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ABSTRACT

trons or holes. The field of spintronics was born in 1988 with the discovery of the

giant magneto-resistance by Albert Fert and Peter Grunberg, who were awarded
by the Nobel prize of physics in 2007. Since then, researchers used this discovery to
make significant improvements in data storage. These advancements led to the develop-
ment of a new era of magnetic drives. Recently, spin conversion, a generic term for all
conversion phenomena based on the principle of angular momentum conversion, is rising
big interests in the electronic industry due to its possibility to lead to the development
of new experimental methods as well as the implementation of novel spin conversion
mechanisms. The further development of spin-conversion functionalities relies on the mi-
croscopic understanding of the interaction among quasiparticles such as electrons, spins,
magnons, phonons, and photons. Recently, new types of spin-charge interconversion in
non-magnetic metal/BioO3 interfaces were experimentally demonstrated where Rashba
spin orbit coupling are presented. This Rashba-type spin-orbit interaction leads to the
generation of magnetization from an applied electric field (direct Edelstein effect) and
an electric current from a magnetic field or the magnetization (inverse Edelstein effect).
This effect has some similarities to spin Hall effect and inverse spin Hall effect that also
induce some spin-charge interconversion also due to spin-orbit interaction. Especially,
in semiconductor/metal systems such as GaAs/Pt, it has been shown that by injecting
circularly polarized light coupled with electron spins in semiconductors and it produces
some transverse current through inverse spin Hall effect. Similarly, one can wonder if
interactions between polarized light and Rashba-type metal/oxide system are possible
as well. Relatively few studies have been done related to the interaction electron and
polarized light in the presence of spatial inversion asymmetry.

S pintronics is based on two physical degrees of freedom: spins and charges of elec-

In this work, we focus on investigating responses of chirality and polarization to ex-
pand the functionality of the spintronics devices. First, we investigate the creation of
spin accumulation at the interface of metal/oxide system by direct Edelstein effect. By
injecting AC charge current and a magneto-optical Kerr effect system, we detect spin
accumulation and give a proof of that Cu(Ag)/BisO3 have a strong Rashba effect at the
interface. Then, we investigate the possibility of the creation of charge current by injec-
tion of polarized light on Cu/BigOg3 interface by inverse Edelstein effect. Above the band
gap of BigOg, spin to charge conversion is expected, similar to Pt/GaAs interface. But
more surprisingly, we also observe spin to charge conversion below the band gap of BisOg.



Spin accumulation induced by spin Hall effect was first directly observed when passing
non-polarized electrical current in bulk GaAs and strained InGaAs by using a magneto-
optical Kerr effect system. The detected spin polarization was found to be opposite at
opposite edge of the samples. Analogously to spin Hall effect, direct Edelstein effect is a
physical phenomenon that permits the generation of non-equilibrium spin polarization
from electrical charge current, which in turn leads to the build-up of spin accumulation.

We show the observation of the spin accumulation in non-magnetic metal/bismuth oxide
interface by using time-resolved transverse magneto-optical Kerr effect (TR-TMOKE)
at a laser wavelength of 408 nm. Generally, TMOKE should result in a change in inten-
sity rather than a change in Kerr rotation, when working with pure p-polarized light.
However, in our TR-TMOKE setup, signal significantly enhanced by utilizing mixture
of s- and p-polarized light. We apply modulated AC voltage along the interface, which
aligns spins perpendicularly to the electrical charge flow. We show that TR-TMOKE
signals for Cu/BigO3 and Ag/Bis O3 interfaces coincide with the excitation AC sinusoidal
voltage. Correlation between the AC excitation voltage and the TR-TMOKE signal di-
rectly assures the presence of spin accumulation induced by direct Edelstein effect in our
devices. More interestingly, the MOKE signals from these two interfaces show opposite
phases, indicating opposite spin-momentum locking configuration. This opposite spin-
momentum locking has also been confirmed by spin pumping experiments in the same
interfaces done by our group. We also describe the relation between the amplitude of our
TR-TMOKE signals and the expected spin accumulation. The amplitudes of Cu/BigOg
and Ag/BisO3 signals are giving a ratio of 1.45 and are in good agreement with the ratio
of their estimated spin accumulation equal to 1.69. Also, we explain the difference of the
optical detections of spin accumulation generated by spin Hall effect and Edelstein effect.
Intrinsically, spin accumulation generated by bulk spin Hall effect and direct Edelstein
effect at interfaces have a different distribution of spin orientations. Spin polarization via
bulk spin Hall effect is oriented perpendicular to the charge current on all the four planes
which are transverse to the charge current. In contrast, spin accumulation via Edelstein
effect is in-plane at interfaces, homogeneous and perpendicular to the charge current
direction. In the experiments, the spin accumulation is generated at the Cu/BigO3 and
Ag/Bis O3 interfaces, and it is possible for these spins to diffuse into the metal. If the spin
diffusion length is larger than the thickness of nonmagnetic metal layers, the quantity
of detected spin accumulation is increased with the penetration depth of the laser. We
evaluate a possible enhancement of the signal by a factor of 9.3 in our sample. In the end,
we show for the first time detection of spin accumulation at the interface of non-magnetic
metal/oxide and give an estimation of the detected spin accumulation by our system of
130.2 ueV for Cu/ BigO3 and 220.4 ueV for Ag/ BizOs.

Moving on, we show the possibility of the creation of charge current by circularly using
the same devices. We start with a measurement of the optical absorption of our Cuw/
BisO3 device by UV-Vis-NIR absorption spectroscopy, in the range from 0.9 eV to 6.2
eV. We find out that the absorption spectra displays two interesting optical transitions,
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one at 3.13 eV and the other at 2.12 eV. The optical transition at 3.13eV corresponds to
the band gap of BipO3 and the transition around 2.12 eV corresponds to the plasmonic
absorption of copper. To characterize deeply these two optical transitions, we use contin-
uous wave laser at different energies (1.15 eV, 1.96 eV, 3.05 eV). We vary the incidence
angle 6, and the photon polarization by using a linear polarizer and a quarter wave plate
mounted on a mechanical rotator. The photovoltage is detected perpendicularly to the
incidence beam by a lock-in amplifier synced with a mechanical chopper. We show that
light-polarization information can be converted into an electric signal by combining the
optical selection rules and the inverse Edelstein effect. By using a laser with a power
of ImW and an energy of 3.05 eV, which is close to the band gap of BisOg, we measure
the incidence angle dependence of the detected circular photovoltage and it shows a
maximum value at an incidence angle 6 = 50° with a value of 3.1 uV. We explain this
result by analogy of previous experiments in Pt/GaAs that shows inverse spin Hall effect.
Indeed, in a semiconductor, the optical selection rules for interband transitions induce
spin-polarized electrons in the conduction band via the absorption of circularly polarized
light. This process transfers light circular polarization into electron-spin polarization.
Then, depending on the spin momentum locking at the interface, the spin polarized
electron diffuses transversally in a direction.

We also measure the circular photovoltage depending on the incidence angle dependence
by using a laser at 1.96 eV energy. More surprisingly, it shows that this dependence
of photovoltage is different from the behavior at 3.05 eV energy. The voltage behavior
created by the circularly polarized light for a laser power of 1.5 mW looks linear and can
reach 15 pV which is five times bigger than at 3.05 eV. Using the previous scenario, it
would be expected that no circular photovoltage could be detected because the energy
of the laser is below the band gap of BigO3. One hypothesis is to attribute this circular
photovoltage to plasmonic like absorption of the heterostructure. Photovoltaic devices
based on plasmon induced hot electrons at metal/oxide nanoparticles have shown large
conversion efficiencies. We compare this circular photovoltage with the response of a
Cu(111) layer to a circularly polarized light at 1.96 eV, where the optical absorption of
plasmon surface states is expected. However, we do not observe significant transverse
voltage related to circularly polarized light. Also, we measure the sample with a laser at
1.15 eV energy. Neither do we observe transverse voltage. This suggests that a combina-
tion of plasmon-induced hot electrons and inverse Edelstein effect as the origin of our
polarised photovoltage is at the Cu/Bi2Ogs interface.

One hypothesis to explain the difference of oblique incidence dependences at 1.96 eV
and 3.05 eV can be that two main factors are contributing to the signal: the degree of
circular polarisation and the angle dependence between spin polarization vector (o)
and the spin current (Js) such as V., ox o5 x Js. Above the band gap, the degree of circu-
lar polarization depends on the absorption coefficients for s-polarised component and
p-polarised component, which are unaffected at normal incidence (0 =0°) and decrease
significantly at higher angles. Js is negligible at normal incidence (6 =0°) and gradually
increases towards the maximum at grazing angles. As a result, for an excitation energy
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above the BigO3 band gap, a minimum of V¢ is located at 6=0° and a maximum is at
0=50°. However, below the band gap of BisO3, the photons are not absorbed in the BisO3.
Meanwhile, their degree of circular polarization is negligibly affected by the incidence
angle, just only showing that oblique incidence dependence on g x Jg, possibly explain-
ing the linear dependence.

To summarize, we studied the effects of optical spin-charge interconversion at the
non-magnetic metal/oxide interfaces. Especially, we are able to characterize the spin
accumulation at Cu/BioOg and Ag/BisO3 interfaces and show that these interfaces have
opposite spin momentum configuration. Also, we illustrate that circularly polarized light
with an energy near the band gap of BisO3 can be converted into charge current in
Cu/BigOj3 interface. More surprisingly, we reveal the existence of helicity dependent
photovoltage at energy range close to the plasmon resonance of copper. Also, the result
from optical spectroscopy shows plasmonic like absorption at Cu/BigOg interface. Based
on these results, we hypothesize a new mechanism for photovoltage generation that
relies on plasmon resonance and Rashba interfaces. To sum up, we demonstrate that
plasmonic energy conversion holds the promise for efficient mechanism of electron-hole
separation in photovoltaic devices at low costs. Moreover, the study reflects the relevance
of selecting appropriate engineering of heterojunctions. Furthermore, considering the
increasing interest of systems with spatial inversion asymmetry, we expect that the
presented work would motivate further studies on advancing conversion efficiencies and
further understanding towards spintronics in photovoltaics.
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in order of proximity to the interfacial Cu layer. (b) Schematic representation
of the charge density of the electronic states of the Cu(111)/ a-BigOg3 interface.
Blue, red and purple spheres are Cu, O and Bi atoms, respectively; yellow
clouds show the hybridization of Cu-O-Bi states. (c) Rashba spin splitting in
the range of 1.98-1.99 eV around the C-point in the Brillouin zone, where the
origin in energy is set to be the Fermi level and there are special points: I" (0,
0,0); C(1/2,1/2,0); X (1/2,0,0) . . . . . oot i e
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CHAPTER

INTRODUCTION

1.1 Retrospective of Spintronics

We start with a brief summary of Spintronics. Spintronics is based on two physical
degrees of freedom: spins and charges of electrons or holes. The field of Spintronics
was born in 1988 with the discovery of the giant magneto-resistance by Albert Fert [1]
and Peter Griinberg [2], who were awarded by the Nobel prize of physics in 2007. The
effect observed was a change in the electrical resistance of a trilayer thin film composed
of a nonmagnetic layer of chromium sandwiched by two ferromagnetic layers of iron.
The scattering of spin-polarized electrons depends on the magnetization direction of the
ferromagnetic layers, which can be parallel or anti-parallel, inducing magnetic resistance.
By using an external magnetic field to change the direction of magnetization of the layers,
they found out a change of 20% of the electrical resistance at room temperature and
up to 85% at 4.2K. Since then, researchers used this discovery to make significant
improvements in data storage. These advancements led to the development of a new era
of magnetic drives, a technology recognized in 2014 with the Millennium Technology
Prize, received by Prof. Stuart Parkin [3]. Recently, spin conversion, a generic term for
all conversion phenomena based on the principle of angular momentum conversion is
rising big interests in the electronic industry [4, 5] due to its possibility to lead to the
development of new experimental methods as well as the implementation of novel spin
conversion mechanisms. So far, the most famous phenomenon is the spin Hall effect

(SHE) that converts charge flow into a transverse spin current which is a flow of angular
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CHAPTER 1. INTRODUCTION

momentum without charge flow.

Spin Hall Effect

Spin Hall effect has been first observed optically by Kato et al. in 2004 [6]. In this
experiment, generation of spin accumulation was done in GaAs/InGaAs heterostructures
by injecting unpolarized charge current and detecting the resultant spin accumulation
using a spatially resolved magneto-optical Kerr effect setup (MOKE).

It is also important to notice that this effect has an opposite effect called inverse spin
Hall effect (ISHE), which is the conversion of spin current into charge current. Following
the optical observation of SHE, several electrical detections of SHE and ISHE have
been made. The first observation of ISHE was made in 2006 by Saitoh et al. [7] using
a bilayer of permalloy (Py), a ferromagnetic material, and Platinum (Pt) which is a
material with strong orbit interaction. This group used spin pumping technique which
consists of injecting high-frequency microwave that creates a spin current from Py that
diffuses into Pt, which converts it into detectable voltage. The theory of spin pumping has
been first theorized in 2002 by Y. Tserkovnyak et al. [8, 9]. However, in this experiment,
relevant parameters related to the effect could not be extracted from the detected signal.
Following this experiment, Otani group in 2007 [10] experimentally detected SHE and
ISHE at 77K and, more importantly, at room temperature. Electrical detection of the
spin and charge accumulations via direct and inverse SHEs were done using Py/Cu/Pt
non-lateral spin valve structures. This technique enables to detect the spin-Hall signal
generated over the spin diffusion length of a few hundred nanometers, and allows the
quantification of numerous quantities, such as the spin Hall conductivity and the spin to
charge conversion called the spin Hall angle which was 0.37% for Pt, the largest value
reported at the time. Since then, this technique has been exploited to characterize many
materials such as 4d/5d transitions metal [11], diluted alloys [12, 13], Graphene/Pt [14]
and topological insulators [15]. Besides this electrical characterization, it has been shown
similarly that light-polarization information can be converted into an electric signal by

combining the optical selection rules using GaAs/Pt bilayer [16] and ISHE.

