ABSTRACT

HUANG, ZHENGIJIE . The INTERACTIONS between LIGHT and SPIN in SPINTRONICS:
DETECTION and MANIPULATION of SPIN MOMENTUM with LIGHT. (Under the direction
of Dali Sun).

Spintronics field is one typical research field which is active both in scientific research
and industrial application. The detection and manipulation of the spin freedom of the elec-
trons becomes the central task of spintronics. Among all the techniques, optical techniques
are very important by showing the accuracy and non-destructive property. The basic idea
of the optic techniques in spintronics is the angular transfer between the electrons and
photons. The spin-photon interface is also important in the study of quantum computation.
This dissertation investigates three different spintronics systems with two different optic
techniques (Sagnac magnetoptics and CPGE(circular photo galvanic effect)) revealing the
photo-induced spin-accumulation at the FM/chiral HOIP interface, local Rashba states on
the surface of the MAPbBTr; single crystal, SOT-induced magnetization change on the NiFe
layer.

The first chapter of the thesis is an general introduction to the spintronics field talking
about related knowledge and theory as the basis of the thesis. It talks about the history of
the spintronics, how the pure spin current is generated in spintroincs, the theory frame
work for magnetooptics, SOT, CISS and CPGE. This chapter also simply introduces the
properties of the hybrid perovskite studied in the dissertation.

Second chapter describes how the experimental set-up is built up and run to conduct the
research. It details the design and set-up of the sagnac moke system based on what reader
can build a same experimental set-up as they want. It also describes the experimental set-up
of the CPGE. The synthesis and fabrication process of studied devices are also mentioned
in the chapter.

Third chapter includes two parts: first part is an introduction to a new subfield ins
spintronics which is also a main part of this thesis: Hybrid spintronics. Second part is a
published manuscript shows the application of Saganc magetoptics in CISS effect. A new
kind of CISS effect platform: Chiral hybrid perovskite is introduced in this manuscript.
A photo-induced spin accumulation is observed through Sagnac MOKE. According to
the CISS theory, the spin accumulation is controlled by either the chirality of the hybrid
perovskite or the external magnetic field.

Forth chapter shows another manuscript exhibits observed CPGE on the surface of the



MAPDbBr;. Combination of CPGE, photo-ISHE and SHG techniques verifies the existence of
local Rashba state on the surface of the MAPbBr;. A DFT theory reveals that the physics
origin of the local surface Rashba states could be the different terminals on the surface of
the MAPDbBr;. Different terminals on the surface of the hybrid perovskite could lead to a
big difference in Rashba coupling coefficient revealed by the magnitude of the CPGE effect.

Fifth chapter comes back to the classical FM spintronics showing the application of
Sagnac MOKE in SOT field. The change of the magnetization within FM layer due to the
spin current generated in adjacent Pt layer is detected through Sagnac magnetooptics.
Moreover, a hystersis of the switching of the FM layer and an in-plane angular dependence
of the change of the kerr angle are detected.

Finally, Last chapter concludes the dissertation and discusses the possible future out-

looks of the techniques in this dissertation.
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CHAPTER

1

INTRODUCTION

1.1 Spintronics

The nd of the giant magnetoresistance has been considered as the signature of the
born of spintronics. Spintronics applications has excited researchers to manipulate,detect
the spin, one more freedom of the electrons. Spintronics is a eld where basic study and
industrial application are combined rmly. After decades of development, based on the
calculation, spintronics has been related to a global market valuing 30 billion$ in total
including hard disk drive(HDD) and magnetic led sensor.  [1][7]

1.1.1 Basic concepts of spintronics

spintronics, is the portmanteau of "spin electronics". The central point of the spintronics
is detection and manipulation of the spin momentum of the electrons in different materials
including ferromagnetic metal(FM) [8], ferromangeic insulator (FI) [9; 10], nonmagnetic
metal(NM) [8]and organic semicondutors (OSC). [11-13

Before making a further introduction to the main work in this article, it is necessary
to shortly introduce the basic concepts of spintronics. First of all, spin, is the most basic




concept within spintronics eld. It was rst experimentally found by Stern—Gerlach ex-
periments in 1921. [14] They found that while a beam of electrons is passing through the
magnetic eld along z direction, the electrons will be scattered into two different beam.
The result shows that the electron can be regarded as two small magnet will two eigenvalue
along z direction. To explain the experimental result, Stern etal proposed that the magnetic
momentum origins from the spin of the electrons. That is to say, considering a electron as
a even-distributed sphere, due to the rotation of the charge along z axis, the magnetic eld.
However, from the perspective of the classical electrodynamics, the angular speed would
be impossibly huge considering the small size of the electron. The spin momentum is well
explained only after the Dirac equation proposed by Paul Dirac in 1928  [15].

