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provided guidance for experiments and data analysis.

Work from the following jointly authored publications is presented in this
thesis:

M. Rogers, A. Habib, G. Teobaldi, T. Moorsom, O. Johansson, L. Hedley,
P.S. Keatley, R.J. Hicken, M. Valvidares, P. Gargiani, N. Alosaimi, E. Poli,
M. Ali, G. Burnell, B. J. Hickey and O. Céspedes. A Hybrid Magneto-Optic
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Abstract

During this research, we explore the multifunctionality of MnOx/C60/Co
magneto-photovoltaic devices that can preserve spin-polarized charges in
the MnOx/C60 interface. The device generates a pA short circuit photocur-
rent, Isc in the dark and a µA total photocurrent and 0.3-0.4 V open circuit
voltage, Voc in presence of visible light (λ = 633 nm, 10 mW and λ = 478
nm, 5 mW). When we expose the junction to light, the incoming photons
are absorbed, creating excitons within the C60 fullerene. These excitons are
split due to the dipolar electric fields present at the interfaces, subsequently
giving rise to a photocurrent. The fullerene-oxide interface acts as a spin
filter, trapping spin-polarized electrons when a current traverses the system.
The magnetic electrode defines the spin direction of these trapped electrons.
This process leads to the formation of a magnetic region over a character-
istic time period, determined by the sequence of events involving exciton
generation and splitting, electron hopping, and charge accumulation. The
photocurrent depends on the relative alignment of the incident light polariz-
ation and the magnetization of the metallic electrode. This property can be
utilized in magneto-optic devices and polarization sensors. The photovol-
taic response of the device is improved by reducing the magnetic electrode
thickness, and the magneto-photovoltaic performance can be manipulated
by changing the orientation and composition of the magnetic electrode. The
wide-field magneto-optic Kerr effect and the time resolved scanning Kerr
microscopy (TRSKM) measurements show an evidence of the formation of
magnetic ordering in the C60/MnOx interface due to photoexcitation when
probed with a 520 nm laser. Evidence for optical gating, or a change in
the magnetic anisotropy as a function of the probing light wavelength, is
observed when doing TRSKM measurements of Co/C60/MnOx structure.
This study demonstrates a tunable hybrid spin photovoltaic memory device
structure operating at gigahertz (GHz) to terahertz (THz) frequencies.
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Chapter 1

Introduction

1



1.1 Photo-spintronics

1.1 Photo-spintronics

Spintronics is an innovative area of research that combines the electronic charge as well

as the electron spin as information carriers. Photo-spintronics, that combines optical

functionalities with the electron's charge and spin, is emerging as a �eld of research in

information technology (IT). These carriers correspond to three fundamental domains

in IT: data processing through electron movement, data storing by arranging spins, and

data transmission through optical links. Given the rapid advancements in IT, there

is a demand for increased data storage capacity with high speed data processing. [28,

29] Research in spintronics stepped forward through the discovery of Giant Magneto-

Resistance (GMR)- an e�ect observed in metallic multilayers by spin dependent electron

transport. [30] The tunnel magnetoresistance (TMR), discovered earlier than the GMR,

has replaced the non-magnetic layer of GMR with an oxide barrier. [31] Both GMR

and TMR [32] were milestones for research in spintronics. Organic spintronics combines

organic electronics and spin electronics. It is a promising �eld of research using cheap,

�exible, low weight, chemically interactive and sustainable organic materials embedded

or in contact with the inorganic materials. The long spin relaxation time, low spin-orbit

coupling and hyper�ne interaction of carbon-based nanomaterials have paved the way

for future research. [33]

The long spin di�usion length is more molecule-dependent, because carrier mobility

in molecules can be very low, in which case the spin cannot di�use for long distances

before it �ips, even though it can point in the same direction for long times. [33]

Spintronic devices being used as magnetic memories and sensors, can be combined

with photovoltaic materials or solar cells to design device architectures with added

functionalities. There are groups who have grown spin solar cells usingC60 [5] or other

molecules [1, 34] and materials [35, 36] with magnetic electrodes.

Those solar cells have an output dependent on magnetic �eld, which is called the

spin photovoltaic e�ect. They have two magnetic electrodes (e.g., Co andNi80Fe20)

with the molecular layer in between. The photovoltaic e�ciency changes as a function

of the relative magnetic alignment of the electrodes, similar to the change in resistance

of an organic spin valve. [1]
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1.1 Photo-spintronics

Figure 1.1: Left: Schematic ofCo=AlO x=H2Pc=Ni80Fe20 spin valve operating as a spin

photovoltaic device on a transparent glass substrate. Right: Current-voltage response

of the device in dark and light (7.5 mW/ cm2) irradiation. Taken from [1].

