BXs and the positional distortion from centro-
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symmetry sites.[?*”l Most perovskites with ABX3 structure show spontaneous electric
polarization due to the breaking of the centro-symmetry as the B cation shifts away from
the center of BXs octahedron. Especially in organic/inorganic hybrid halide perovskites,
this phenomenon is pronounced due to the absence of an inversion center in the crystalline
lattice based on the asymmetric organic cations.!®! As a result, the electric polarization in
Rashba perovskite is associated with the asymmetric orbitals from BXs octahedron.
Specifically, the two-dimensional structural inversion asymmetry at the perovskite surface
provides stronger asymmetric orbitals than that in the bulk. This asymmetry provides a
possibility for generating the spin-orbital interaction between the spins on the
ferromagnetic Co surface and the asymmetric orbitals on the Rashba perovskite surface at
the CHsNH3Pblz«Clx/Co interface. Under the influence of an external magnetic field,
aligning spins on Co surface increases the interaction between spins and the asymmetric
orbitals, leading to an increase of the polarization at the Rashba perovskite surface to
generate the positive magneto-dielectric signal as indicated in Figure 48 (b). This
interaction between spins and the asymmetric orbitals at the interface is further proved by
the anisotropic magneto-dielectric phenomenon in Figure 49 (a). The anisotropic M-H
hysteresis in Figure 49 (b) indicates that spin polarization on Co surface can be easily and
difficultly aligned by the external magnetic field with in-plane and out-of-plane direction
respectively. On one hand, the spin polarization alignment on Co with difficult process
decreases the rate of the spin-orbital interaction, generating a broader line-shape of
magneto-dielectric curve. On the other hand, this process introduces more interactions
between the spins and the asymmetric orbitals, increasing the value of the magneto-
dielectric signal. Consequently, the electric polarization on Rashba perovskite surface can
be changed by the spin polarization on ferromagnetic metal surface through the spin-orbital

interaction at the interface.

7.3.5 Confirmation of interaction between Co and CH3NH3Pblz<Cly

In order to further confirm the spin-orbital interaction at the CH3NH3PblsxClx/Co
interface, we study the magneto-dielectric effect from devices with different spins and

asymmetric orbitals by changing the active interaction area and the concentration of iodine
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respectively. In Figure 51 (a), increasing the spin-orbital interaction through increasing the
interaction area by depositing Co on CH3NH3PblsxClx surface instead of spin-casting
CH3NH3Pblz«Clx on Co surface increases the HWFM of the magneto-dielectric curves
from 51 mT to 126 mT, generating a broader line-shape. In addition, the amplitude of
magneto-dielectric signal at 900 mT also increases from 0.63E-4 to 3.26E-4 by a factor of
5. All these results indicate that the interaction between the spin polarization and the
asymmetric orbitals becomes stronger when increasing the spin polarization by depositing
Co on CHsNH3sPblzxCly surface. On the other hand, the amplitude of the magneto-
dielectric signal is increased from 0.67E-4 to 6.30E-4 by a factor of 9 with increasing the
concentration of iodine as shown in Figure 51 (b), indicating a larger spin-orbital
interaction at the interface. In general, the asymmetric orbitals in Rashba perovskite
CH3NH3sPblz«Clx originate from the inorganic octahedral constructed by Pb and halide
elements.[?8 2191 Increasing the concentration of | enhances the asymmetric orbital in
Rashba perovskite, leading to an improvement of the interaction between spins and the
asymmetric orbitals to develop a larger magneto-dielectric signal. The experiment results
validate the fact that the magneto-dielectric effect at the Co/CH3NH3Pblz.xCly interface
originates from the interaction between spins on Co surface and asymmetric orbitals on

Rashba perovskite surface.
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Figure 51 (a) Magneto-dielectric from devices with Co on opposite sides of CHsNH3Pbls.
xClx. Inset: normalized magneto-dielectric signals. (b) Magneto-dielectric from devices
with different concentration of Cl in CHzNH3Pblz«Clx.
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7.3.6 Dynamic properties of interaction between Co and CH3NH3PblzxCly