The ndings of spin of electrons further induce the understanding and theory of solid
materials. Only with the concept of spins, the conductance and ferromagnetism of the solid
materials is really understood. However, it was never thought of to manipulate the spin
states of the electron within charge current until the nding of TMR (tunneling Magne-
toresistnace) by Michel Julliere [16].In his work, he studied the electron tunneling within
the Fe-Ge(amorphous)-Co tunnel junction. It was found that the conductance of the junc-
tion can be tuned by the magnetization of Fe and Co eletrodes. The maxed change of the
conductance of 14% was obtained and in uenced by the fractions of the electrons tunnels
from Fe into Co. However, this work didnt attracts much attentions afterwards due to its
tunneling regime and low temperature limitation.

Later in 1980's, two group in France [17] and German[18] independently found the
GMR(Giant Magneto Resistance) effectin multilayer magnetic structures.Ina  [Fe(001)Y Co(001)]
super lattice multi-layer super lattice structure fabricated by MBE technique, Fert and his
colleagues observed that the resistance of the super lattice can be tuned by external mag-
netic eld. The biggest change of the resistance reached 50% in 4K and kept obvious even in
room temperature. Simoltaneouly and independently, Griinberg's group in German studied
the resistance change in Fe/ Cr/ Fe trilayer structure and observed the magnetoresistance
of 1.5%. Fert and Grunberg were awarded the noble prize in 2007 for their contribution in

nding the GMR effect. The de nition of the tunneling magnetoresistance is as following:

Rap Ry,  2PP,

TMR = =
R, 1 PP,

(1.1)

Where the R, and R, p are resistance of the device while polarization direction of two FM
electrodes are separately antiparallel and parallel, P is the spin polarization.
The Phenomenological magnetoresistance is expressed in Fig 1.2.



Figure 1.1: Stern-Gerlach experiment verify the magnetic momentum of single electron.
While the electrons is passing through mangetic eld along Z direction electron beam is

splitted into branches. This experiment reveal two important facts about electrons(1) Each
single intrinsically could be considered as a small magnet which is name spin; (2) Each

spin momentum of the single spin has two eigen value.



Figure 1.2: A schematic model explaining the phenomenological theory for the GMR. (a)
Two channel model describing the magnetoresistance in MTJ. (b) Scattering process con-
sidering the spin momentum in MTJ in parallel(up) and antiparallel(down) con guration.

(c) Fermi level regime of two FM electrodes in two con guration.  [1]



The nd of magnetoresistance in magnetic structure represents the birth of spintronics
when people started to utilize the spin freedom of the charge in electronic devices. With
the utilizing GMR effect, IBM designed and fabricated new hard driver read head which
largely improve the information storage density of the hard drive and reduce the volume
of the hard drive. Since from the discovery of the GMR effect, condensed matter physicist
joined in the study of spintronics eld and have developed lots of the interesting and novel
concepts in spintronics eld such as "spin hall effect"”, "spin eld transistor", "spin valves"
bene ts both the basic research and practical industrial applications. the rst generation
of MRAM (Magnetoresistive Random Memory).

1.1.2 Magnetoptics

Scientists have started to study magnetoptics even before the emergence of spintronics.
As early as 1845, Faraday at the rst time found that while a linear polarized light is passing
through a crystal in external magnetic eld, the polarization angle of the light will be rotated
by certain degrees. The rotated degree of the polarized angle will be proportional to the
strength of external magnetic eld. This magnetooptics effect is named by the naame of
Faraday effect. Faraday effect is the rst evidence which reveal the relationship between
light and electromagnetic eld. Later in 1877, John Kerr veri ed the "ferromagnetic material
version" of the Faraday effect. In his experiment, he studied the polarization rotation of the
light re ected from the surface of ferromagnetic materials  [19]. His experiments revealed
that the re ected light's polarization will rotated by an angle which is proportional to the
magnetization of the ferromagnetic materials. In last decades, due the development of
the spintronics, magnetic thin Ims in high quality are requested which promotes the im-
provement of characterization technique for magnetic thin Im. SMOKE(surface magneto
optical kerr effect) was intensively studied due to the following advantages: sensitivity, local
measurement capability and easy access ability. Different from the experiment set-up back
in 1877 utilized by Kerr, present typical SMOKE measurement set-up take the advantage of
the modern optoelectronics technique which can measure the even very small change of
strength of the optics signals.