Material interfaces can play a crucial role in shaping the future of long-term inform-

ation storage through novel functionalities that deviate from the traditional operational

methods. [25] In organic materials, such as C60 fullerenes, molecules are weakly bound

by van der Waals forces. Interfacing with a metal, the lowest unoccupied molecular

orbitals (LUMOs) of C 60 generates a thin conduction band positioned slightly above

the Fermi level. [37] Molecular hybridization may result in the broadening of the low-

est unoccupied molecular orbital (LUMO) and a narrowing of the band gap. [38] A

ferromagnet/C60 interface can be spin-split, leading to spin polarization and emergent

magnetism. [4, 39, 40]

In this study, we consider the spin transport and spin polarisation at theC60=MnOx

interface. The initial objectives include: i. the utilization of spin polarized charge as

a tool to store magnetic information at the molecular-metal oxide interface, ii. under-

standing the physics of spin photovoltaics, and iii. the fabrication of spin photovoltaic

(spin solar cell) memory devices and their characterization. Comparing with the stand-

ard spin solar cell con�gurations, here we have replaced one magnetic electrode by an

MnOx layer, and use a Co layer as the other magnetic electrode, with the C60 �lm in

between. The Co/C60 and MnOx=C60 interfaces are predicted to be spin-polarized by

density functional theory (DFT) simulations, and the MnOx=C60 interface acts as a

spin �lter. The spin �ltering and charge trapping e�ects help to generate a quasi-two

dimensional magnetic layer at the metal oxide-molecular interface, where information

3



1.2 Thesis layout

can be stored by electrical or optical irradiation within a time scale of � 1 � 10 ps.

DFT calculations show that Co and MnOx are coupled with the same magnetization

direction, but the available states for transport near the Fermi level have opposite spins.

This property helps to trap the majority electrons in the molecular oxide and holes in

the metal. Trapping of the charges is investigated by comparing the short circuit photo-

current ISC measured for the Co electrode magnetized in-plane, degaussed, and biased

out-of-plane. Wide-�eld magneto-optic Kerr e�ect (MOKE) at the MnOx=C60=Co junc-

tion gives further evidence of the interfacial magnetism emerging after light exposure

due to spin-polarized charge accumulation. It shows an enhancement in the remanent

magnetization and coercivity of the magnetic hysteresis loops at the junction due to

the trapping of charges once the device is left in a charged or �oating state. This en-

hancement drops and the emergent magnetization disappears in a timescale of some 10

ps when the device is discharged by shorting the Co andMnOx elctrodes to a common

ground. [25] The emergence of a magnetic interface is also tracked with a microwave

based time resolved scanning Kerr microscopy (TRSKM) in the picosecond (ps) time

scales. The open circuit voltage of the device is found to remain unchanged due to the

relative alignment of the light polarization and magnetization of the magnetic electrode.

As the device is exposed to light, there is spin polarized charge trapping at the

MnOx=C60 interface, meaning that we are writing the information with light. The

�nal goal is to explore the spin optical and electrical functionalities and determine the

ultimate time scale for the spin photovoltaic e�ect in the hybrid devices.

1.2 Thesis layout

Chapter 2 discusses the background physics related to this research in order to under-

stand the experimental work and the results presented. At �rst, a general introduction

to the junction structure of MnOx=C60=Co structure is given. A brief discussion on

the C60 fullerene, its properties and its interface with normal or ferromagnetic metal

are discussed. Furthermore, concepts of organic spintronics and the spinterface with a

review of the relevant literature are introduced. A discussion on the spin-dependent in-

terfacial hybridisation at metal/C 60 interfaces are considered, with the future research

path of tuning the properties of the molecular layer via photovoltaics. A theory of the

Magneto-optic Kerr e�ect (MOKE) is discussed brie�y because of its relevance to both

measurement techniques and novel experimental results as a function of light polariz-
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1.2 Thesis layout

ation and magnetization observed in this work. Finally, the magnetization dynamics

and the spin pumping due to the ferromagnetic resonance (FMR) are also discussed in

this Chapter.