Photoinduced current using inverse spin Hall effect

Circularly polarized light can also be coupled with electron spins in semiconductors. In
2010, Ando and al. [16] showed that in a semiconductor/metal systems such as GaAs/Pt.

When polarized light is shined on the system, the angular momentum of the light is

2



1.2. MOTIVATION

transferred to the semiconductor, inducing spin-polarized carriers through the optical
selection rules for interband transitions. Then, this spin-polarized current is transferred
into the Pt layer and converted into a transverse current by inverse spin Hall effect. This
effect has been shown since then in many similar systems, such as InP/Au [17], Ge/Pt
[18] and more recently Si/Pt [19].

Edelstein effect

In recent years, studies of two-dimensional systems related to spintronics have been
more and more explored. It first started with Datta and Das [20] that proposed a type of
transistor using spin-polarized field effect and two-dimensional electron gas, which was
later realized by Nitta et al. [21] in Ing 53Gag 47As/Ing 52Al( 48 heterostructures. These
systems rely on the Rashba spin-orbit coupling. A Rashba system is a two-dimensional
condensed matter system that has a momentum-dependent splitting of spin sub-bands.
Due to the spin polarization of the surface and bulk states, the application of an external
electric field is expected to induce a macroscopic spin polarization at a two-dimensional
condensed matter system. In systems with broken inversion symmetry and spin-polarized
surface states, such as Rashba and Dresselhaus systems, this phenomenon is known
as the Edelstein effect. But up to now, all the systems that have been measured were
based on semiconductors materials [22]. However, recently this phenomena emerged
in other types of structures such as metal/metal interface in Ag/Bi [23] and topological
insulator using a-Sn [24], both done by Rojas-Sanchez et al. and using the spin-pumping
technique to characterize them. Similar to ISHE, the creation of charge current from the
spin current at the interface is called the inverse Edelstein effect. Applied research so far
has focused on SHE which is spin current conversion to induce magnetization reversal
switching. However, these physical properties are inherent to the spin-orbit interaction
of the bulk of the material. On the other hand, in Rashba interfaces, it is possible to
form different interfaces tuning the properties depending on a panel of an infinite set of

combinations.

1.2 Motivation

From all these studies presented before, we can understand how important spin current
is in spintronics area. In order to boost spintronics researches and devices applications,

a broad understanding of transport properties of spin current is required. Especially, the
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generation and detection of spin current is indispensable not only for device application
but also for characterizing the transport properties of spin current. Previous reports
showed that the generation and detection of spin current and spin accumulation were
possible using materials displaying strong bulk spin-orbit interaction. However, the
interest is also shifting into low-dimensional systems such as Rashba interface because
they possess advantages such as tunability of spin interaction [5]. However, few reports
are using these newly available properties, especially using light to characterize these
interfaces. A previous report from Karube et al. [25] showed enhanced spin relaxation
took place at the Ag/BisO3 interface in the spin transport measurement, and a possible
scenario was that the relaxation process was affected by Rashba spin-orbit interaction
at the interface. BioO3 shows some high refractive index and dielectric permittivity, as
well as marked photoconductivity and photoluminescence [26]. It makes non-magnetic
metal and BipO3 interface and bulk light-matter interactions interesting to study. Also,
symmetry analysis can provide a valuable understanding of systems, particularly because
it reveals which quantities are conserved and which ones can be transformed. In this
context, helicity can be a useful addition to more commonly considered observables.
So here, our motivation is to unveil the entanglement between polarized light in an
interface made of non-magnetic metal and oxide displaying strong spin-orbit interaction

and strong light-matter interaction such as BigOs.

1.3 Outline

This thesis consists of 5 chapters. Chapter 1 describes the general introduction and
the motivation of this thesis. Chapter 2 summarizes the theory on metal/semiconductor
interfaces, spin-orbit interaction, Edelstein effect, Magneto-Optical Kerr effect and
polarization dependence. Chapter 3 describes the detection of spin accumulation of
non-magnetic metal/oxide interface by using the magneto-optical Kerr effect system. We
found out that a very low Kerr ellipticity could be detected if the system is tuned correctly
and that the sign of the Rashba parameter could be detected. Chapter 4 describes the
interplay between non-magnetic metal/oxide systems and polarized light. Surprising
behaviors appeared. When excited with some light energy above the band gap of the
oxide, a voltage can be detected, very similar to photoinduced current using ISHE in
GaAs/Pt [16] presented before. However, when we excite below the band gap, some even
bigger voltage is detected. We assume a novel mechanism using surface states plasmon

resonance and Rashba interface made by non-magnetic metal/oxide. The last chapter
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summarizes the study and gives perspectives.






CHAPTER

THEORY

This chapter aims to present the main theoretical tools one needs to understand to this
thesis. As we study the interconversion between polarized light and metal/oxide interface
that is showing some 2D electron gas feature, we will outline in this chapter, the principle

of spin-orbit interaction and its relation with Rashba effect and the Edelstein effect.

2.1 Metal/Semiconductor contacts

2.1.1 Introduction

Semiconductors have some interesting properties that make their conductivity tunable
by external factors such as electric current, magnetic fields or light. But, application
of semiconductors in electronic devices needs electrical contacts which are metallic. So,
metal-semiconductor interface understanding is an essential tool to use semiconductors.
Braun in the 19 century[27] created the first semiconductor device which was a rectify-
ing metal-semiconductor interface. But, he was attributing the behavior to an extreme
high resistive thin surface layer at the interface [27]. Later on, Schottky attributed this
rectifying behavior at the metal-semiconductor interface to the presence of a potential
barrier, giving a depleting layer on the semiconductor side of the junction. He proposed
model to predict the barrier by using the difference between electron affinity of the
semiconductor and the metal work function[28].

However, some discrepancy appeared in the model compared to some experimental re-
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sults. In 1947, Bardeen showed that a high density of states at the interface from surface
states of metal-induced gap states lead to a Fermi level pinning which can cause this

discrepancy.

In this section, we show the basics of metal-semiconductor contacts and Schottky-Mott
rules, the concept of metal-induced gap states and surface photovoltage effect that will be
essential for the correct characterization of the characteristics of the metal/semiconductor

interface we will use experimentally in chapter 4 and 5.

2.1.2 Basics of metal-semiconductor contacts and
Schottky-Mott rules

The rectifying behavior of the metal/semiconductor junction was described as it was
generated by space-charge region on the semiconductor edge of the interface. Here, the
semiconductor does not have any surface states within the band gap, and the bands
are flat. The energy-band diagram of a metal/semiconductor junction is schematically
represented in figure 2.1. The work function of the metal ®;; and semiconductor &g
are the energy difference between their Fermi level and the vacuum level. The electron
affinity of semiconductor y is the energy difference of its conduction band edge and
vacuum level. According to the Schottky model, when a metal and semiconductor with
different work functions are brought into the contact, an electric field is produced as a
result of their work function difference and matching of the Fermi level. This alignment
of Fermi level makes the electric field enters into the semiconductor. The work function of
the semiconductor increases as the electric field penetrates and accordingly, the potential

lowers by V3;, called built-in potential.

If we assume an abrupt contact for an ideal metal and a p-type semiconductor the

Schottky barrier height can be given by [28]
(2.1) Opp =Py —x

Moreover, for a metal and p-type semiconductor it can be expressed as :
(2.2) ®pp=Eg—(Dpy—x)

With E, the band gap of the p-type semiconductor. As said before, V;,; which is the built-

in potential that the electrons feel during their motion into the metal can be determined
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FIGURE 2.1. Energy band diagram of a metal in contact with a p-type semicon-
ductor (a) before the contact (b) after the contact

by
(2.3) Vi = (DBp -Va

with V,, the energy difference between the Fermi level and the conduction band.

When a semiconductor and a metal are in electric contact, a depletion layer forms at
the junction as a result of the charge transfer across the interface and diffusion of the
carriers away from the junction. A depletion layer is free of mobile carriers and acting
as a potential barrier which prevents the flow of electrons (holes) from metal (p-type
semiconductor) to the n-type semiconductor (metal). According to the Schottky-Mott rule,
three types of contacts can form depending on the difference between the work function
of the metal and the semiconductor. They are called accumulation, neutral and depletion,
as the majority of carriers are accumulated, unchanged or depleted at the interface.

Figure 2.2 represents these three different metal p-type semiconductor interfaces [28]
before the contact at the upper part and after the contact at the lower part. Accumulation
and neutral contacts are ohmic, while the depletion one is Schottky. In the ohmic contact
cases, the contacts have negligible resistance, and electrons can flow between the two
materials. However, the experimental barrier heights are not usually consistent with the
prediction of the Schottky-Mott rule as they do not usually depend on the metal work
function. The reason is that this model, it does not consider the chemical reaction and
the effect of the atomic structure at the interface interactions. Bardeen [29] proposed
that the charged surface and interface states, which are accompanied by a double layer
of charge can lead to a so called Fermi level pinning. It means that the absorption of the

charges coming from the metal into the semiconductor by these states are shielding the
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FIGURE 2.2. Schematic Representation of the band diagram of three possible
metal-p-type semiconductor contacts according to the Schottky-Mott rule.
Upper part displays the metal and the semiconductor energy-band diagram
before the contact, and lower part shows them after the contact.

semiconductor from the details of the metal. Therefore, the bands line up concerning

these charged surface and interface states [29].

In the next subsection, this phenomenon and the metal-induced gap states model will be

discussed.

2.1.3 Concept of Metal-induced gap states

As mentioned in the previous section, the interface states can penetrate in the band
gap of the semiconductor at Schottky junctions. As a result of the charge neutrality,
the net charge in the metal side is equal to the sum of the net charge of the interface
states and the space-charge region on the semiconductor side in the equilibrium. It is
possible to interpret the physical origin of these states like this: In bulk crystal of a
semiconductor, it is possible to assume that the potential has the periodicity of the lattice.
At the edge of the semiconductor, meaning at the surface or interface states, there is
a break periodicity that result in a change of the wave functions of the electrons. The
periodicity deviation can be as a result of either intrinsic surface and interface states or
extrinsic ones such as the bulk defect of the semiconductor [30]. At metal/semiconductors
interfaces, the wave function of the electron in the metal and in the semiconductor should
match. Therefore, the metal wave functions tail extends into the semiconductor because

of the overlap between the metallic band and the band gap of the semiconductor, as
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shown schematically in figure 2.3.

yANW NN,

Metal Semiconductor

Ev

FIGURE 2.3. Representation of the metal Bloch state W(z) near the Fermi level
which decays into the semiconductor. Adapted from [28]

The deviation of periodicity at the contact leads to the formation of decaying interface
states and results in the creation of these virtual gap states within the forbidden gap of
the semiconductor. So what we are especially interested here is the metal-induced gap
states that lie in the range of the energy that conduction band of the metal overlaps the
band gap of the semiconductor. The wave functions of this type states are bulk-like in

the metal decaying rapidly into the semiconductor.

2.1.4 Surface photovoltage effect

The surface photovoltage effect was seen and explained by Bardeen and Brattain, when
they studied the photon-induced variation on Ge [31]. The effect is as following : when a
semiconductor is irradiated by light, electron-hole (e-h) pairs are generated via interband
transitions or releasing captured carriers through trap-to-band transitions. The photon-
induced electron-hole pairs move in opposite directions as a result of the potential in the
space-charge layer. The most important for our research is that a similar phenomenon
happens at the Schottky metal/semiconductor contact, when it is exposed to light. If the
photon beam impacts on a rectifying interface, e-h pairs will be created and followed
by spatial redistribution inside the sample because of the electric field. For example,
in a rectifying metal-p-type semiconductor contact, holes are forced to move towards
the bulk of the semiconductor due to the presence of the potential difference whereas
the electrons are trapped at the surface to compensate space-charge region as shown in
figure 2.4

The surface photovoltage effect does not occur at ohmic contacts, at which the carriers

flow easily, and the recombination rate is too small to allow for the charge redistribution.
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FIGURE 2.4. Schematic representation of the band alignment in equilibrium (a)
and in the presence of the surface photovoltage (b), leading to the shift of
the band and reduction of the barrier height at metal-p-type semiconductor
interface.

An excessively thick metal layer opposes the electrons, excited at the surface of the
semiconductor crystal, from penetrating through the metal layer and hinders thus the
measurement of the surface photovoltage effect. As a result, the Fermi level coincides
with the reference Fermi energy. The magnitude of the surface photovoltage depends
on different parameters, for example, photon intensity, band bending, combination rate,

defaults concentration, and temperature.

2.2 Rashba spin-orbit interaction

2.2.1 Intuitive description

Spin-orbit interaction gives a coupling between the dynamical spin of an electron and its
orbital motion in space. Intuitively, if an electron is traveling through an electric field,
it can see in its rest frame moving charges. Charges motion or more simply electrical
current gives rise to an internal magnetic field in the rest frame of the electron. The
magnitude and the direction of this internal magnetic field will depend on the velocity
and the travel direction of the electrons in the material. Spin-orbit interaction gives rise
to a k-dependent internal magnetic field, with k the wavevector of the electrons. We

will see that spin-orbit interaction can lift the spin degeneracy which will result in a
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k-dependent spin-splitting of the conduction band.