The mathematical model introduced in this thesis is taken from a tutorial review. It is a
macroscopic theory based on classical electromagnetic theory. Considering the medium
whose dielectric property is described by 3 3 tensor, ~; can be separated into two parts:
symmetric part and an antisymmetric part, ~; =(~; + ~;)=2+(~; ~ji)=2 The symmetric
part of the ~; does not play an important role in Faraday effect. What is taken in the
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following deduction: ~= @iQ, 1 iQyx A
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Solving the matrix, the two normal modes of the matrix are left and right circular polar-
ized lightindividually. The refractionindex of left  /right circular polarized light are separately
n.=n(l iQ K)andng=n(1+3Q K)wheren = p_,Q:(QX,Qy,QZ), and K is the unit
vector along the light propagation direction. It turns out that the phase difference between
the left and right circular polarized light would be:

L Ln
= —(nL nR): —0Q ¢ (12)

As what be discussed in section 2.1.1, Faraday rotation could be transferred to the phase
difference between the left and right circular polarized light. It is clear now that the Faraday
rotation is decided by the antisymmetric part of the dielectric tensor. Based on this con-
clusion, we can now come to answer the question: why the external magnetic eld has a
stronger in uence than the electric eld. Instructionally, we can do the symmetric analysis.
If considering the time reversal, the Onsagers relation gives  j;(E,H)= ;;(E, H).Asa
result, the antisymmetric part of the dielectric tensor is largely in uenced by the external
magnetic eld.

SMOKE techniques have been applied widely in various experiments of spintronics
elds: one of the most important work among them is the rst veri cation of the spin hall
effect within GaAs. [20—22] With the MOKE technique, the spin accumulation on the edge
of the GaAs due to the extrinsic spin hall effect can thus be detected.

1.1.3 Spin Hall effect (SHE) and inverse spin hall effect (ISHE)

With the development of spintronis research, the concepts in spintronics eld have
been largely expanded. One important concept is called as pure spin current.  [23-25] Pure
spin current could be understood as a limited condition of polarized spin current. We can
easily de ne the concept of spin current as following:

_dfj~j
T odt

X (1.3)

In pure spin current, the net charge transmission is zero while there is net spin trans-
mission from one end towards the other end. Until now, the generation of pure spin current
is always associated with the strong spin-orbital coupling. The physics origin of the spin-



Figure 1.3: (a)Conventional set-up of SMOKE (surface magnetoptics) set-up and detection
of spin accumulation on edge of GaAs through MOKE technique



Figure 1.4: lllustration for spin hall effect (SHE) and inverse spin hall effect (ISHE). (a) Inci-
dent electrical current is scattered, generating transverse pure spin current. (b) A reciprocal

of spin hall effect named as ISHE. The incident pure spin current is scattered, generating
transverse electrical current. J: pure spin current ~ spin momentum orientation J;: electri-
cal current; E,sye: electrical eld generated by inverse spin hall effect



orbital-coupling is the interaction between the magnetic eld generated by the motion of

the electrons and the intrinsic magnetic momentum of the electron. The spin hall effect
indicates that while the charge current is passing through the material system with strong
spin-orbital coupling, the electrons with different spin-orientation will be scattered towards
different direction. This results in a pure transverse spin current perpendicular to either the
spin orientation and the current density direction. The spin hall effect was rstly proposed

in 1971 by Dyakonov and Perel [26] and re-found by Zhang [27] and Herish [28]. Soon later,
the spin hall effect was experimentaly veri ed by optic techniques such as spin-polarized
LED[29] and MOKE[20].

The strength of spin hall effect can be naturally evaluated by the ratio between the spin
current and incident charge current which intrinsically is the possibility for a electron to be
scattered. This value is called spin hall angle.

The reciprocal effect of SHE is called ISHE where the pure spin current injected into the
Strong spin-orbital material system can induce the electrical signal along the transverse di-
rection. The ISHE effect was rst observed by Saitoh in 2006 in NiFe /Pt bi layer structure. [8]
The nding of ISHE provides a simple and direct electrial method to evaluate the strength
of pure spin current. The nding of the ISHE gives out an electrical characterization tech-
nique to evaluate the strength of pure spin current soon became a powerful experimental
technique used in spintronics eld.

The mathematical expression of the ISHE is as following:

k= su&k -~ (1.4)

Where, the g is de ned as spin hall angle which is a material related parameter, generally,
in materials with strong SOC such as heavy elements like Pt [8], the surface states of the
topological insulator [30] and the interface between LaAlIO ; and SrTiO5[31], Ad/ Bi[32],% is
the charge current density, J is the spin current density, ~ is the spn polarization vector.