Experimental techniques, including sample preparation, structural and magnetic

characterisation are described in Chapter 3. Starting with the deposition of photovol-

taic samples by DC magnetron sputtering. Then the growth of C60 by in situ UHV

thermal molecular sublimation. X-ray re�ectivity with GenX �tting is used to determ-

ine the thickness of thin �lms. Raman photovoltaic characterization of the junction

devices are done by using the electrical circuitry with the multimeters, and the optical

microscope connected to the Raman instrumentation. Visible lasers with a range of

illumination intensities are used for optical illumination. The magnetic properties of

our �lms are studied using Kerr microscopy and superconducting quantum interference

device (SQUID) vibrating sample magnetometry (SQUID-VSM). The spin dynamics

of the junction structure were probed using the time-resolved scanning Kerr micro-

scopy (TRSKM) set-up at the EXTREMAG facility of the Department of Physics and

Astronomy in the University of Exeter.

Chapter 4 introduces the photovoltaic measurements. Key �ndings of spin photo-

voltaic junction devices are explored through current-voltage (IV) characteristics; short

circuit photocurrent ( ISC) and open circuit voltage (VOC ) maps of the junction when

illuminated. In this Chapter, I discuss how the photocurrent depends on the relative

alignment of light polarization and magnetization of the Co electrode, and the photo-

current as a function of the magnetic history of the Co electrode, which is linked to the

interfacial spin polarized charge accumulation.

Chapter 5 introduces time resolved magnetization dynamics measured during ferro-

magnetic resonance at the metal-molecular-metal oxide interfaces. Here, I consider the

evidence of emergent magnetism in theC60=MnOx interfaces during optical exposure

or applied voltage. I also discuss the dependence of the e�ective magnetization and

damping of aCo=C60=MnOx structure on the interfacial anisotropy and roughness. The

control of magnetic anisotropy with the probing wavelength represents an evidence for

optical gating of the structure.

Chapter 6 discusses the overall �ndings of the project and concludes the results

with the scope for future developments.
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Chapter 2

Theoretical background and literature review
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2.1 C 60 Fullerene and its properties

2.1 C 60 Fullerene and its properties

C60 was discovered by Kroto, Heath, O'Brien, Curl, and Smalley after a series of

experiments in 1985. [41] The stability of this nanocarbon compound is due to the

geodesic and electronic properties inherent in the truncated icosahedral cage structure.

The molecule was named buckminsterfullerene after Buckminster Fuller, the inventor

of the geodesic domes. During its discovery, a solid graphite disk was vaporized by

laser irradiation, aiming to replicate the formation of long chain carbon molecules that

had been observed in the interstellar space, and a remarkably stable cluster consisting

of 60 carbon atoms was produced. The cluster formed was a truncated icosahedron, a

polygon with 60 vertices and 32 faces, 12 of which are pentagonal and 20 hexagonal.

The C60 molecule, which results when a carbon atom is placed at each vertex of this

structure, has all valences satis�ed by two single bonds and one double bond, and

appeared to be aromatic. [41, 42]

Figure 2.1: The structure of C60 consists of 20 hexagons and 12 pentagons, arranged

as in the polyhedron known as the truncated icosahedron. Here, the total number of

atoms is sixty. Taken from [2].

Fullerenes are the most popular electron-acceptor carbon based material due to their

good electron conductivity and e�cient charge molecular separation in donor/acceptor

interfaces. An issue is their low absorptivity (� 15%) in the visible spectral region.

98.9% of the carbon atoms in C60 are 12C isotope of spinless nuclei with lack of hyper-

�ne interaction. Some properties of C60 are that it is diamagnetic with a total magnetic

susceptibility of -260 cgs-ppm [43]; it has low spin orbit coupling; it is thermally and

mechanically resilient; and it has large spin di�usion length (110 nm at room temper-

ature). [44] Thermal decomposition temperature of C60 fullerene takes place above 700
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2.2 Organic spintronics and spinterface science

� C. [45] and the Young's modulus of C60 nanowhiskers is 53-69 GPa. [46]. Some other

properties that make C60 suitable for organic spintronics are: (i) C60 molecules can be

evaporated in a high vacuum (HV) environment, allowing them to be cleanly placed

between thin ferromagnetic metal layers for use in vertical devices; (ii) C60 molecules

are exceptionally durable and can support the top metallic electrode without under-

going damage, which sets them apart from other organic materials; (iii) C60 �lms are

resistant to sputtering and plasma oxidation of metals on top; (iv) being a molecule of

carbons, C60 has a low spin-orbit coupling and negligible hyper�ne interaction, leading

to very long spin coherence times, and (v) the molecules have a HOMO-LUMO gap at

the visible range of the spectrum, and the LUMO of C60 aligns well with the Fermi

energy of transition metals like cobalt. This alignment facilitates relatively easy cur-

rent injection from magnetic electrodes while maintaining a moderate energy injection

barrier. [47, 48]