2.2.2 Spatial inversion asymmetry

In a centrosymmetric crystal, the spin-up and spin-down have same energy on the same

momentum. It is called degenerated state.
Spin degeneracy is the consequence of combined time reversal

E(Ty_k):E(lak)

And spatial inversion symmetry

E(T7_k):E(T’k)

which will give :
E(1,k)=E(|,k)

In a scenario where there is a two-dimensional electron system, the spatial inversion

asymmetry (SIA) lifts the spin degeneracy.

E(1,k) # E(],k)
In general, it is described by the so called Bychkov-Rashba model [32]:

I:IR =agrlpxol-2

where p = —ihV is the momentum operator o = (6,,6,,6,) is vector of the Pauli spin

matrices and Z is a unit vector which is directed in the normal to heterojunction.

The total Hamiltonian of the electrons is given by H = Hy + Hg which is

2 2 2
N . Pbytp R .

2.4) H:p—+aR[pxa]-z: ad y+aR(axpy—aypx)
2m 2m

Solving this Hamiltonian gives the following energy spectrum :

21,2

- tlarllk|

me

The two possible spin direction is shown by the plus or minus sign. As said previously,

it follows that Rashba spin-orbit interaction leads to lifting the spin-degeneracy of the
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conduction band, even in the absence of an external magnetic field. Rashba spin-orbit
interaction results in a spin-splitting of A = 2apr|k|. A presentation of the dispersion

relation is shown in figure 2.5. The Rashba parameter ag is expressed as:
2 ov

(2.6) ar :(—2)f—w2dz
c 0z

With c is the speed of light, 0V /0z is the potential gradient, w2 is electron density dis-
tribution. From that, most important information of the splitting are summarized in
Rashba parameter. The energy of Rashba spin-orbit interaction and the splitting direc-

tion reflects the amplitude and sign of the Rashba parameter.

As said in the introduction, Rashba-Bychkov model has been successfully applied to
surface state and interface state of metallic systems. However, the origin of these giant
Rashba type splitting is still under debate. The most accepted concept claims that
the indispensable contribution from strong spin-orbit interaction, spatial inversion
asymmetry and structural parameters [33, 34]. Despite hot debates, manipulating spin
in Rashba systems has been intensively studied. In the following chapters, we will show
a practical examples usage based on Edelstein effect and inverse Edelstein effect is

introduced.

2.2.3 Edelstein effect

It was predicted by Edelstein in 1989 [35] that the absence of "up-down" symmetry in
two-dimensional electron systems permits a magneto-electric effect. As mentioned in
the previous section, the spatial inversion asymmetry induces an additional spin-orbit
interaction term, allowing a resultant magnetic field as shown in figure 2.5). Although,
in equilibrium state, the average built-in magnetic field equals to zero, when applying
an electric current, the drifted electron distribution gives a non-zero magnetic field as
shown in figure 2.5. This non-zero magnetic field is normally termed as spin accumulation
which represents an unbalanced chemical potential of the spin state. This phenomenon
is generally depicted as a shift of Fermi contour as shown in figure 2.5 (a). The reciprocal
effect, called inverse Edelstein effect describes a scenario where the injection of spin
state induces an out of equilibrium state, resulting in an electric potential in the plane
of two-dimensional electron gas as shown in figure 2.5 (b).

From 2013, Rojas Sanchez and colleagues experimentally demonstrated the spin to

charge conversion in a Rashba interface [23, 24] in metal/metal interfaces. However, this
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Figure 2.5: Schematics of direct Edelstein effect (a), and inverse Edelstein effect (b).

observation of relevant phenomenon asks for extremely high-quality films, in order to
have to have a well-defined interface structure. However, a recent report from Karube
[36] shows large conversion efficiency in an amorphous semiconductor (BioOg) and copper
interface. This unexpected result easy the path of obtaining materials presenting Rashba

type interaction in metal-semiconductors interfaces.

2.3 Surface plasmons resonance

2.3.1 Introduction

Even if it was more than a century ago, when the anomalous dark bands observed in
the spectrum of light reflected from a metallic diffraction grating were first reported
by Woods in 1902 [37]. Then in 1941, Fano linked this phenomenon to surface waves
supported by the grating [38]. In 1957, Ritchie predicted both the excitation of a surface
wave in metal foils in addition to bulk plasma oscillations [39]. These predictions were

confirmed and such waves were termed surface plasmons. More recently plasmonics has
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become a major interdisciplinary research field, which has found applications especially
in the development of more efficient solar cells [40]. In this section, we present the
basic theory describing propagating surface plasmons will be presented that will help to

understand what is happening at the Cu/Bi2O3 in chapter 5.

Surface plasmons (or more precisely surface plasmon polaritons (SSP)) are known as
coherent oscillations of conduction electrons on an interface between a material with
negative permittivity (usually metal) and a dielectric. These oscillations will propagate
along the interface between the metal and the dielectric. While the propagating plasmons
have their electromagnetic field penetrating several hundreds of nanometers into the
dielectric and tens of nanometers into the plasmonic metal, field of localized surface
plasmons are confined to an even smaller volume (the typical penetration depth is in the

order of tens of nanometers).

2.3.2 Surface plasmons on a metal-dielectric interface

A presentation of the surface plasmons at the metal-dielectric interface is shown in figure
2.6. To better understand this phenomenon, we need to start from Maxwell’s equations,

which can be solved for the metal and the dielectric parts.

(2.7) V-D=p
(2.8) V-B=0
(2.9) V xE = -0B/ot
(2.10) VxH =dJ +0D/ot

which connects the macroscopic fields ( dielectric displacement D, electric field E, Mag-
netic field H and magnetic induction B) with an external charge density p and current
density J.

The conditions for the continuity of the normal and transversal fields at the interface

can be written as (from ’Optical properties of Solids’ of Fox [41])

DD,z :DM,z BD,z :BM,z

ED,x/y :EM,x/y HD,x/y :HM,x/y
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Dielectric &o

Metal €u

FIGURE 2.6. Interface in the x-y plane between a dielectric and a metal.

with the complex permittivity eys = €}, + €}, and dielectric with a permittivity ep.

When the optical constants of the materials gets the condition : 63\4 <0 and 63‘/[ < ep which
is for example fulfilled for copper at visible or near infrared frequencies, it is possible to
find that the only guide mode supported by this structure is the transversally magnetic
(TM) polarization. So it gives the following fields structures for a wave propagating in

the x direction as in 2.6 :

(2.11) E=(E,,0,E,)e!&r—ivd
(2.12) H = (0, H,,0)e &7 -iw
(2.13) D =¢o¢;E

(2.14) B =uoH

The equations above are valid for the metal and the dielectric. To have a continuity,

following the Maxwell’s equations :

k k
(2.15) M,z _ D,z

€M €D

As we describe modes that can only be at the interface. It means that the £y, and kp .

components have to be imaginary and of opposite sign
(2.16) kp.=+ikp

The fields decay exponentially into the respective half spaces : E o< exp(+xpz). We show
that in figure 2.7.
Because of the boundary conditions of equation 2.10, the surface plasmons exist only

if the two dielectric constants of the materials have opposite signs. It shows that the
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FIGURE 2.7. Evanescent field that decays exponentially into the two half spaces

surface plasmons can then only exist between the interface of metal () < 0) and a
dielectric (ep > 0)

So here, an electro-magnetic wave in a dielectric medium and an oscillating electron
plasma in the metal can be obtained a system. Due to this composed characteristics,

surface plasmons are often referred as surface plasmon polaritons as shown in figure 2.8.

Dielectric
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FIGURE 2.8. Surface plasmon polaritons at the interface of metal and dielectric

The plasmon propagation constant &, =  of this mode can be expressed as:

(2.17) p=2 | MD
c\V eyt+ep

The surface plasmon polariton dispersion curve makes the excitation of surface plasmon
polariton by direct illumination of light not possible as energy and momentum conser-
vation cannot be fulfilled at the same time. Instead, in order to excite surface plasmon

polariton, a momentum transfer has to be established.
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2.3.3 Excitation of surface plasmons polaritons by grating
coupling

We detail here the grating coupling to excite the surface plasmon polaritons. The mis-
match in wavevector between the in-plane momentum of incoming photons and &, can
be overcome by using diffraction effects such as a grating on the metal surface. As shown
for example in figure 2.9, the phase matching happens when the following condition is
fulfilled :

B=Fksinf +nG

with G = 271/a the reciprocal vector and n an integer.

FIGURE 2.9. Grating coupling of incoming light with wave vector k on a metal
grating surface of a period a

This theory will be helpful to understand the spectroscopy measurement in chapter 3.

2.4 Theory of Magnet-Optical Kerr Effects

2.4.1 Introduction

The magneto-optical Kerr effects are categorized depending on the geometry of the
magnetization depending on the plane of incidence and the film plane. In the longitudinal
Kerr effect, the magnetization is parallel both to the surface of the sample and the
incident plane. In the polar Kerr effect, the magnetization is out of plane of the surface
but in the plane of incidence. In the last case of transverse Kerr effect, the magnetization
is parallel to the sample surface but perpendicular to the incident plane. These are
summarized in figure 2.10.

When the magnetization vector is oriented as one of the previous cases, the incident

linear polarization (green arrow in fig 2.10) is reflected by the surface and the reflected
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F1GURE 2.10. Different Magneto-Optical Kerr Effects (MOKE). a) Polar MOKE
b) Longitudinal MOKE c¢) Transverse MOKE

light can be separated into two parts : The reflected linear oscillation (blue arrow in
fig 2.10) but also there is an oscillation due to the Lorentz force. So, a perpendicular
component known as the Kerr component represented (by the brown arrow in fig 2.10 is
included in the reflected light. This means that even if depending on the polarization of
the incident light, the reflected light has a different polarization or amplitude depending
on the magnetization of the sample. In the following sections, we elaborate answer of the

polarized light depending on the geometry of the studied system.

2.4.2 Geometries of Kerr effect

As mentioned previously, there are three different geometries of MOKE where their
differences are relative to the plane of light incidence. These three different geometries
of MOKE are shown in figure 2.10 consist in the polar MOKE, longitudinal MOKE
and transverse MOKE. The change of polarization and amplitude are described by the
follozing figure 2.11

In the figure 2.11, the major axis of the ellipse is slightly rotated with respect to the
principal plane and is referred as the Kerr rotation. All in all, The Kerr rotation 6, and

ellipticity €z can be expressed as

(2.18) 0 +icp = Rk/Rn

Understanding this equation, we detail R, and R,, depending on the geometry.
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Tk

€k

FIGURE 2.11. Geometry of the Kerr rotation 6, and ellipticity e,

Vior

Polar ||

FIGURE 2.12. Schematic of the polar MOKE. The magnetization m is perpen-
dicular to the surface of the studied sample, the incident light is linearly
polarized and oscillating in parallel to the plane of polarization

2.4.2.1 Polar MOKE

In the polar MOKE configuration, the magnetization m is perpendicular to the surface
of the studied sample, the incident light is linearly polarized and oscillating in parallel
to the plane of polarization. Figure 2.12 shows Ry, the regularly reflected light where

the polarization is also in the incident plane. As said in previously, a small vibration
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is induced by the Lorentz force vy, perpendicularly to the electric field and the mag-
netization direction. This secondary motion is proportional to the Lorentz movement
(-m x E) and generates the Kerr amplitude Rx for reflected light. The difference in angle
between Ry and Rg results in the magnetization dependent polarization rotation. From
this simple observation, we can understand that the Kerr effect in a polar system is the

strongest at normal incidence ( 8 = 0°).
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2.4.2.2 Longitudinal MOKE

b
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E Rk
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FIGURE 2.13. Schematic of a) parallel and b) perpendicular plane of the longi-
tudinal geometry relative to the plane polarization of the light.

For the longitudinal geometry, the magnetization direction of the sample is parallel to
the plane of light incidence. The longitudinal effect induces rotational change to the plane
of polarization for both parallel polarization and the perpendicular polarization plane
of incident light. As it can be seen in figure 2.13, the Lorentz motions (vz,,,) in the two
different polarizations of the plane of incidence are opposite to each other depending on
the polarization. It gives an opposite rotational direction of the resulting Kerr amplitude.
Also as opposed to the polar configuration, the longitudinal effect disappears for normal

light incidence (6 = 0°) as the Lorentz force vanishes.
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2.4.2.3 Transversal MOKE

Transverse

FIGURE 2.14. Schematic of the transverse MOKE. The magnetization direction
is perpendicular to the plane of light incidence.

In the transverse MOKE geometry, the magnetization direction is perpendicular to
the plane of light incidence. As shown in the Figure 2.14, v, is now out of plane, so
the transverse effect causes amplitude change to the reflected light but the polarization
direction of the Kerr amplitude is the same as that of the regularly reflected light. So, as
opposed to the polar and longitudinal MOKE, transverse MOKE measures the intensity
and not the polarization. However, similar to the longitudinal MOKE, the transverse

effect is eliminated in normal incidence to the sample surface.
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2.4.3 Phenomenological Model of Kerr Effect

The model of the Kerr effect is described phenomenologically by the off-diagonal permit-
tivity tensor with off-diagonal elements. These elements depend on the Voigt magneto-
optical parameter Q that describes the interaction of the electromagnetic field with the
electrons of studied material .