1.1.4 Spintransfer torque (STT) and Spin orbital Torque (SOT)

GMR effect reveals the in uence of the magnetic momentum towards the conducting
electrons in the magnetic multilayes. On the other hand, based on the same interaction
mechanism, the polarized current also play a role in affecting the magnetization of the
ferromagnetic layer. It was rst realized and studied by J.C. Slonczewski and L. Berger
in 1996[33; 34], their works show that while the current is passing through the ferromag-



netic layer, it can lead to the change of Gilbert damping parameter or even the switching
of the magnetization of the FM layer [35]. A well-taken theoretical analysis framework is
Landau—Lifshitz—Gilbert equation :

dm
dt

dm

_ Br i"'.p
at m  (By )

(1.5)
Where is the gyromagnetic ratio, is the Gilbert damping parameter, M is the saturation
magnetization, and m = Nt =M is the magnetization unit vector. The rstterm accounts for
the precession of the magnetization m about the effective eld By, de ned as the functional
derivative of the magnetic energy density. The second term is responsible for the relaxation
of the magnetization. The third term describes the effect from the external torque and
could be separated into two orthogonal directions vertical to the magnetization vector m
and write as:

T= gm "+ pm (M 1) (1.6)

where the ~is the unit vector depends on the geometry of the experiment according to the
microscopic mechanism and the torque generated are described by rrand p..Thespin
transfer torque was believed to has a great deal of applications one of which is STT-MRAM.
Soon after the veri cation of the spin hall effect and the expansion from polarized spin
current to pure spin current, experimentallist soonly realized a similar experiment with
STT based on spin hall effect with HM(heavy metal) /FM bilayer. Such a technique is then
named as SOT (spin-orbital Torque). A great advantage of the SOT compared to STT is that
due to the property of the pure spin current, there would be no net charge current passing
through the ferromagnetic metal layer which large reduces the joule heating and thus the
in uence of the heat towards exchange bias. [36]

1.1.5 Rashba Spin-orbital coupling

As mentioned in previous section, we can see the Spin-orbital coupling has been the
center of SHE[23], ISHE[8] and SOT[37]. Scientists have been working on studying the
spin orbital coupling in various systems including: interface betwen oxides  /metals, heavy
metals, topological insulators. Mathematically, the spin-orbital coupling could be separated
into two different forms: Dresshauls SOC: Hp, =( =h)(Px x Py, )[38] and Rashba SOC:
Hr=( rR)EZ p) ~.[39]

In both spin-orbital coupling regimes, the momentum and spins of the electrons are
locked. As the result, the energy bands of the systems will also both be degenerated. However,
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Figure 1.5: Dresselhaus SOC coupling and Rashba SOC

from the mathematical expression of two SOC regime, itis clear that only in Rashba SOC
the momentum p-and spin oreintation ~ are transvers to each other inthe k,, plane as
shown by Fig 1.5. Due to this property, Rashba SOC leads to transverse spin current exists
in above sections. Moreover, it worth noting that in most general theoretical calculation of

the SHE, ISHE and SOT, the SOC forms are assumed to be in Rashba SOC form.

1.1.6 Circular Photo Galvanic Effect(CPGE)

Rashba SOC doesnt only leads to electrical spintronics results as ISHE, SOT which were
stated in above sections, but is also related to a photoelectric effect called CPGE effect. [40]
In some sense, the CPGE is similar to the ISHE. However, in ISHE experiment, the incident
spin angular momentum is usually generated by the FMR (Ferromagnetic Resonance) in the
adjacent FM layer. [8] On the contrary, in CPGE experiement, the spin angular momentum
is induced by the circular polarization of the incident light.  [41] To illustrate the CPGE
experiment, let's consider a typical band structure within a Rashba sysyem as shownby
Figl.6. Due the existence of Rashba soc, the conduction band is splitted into two branches
consisted of states with different spin orientation.  [42]

While the electron in valence band is excited by the incident photon to the conducting
band. Due to the splitting of the energy and conservation principle of spin momentum,
while the spin momentum is transferred from photon to electron, certain transition between
electron bands would be corresponding to the polarization state of the incident light. From
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Figure 1.6: Energy band of system with Rashba Spin-orbital Coupling and photo excitation

12



the experimental result, what we could observe directly is that the photocurrent of the
Rashba system would be related to the circular polarize state of the light. The mathematical
expression of the CPGE is expressed ag2]

J( )=Csin(2 )+Lsin(4 )+ &, a.7)

Where is the rotational angle of the quarter wave plate (QWP), through which re-
searchers physically control the polarization state of the incident light. As what we learned
from optics, while  is change by every 90 , the contribution of the rst term will be reversed
which is corresponding to the change of the photocurrent due to the reversal of the spin
momentum of the incident photon. As a result, the rst term naturally shows the magni-
tude of the CPGE. The second term shows how the photocurrent depends on the linear
polarization, as a result the second term is named as linear polarization galvanic effect
(LPGE)[2; 43; 44]. As for the physics origin of the LPGE, there have been various explanation
including.

CPGE current would have several important experimental signature that are are com-
monly discussed:

1) The in-plane angular dependence of the CPGE: As stated in above sections which
mention Rashba SOC and transverse pure spin currents, the kinetic momentum
and spin momentum are locked vertically. As a result, the CPGE current is observed
vertical to the incident plane of the exited light.