Now we discuss the dynamic properties of the spin-orbital interaction at the
Co/CH3NH3PblsxClx interface by changing the frequency of AC bias during the
capacitance measurement. Increasing the frequency clearly narrows the line-shape of
magneto-dielectric signals. The HWFM decreases from 137.23 mT at 1 kHz to 118.09 mT
at 10 kHz and ultimately to 100.10 mT at 300 kHz as shown in Figure 52 (a). Meanwhile,
increasing the frequency also decreases the amplitude of the magneto-dielectric signal from
3.36E-4 to 2.82E-4 and ultimately to 1.09E-4. These results indicate a stronger magneto-
dielectric effect at the interface under the lower AC frequency, which originates from the
larger spin-orbital interaction. Due to the slow response of electric dipoles at high AC

frequencies, higher AC frequency limits the dipole response and decreases the capacitance
as shown in Figure 52 (b).
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Figure 52 (a) Normalized magneto-dielectric from the device under different frequencies.
Inset shows the absolute magneto-dielectric value from the device under different

frequencies. (b) Capacitance from the device changing with frequency of the AC bias.

The capacitance from the device with Co deposited on CH3NH3Pblz«Clx surface
decreases from 1.81 nF to 0.25 nF as the frequency of AC bias increasing from 1 kHz to 2
MHz, leading to a stronger and weaker effective electric potential at the CH3NH3zPbls.xCly
surface to influence the asymmetric orbitals through Rasbha interaction. Consequently, the
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interaction between spins from the ferromagnetic metal and asymmetric orbitals from
Rashba perovskite can be strengthened and weakened at the low and high frequencies,
generating larger and smaller magneto-dielectric signals. This frequency-dependent

phenomenon provides a new way for tuning magneto-electronic coupling.

7.4 Conclusion

In summary, we demonstrate the spin-orbital interaction at the interface between
ferromagnetic Co surface and Rashba perovskite CHasNH3zPblsxClx surface based on the
measurement of magneto-dielectric effect. This interaction originates from the interaction
between spins on Co surface and the asymmetric orbital on the CH3sNH3Pblz.xClx surface.
It is confirmed by tuning the spins on the Co surface through changing the external
magnetic field from in-plane to out-of-plane direction. On one hand, operating spins on Co
surface by changing the interaction area based on penetration generates a different spin-
orbital interaction. On the other hand, tuning the asymmetry orbitals through varying the
concentration of iodine also affects the spin-orbital interaction. These two results further
demonstrate the spin-orbital interaction at the interface between Co surface and
CH3NH3sPblz«Clx surface. Furthermore, the frequency-dependent spin-orbital interaction
at the interface is also studied with an outcome of decreasing the spin-orbital interaction as
increasing the frequency. Our study provides a possible method to use the Rashba

perovskite in spintronics based on the magneto-electronic effect in future.
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CHAPTER 8
CONCLUSION
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It has been found that charge-transfer states are important to determine the
electronic and magnetic properties in organic semiconducting materials. However, little
work has been done to explore the interaction between them. Therefore, we use magnetic
field effect as a tool to study the interaction between charge-transfer states in this thesis.

We first investigated the interaction between intermolecular charge-transfer states
based on the P3HT:PCBM bulk heterojunction solar cell by using magneto-photocurrent
and magneto-capacitance measurements. The value increasing and line-shape narrowing
of magneto-photocurrent signals with increasing photoexcitation intensity is ascribed to
the decreasing spin-exchange energy in individual intermolecular charge-transfer state
caused by the interaction between intermolecular charge-transfer states at the P3HT/PCBM
interface. This interaction is further confirmed by the similar change of magneto-
capacitance signals. Furthermore, three possible mechanisms: the long-range Coulomb
interaction, the medium-range spin-orbital interaction and short-range spin interaction are
proposed to explain the interaction. This interaction on one hand illustrates the fundamental
physics on changing the spin-exchange interaction in single intermolecular charge-transfer
states. On the other hand, it provides researchers and engineers with information on
developing new devices for applications in controlling spin-exchange energy.