The permittivity tensor can be written from:

/ ! ! " "

€xx €xy Cxz 0 “€xy  €xz
2 19) ! _ ! ! ! . " 0 "
(2. € =|€x €y €y [T1] € —€y,
! ! ! n n
€xz €xz €z €xz  Eyxz 0
even in m odd in m

If we assume a magnetization vector m in the z-direction, we can simplify the tensor :

! ! " "
xz :eyz =€z :eyz =0
! ! !
€xx =€yy =€

e;z = eé) =(n—ik)?> =n?
where n is the refractive index and k is the principal absorption coefficient. It is then
possible to rewrite the tensor depending on Q :

!

€ —ie’Q 0
(2.20) e=|i€Q € 0
0 0 ¢

Definition of ¢

The diagonal components of the permittivity tensor e;x and elyy are rewritten here ¢
because of the symmetry consideration are also function of the magneto-optical parameter
Q. Experiments [42] show that Q is very small (Q«1) so it is possible to expand the

tensor € in the power of Q

(2.21) €@ =¢o+ (%)Q:OQ +%(%€;)Q=OQ2
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When the direction of the magnetization vector is reverse, the equation above becomes

(2.22) € (-@) =¢- (%)QZOQ * %(%)Q:OQZ

We know that with eI(Q) = 6,(—Q) because the electric displacement field D = ¢E
must be invariant under magnetization reversal.
So eI(Q) becomes

! :/ 2_ th __
€(@Q)=¢,+ (GQZ)Q OQ €0+€0fQ with f 2]

so we understand that € is even in Q, and has no contribution to the Kerr effect. By
ignoring the @2, we have € = 66

So the permittivity tensor now becomes for M parallel to the z-axis :

ei) —ie;)Q 0
(2.23) €=|ic,@ e O
0 0 ¢

The off-diagonal components of the permittivity tensor are proportional to the resul-

tant magnetization. Then, Q gives all the magneto-optical Kerr effects.

2.4.4 Kerr Fresnel reflection coefficients

The explanation for longitudinal and transverse Kerr effect above can be simplified
by using the Kerr Fresnel reflection coefficient that has been obtained by applying
Maxwell boundary conditions at surface films [43]. Referring to Figure 2.16 which shows
p-polarized light that is incident to the surface and then gets reflected, the coefficients

for longitudinal Kerr effect can be written such as [43] :

1

ncos6 ( 31229)2

(2.24) rp= -
ncos6+(1—S‘229)

9\

cost9—n(1—smz‘9)2

(2.25) rt, = —
cosH+n(1—SI:l‘2 )
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ﬂ Transverse Longitudinal

E.
474 E %’ °
E,

FIGURE 2.15. Kerr Fresnel reflection coefficients with p-polarized incident light
that is incident to the surface and then gets reflected

sinf cosOk

(ncosH+ (1_ Si;l#)%)(cos@+n(1_ si’rll#)%

(2.26) rlo=rl =

And the Fresnel reflection coefficient for the transverse Kerr effect is :

1
in29)2
ncosf — (1 - —Slnz

ksin(20)
=20 "or (ncos9 + (1 - Sis#)% )(1 ’ n2(n20088;19n— D+ sin26)

NI

cosf — n(l - M)
(2.28) rt o= n’

1
in20 ) 2
ncos6 + (1 - 517

(229) rt :rt =0
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With 6 the angle of incidence at the normal of the sample, £ = ie @ the off-diagonal
element of the permittivity tensor shown 2.23. Looking at the longitudinal Kerr effect,
the coefficients confirm that there is a magnetic-dependent rotational change to the
plane polarization of the incident light by the derived off-diagonal terms in Equation
2.26. However, for the transverse coefficients above, the transverse Kerr effect does not
cause a rotational change to the plane of polarization of the incident light given that the
off-diagonal terms which cause the rotational are equal to zero as shown in Equation
2.29. The only parameter that is magnetization-dependent is the reflection coefficient
related to the incident and reflected p-polarised light given in Equation 2.27. Therefore
there will only be light intensity and phase change (which is the ellipticity) due to for

transverse effect as shown previously.

We treated here the common case of polarization in plane for the transverse geome-
try, but an experimental report [44] demonstrated that by using a mixed state of s- and
p- polarization enhances the Kerr effect signal in transverse MOKE configuration. We

will expand our discussion about this report in Chapter 4.

2.5 Light polarization state

Lasers are usually producing linearly polarized light. However it is also practicable to
create circularly and elliptically polarized radiation. However, the degree and the charac-
ter of the polarization is a major parameter for the investigation of the photocurrents
and the effects of the samples and interfaces we are going to study. The polarization
can be manipulated by reflection, with dichroic and birefringent crystals. In this work
birefringent crystals were implemented to change the state of polarization by A/4 and
A/2 plates.

To describe an exact state of polarization, the Stokes parameters Sg, S1, S and Sg are
defined. S represents the total light intensity. By assuming the light propagating in the
z-direction, the parameter S is defined as the light intensity of the linear polarized radi-
ation in x-direction subtracted by the one in the y-direction. S equals the light intensity
of linear polarization at +45° subtracted by the one at -45° and S3 represents the light
intensity of left-circular polarization subtracted by the intensity of the right-circular po-
larization. So, the Stokes parameters describe every state of polarization by the relative
difference of the intensity components. An alternative approach to describe the Stokes

parameters can be via the component of the electric field in x- and y- directions.
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Therefore, the Stokes parameters can be summarized :

So=I.+I,=|E,*+|E,|*=|E?
Si=I.-1,=E.>-|E,|

So =Lz~ I a5 =E.E}+ELE,
Ss=Ig—I1=i(E<E,~E.E,)

Furthermore, the Stokes parameters can be exactly identified by a series of polariza-
tion filters taking the different linearly and circularly polarization states into account.
To tune the light polarization state birefringent crystals are used in the experiment to
switch from one state to another. In general, the direction of propagation of an electro-
magnetic wave is different for unequal directions in an anisotropy crystal depending on
the crystal axis. If a parallel unpolarized light beam hits a crystal, the part polarized
perpendicular to the optical axis of the crystal E | follows the Snell’s law and is called
ordinary axis. The orthogonally polarized part E| , does not and therefore is called
the extraordinary axis. Due to different dielectric constants, two different propagation
velocities and refractive indexes during the transit process. This allows to influence the
light polarization state by specific retardation and allow to obtain either linear, circular
or elliptical polarized light.

One applied polarizer is a A/4. A/4 offers the possibility to get elliptical and even circular
polarized light out from the linear polarized light. This is done by a birefringent coplanar
crystal plate with the optical axis is placed orthogonal to the incoming beam. The wave
experiences different refractive indexes n in the two dimensions of the plate and it leads
to a different optical path Al and a phase shift A¢ which both are dependent on the
wavelength and the thickness of the plate which can be expressed as
Al =dAn
Ap = 2—”cl An
Ao

If the thickness d is correctly chosen in a way that dAn =mAy+ % (m is an arbitrary
integer), a phase shift Ag = 5 occurs. Then, the A/4-plate transforms the light radiation,
which is linearly polarized into an exact circularly polarized light at an angle of 45°
degree to the optical axis. In the cases that the angle between the optical axis and
th polarization direction are not a multiple of 45°, the light is elliptically polarized.
A schematic of the polarization states depending on the different angles between the

incoming beam and the optical axis of the crystal is shown in figure 2.16.
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FIGURE 2.16. (a) Sketch of a A/4-plate with initial and final polarizations (b)
degree of polarization depending on ¢

By assuming a polarized wave propagating along the negative z-direction and nor-
malizing the Stokes parameters Sy, S1,S2 and Sg3 to the total intensity So the Stokes

parameters finally becomes :

(2.30) So = Itotal
(2.31) S1=—cos?2¢
in4
(2.32) Sy = 2029
2
(2.33) S3=Pcirc =—sin2¢p
For the right-handed circular polarization (o) P.ir. = —sin2¢ equals +1. For the

left-handed circular polarization (o) P.;,. is equals to -1.
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CHAPTER

SAMPLE PREPARATION AND CHARACTERIZATION

In this section, we summarize the fabrication processes of our samples. Then, we intro-
duce the used characterization methods such as atomic force microscope (AFM), Energy

dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and optical spectroscopy.

3.1 Sample fabrication

3.1.1 Steps of fabrication

Samples were fabricated following the steps which are sketched in figure 3.1. At first,
Si/Si0g wafers were cut into 10 to 20 mm square pieces (figure 3.1(a)). Then, the pho-
tosensitive resist was spin coated to make patterns using maskless photolithography
(figure 3.1 (b) and (c)). Either non-magnetic metal/oxide or titanium/gold were deposited
using e-beam evaporation (figure 3.1 (d)). After this step, lift-off and cleaning were done

(figure 3.1 (d)). Detailed steps are described in the following sections.
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FIGURE 3.1. Schematic illustration of lithography and lift-off process of positive
resist
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3.1.2 Maskless photo-lithography

Maskless photo-lithography is a powerful fabrication technique for experimentalists. It

enables patterning at micrometer scale. In this study, we used a maskless UV photo-
lithography D-Light-DL100RS system in which the position of the laser is controlled by

mirrors. Patterning process is described as follow :

1.

Si substrate with 300 nm SiOg layer on top is cut in pieces using a scriber with a

dimension of either 10 or 20 mm.

Cleaning of the substrate: the substrate is plunged into acetone and put in an
ultrasonic bath for 15 min then dried with an airgun. Then, the substrate is cleaned
briefly in IPA (isopropyl alcohol) and dry again with an airgun. Then, a last cleaning
using ultraviolet is done for 5 min to remove all the organic on the surface. In the

end, the sample, is checked by an optical microscope to verify its cleanliness.

(1,1,1,3,3,3,-Hexamethyldisilazane, CgH19NSis, HDMS) typically used to make the
resist stick to sample more easily, is spin-coated at 500 rpm for 5 seconds then
5000 rpm for 40 seconds.

The sample is baked in an oven at 80°C for 5 minutes.

. The sample is cooled down at room temperature for 2 min then AZ1500 resist is

spin-coated at 500rpm for 5 seconds then 5000 rpm for 40 seconds.

The sample is baked in an oven at 80°C for 10 minutes.

The sample is exposed using photolithography at 95 mJ/mm?.

Patterns are developed for 45 seconds and rinsed in flowing water for 1 minute.

The sample pattern is checked by an optical microscope.
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3.1.3 Deposition

We used an electron beam system to evaporate our material. Table 3.1 shows the different

pressures and deposition rates of each materials we deposited during this thesis.

Material Pressure (Pa) Rate (A/s)

Cu 6.310°6 1.0
Ag 7.21076 1.0
Bis O3 1.6107° 0.2
Ti/Au 1.0 1074 2.5
SiOq 6.310°6 0.2
AlyO5 2.210°6 0.2

TABLE 3.1. Material deposition pressures and rates

3.1.4 Lift-off

After the deposition, resist is removed by soaking the sample in acetone using ultrasonic

until the all the resist is removed which usually takes one to two minutes. a

3.2 Sample Characterization

3.2.1 Atomic Force Microscopy
3.2.1.1 General principle

The Atomic Force Microscope (AFM) is a scanning probe microscope that can achieve
a topographical image of the sample surface based on the interactions between a tip
and a sample surface. AFM was invented by Gerd Binning et al. in 1986 [45] based
on Scanning Tunneling Microscope technique (STM). While STM can only measure

conductive samples, AFM technique can measure any type of sample

A typical AFM consists of a cantilever with a small tip at the end, a diode laser, a
4-quadrant photodiode and a piezoelectric scanner, as shown in figure 3.2. Analysis
of the inflection of the cantilever through the surface with the laser probe and the
photodetector allows detecting the exact record of the tip motion. Measurement of
interactions forces between the tip and the sample surface gives the possibility to probe

surface characteristics with accurate resolution in a range of 100 yum to 200 nm.
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FIGURE 3.2. Schematic of atomic force microscopy measurement. Analysis of
the inflection of the cantilever through the surface with the laser probe and
the photodetector allows detecting the exact record of the tip motion.

3.2.1.2 Measurement of samples using AFM

We measure the roughness of our sample using an AFM for Cu(10 nm), Cu(20 nm)
and Cu(30 nm)/BigO3 (20nm) surfaces. The goal of this study is to check the interface
roughness as it is an essential parameter to understand the conversion at the Rashba
interface. Typical results of AFM measurements are shown in figure 3.3 and the average

roughnesses of our multiple measurements is presented table 3.2.

Surface Roughness Average (nm) Root mean square (nm)
Cu(10 nm) 1.0 1.2
Cu(20 nm) 0.7 0.9
Cu(30 nm)/BigO3(20 nm) 1.4 1.9

TABLE 3.2. Roughness average and root mean square of the scanned surface

We used the lowest possible resolution of 200 x 200 nm. Figure 3.3 (b) and 3.3 (e) show
respectively the AFM image of Cu with a thickness of 20 nm and 10 nm. In order to avoid

as much as possible the oxidation of copper, the samples were measured approximately
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during 10 min to 20 min after deposition, which gives an unavoidable oxide layer of 0.7
nm[46] in our current setup system. On average, the Cu(10 nm) sample is rougher by 30%
when compared to Cu(20 nm) and root-mean-square is on average 25% higher on Cu(10
nm) compared to Cu(20 nm). Also, some ’islands’ can be seen at the surface of both Cu at
10 nm and 20 nm in figure 3.3 (b,e), indicating the possibility of light excited plasmon
states. Z.Yang et al.[47] results show that the surface plasmon resonance in gold is
sensitive to the root-mean-square roughness, and it gradually decreases by reducing the
surface root-mean-square roughness. These AFM results will be essential to understand
our experiments explained in chapter 5. As a reference, we also measured the AFM of
Cu(30 nm)/Big03(20 nm), shown figure in 3.3 (g) that show increasing of the surface
roughness and RMS compared to Cu(20 nm). A possible explanation of this increasing of
roughness in Cu/BigsO3 compared to Cu is that the oxide deposition process leads to a
high surface density of crystallization centers, with different growth directions and rates.
These results in nanocrystallites of different dimensions and geometrical shapes. The
existence of the nanocrystallites for BioO3 has been experimentally proved previously by
Leontie et al. [26].