2) Theincident angular dependence of the CPGE: Based on the same reason of (1), since
the spin momentum orientation of photon is in parallel with the proportional direc-
tion of the light, while the incident angle is change from 90 to 90, the magnitude
of the CPGE is proportional to the vector projection of the light vector on the current
plane. Consquently, the CPGE shows a cosine function with the incident angle.

1.1.7 Chiralinduced Spin selectivity (CISS)

Besides spin- Iter made from ferromagnetic materials and Spin hall effect based on
SOC, there is another method to polarized the conducting electrons which is related to
the basic symmetry of the materials called Chiral Induced Spin Selectivity (CISS). [45] CISS
effects were rstly observed in double-strained DNA, a well-studied chiral system. The
researchers found that the chiral DNA could play a similar role to the magnetized FM that

13



Figure 1.7: Angular dependence of CPGE on the surface of topological insulator. (a) The
biggest CPGE current is obtained while the incident light is mostly in-plane and vertical to
electrodes. (b) The CPGE current is low while the light is in-plane parallel to electrodes. (c)
The CPGE current is low while the incident angle of the lightisO0  [2]
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the passing current will be polarized. More surprising, the spin polarization ef ciency reach
90%.

Phenomenologically, the CISS effect can be explained by introducing the effective eld
which is related to the chirality of the semiconductor as shown by eqn(1.8). Due to the
existence of the effective magnetic eld along chiral axis, electrons with different polarized
direction passing through the DNA would degenerate. Formally, the Hamiltonian related to
CISS effect is expressed as[46]

Hso= -~ (p' E‘chiral) (1-8)

where the p-is the momentum of the electron, = (ek)=(4m?2c?), ~ is the Pauli matrix
represents the spin momentum of the electron, E.i,a; Shows the effective eld within the
chiral molecule system. [45] It worth noting that this is an instructive equation intuitionally
give us the picture of the physics origin of the CISS effect. However, it is still not very clear
why the CISS effect is such obvious even in DNA molecule where carbon atoms consist of
the bone of the molecule. In classical perspective, carbon atoms have a small atom index
which leads to a weaker SOC strength compared to heavy atoms.

Figure 1.8: Mechanism of CISS effect

Despite the controversy, CISS effect is widely observed in various organic chiral system
such as chiral polymer [47], strained DNA, [45] chiral Hybrid perovskite(HOIP). [48-50]All
these experimental results together show that CISS effect is a universal effect which sets up
the connections between the intrinsic space symmetry and the intrinsic property of the
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electrons.

1.2 Materials

1.2.1 Introduction and property of Hybrid perovskite

Perovskites materials are name after Russian mineralogist Lev Perovski, its chinese
translation shows the typical representative of the perovskite materials: CaTiO ; whose
structure is usually illustrated as ABX 5. Ininorganic perovskite oxide materials, the X always
presents the oxygen atoms. A interesting and practical kind of perovskite is called Hybrid
perovskite, which is one important being studied materials in our lab. Hybrid organic-
inorganic Perovskite (HOIP) Materials has attracted a great deal of attentions due to its great
potential in opelectronics elds especially fast improved speed of PCE (power conversion
ef ciency). [3] The crystal structure of perovskite is depicted in Fig 1.8 where x is an anion
and A and B are separately organic and inorganic cations. The rst wave of the study of
Hybrid perovskite is studied in early 2000s, where David.B.Mitzi and his collaborators
in IBM synthesised (PEA) ,Snl, and fabricated transistor devices with it. [51] The second
wave of perovskite study starts from 2006 [52; 53] and last until now, the hybrid perovskite
materials were found to exhibit a great application potential in photovoltaic applications
with rapid increased power conversion ef ciency (PCE). [3] Until now, hundreds of hybrid
perovskite compositions were found and synthesis by researches and studied. As a phyiscs
thesis, this thesis would go further deep into the chemistry and material property of hybrid
perovskite, but just introduce some basic facts about perovskites:

1) Stability: Stability is biggest problem and question in the eld of hybrid perovskite
photovoltaic eld. During the research of perovskite materials , researchers realized
that the hybrid perovskite material is very sensitive to moisture in the ambient air
where the PCE of the Hybrid perovskite photovoltaic device will decrease rapidly ;

2) Solution process: compared to conventional inorganic material, one obvious ad-
vantage of the hybrid perovskite is that hybrid perovskite can be accessed through
solution process technigue where both the synthesis and devices fabrication are
easy and direct. The solution process technique including: drop casting [54], spin-
coating [55] and blade coating; [56]

3) Structure: Although all the hybrid perovskites are represented by the common symbol:
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4)

5)

ABX;. The structure of the hybrid perovskite is actually a complex question. Charac-
tizing the structure of the hybrid perovskite is also an important topic of the studies.