2.2 Organic spintronics and spinterface science

Molecular materials have the potential to o�er new functionalities and mechanical �ex-

ibility in spintronics devices. Unique spintronics functionalities that are not achievable

with regular inorganic materials might emerge from the interaction between ferromag-

netic (FM) materials and molecular materials, forming what is known as the 'spin-

terface'. These new functionalities occur due to the spin-dependent broadening and

energy shifting of the molecular levels at the FM metal/molecule interface, leading to

induced spin polarization in the molecular orbitals [3] A key aspect and very important

application of the spinterface is that it can be gated- the molecular coupling can be

changed dynamically using a voltage bias or optical irradiaiton.

When a metallic surface comes into contact with a conjugated organic molecule, it

leads to a range of phenomena at the interface. This phenomenon entails the redis-

tribution of electron density in both the metal and the molecule, which in turn alters

bond lengths and causes structural adjustments or deformations in both the molecule

and the atoms on the metal surface. [49, 50] This interaction is often categorized into

two types: physisorption, which represents a weak interaction, and chemisorption, in-

dicating a strong interaction. Physisorption occurs in the absence of chemical bonds,

and typically, the molecule retains its electronic structure similar to that in the gas

phase, though some distortion can occur. The binding energy in physisorption ranges
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2.2 Organic spintronics and spinterface science

from a few meV to a fraction of an eV. The equilibrium distance between the adsorbate

and substrate is typically around 3 �A, and the interaction is primarily driven by van

der Waals forces. In contrast, chemisorption involves a signi�cant alteration of the

molecular electronic structure and formation of chemical bonds with the substrate.

Chemisorption has notable e�ects on the density of states, interfacial energetics such

as barriers and dipoles of the device. [50, 51]

Figure 2.2a compares the band structure for the interface between a metal and

an inorganic material such as a semiconductor or insulator versus when an isolated

molecule comes in contact with the metal. An isolated molecule has discrete energy

levels. In proximity with the metal, the lowest unoccupied molecular orbitals (LUMOs)

are hybridized by coupling with the di�erent states of the metal. The lifetime � of this

state is �nite, leading to an energy level broadening with a �nite width, � = ~=�

proportional to the density of states of the metal in the 1st approximation, where ~ is

the reduced Planck constant. This broadening ranges from meV to eV, depending on

the strength of the interaction. However, due to the interaction with the metal, the

LUMO shifts from an isolated (gas-phase) value� 0, to an energy� e� . This shift includes

the metal Density of States (DOS) with the combined e�ects of interfacial dipoles and

image forces. In a ferromagnetic (FM) metal, the DOS for the spin-up and spin-down

direction are di�erent, D"
FM (E) 6= D #

FM (E) , where D" (#)
FM (E) are the DOS for a spin up

(down) FM metal at energy E. Thus the initially spin degenerated molecular levels split

with two di�erent energies � "
e� 6= � #

e� and widths � " 6= � # for the two spin directions, "

or #, respectively, as shown in Figure 2.2b. The broadening and shifting are in�uenced

by the individual coupling of each metallic state to the molecular state, and therefore,

connected to the DOS of the metal. The spin-dependent broadening can be written as:

� " (#) (E) = 2 �
X

i " (#)

jV i " (#) j
2� (E i � E) (2.1)

where V i " (#) is the coupling between the spin-dependent statei " (#) of the metallic

electrode and the discrete molecular state, and
P

i " (#) � (E i � E) is the sum over all the

energy states. For a constant coupling,V i " (#) � V , then the broadening is directly

proportional to the FM metal DOS, � " (#) (E) / D" (#)
FM (E) . [3, 52] The FM electrode

with the �rst molecular layer is then combined to de�ne the 'spinterface', and the

spin-polarized DOS of this e�ective interfacial electrodeD" (#)
int (EF ) can be written as a

function of two key parameters, � " (#) and � " (#)
e� .
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2.2 Organic spintronics and spinterface science

(a)

(b)

(c)

Figure 2.2: Schematic of (a) the interface between a metal and an inorganic material

as a semiconductor or insulator with a �at band con�guration-for simplicity, versus

a metal in proximity with an isolated molecule. Due to the interaction, the initial

discrete levels of the isolated molecule broaden and shift relative to the DOS of the

metal. (b) Molecular hybridization at an interface with a ferromagnetic (FM) metal.