3.2.2 Energy-dispersive X-ray spectroscopy
3.2.2.1 General principle

Energy-dispersive X-ray spectroscopy (EDX) is also a common analytical technique used
for chemical characterization of a sample. It uses an X-ray excitation source and a sample.
The main characteristic of this measure is that each atom has a unique atomic structure,
so it gives a unique set of peaks on its electromagnetic spectrum. In order to stimulate
the emission of a sample, a beam of charged electrons at high-energy is focused on the
sample studied. At rest, the electrons of the samples are at ground state bounded to
the nucleus. The incident beam will excite the electron of an inner shell and eject them.
Then, electrons with higher energy state will replace them and emit radiation that will

be detected. A schematic summarizing the effect is shown figure 3.4.

3.2.2.2 Measurement

We used a Rigaku EDXL300 and did measurements on Cu/BioO3 and Ag/BigO3 using
four different excitation sources (RX9, Cu, Mo, Al) as each target can detect a certain

range of energies. The properties of these targets are summarized in table 3.3.
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(C) Raw 707740
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0 [nen] 199.3258

(f) Raw 70774 M 507

[rm]
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Cu{30nm)ﬁéi203(20nm]

FIGURE 3.3. Atomic force microscopy of (a-c) Cu(20 nm) (d-f) Cu(10 nm) and (g-h)
Cu(20 nm)/Biz03(20 nm). (a,d) 3D representation of the surface roughness
of Cu(20 nm) and Cu(10 nm). (b,e) AFM image of 200x200 nm of Cu(20 nm)
and Cu(10 nm). (c,f) Line cut of the AFM image. (g) AFM image of 2x2 um
of Cu(30 nm)/BigO3(20 nm). (f) Line cut of the AFM image.

From the table 3.3, we can understand that all the materials we want to detect can be
detected with an energy range of 2 to 10 keV. Figure 3.5 (a) shows the result for Cu/BigO3
and Figure 3.5 (b) shows the result for Ag/BioO3 within this range. Peaks were identified
using the EDXL300 included software. Bi-M, transition lies around 2.3 keV, Ag-L, lies
around 3.0 keV and Cu-K, lies around 8.0 keV.
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FIGURE 3.4. Principle of EDX. High-energy beam stimulation ejects an electron
from the inner shell of the atom structure. An outer electron fills the hole
created and emit a specific radiation.

Target RX9 Cu Mo Al
Excited X-ray Pd-L Cu-K Mo-K Polarized white Xray

11Na ~17Cl | 19K ~94Cr | 95Mn ~39Y 40Zr ~goNd

(K-Line) (K-Line) (K-Line) (K-Line)
Range Of 30Zn ~42M0 47Ag ~65Dy 6()Nd ~92U
measured elements (L-Line) (L-Line) (L-Line)

78Pt ~g3Bi

(M-Line)
Range of Energy 1~4KeV 2~8KeV 4~15KeV 15~40KeV

TABLE 3.3. Properties of EDX Rigaku EDXL300 : Target, excited X-ray, range
of measurable elements, range of energies

3.2.3 X-ray diffraction
3.2.3.1 Principle

X-ray diffraction is a non-destructive technique useful to determine the structural

properties of a crystal. It relies on the Bragg condition that maximizes the density of a
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FIGURE 3.5. EDX of (a) Ag/Bi2O3 and (b) Cu/Bi2O3 in an energy range between
2keV and 9.5keV
diffraction beam at a particular angle
(3.1) nA =2dsin0

where n represents the order of diffraction, A the X-ray wavelength, d the interplanar

spacing and 6 the angle of incidence of the X-rays. The diffraction of plane wave of
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successive planes of a crystal structure is shown figure 3.6.

Incident radiation

Reflected 1
radiation

‘|

Transmitted radiation

FIGURE 3.6. Bragg diffraction of X-rays by planes in a crystal at an angle 6 and
the planes are separated by a distance d

3.2.3.2 Measurement

In order to confirm the crystalline information at Cu/BisO3 and Ag/Bi2Og3 interfaces,
X-ray diffraction were done using a Rigaku SmartLab using Cu-K, wavelength using
grazing incidence technique. Grazing incidence technique sets the X-ray source at a fixed
angle w (angle between the incident beam and the sample surface) and the detector at
an angle 260 between the incident beam and diffracted beam. Divergence, anti-scatter
and receiving slits are there to enhance the signal detected on a wider surface as shown
in figure 3.7 (a). In figure 3.7 (b), if w; and w9 are well selected, it is possible to probe
the interface as the volume studied can be modified using grazing incidence technique.
In figure 3.8 a) and 3.8 (b), we show respectively a XRD measurement of samples of
Cu/BisO3 and Ag/BisO3 at w1=0.3° and w2=0.4°. At w=0.3° (black lines in figure 3.8 (a)
and (b)), only a peak at 28° is displayed. It represents a-BisO3. However, as the peak
is relatively broad, we can conclude that a-BigO3 is mostly amorphous. At w=0.4° (red
lines in figure 3.8 (a) and (b)), the a-BizO3 peak is still there but new peaks appear. For
figure 3.8 (a), two sharps peaks at 43.6° and 51.2° are shown. They can be identified
as Cu(111) and Cu(100). Its sharpness compared to the peak of a-BigOs shows that a

preferal orientation in (111) direction. Similarly, 3.8 (b) shows also two peaks at 38.3°
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and 44.7° representing respectively Ag(111) and Ag(100). These results show that the
preferential orientation for the interface is (111), which is similar to the orientation in

previous reports of Rashba interfaces of Ag (111)/Bi [23].

(@)

Receiving Slit

Emitter Detector

Divergence Slit

Anti-scatter Slit

Sample

(b)

/{28
w2 wl

Volume studied

FIGURE 3.7. XRD spectroscopy at grazing incidence configuration. a) The X-ray
source is at an angle w (angle between the incident beam and the sample
surface), and the detector at an angle 26 between the incident beam and
diffracted beam. b) Schematic of the difference between two grazing angles
w1 and wg, showing the possibility to probe the interface.
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FIGURE 3.8. XRD spectroscopy characterization of a) Cu/BigO3 at 0.3° (black
line) and 0.4° (red line). b) Ag/BisO3 at 0.3° (black line) and 0.4° (red line).

3.2.4 Optical spectroscopy of Cu/Bi,O3

We measured the optical properties of Cu/BigO3 and Cu/SiOg grown on Sapphire (0001)
substrate using a UV-VIS-NIR spectrophotometer with integrating sphere technique. It
allows measuring either the diffuse transmittance or reflectance in the range from 0.8
eV t0 6.2 eV (200 nm to 1500 nm).
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3.2.4.1 Optical spectroscopy of Cu and BixO3 grown separately on
Sapphire(0001)

We first measured diffuse transmittance and reflectance of reference samples of a thin
film of 30nm of Cu and 20nm of BiyO3. Figure 3.9 (a) shows the reflectivity and transmit-
tance of Cu 30nm. As we can see from this result, the reflectivity of copper drops quickly
around 2eV. This is consistent with the data shown in Fox book [41]. Indeed, copper
has an electronic configuration of [Ar]3d!%4s!. Outer 4s bands can be approximated to
free electron states with a dispersion of E = h2k2/2m, and it can be seen as a broad
band covering a large range of energies. The 3d bands are the more tightly bounded and
are relatively dispersionless, thus occupying a small range of energies. Based on the
Drude model the plasma frequency of copper is 10.8 eV (115 nm), copper should be totally
reflective below this energy. An explanation of this drop of reflectivity can be explained
by the inset of figure 3.9 (a). The eleven valence electrons fill the 3d band and half of
the 4s bands of copper. So as shown in the inset, the Fermi level is located at half of the
4s band. As so, it proves that interband transitions between the filled 3d band to the
unoccupied 4s band above the Fermi level is possible above a certain energy threshold.
Moreover, from calculations of the exact band structure of Cu [41], this optical transition
lies around 2eV, which is the reason for the sharp decreasing of reflectivity. Figure 3.9
(b) shows the reflection and absorption of a thin film of 20nm of BisO3. The decreasing
of transmittance and reflectivity simultaneously at around 3eV show that the sample
starts to absorb at this range. As BisOg3 is a semiconductor, we can easily deduce that
this absorption is the band gap. A more refined study using the following Tauc formula
[48] :

(3.2) (ahv)? = f(hv-E,)

with a the absorbance coefficient, hv the energy and E, the band gap, gives the band
gap of BigO3 grown on Sapphire (0001) of 3.22eV as shown in figure 3.9 (c).
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FIGURE 3.9. Optical spectroscopy of (a) Cu(30 nm) With (b) absorption mecha-
nism explanation, (¢) Tauc plot of BigO3(20 nm) grown on sapphire (0001)

and (d) Tauc plot of Cu(30 nm)/BisO3(20 nm)

3.2.4.2 Thickness dependence of optical properties of Cu/BiyO3

We examine the thickness dependence of optical properties of Cu/BisO3. From the
measurements of reflectivity and integrated transmittance, a simple way to extract the
absorption is a simple subtraction (A% = 100-T%-R%) where A% is the percentage of

absorption, R the percentage of reflection and T the percentage of transmission.
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FIGURE 3.10. Absorption spectra and thickness dependence of Cu in Cu/BigOg
At low energy, the increasing of absorption supposes the existence of surface
plasmon resonance in the system. At higher thicknesses, this effect is
decreased due to the surface of the copper is less rough.

Figure 3.10 shows the absorption spectra and thickness dependence of Cu in Cu/BigOg
At low energy, the increasing of absorption supposes the existence of protected plasmon
Schockley surface states in Cu(111) in this range. Indeed, as our samples are grown
using EB-lithography, the distribution of grains of Cu is broad. AFM images in figure 3.3
confirms the existence of this distribution. At higher thicknesses, this effect is decreased

due to the surface of the copper being less rough.

3.2.4.3 Optical properties comparison between Cu/Bi;O3 and Cu/SiO-2

Finally, we examine the optical spectroscopy of Cu/BigO3 and Cu/SiOs. Figure 3.11 (a)
shows the reflection and transmission spectra of the Cu(10)/BisO3 and Cu(10)/SiO9. Both
of them show increasing of absorption 1.90+0.05 eV to 0.9 eV as explained before. Also,
we can see a difference in inflection between Cu(10)/BisO3 and Cu(10)/SiOg around 3.1eV.
This corresponds to an optical transition corresponding to BisO3 band gap. However, this
band gap is slightly different from the one shown in figure 3.9 (c). A hypothesis could be
that the growth of BigO3 on Cu shifts the BioO3 band gap compared to when it is grown
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FI1GURE 3.11. Spectroscopy of Cu(10 nm)/BizO3(20 nm) and Cu(10 nm)/SiO9(20
nm). (a) shows the raw data of the diffuse transmittance or reflectance
in the range from 0.8 eV to 6.2 eV of Cu(10 nm)/Bi2O3(20 nm) and Cu(10
nm)/SiO9(20 nm) (b) shows the extracted absorption. Both of them show
increasing of absorption from 1.90+0.05 eV to 0.9 eV.

on Sapphire(0001).
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3.3 Summary

In conclusion, we explained the fabrication process of the samples that are going to
be studied in the next experiments in this Thesis. We showed the step of fabrication
by lithography, deposition and lift-off. We characterized the samples using Energy-
Dispersive X-ray spectroscopy to confirm that only the sample contains the elements
considered which is Cu, Ag and Bi. We also characterized the surface by using atomic
force microscopy showing the evolution of the roughness of the Cu interfaces depending
on the thickness and the creation of islands at the surface. We checked the crystallinity
of the interface by X-ray diffraction at grazing incidence showing that the Copper and
Silver have (111) orientation and BiyOsg is in a phase. In the end, we studied the optical
spectroscopy of Cu, BigOg, Cu/BigO3 and Cu/SiO9 showing the possibility of the existence

of plasmon Schockley surface states in Cu at low energy range.
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CHAPTER

DETECTION OF SPIN ACCUMULATION USING KERR
EFFECT

4.1 Introduction

As we discussed in Chapter 2, the Rashba effect describes how electrons are moving in
an electric field experience a momentum dependent magnetic field. This physical phe-
nomenon allows the generation of spin polarization from charge current better known as
Edelstein effect. Recent reports showed the evidence of optical detection of in-plane spin
accumulation in metallic spin Hall effect materials. In that experiment, by defocusing
the laser beam O. M. J. vant Erve et. al. [49] increased the spot size of the laser to collect
more spin information at the top surface and to avoid the influence of the opposite spin
information from the bottom surface. In the report from C. Stamm et al. [50], researchers
demonstrated the detection through MOKE with ultra high sensitivity for Kerr rotation
angle down to 10~ rad. However, the MOKE detection of spin accumulation in metal-
lic systems have created skepticism, with particular concern in the influence of Joule
heating generated by the injection of relatively large electrical current densities [51, 52],

necessary to generate sizable spin accumulation.