[57]

Rashba SOC(spin-orbital coupling): Hybrid perovskite was reported to exhibit long
carrier lifetime and diffusion length, a hypothesis proposed that it may origin from
Rashba SOC induced transition forbidden of the hybrid perovskite. [58] The existences
of Rashba spin coupling in various hybrid perovskite have been veri ed trough dif-
ferent techniques. [59-61] But for MAPbBr 5, contradictory results are reported even
with even the sample technique [62—64], to answer the question, CPGE experiments
is conducted in our lab which is described in the chapter 4 of this thesis.  [65]

Hybrid perovskite spintronics: Due to the exibility of composition of the hybrid
perosvkite, as a big family of the materials. Hybrid perovskite could exhibits a great
deal of tunable properties make it a potential material in spintronics application in
different aspects. More examples will be given in chapter 3.1.

1.2.2 Hybrid perovskite Devices

With the development of study of HOIP, researchers have succeed to fabricate several dif-

ferent oppoelectronic devices by utilizing the different properties of the hybrid perovskites.

In this part | am going to quickly go through the several important application of them.

1)

2)

Solar Cell: There is no doubt that the most important application of the hybrid per-
ovskite is making it into solar cell devices. The rst ef cient solar cell device based
on hybrid perovskite is fabrciated only in 2012 [66]. However, the reported power
conversion ef ciency keeps increasing rapidly above 25% which is predicted to be
nally above 30%. Until before the thesis is written, scientists have successfully made
tandem solar cell's PCE ef ciency to be above 30% and large area printing of hybrid
perovskite is also realized with relative high PCE ef ciency and stability  [67] ;

LED: While for solar cell, the energy is transferred from light to electrons, the inverse
process-electroluminescence of the hybrid perovskite is also studied. The rst hybrid
peroskite LED is fabricated in 2014 whose external quantum ef ciency is 0.8% [68].
With 8 years of development, the EQE can now reaches 20% [69] revealing the bright
future of this sub eld.
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3) Transistors: Although the rst Hybrid perovskite transistor has been made as early
as in early 2000s with an extracted mobility reaches the magnitude of cm?V 1s 1.
Some theoretical work has predicted that the mobility of the MAPbl  ; can reach
1000c m2V s ! However, such a magnitude is never achieved. There is a huge leap
between the theoretical calculation and expreimental works. Recently, a new work
point out that the low mobility of the hybrid perovskite could origin from the surface
ion defects which reduces the effective gate voltage. They proved that with some sur-
face defects cleaning techniques, mobility magnitude of c¢m?V s ! can be realized
in various perovskite compositions. This work point out the potential of the hybrid
perovskite in transistor [70]

4) Spintronics related devices: Hybrid perovskites are also reported to show potential
application in spintronics eld based on its two important properties: 1) Giant Rashba
spin-orbital coupling [58] and 2spin-phonton interactions: a combination of spin
freedom and optoelectronic properties [71]. This main part of this thesis is also related
to this part and more details will be discussed in related chapter.

1.2.3 Introductions to spec ¢ material in this thesis

1.2.4 MAPDBr

MAPDBr is one of the rst-synthesised hybrid perovskite and could be a good example
for the hybrid perovskite materials, where the A cation is methylammonium (CH sNH3),
with R ,=0.18nm,[52], cation B is Pb (Rg=0.119nm), anion X a halogen which is Br here
(R,=0.220nm). Based on what we can calculate a tolerance factor t and an octahedral factor

172

t= p& (1.9)
2(Rg + Ry)
R
== (1.10)
Rx

For MAPDBr 5, the tis calculated to be 0.85, s calculated to be 0.54. the tolerance factor t
and octahedral together decide the structure of hybrid perovskite to be cubic.
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Figure 1.9: Structure of the hybrid perovsktie [3]
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1.2.5 (PEA),Pb,l,

When the organic ligands in HOIP are replaced by chiral organic molecules(S /R-PEA),
the chirality is thus introduced into HOIPs which takes Chiral-HOIP, a new family of HOIP
into the vision of researchers.The rst chrial hybrid preovskite was synthesised in 2017  [4] by
combining the chiral organic ligands and inorganic halide salts. Later, Professor. Waldeck's
group studied the process of the chiral hybrid perovskite and successfully made it into
nano platelets. [73] In this thesis , the work on chrail hybrid perovskite are all thanks to the
help from Professor. Waldeck's group. Soon, researchers have started to study the property
of chiral hybrid perovsktie and successfully made it into applicable devices. Firstly, the
intrinsic chiral property of the material can interact with the polarization state of the
light. A typical example of it is that for chiral material, the absorption to the left and right
cirular polarized are different. A quntitative description of the difference is de ned as the
CD of the material, an important tool to clarify the Chiral materials  [4]. As a result, chiral
hybrid perovskite can be made into circular polarized light detector: Tang's group has
successfully made a circular polarized photo detector in 2019. [74] Secondly, the chiral
HOIP is a great materials has been a great candidate for studying the chiroptics electronics
including circular photoluminesecence and circular photodetector. Moreover, based on
the generality of the CISS effect, the CISS related effect should also be capable of being
obeserved and studied within this system [75]. It shows that the chirality of the organic
cations will effectively change the spin properties of the perovskite: several different works
have been conducted related to it,including: Chiral-induced spin lter effect [4], Chiral-
perovskite based spin valve [71],chiral perovskite based spin-led [75] and the in uence of
chirality on Rashba SOC of the perovskite [76].
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Figure 1.10: Structure of the Chiral hybrid perovskite and its CD spectrum  [4]
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CHAPTER