Getting the information on the interaction between intermolecular charge-transfer
states attracts our attention on combining the charge-transfer states (z electrons) with d
electrons for spintronics application. In order to study the interaction between n electrons
in organic semiconducting materials and d electrons in ferromagnetic nanoparticles for
realizing the magneto-electronic coupling, we explored the interaction between
intramolecular charge-transfer states and d electrons in the magneto-organic
nanocomposites. Based on the magneto-capacitance measurement, we found the
interaction between intramolecular charge-transfer states and d electrons is greatly
enhanced under photoexcitation. Changing the distance between intramolecular charge-
transfer states and d electrons and varying the concentrations of intramolecular charge-
transfer states and d electrons indicate that the interaction is controlled by the competition

of Coulomb interaction and spin-spin interaction. The interaction between = electrons and
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d electrons leads to an opportunity for developing the photo-assisted magnetization in
nanocomposite at room temperature.

Studies on the n-d electron coupling leads to an interest on studying the interaction
between organic semiconducting materials and ferromagnetic metals. Lots of studies have
been focused on the spin properties at the interface between organic semiconducting
materials and ferromagnetic metals for improving the spin injection and spin filtering. Here,
we considered the interaction between magnetized charge-transfer states at the interface of
TPD/Co and the photo-generated charge-transfer states in the TPD:BBOT bulk under
photoexcitation. The enhanced magneto-capacitance signal after combing magnetized
charge-transfer states and photo-generated charge-transfer states reveals the interaction
between these two kinds of charge-transfer states. Furthermore, the interaction between
magnetized charge-transfer states and photo-generated charge-transfer states is
demonstrated to be photo-changeable and distance-tunable, providing us plenty of
information for improving the spin properties at the interface between organic
semiconducting materials and ferromagnetic metals. The photo-controllable spin
properties at the interface indicates a possibility for realizing the photo-enhanced spin
injection, which would be an improvement on spin applications in flexible devices.

We also use the magnetic field effect to study the interaction between excitons and
free charge carriers in organo-metal halide perovskite. The sign change of magneto-current
from positive to negative indicates the interaction between excitons and free charge carriers
in organo-metal halide perovskites. The interaction is further demonstrated by the
decreasing of magneto-photocurrent under high photoexcitation intensities where both
excitons and free charge carriers coexists. In addition, changing the free charge carrier
confinement at the interface also proves the interaction. This study provides further
fundamental information for using organo-metal halide perovskites in applications such as
photovoltaic cells and light emitting diodes. It can be used in controlling the
photoexcitation intensities, injection currents, temperature and device structures for
facilitating the efficiencies of devices.

Further information about the magneto-electronic coupling at the interface between

Rashba perovskite and ferromagnetic metal is studied through magneto-capacitance
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measurement. The positive magneto-capacitance indicates the spin-orbital interaction at
the interface due to the spins on ferromagnetic metal and asymmetric orbitals on Rashba
perovskite surface. Additionally, this interaction is proved to be anisotropic by the
anisotropic magneto-capacitance signals through swiping the direction of the external
magnetic field. The spin-orbital interaction at the interface is further consolidated by
changing the spins and orbitals based on changing the interaction area and concentration
of iodide respectively. The magneto-electronic interaction at the interface is demonstrated
to be frequency-tunable. This magneto-electronic coupling provides an experiment
evidence for proving the Rashba properties in organo-metal halide perovskites.
Furthermore, the coupling illustrates a possibility for realizing the multiferroic applications
in data storage based on the organo-metal halide perovskites. This interaction also suggests
the possibilities of controlling the coupling by using photoexcitation, which can further
improve the multiferroic applications.

As a conclusion, our studies indicates three mechanisms: long-range Coulomb
interaction, medium-range spin-orbital interaction and short-range spin-spin interaction in
illustrating the fundamental physics in organic semiconducting materials. The interactions
between different kinds of charge-transfer states presents possibility to further extend the
applications of organic semiconducting materials in photovoltaic cells, light-emitting
diodes and flexible spintronics. This study also provides basic information for researchers
in controlling the interactions with other parameters such as light, electric field and
magnetic field. The second part of our works on organo-metal halide perovskites on one
hand provide the experiment evident on both the interaction between excitons and free
charge carriers and the Rashba properties. On the other hand, the studies show a platform
for realizing the magneto-electronic applications by using organo-metal halide perovskites,
which opens new directions for future study by using this material.

All in all, this thesis provides both the fundamental information and future

possibilities in magneto-electronic-optical application.
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