This Chapter will discuss the generation of spin accumulation by injection of electrical
current at the interface formed between a non-magnetic metal (Cu, Ag) and oxide (BisOg3)

and its optical detection by time-resolved magneto-optical Kerr effect. We will give tangi-
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ble proof that this spin to charge conversion comes from the interface through Edelstein
effect and is consistent with previous reports [36, 53—55]. Also different from spin Hall
effect, where spin orientation is opposite at each side of the sample planes, orientation
due to direct Rashba-Edelstein effect is predicted to be uniform, oriented in-plane and
perpendicular to the current direction [56]. We extend our discussion to an improvement
of our time-resolved transverse magneto-optical Kerr effect setup and the analysis of our

estimated signals when compared with previous reports in spin Hall materials.
The content of this chapter has been published in:

Florent Auvray, Jorge Puebla, Mingran Xu, Bivas Rana, Daisuke Hashizume, Yoshichika
Otani, 'Spin accumulation at nonmagnetic interface induced by direct Rashba—Edelstein

effect’, Journal of Materials Science: Materials in Electronics (2018)

Jorge Puebla, Florent Auvray, Mingran Xu, Bivas Rana, Antoine Albouy, Hanshen
Tsai, Kouta Kondou, Gen Tatara, and Yoshichika Otani 'Direct optical observation of

spin accumulation at nonmagnetic metal/oxide interface’, Applied Physics Letters (2017)

4.2 Initial setup

For the measurement of spin accumulation supposedly created at the interface in our
devices, we use a custom-made benchtop time-resolved transverse magneto-optical Kerr
effect (TR-TMOKE) microscope developed by Barman et al. [57]. A description of the
setup is shown in figure 4.1. Two wide bond pads with millimeter dimensions are de-
signed at both ends of the rectangular shaped device for electrical connections. The
sample stage is then placed on an x-y-z piezostage and connected with two semi-rigid
coaxial cables connected to the large bond pads with the help of screws. A radio-frequency
signal generator is connected to one of the semi-rigid coaxial cables for applying RF
voltage across the device. Another semi-rigid coaxial cable is connected to an oscilloscope
to observe the transmitted signal through the device. The laser beam is focused onto the
device surface by a long working distance microscope objective with a numerical aperture
of 0.14, a 5x magnification and a spot size diameter of about 3.55 yum. The incident
laser beam angle is slightly shifted from the axis of the microscope objective so that the
reflected beam from the sample surface can be collected by the same microscope objective

through a diametrically opposite side. Moreover, we use a green LED to illuminate the
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device surface with perpendicular incidence through the same microscope objective. The
back-reflected light is used for real-time imaging of device and laser spot with a high
spatial resolution charge coupled device (CCD) camera. CCD helps us to place the laser

beam at a desired position on the device.

For the measurement of time-varying Kerr signal, a pump probe-approach. Spin ac-
cumulation signals are stroboscopically measured by locally probing sample surface
by using a pulsed injection diode laser (Advanced Laser diode system PIL040) with a
central wavelength of 408 nm, a pulse width of 42 ps spectral, a repetition rate of up to 1
MHz and a peak power of 1.3 mW. The RF current from the signal generator is sent to
the devices and goes through a variable electronic delay generator (Colby Instruments
PDL30A) that introduces a variable delay between RF current and laser pulse up to 40
ns concerning a reference time delay (we call zero-time delay). The reference time delay
is decided by the internal delay of electronic devices and the length of a semi-rigid coaxial
cable. The amplitude of the RF signal is modulated by 100% at a very low frequency
of 20 Hz. We use an optical bridge detector and two lock-in-amplifiers to increase the
signal to noise ratio of the detected signal. The role of the optical bridge detector is
to minimize the change in reflectivity that is not containing any rotation due to the
magnetization of the sample. The output signal of the optical bridge detector is first sent
to the first lock-in-amplifiers (LIA1) whose reference signal is taken from the modulation
frequency of RF signal. The output from LIA1 is then sent to the second lock-in amplifier
(LIA2) whose reference signal is taken from the repetition rate of the laser beam. To
measure the correct phase of time-varying sinusoidal spin accumulation signal, the
signal generator is synchronized with the electronic device that triggers the laser pulses

and the lock-in-amplifiers are phase locked.
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FIGURE 4.1. Experimental setup for time-resolved transverse magneto-optical
Kerr effect measurements (TR-TMOKE). The incidence of light is polarized
at n=45°, mixing s and p polarizations. Synchronization of two lock-ins
allows measuring the time-varying in-plane component of spin polarization.

4.3 Results

4.3.1 Detection of the spin accumulation in Cu/Bi;O3; by Kerr

rotation

Recent reports show spin to charge conversion at the Cu/Bi2O3 interface by spin pumping
[53] and spin Seebeck effect [55]. Spin to charge conversion was also reported at the
Ag/Bi interface [23] suggesting the existence of Rashba spin-orbit coupling at Ag/BiaO3
interface. From these previous reports, we can indirectly infer the presence of spin
accumulation on these nonmagnetic metal/oxide interfaces. We investigate the in-plane
spin accumulation at the Cu/BiaO3. The sample is a rectangular structure of 200um
x 600um of Cu(20nm) and BigO3(10nm) were patterned by using UV lithography and
EB-evaporation methods explained in Chapter 3 and large gold pads of 150nm thickness

were added on the short edges to connect the sample to the measurement system.
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The spin-orbit coupling allows generating spin accumulation by injection of electrical
charge current. This is the direct Edelstein effect explained in section 2.2. For our ex-
periments, we inject an AC sinusoidal current to our interfaces with a frequency of 100
MHz, which readily induce spin accumulation. The induced spin polarization and then
the measurement of the Kerr signal should oscillate at the same periodicity as the RF
signal. A schematic that shows the predicted Kerr signal depending on the RF signal
is shown figure 4.2. We test the oscillating spin accumulation by our TR-TMOKE and
Figure 4.3 shows one of our first experimental TR-TMOKE signals for Cu/BizO3 for a
current density of 1.87x10'2 A/m2. There seems to have some detectable signal but the
signal to noise ratio is pretty high as it can be seen in the fitting. So in the next section,
we will describe how we improved the system to get a higher signal to noise ratio by

using a linear polarized light with a mixed state of s- and p- polarization.

RF signal

Induced Spin
polarization

Measured
Kerr signal

t=o  4i (time delay)

FIGURE 4.2. Description of the expected detection of spin accumulation. An
injection an AC sinusoidal voltage to the interface with a certain frequency
100 MHz should readily induce spin accumulation. The induced spin polar-
ization and then the measurement of the Kerr signal should oscillate at the
same periodicity as the RF signal.
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FIGURE 4.3. Kerr rotation measurement of Cu/BisO3 for 40 ns using a AC
sinusoidal voltage with a frequency of 100 MHz

4.3.2 Improvement of the detection by using mixed s- and p-

polarization and Kerr ellipticity measurements

To improve the sensitivities of the MOKE systems, there are two most common ap-
proaches, geometric and spectroscopic modifications. These two are based on the enhance-
ment of the signal and the reduction of light without magnetic information. However,
these strategies most likely require complicated structures. Moreover, as these structures
are designed for a specific condition, these strategies can be applied only for a limited
range. A more meaningful question will be to wonder if there is not a more general

approach by which T-MOKE sensitivities can be enhanced.

Mixed s- p- polarization

There are some reports in which effective MOKE polarization measurements are de-
scribed that achieve an enhanced signal level by mixing s- and p-polarized light in
the incoming beam [44, 58, 59]. We compared the MOKE signal obtained with only p-
polarization and a mixture p- and s- polarization light. The first method is the con-

ventional direct intensity T-MOKE measurement scheme like figure in 2.16, in which
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only p-polarized light a reversal of sample magnetization would cause a change of the
polarization of the light. In contrast, when we set the linear polarizer at 45° to employ
the mixture of p- and s- polarization light in the incidence beam, the Kerr signal is
enhanced. This method has been tested in [44, 59].

Comparison of Kerr rotation and Kerr ellipticity signals

As another way to enhance the detectability, it has been shown that Rashba systems
can own a strong dichroism and that dichroism enhances the Kerr ellipticity [60, 61].
As we expect a strong Rashba effect at the interface of Cu/BiaOg, the Kerr ellipticity of
the Rashba interface may be stronger than Kerr rotation. So, by using a quarter wave
plate to collect Kerr ellipticity instead of Kerr rotation, the signal could be enhanced. A
comparison of Kerr rotation and Kerr ellipticity is observed in figure 4.4. We can see
a strong enhancement of the signal to noise ratio in Kerr ellipticity compared to Kerr
rotation. As a consequence, the next results that will be shown in this Chapter will use

display Kerr ellipticity measurements.
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FIGURE 4.4. Comparison between Kerr rotation and Kerr ellipticity signals of
Cu/BisO3

4.3.3 Comparison of Kerr ellipticity signal between Cu/Bi;O3
and Cu/A1203

We performed measurements for Cu(20nm)/AlsO3(10nm). This is shown in figure 4.5.
Orange points represent the Cu/BigO3 Kerr ellipticity signal and Green triangle points
represent the Cu/AlsO3 Kerr ellipticity measurement. Compared to Cu/Bis O3, Cu/AlsOg
does not have any periodicity. We attribute that to the fact that Cu/AlsO3 that the spin

accumulation created at the interface is too small to be detected, giving erratic signal.
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FIGURE 4.5. Comparison of Kerr ellipticity signals between reference sample
Cu/Al303 (grey) and Cu/BizO3 (orange)

4.3.4 Comparison of Kerr ellipticity signal between Cu/Bi, O3
and Ag/Biz 03

We performed measurements for Ag/BisO3 samples with similar shapes and thicknesses
as Cu/Big0s3. The result is shown in figure 4.6. Orange curve represents the Cu/BigO3
Kerr ellipticity signal while grey curve represents the Ag/BioOg Kerr ellipticity. From
fitting (solid lines) of figure 4.6, we can extract a time periodicity of our oscillating signal
of 10 ns or 100 MHz in a frequency domain, correlated to the frequency of our AC voltage

excitation.

4.3.5 Position dependence of Ag/Bi;O3; and Cu/Bi;03

Moreover, spatially uniform spin accumulation is also expected to originate from a flow
of electric current on Rashba type interfaces. So, we scanned the position of our laser
spot along the Cu/BigsO3 and Ag/Bis O3 interfaces and examined the relative change in
amplitude of TR-TMOKE signal. Figures 4.7 and 4.8 show the comparison of the obtained
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FIGURE 4.6. Comparaison between MOKE signals of Cu/BisO3 and Ag/BisOg

TR-TMOKE signal for three different laser spot positions along the interfaces parallel to
the electrical charge flow. As a reminder, the full area of our sample is 200 um x 600 um

and the nominal laser spot diameter is about 3.55 um.
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FIGURE 4.7. Kerr ellipticity depending on the position in Cu/BisOg
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FIGURE 4.8. Kerr ellipticity depending on the position in Ag/BisO3

4.4 Discussion

4.4.1 Comparison of generation of spin accumulation by spin

Hall effect mechanism and by Edelstein effect mechanism.

In this subsection, we discuss the differences between the generation of spin accumula-
tion by spin Hall effect and Edelstein effect and their optical detection. Intrinsically, spin
accumulation generated by bulk spin Hall effect and direct Edelstein effect at interfaces
have different distribution of spin orientations. Spin polarization via bulk spin Hall
effect is oriented perpendicular to the electron flow on all the four planes which are
transverse to the charge current as shown in figure 4.9 (a). In contrast, spin accumula-
tion via Edelstein effect at interfaces is in-plane, homogeneous and perpendicular to the
electron flow direction like in figure 4.9 (b). These configurations of spin accumulation
are important facts when we try to detect in-plane spin accumulation by optical Kerr
effects. For example, if the penetration depth of a given laser in a MOKE setup is larger
than half of the thickness of sample displaying spin Hall effect, photons interact spin
with two spin orientation components related to each half of the sample which result in
a reduction of the total signal detected as the spins up and down will compensate each
other. One way to minimize this issue is to reduce the interaction with the polarized
electrons at the bottom surface by defocusing the laser beam and at the same time it
increases the collection area at the sample top surface as done by O. M. J. vant Erve et.

al. [49] in their optical detection of spin Hall effect in Pt and W. However, similar issue is
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FIGURE 4.9. Comparison of generation of spin accumulation by (a) spin Hall
effect mechanism and (b) by Edelstein effect mechanism.

not present at Rashba interfaces where the spin accumulation can be enhanced by the
coherent tunneling of spins from the interface into the nonmagnetic metal bulk. In the
experiments, the spin accumulation is generated at the Cu/BisO3 and Ag/BisOg interface
and it is possible for these spins to diffuse into the metal with a certain probability[54].
Indeed, If the spin tunneling occurs and the spin diffusion length is larger than the
thickness of nonmagnetic metal layers, the detected spin accumulation will be increased
with the penetration depth of the laser. Recent experiments of spin magneto-resistance
at the Cu/BizO3 interface observed a diffusion of accumulated spins of 33.9% from the
interface into the bulk Cu [54]. These characteristics indicate that the density of spins
detected in our experiments is enhanced by the diffused spins into the bulk, with a

detection limit set by the penetration depth of our laser.