2

METHODS

2.1 Experimental set-up

In this chapter, | am going to introduce how we develop the materials and set-up the
experiment measurement equipment in the thesis.

2.1.1 Sagnac Magneto Kerr effect (MOKE)

Thanks to the genius idea of Sagnac (Fabry—Pérot interferometer), physicists are allowed
to measure very tiny signal such as Gravitational wave. Laser Interferometer Gravitational-
wave Observatory (LIGO). The LIGO measurement was awarded Nobel prize in 2017 [77].
The interferometer design we used in our exeperiement is called Sagnac intereferometer. By
taking the idea of LIGO, Prof. Kapitulnik from stanford university introduce the the Saganc
intereferometer into the magneto optics technique and study the symmetry breaking in
superconductor. [78]
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The theoretical basis of the Sagnac Moke

By rewriting the mathematical description of the kerr angle, we will see that other than
the change of the polarization angle, the kerr angle can also be expressed as the phase
change difference between left and right circular polarized light. As a result, by measuring
the phase change difference of the left and right circular polarized light, the kerr angle
can thus be measured. The more detailed mathematical derivations and equations are as
following: Considering a linear polarized light whose electrical eld direction is along y
direction, it can be a superposition of left and right circular polarized light:

E(X,y,z,t)=Ey¥ysin(wt k,z)

E E
= 2[ysin(wt k,z)+Rcoswt kzz)]+?°[§/sin(wt k,z) Rcoswt k,z)]

T2
(2.1)

While the light passing through or being re ected from a material in the magnetic eld,
due to the Faraday / Kerr effect, the linear polarization will be rotated by degree . The
can be separated into left circular polarized light and right circular polarized light with a
different polarization start point. Since the electrical eld of left and right circular polarized
light keep rotating in the 3d space. The rotation of the aelectrical eld can be transferred to
a difference in phase difference between left and right circular polarized light. The change
angle of the linear polarized light is corresponding to a phase angle difference . The
two mathematical forms of Kerr angle are equivalent. But the phase angle "phase shift"
interpretations give access to the experimental technique of interferometry where Sagnac
interferometry could show its great power. Consider left circular polarized and right circular
polarized with phase difference

1
P( )= EjEcos(wt)+ Ecoswt + )j?

1
= ZjEcos(—=)cos(wt + —)j?
2 2 2 2.2)

= P,co SZ(E)

= %Po(1+ cos( ))

The magnetoptics based on Sagnac interferometry was rst designed and set-up by
the professor Kapitulnik from stanford university. In their original design, a "real” optics
loop was applied to construct the Sagnac interferometry loop. Afterwards, in Professor.
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Jing Xias thesis, he proposed a new design of the Sagnac magnetometer set-up based on
the ber optics which is shown in Fig. In a polarized-maintain ber, the left and right
circular polarized light can be transmitted simultaneously by utilizing two modes of the

ber. As a result, the loop of the Sagnac interferometry will become "closed" which largely
reduced the unwanted disturbed signal. Another genius design of Professor. Xia is that the
introduction of the Lock-in by active modulating the phase of the light inside the ber
throug the EOM(electrical optical modulator). To illustrate this idea clearer, we need to
replace the phase difference  with atime-relatedterm: 4+ ., sin(w,t)where ., shows
the magnitude of the modulation in the phase angle generated by the EOM. Eq(2.2) would

change into:
1 .
P = EPof1+ cos[ g+ mSin(wyt)lg
1
= 5P0f1+ b m)
2.3
+2sin( o)d( m)sin(wyt) &2
+2c0s( ¢)b( m)cos(Rwn,t)
+ ...
From eq(2.3), by utilziing the fourier expansion, it is clear that the information of the 0

caould be expressed by the ratio between the strength of rst and second harmonic signal
extracted from the detected signal. Mathematically, we get:

o=tan 1[M] (2.4)

S m)l (2wr)

Where the | (w,,) and | (2w,,) are separately rst and second harmonic signal extracted
from the photocurrent signal, J, are n'" order Bessel function. To realize the biggest detec-
tion sensitivity of the Kerr signal, suitable m Needs to be chosen to realize the biggest value

I m)

of 35 by choosing the correct applied voltage for EOM (Electrical optical modulator).

Whilethe , = 0.92, the biggest ratio is obtained to be 0.543. We have:

(W)
I wWr)

o=tan '[0.543 ] (2.5)
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Design of homemade Sagnac Moke in our lab

Eqgn(2.1)-Eqn(2.5) consist the theoretical basis of the Sang Moke set-up. With what we

are going to introduce the speci ¢ design of Sagnac Moke set-up in our lab as shown in Fig

2.3 part by part.

1)

2)

3)

Light source: As shown by Fig 2.3, the most parts of in and out light path are the same
form a closed loop as required by the concept of loop-less Saganc interferometry.
Out of the purpose for reducing the unwanted interferometry between incident and

re ected light propogating in the ber, a low coherent light source was utilized in

our design. Mathematically, this requirement is expressed as: L n—2 I, where |
represents the ber length which is arong 10m in our experiment.

EOM(Electrical optical Modulator): EOM is kind of equipment used in optics experi-
ment responsible for tuning the magnitude, polarization, phase and other parameters
through electrical signal. In our experiment, what is controlled is phase difference
between fast axis and short axis of the crystal. It worth noting here, that from emission
to being detected, light will path through the EOM twice. As a result, it is important
that the long and slow axis need to be reversal forth and back to avoid the cancellation
of the modulation for come and back of the light. More critically, it is importan, that
in forth and back path of the light, the time interval should thus be half of the period
time of the electrical modulation. Mathematically, it is expressed as:

where, cis the light speed in the ber. Practically, the ber length in our experimental
is around 10m, and modulation frequency is around 4.5Mhz. Every time before the
real measurement, the modulation frequency needs to be re-calibrated accroding to
the distance between the sample and the end of the ber. The second controllable
parameter of the EOM is the modulation depth of the EOM which is corresponding
the the additional AC phase difference  , inthe egn (2.4).

Polarization Control of the light: In the experimental design, the polarization of the
light will be transferred between left /right circular polarized and the linear polarized
light controlled by the HWP (Half wave plate) and QWP (Quarter Wave Plate). After
emitted from LED, the light will pass through a combination of the polarizer and HWP
and being polarized 45 to the long axis of the EOM where the additional AC phase
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4)

difference will be added to light polarized in two axis of the ber. After emitting out
from the end of the ber, the light will pass through a QWP in free space where the
light transmitted in two axis will be transferred to left and right circular polarized light
individually corresponding to egn (2.1). After being re ected back by the sample or
mirror, the light will return back into the ber and recombined into single polarization
axis of the ber nally detected by the AC photodetector.

Collimated light and focused light: The light can be tuned to be collimated or focused
for different purpose of different kinds of experiment. While rstly emitted from the
ber, itis considered to be a point light source. After attaching a focal lens to the end of
the ber and calibrated suitably, the light will be collimated. With one more focal lens,
the light will focus on the single point at the focal distance and serve for magnetic
microscopy study. From our calibration, the spot size is around 5um. Moreover, the
u-bench hold the ber and the lens will be attached to a x-y-z motorized stage to
realize the scanning of the magnetic microscopy.

Operation procedure of the Sagnac Moke set-up

1)

2)

3)

4)

5)

Build up the optics set-up, turn on the led light and lock-in ampli er, set the sample at
the end of the ber with suitable distance. Transmission and re ection measurement
should be classi ed where for the transmission measurement, one more plane mirror
is required to re ect back the light;

A vision card for 1550nm light was taken to nd the approximated position of the
laser spot. The spatial angle of the re ected sample or the plane mirror are rough
tuned to re ect back the laser in to the ber.

Watch the computer screen and pay attention to the second harmonic signal detected
by the Lock-in. Finely tune the spatial angle until the second harmonic reaches the
maximum value;

Operate the homemade Labview program and compare error level of different modu-
lation frequency. While the modulation frequency reaches the best value, the error
level would be lowest.

If it is @ magnetic microscopy study, the lens will be then launched onto the u-bench.
The distance between the sample and the lens is ned tuned until the second har-
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Figure 2.1: Our design for the homemade Sagnac set-up

monic signal is again detected by the Lock-in ampli er. After then, the Kerr angle of
the sample can be measured through a labview program.

2.1.2 Circular Photo Galvanic effect (CPGE)

In our experiment, the photo excitations is generated through a laser diode and laser
controller from thorlabs. By replacing different laser diodes, we are able to tune the laser
wavelength. In the typical CPGE,we need to tune the circular polarization of the light and
measure the photocurrent with the rotation of the QWP (quater wave plate). As shown by
Fig. The AC photocurrent is measured through lock-in while the chopper frequency is set
at 503hz. The rotation of the QWP is controlled by the electrical through with a homemade
Labview program. Before the measurement, we calibrate the power of the light passing
through the QWP that we make sure the power uctuation due to the rotation of the QWP
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