4.4.2 Charge to spin conversion and sign difference between
Cu/Bi;0O3 and Ag/Bi203

A comparison between Cu/BioO3 and Ag/BiaO3 signals is shown in figure 4.6. From this
figure, we can observe that Kerr ellipticity detected signals for Cu/BigO3 and Ag/BisOg
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have opposite phases which implies these two systems have opposite orientation of
spin accumulation. The orientation of spin polarization and the corresponding spin
accumulation are directly dependent on the amplitude of Rashba parameter and the
sign of effective mass m}, which determines the splitting order of inner and outer energy
branches [62] as explained in section 2.2. Previous spin pumping experiments estimated
agr for Cu/BisOg and Ag/BisOg [53] (shown in table 4.1) and the sign of effective mass m
is negative for both interfaces. Indeed, Cu and Ag by themselves are conductors with
parabolic bands; however, when forming a Rashba interface in contact with BigO3 the
electrons take on the new paradigm of internal forces due to the new periodic potential.
The negative mass describes that the electrons respond to these forces in opposite
direction to what a free electron would do. This can be observed when testing the
curvature of the dispersion curve. We take experimental reports that show the dispersion
curves for Cu/Bi [62] and Ag/Bi [23] as an approximation. Finally, from our position
dependence measurements figures 4.7 and 4.8, we can observe that the amplitude of
the TR-TMOKE signal is constant along the Cu/BisO3 and Ag/BisOg interface reflecting
spatially homogeneous spin accumulation, and inferring negligible influence of heat
gradients in our measurements, giving another proof that our signal comes from charge

to spin conversion through Edelstein effect.

4.4.3 Relative amplitude of expected spin accumulation

Now, we discuss about the relative amplitude of our TR-TMOKE signals and the expected
spin accumulation. The 3D density of spins at the interface is related to the electrical
charge current density through the Rashba parameter ag, as follows [56] :

*

m,qar

(4.1) <68 >= Jex

ehep
where cr is the Fermi energy, which are taken from the nonmagnetic metal values for
Cu and Ag, and m; is the effective mass, which is approximated to the mass of a free
electron at our interfaces and /., the electrical current density. For our estimation, we
assign an interface thickness of one atomic lattice t=0.4 nm [23, 36]. All the parameters

are summarized in table 4.1.

It gives an expected of spin accumulation <6S> of 14.0 ueV for Cu/BigO3 and 23.7 ueV
for Ag/Bi2O3. By assuming that the spin accumulation created at the interface diffuses

in the bulk, and the spin diffusion lengths at room temperature for Cu [63] and Ag [10]
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er (€V) m’ (10731 kg) ag (eVA)  J (102 A/m?)

CwBia03 7 9.11 -0.256+0.03 1.87
Ag/BisO3 5.5 9.11 0.186+0.04 2.16

TABLE 4.1. Relevant parameters for estimation of spin accumulation in
Cu/BizO3 and Ag/BisOg

are much longer than our layer thickness (20 nm), the detected spin accumulation would
depend mainly in the penetration depth of our laser into the metal layers which is about
11 nm for both samples and the extinction ratio for both metals (Cu, Ag) are very similar
at our laser wavelength (408 nm) [64].

By a simple integration on the metal thickness :

20
f e 1idx=9.3
0

We find an enhancement of the signal by a factor of 9.3 in our samples. The spin
accumulation expected at the interface of Cu/BiaO3 is 14.0 peV and at the interface
of Ag/Bis O3 is 23.7ueV. It gives a estimation of the detected spin accumulation by our
system of 130.2 ueV for Cu/BigO3 and 220.4 ueV for Ag/BisOs. Finally, We compare the
ratio between TR-TMOKE signal amplitudes for Cu/BigO3 and Ag/BisO3 and the ratio of
their total spin accumulations. The amplitudes of our signals have been normalized by
the corresponding reflectivity for Cu/BigO3 and Ag/BisO3 at our laser wavelength (408
nm) [64]. From our fittings in figure 4.6, we obtain peak amplitudes of 0.077 and 0.112
for Cu/BisO3 and Ag/BisOg, giving a ratio of 1.45, which is in a good agreement with the
ratio of their estimated spin accumulation equal to 1.69. For our estimations, we assume
that spin Hall effect is negligible at our samples, as it has been tested previously by spin

pumping measurements for Py/Cu and Py/BisOg bilayers [36].

4.5 Summary

We observed the homogeneous in-plane current induced spin accumulation at room tem-
perature due to Rashba-like spin-orbit coupling at the nonmagnetic metal/oxide interface
by TR-TMOKE. Opposite phases of Kerr ellipticity signals for Cu/Bi2O3z and Ag/BiyOs3
interfaces correspond to their intrinsic opposite spin configurations, independently de-
termined by spin pumping measurements[53]. The absence of a quantitative signal on

Cu/Al303 that does not have spin-orbit interaction at the interface also gives another
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indication that signal comes from the Rashba-like spin-orbit coupling. Both interfaces
tested at three different laser spot positions along the interface parallel to the electrical
charge flow give respectively the same signals and comparison between peak to peak
signals and expected spin accumulation of the systems show good agreement, proving
the validity of the values of their Rashba parameter agr by characterization method
without external magnetic field or proximity to ferromagnetic layers. The results also
show the feasibility of characterizing the spin accumulation by Kerr effect magnetometry
[49, 50]. We further discussed the estimation of our spin accumulation and compare our

results with previous reports of MOKE detection of spin accumulation in SHE materials
[49, 50].

At the end, the observation of spin accumulation is the result of the efficient generation
of spin accumulation by direct Edelstein effect at our interfaces [23, 36, 56] and the
high sensitivity of our experimental setup, which combines sine current modulation
and lock-in detection techniques, strongly minimizing the spurious asymmetries of the
detected signals [50] with the addition of the balanced mix of the s- and p-polarizations
of the incident light in transverse geometry, which enhance the signal to noise ratio of
the detected Kerr signals compared with standard MOKE configurations [44, 58, 59].
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CHAPTER

HELICITY DEPENDENT PHOTOVOLTAIC CONVERSION AT
NONMAGNETIC INTERFACE WITH SPATIAL INVERSION
ASYMMETRY

5.1 Introduction

In the previous chapter, we showed the detection of spin accumulation at the interface
of non-magnetic metal/oxide by using TR-MOKE system. Now, we move on the study
of the helicity dependence and photovoltaic conversion at this interface. Photovoltaic
conversion with helicity dependence in previous reports arises from charge separation
due to internal build-in voltage in p-n junctions or inverse spin Hall effect [16, 18, 65].
At the Cu/BigOg3 interface the spatial inversion asymmetry induces spin-orbit coupling
leading to the conversion of spin current to charge current known as inverse Edelstein
effect as described Chapter 3.

It can be suggested that information from light polarization can be transformed into
an electric signal by combining the optical selection rules and the inverse Edelstein
effect. In this chapter, we will show the helicity dependent photovoltaic generation at the
Cu/BigOg interface at room temperature, where carriers are excited by monochromatic
light across the optical transition of BigOg3 or via hot electrons induced by the plasmon

surface states in Cu.

The content of this chapter is still on going at the time of writing this thesis.
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5.2 Experimental Setup

We present here the setup used in our experiment as shown in figure 5.1. The laser beam
has an incidence angle 6 and an azimuthal angle of ¢ shown in figure 5.2 (a). Our light
excitation is continuous wave lasers at energies of 1.16 eV, 1.96 eV, and 3.05 eV. The laser
spots are adjusted to approximately 400 um with a Gaussian profile for all the lasers,
and place at the center of our sample surface to minimize temperature gradients. The
photon polarization is controlled by a linear polarizer and a quarter wave plate mounted
on a mechanical rotator. The voltage is detected by a lock-in amplifier in an open circuit

mode synced at 400 Hz with a mechanical chopper.

Y
Bi,0, (20) T
) e *‘-&7‘
Cu (30)
= X Au/Ti

FIGURE 5.1. Schematic illustration of the experimental setup. The schematic
shows the laser that illuminates the sample at an incidence angle 6 and an
azimuthal angle ¢ with polarization o*.

5.3 Evaluation of the helicity dependent of

photovoltaic conversion

We investigate optical spin to charge conversion at Cu/BioOs heterostructure. Similarly

to the previous experiment, the sample is a rectangular structure of 1.5 mm x 900 um of
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Cu(30 nm) and BigO3(20 nm) were made in using UV lithography and EB-evaporation
methods explained in Chapter 3 and large gold pads of 150nm thickness were added on
the short edges to connect the sample to the measurement system.

The spin-orbit coupling allows to generate charge voltage by injection of optical spin by
using circularly polarized light, similar to inverse Edelstein effect explained section in
2.2. For our experiments, we inject a polarized light to our heterostructure and collect the
voltage changes of the sample while changing the polarization of the light. The induced
charge voltage should phase at the same periodicity as the change of light polarization.
We first test the change of voltage at the center of our heterostructure by putting the
laser in the center with an energy of 1.96 eV. The results are shown in figure 5.2. We
can see in this figure that changing contributions of polarized light due to the rotation
of the quarter wave plate angle ¢ leads to a periodic modulation in photovoltage with a
periodicity of 90°.

Photovoltage peaks have different amplitudes, showing periodically two different val-
ues. This asymmetry comes from the circularly polarized light modulation. To better
describe the contributions in our modulated signal, we fit the data with the following

phenomenological formula :

(5.1) Vout = Ve sin(2¢) + L1 sin(4¢) + Lo cos(4gp) + A

Here, V¢ represents the amplitude associated with the degree of circular polarization of
light or helicity which is the solid red line in figure 5.2, L; is the amplitude associated
with the linear polarization of light represented by the blue dash line in figure 5.2, Lo
depends on the Fresnel coefficients represented by green dash line in figure 5.2, and A is

a none modulated photovoltage offset.

5.4 Study of the photovoltage generation by
Cu/Bi;0;3; with a laser energy of 3.05ev

5.4.1 Oblique incidence dependence at 3.05 eV

We performed measurements oblique incidence 6 for Cu/BisO3 samples at room tempera-
ture for laser energy of 3.05eV at 1mW laser power. The result of the incidence angle

dependence of the circular photovoltage V. is presented figure 5.3. The blue curve of
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440 I I I I I I I
¢ Data - - L
— — Fitting L,
420 | 0 oy
? 0
| 9
!

Photovoltage V (1V)

360 '

0 45 90 135 180 225 270 315 360
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FIGURE 5.2. Photovoltage measurement at room temperature as a function of
the phase angle ¢ under 70° incidence when the plot light is in the middle.
The dashed line (black) is the fitting using equation 5.1, The dotted lines
(green and blue) and the red line are the respectively the linear dependence
and circular dependence. The black line indicates the background voltage
A.

figure 5.3 shows the fitting that will be explained next section. The voltage detected has
a maximum of 3.10+0.40 uV at 6=50°

5.4.2 Discussion of origin of the helicity dependence at a laser

energy of 3.05eV
By exciting our sample with a laser energy of 3.05 eV, valence band electrons are excited
to the conduction band of BigO3. We show in the optical spectroscopy characterization

of the Cu/Bi2O3 that BisO3 has a band gap around 3.13 eV in figure 3.9. So, following
Weber et al. [66], we can fit the incidence angle 6 dependence of the circularly polarized
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Laser Energy : 3.05 eV |

=N
T

300 K

w

=Y

Circular photovoltage V, (1V)
o N

0 15 30 45 60 75 90

Incidence angle 6 (°)

FIGURE 5.3. Oblique incidence dependence. Photon energy of 3.05 eV excites
spin polarized electrons across the BigO3 band gap. Rounds show the circu-
larly polarized voltage V¢ at oblique incidence angles 6.

voltage by
(5.2) Ve =t5(0)t,(0)sin(0)

where t; and t, are the transmission coefficient of the s(p) polarized light that can be

written :
4cos20

2 w20 (,,2 2 —ein20
(cos6+\/nBi203 sin 9)(n3i2oscos9+\/n3i203 sin 0)

tsty =

with ng;,0,= 2.3 the refractive index is taken from Condurache-Bota et al. [67]. The
maximum absolute value of the voltage created by the circularly polarized light for a
laser power of ImW and an incidence angle 6 = 50° is 3.1+0.4 V, which is comparable to
previous reports obtained by spin Hall effect conversion [16] that uses a laser poser of 10
mW.

Two main factors contribute to the oblique incidence dependence: i) the degree of

circular polarization, ii) and the angle dependence between spin polarization vector
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(0s) and spin current (J;), such that V¢ o« 05 x J5. The degree of circular polarization
depends on the absorption of s-polarised component and p-polarized component, which
is unaffected at normal incidence. (6 = 0°) and decreases significantly at higher angles.
While, o5 x J is negligible at normal incidence (6 = 0°) and gradually increases towards
maximum at grazing angles. As a result, for excitation energy above the BioO3 band
gap, a minimum of V¢ is located at 6 = 0°, and maximum at 6 = 50°, similar to previous
reports for Pt/GaAs [16].

5.4.3 Extraction of the spin current from the signal

From the fitting, we can extract the amplitude of the photovoltage V,,;, which depends
exclusively on the helicity of light, V. We estimate roughly the optically generated spin

current by

Ve

5.3 Jo=——
(5.3) R —

Where Ajgg is the inverse Edelstein length, a the width of our interface and R the sample
resistance.

The spin current by taking the voltage due to circular polarization from fitting at Figure,
Ve =8110°V, A1gr=1.70 1071 m, = 0.9 103 m and R=4.8 Q , we obtain J; = 4x10°
A/m? with a laser power of 1 mW, which is comparable with the spin current commonly
generated by spin pumping experiments [53] but better than previous reports of circular
photovoltaic conversion by inverse spin Hall effect [16, 18] that used a laser of 10 mW at
A =670 nm.

5.5 Influence of the photovoltage generated by
Cu/Bi;0; by a laser energy 1.96ev

5.5.1 Oblique incidence dependence at 1.96 eV

Now, we present the dependence of the circularly polarized voltage V¢ with the angle of
incidence, for laser energy of 1.96 eV at 1.5 mW laser power. The voltage detected has a
maximum of 15+0.1 V at §=70°. In contrast to previous experiments, the energy of the
laser does not excite the direct optical transition of BigO3. Since the preservation of an-

gular momentum via selection rules require electronic optical transitions, the circularly
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polarized voltage V¢ generated by 1.96 eV laser is somehow unexpected.

[\~
N

Laser energy 1.96 eV |
300K |

1

A o o AN
N A~ O 0 O
T T T T T
1 1

O |

Circular photovoltage V. (uV)
]

N ON R O ®
T

0 10 20 30 40 50 60 70

Incidence angle 6 (°)

FIGURE 5.4. Oblique incidence dependence of the circularly polarized photo-
voltage at a photon energy of 1.96 eV. Open squares show the circularly
polarized voltage V¢ at oblique incidence angles.

5.5.2 Voltage signal comparison between laser at 1.96 eV and
1.16 eV

Then, we compare the circularl photovoltage V¢ generated by 1.96 eV and 1.16 eV
energy lasers, at 6 = 70° and y = 0° . Figure 5.5 shows that V¢ (1.96eV) > V¢ (1.16eV),
indicating that the threshold to detect photovoltage coming from the circular polarization
of light is between 1.16eV and 1.96 eV, and also showing negligible contribution of

circular polarized photovoltage coming from Si substrate, which has a band gap of 1.1 eV.
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FIGURE 5.5. Compare the circularly photovoltage V¢ generated by 1.96 eV and
1.16 eV energy lasers, at 6 = 70° and v = 0°.

5.5.3 Voltage signal comparison between laser at between Cu
and Cu/Biy05

We also compare the photovoltage generated at 1.96 eV by Cu and Cu/Bi3Og3, at 0 = 70°
and w= 0°. Figure 5.6 shows that there is no photovoltage induced by circularly polarized
light, indicating the importance of the presence of the interface between Cu and Bi2O3 to
generate photovoltage from circularly polarized light. We think that the small phase shift
between Cu and Cu/BisOg is due to a misalignment of the quarter wave plate during the

measurements.

5.5.4 Hypothesis related to the origin of the helicity dependent
photovoltage with excitation of 1.96 eV

Absorption spectroscopy measurements show a plasmonic like absorption spectra at an
energy E,; = 1.9 eV in section 3.3.3. Similar plasmonic like absorption was observed for

Cu and Ag protected by graphene [68]. Photovoltaic and photocatalytic devices based on
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FIGURE 5.6. Comparison the photovoltage V,,; of Cu and Cu/BisO3 generated
with a laser at an energy of 1.96 eV, 1.5mW, at § = 70° and y = 0°.

plasmon induced hot electrons at metal nanoparticles/metal oxide interfaces have also
been reported recently, holding a promise for large conversion efficiencies [69, 70]. At
this interval of energies two other scenarios may also arise: i) gap states at our Cu/BisOg

interface where the theory is explained chapter 2 and ii) hybridization of Cu and oxygen
atoms at the interface.

5.5.4.1 Possibility of metal-induced gap states in Cu/Bi;O3 interface

At metal/semiconductor (or insulator) interface, the electron wavefunction of the metallic
side penetrates into the forbidden gap creating the so-called metal-induced gap states
(MIGS). The MIGS have been studied extensively before [71-73] as we talked about it
in section 2.1.4, and are determining for the characteristics of the metal-semiconductor
junctions such as the pinning effect [74]. Also, recently a new mechanism of Fermi level
pinning is being discussed to arise from two interface behaviors: metal work function

modification by interface dipole formation due to charge transfer, and appearance of gap
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states due interface hybridization [75]. This mechanism is different from well-known
MIGS and can result in the formation of Ohmic junctions with gap states. Because of the
lack of circular photovoltage in Cu/BigO3 at 1.16 eV in figure 5.5, we can assume that
there is no MIGS. However, with our actual data, we are not able to totally rule out the
possibility of MIGS between 1.16 and 1.96 eV. However, preliminary results with first

principle analysis of Cu/BigOg (shown in conclusion later), also did not show any MIGS.

5.5.4.2 Hybridization of Cu and Oxygen atoms at the interface

Another possibility is that Cu and O have respectively 3p®, 3d1?, 4p! and 2p2, 2p* as
valence states electrons which would create CuO, CugsO or CuyOg oxide compounds.
These oxides are p-type semiconductors with a band gap included between 1 eV and 2.6
eV, energies within the interval of our photovoltage excitation. However, grazing XRD
spectroscopy and optical absorption measurements did not show evidence of any other

oxides or materials rather than Cu and BiyOs.

5.5.4.3 Metal/oxide protected plasmon Schockley surface states

It is possible to assume that the photovoltaic conversion to the metal oxide protected
plasmon Schockley surface states in Cu(111) based on our absorption characterization
and previous analysis of other scenarios. Photon-plasmon absorption can decay via [76]:
radiative transition, nonradiative transition, resonant energy transfer and uphill elec-
tron transfer to a semiconductor in direct contact. The electron transfer occurs when a hot
electron is generated and acquired energy enough to overcome the metal/semiconductor
barrier [70]. If the hot electron is generated via photoelectric effect through Landau
damping, significant losses of energy and angular momentum may occur [77]; however,
if the hot electron is generated and directly excited to the conduction band of the semi-
conductor energy and angular momentum losses are reduced. This process is better
known as photoinduced interfacial electron transition[76, 77]. For facilitating the latter
process, interfacial charge transfer and low energy Schottky barrier should be present.
At our Cu/BigOs3 interface, we have a low energy Schottky barrier reflected in our I-V

characterization.

As said in the previous section, the degree of circular polarization, angle dependence
between the spin polarization vector (og) and spin current (J) leads to the oblique
incidence dependence. For excitation energy below the BigO3 band gap (1.96 eV), the

photons are not absorbed in the BigO3 and making the degree of circular polarization

74



5.6. SUMMARY

negligibly accepted by the incidence angle, showing just oblique incidence dependence
on J; in figure 5.4. At this energy (1.96 eV) plasmon induced hot electrons acquired and
preserved the light-induced polarisation and are converted to charge current via the IEE
at the Cu/BizO3 interface. A possibility could be that a strong hybridization of Cu-O-Bi
charge states at our interface and Rashba splitting, allowing the plasmon-induced charge
separation mechanism and IEE spin to charge conversion. Transverse photovoltage
induced by circularly polarized light can also be generated in surface state polaritons via
an asymmetric variation of the photon drag effect [78]. This mechanism requires only
surface state plasmons in metals and not necessarily the assistance of a semiconductor
such as a plasmon induced hot electrons mechanism [70, 76]. However, we tested the
response of a Cu layer to circularly polarized light at 1.96 eV as shown in figure 5.6.
While the Cu preserved the optical absorption due to Schockley surface states, We cannot
see significant transverse photovoltage related to circularly polarized light. Therefore,
furthering suggesting the combination of plasmon-induced hot electrons and IEE as the

origin for our circular polarized photovoltage at the Cu/BisOg3 interface.

5.6 Summary

We showed the photovoltaic conversion with helicity dependence at Cu/BigOg interface at
visible energies where solar spectrum peaks. Due to the increasing number of interfaces
with broken spatial symmetry, we expect that the present work motivates further studies,
advancing conversion efficiencies and further understanding towards spin orbitronics in
photovoltaics. From our present and previous reports, we have the indication of spin to
charge conversion at Cu/BigOj3 interface due to Rashba spin-orbit coupling. Rashba spin-
orbit coupling is suggested as a key component to suppress carrier recombination and
enhanced carrier lifetime in perovskites. Moreover, we observed an efficient photovoltaic

conversion arising from a plasmonic like absorption at our Cu/BiaO3 interface.
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6.1 Conclusion

To conclude, we studied the effects of optical spin-charge interconversion at the non-
magnetic metal/oxide interfaces. Especially, we are able to characterize the spin accumu-
lation at Cu/BigO3 and Ag/BisOg interfaces and show that these interfaces have opposite
spin momentum configurations. Also, we show that circularly polarized light with an
energy near the band gap of BioO3 can be converted into charge current in Cu//BigOs3
interface. More surprisingly, we show the existence of helicity dependent photovoltage
at energy range close to the plasmon resonance of copper. Also, the result from opti-
cal spectroscopy shows plasmonic like absorption at Cu/BiaOgs interface. Based these
two facts, we hypothesize a new mechanism for photovoltage generation that relies on
plasmon resonance and Rashba interfaces. To sum up, we demonstrate that plasmonic
energy conversion holds the promise for efficient mechanism of electron-hole separation
in photovoltaic devices at low costs. Moreover, the study reflects the relevance of select-
ing appropriate engineering of heterojunctions. Furthermore, considering the increase
interest of systems with spatial inversion asymmetry, we expect that the presented
work would motivate further studies on advancing conversion efficiencies and further

understanding towards spintronics in photovoltaics.
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6.2 Future works

Through all this thesis, we obtained experimental evidence by diverse methods of spin to
charge interconversion phenomena link to spin-orbit interaction at the interface between
non-magnetic metal (Cu,Ag) and BisO3. However, these diverse experimental pieces of
evidence of spin-charge interconversion due to spin-orbit coupling at are not a direct
characterization of the 2DEG formed at our interfaces. Usually, characterization of inter-
faces or surfaces with spin-orbit coupling is achieved by angle-resolved photoemission
spectroscopy. This characterization technique requires high quality of crystalline struc-
tures. However, the interfaces are formed by polymorphous layers with a low crystalline
quality, which makes impossible the characterization by angle-resolved photoemission
spectroscopy.

We present here some future preliminary results of experiments and simulations that
are related to the results obtained in the present thesis. Especially, we show the possible
characterization of the electron gas at the interface by ellipsometry and simulation of the
band structure of Cu/BigO3 at 1.98 eV above the Fermi level, to enforce the hypothesis of

novel mechanism made in this thesis.

6.2.1 Ellipsometry characterization of interfacial

two-dimensional electron gas and spin orbit coupling

A possible way to characterize of the interfaces would be by angle-resolved spectroscopic
ellipsometry [79, 80]. Especially, Xie et al. reported on a theoretical model study of the
optical conductivity of tog 2DEGs formed at perovskite oxide surfaces and interfaces.
They find out that by measuring the Drude weight of the tog 2DEG, it is possible to
provide an estimate of the total 2D carrier density. They also show that in 2DEGs with a
large 2D carrier density, a plasmon-like collective mode, resulting from Coulomb coupling

induces in-phase oscillation of a large number of intersubband transitions 6.1.
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FIGURE 6.1. From Xie et Al [80] : In-plane optical conductivity of a SrTiO3
2DEG in e?/h units for light polarized in the plane of the ty . 2DEG at high
density (5.9 x 107 ¢cm™2) medium (2 x 10714 em™2), and low (2.3 x 10713
cm™2) carrier densities 2DEG with strong atomic spin-orbit coupling with
strength Agp = 400 meV. The inset plots the intersubband part only. The
disorder-broadening 1 has been set to 10 meV.

Preliminary results

We show the preliminary results of the ellipsometry results of Cu/BioOg shown in figure
6.2. We can see a good resemblance between the theoretical prediction 6.1 and red curve
of figure 6.2 (a) regarding decreasing as figure 6.2 (a) shows the Drude contribution
on the dielectric component through the photon energy. Moreover, the more detailed
analysis comparable to the inset of 6.1 inset is shown figure 6.2 (b) and shows the possible
spin-orbit coupling contribution on the dielectric component through the photon energy.
These results may be a direct confirmation of the existence of a 2DEG in the Cu/BiaO3

but further analysis with control samples are necessary.
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FIGURE 6.2. Ellipsometry measurement of Cu/Bi2Os. (a) shows the Drude con-
tribution on the dielectric component through the photon energy. (b) shows
the possible spin-orbit coupling contribution on the dielectric component
through the photon energy.
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6.2.2 Understanding the mechanism at the interface

The other way to understand what is happening at the interface is to use first principle
calculation. At the interface, it may be possible to observe the hybridization of states
between Cu and BigOg that would confirm the assumption made in Chapter 4 and clarify

the origin of the signal of the photovoltage of 1.96eV.

Preliminary results

In collaboration with Ishii group from Kanazawa University, we show that from first
principle calculation that at the interface, it is possible to observe the hybridization of
states between Cu and BisOg. This hybridization is the resultant of the charge transfer
mechanism. A sketched of the calculated charge density of the electronic state of the
Cu(111)/a-BigOg interface is shown 6.3 (b); where blue, red and purple spheres are Cu,
O and Bi atoms, respectively; yellow clouds show the hybridization of Cu-O-Bi states.
Moreover, analysis of the calculated electronic structure in between 1.84 eV and 2 eV
on top of the Fermi level displays a Rashba spin splitting in the range of 1.98-1.99 eV
is shown in figure 6.3 (c). This Rashba splitting is the consequence of hybridization
and broken spatial inversion symmetry at our interface, which facilitates our helicity

dependent photovoltaic conversion.
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FIGURE 6.3. First-principles analysis of the Cu/BigO3 interface. (a) The layer-
projected density of states (LDOS) at the Cu/BiyOgs interface (dashed line
zone) and its vicinity. The LDOS of BizOg is from every two bismuth and
three oxygen atoms in order of proximity to the interfacial Cu layer. (b)
Schematic representation of the charge density of the electronic states of
the Cu(111)/ a-BigOg interface. Blue, red and purple spheres are Cu, O and
Bi atoms, respectively; yellow clouds show the hybridization of Cu-O-Bi
states.(c) Rashba spin splitting in the range of 1.98-1.99 eV around the
C-point in the Brillouin zone, where the origin in energy is set to be the
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