As the molecule get closer to the metal surface and coupled with the FM metal (top),

the energy level broadening and shifting are spin-split (bottom). (c) Illustration of the

inorganic interface and molecular spinterface e�ect. Updated from [3].
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2.2 Organic spintronics and spinterface science

The e�ect of this spin-dependent broadening and shifting of the molecular level can

be simply described through a Lorentzian distribution for its DOS:

D" (#)
int (E ) =

� " (#)=2�

(E � � " (#)
ef f )2 + (� " (#)=2)2

(2.2)

The di�erence between the molecular level energy� " (#)
e� and metal Fermi level EF is

de�ned as:

�E " (#) = E F � � " (#)
e� (2.3)

The spin polarization of the spinterface is de�ned as:

Pint =
D"

Int � D#
int

D"
int + D #

int

(2.4)

Figure 2.2c illustrates the FM metal-molecule interactions and its comparison with

the inorganic interface. Let us consider the limits forD" (#)
Int (E) , where the broadening is

much larger (smaller) than the level distance to the Fermi energy level,� � �E(� � �E) .

For � � �E , we obtain from equation 2.2:

D" (#)
int �

1
� " (#)

(2.5)

and hence

D" (#)
int /

1

D" (#)
FM

(2.6)

Thus the e�ective spinterface DOS is inversely proportional to the FM metal's original

DOS. From equation 2.4:

PInt = �
� " � � #

� " + � # � �
D"

FM � D#
FM

D"
FM + D #

FM

= � PFM (2.7)

Physically, a larger broadening corresponds to a reduced maximum for the molecular

DOS, as the area of the broadening is constant. This explains the spin polarization

inversion between the FM and the molecular state.

When the molecular level is only slightly shifted, and the broadening� is small

enough to be neglected with respect to�E , � � �E . Then we obtain from equation 2.2:

D" (#)
int =

� " (#)

(� E " (#) )2
(2.8)
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2.3 Spin-orbit coupling and hyper�ne interaction

and hence:

D" (#)
int /

D " (#)
F M

(� E " (#) )2
: (2.9)

In this case, the e�ective spinterface DOS has the same spin polarization as the FM

electrode one but becomes levered by(�E " (#) )2 and the spin-dependent shift� " (#)
e� acts

as a spin-�lter. The initial FM electrode spin polarization ( PFM ) becomes enhanced:

Pint =
� "

�E " 2 � � #

�E #2

� "

�E " 2 + � "

�E #2

> PFM : (2.10)

We can conclude that the spin response of a device can be strongly modulated by the

hybridization at the interface. Thus the metal/organic interface is a key to pave the

way for a new �eld in which interfaces can be utilized for spintronic applications. [3,

40, 52, 53]

2.3 Spin-orbit coupling and hyper�ne interaction

The spin-orbit coupling (SOC) originates from the interaction between the nuclear

charge and electron spin via their orbital motion. It is a relativistic e�ect that grows

with the atomic number Z of an atom. The SO interaction energy is de�ned as:

E = �
�!
L :

�!
S ; (2.11)

where � is the spin-orbit coupling parameter for the free atom, and~L and ~S are the or-

bital and spin angular momenta. [11] The SOC is usually small in the organic materials

as they are mainly formed with the carbon and hydrogen atoms.

In organic materials like fullerene, the main mechanism of charge conduction in-

volves charge hopping. Then the spin di�usion length can typically be de�ned as:

� s =
R
4�

; (2.12)

with R representing the electron hopping distance. [54] Theoretically, the SOC strength,

� is composed of intrinsic, curvature-related and Rashba terms:

� = � in + � curv + � Rashba; (2.13)

where� Rashba is related to the inversion symmetry breaking, which is negligible for C60.

Therefore the SOC strength in C60 is dominated by � curv . [55, 56]
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The hyper�ne interaction originates from the interaction of the electron spin with

the nuclear spins of the host material. For N number of nuclear spins, the electron-

nuclear coupling Hamiltonian can be written as:

Hhyp =
NX

i

A i ~l i � ~Si ; (2.14)

where ~l i and ~Si are the spin operator for the nucleusi and electron spin, andA i the

coupling strength between them, respectively. [33] The interaction of the electron spin

with a single nucleus is
p

N times less strong than its interaction with the e�ective mag-

netic �eld resulting from the �xed nuclear �uctuations. For an electron spin interacting

with N nuclear spins, the statistical �uctuation scales with 1=
p

N . [57]. The nuclear

spins in organic materials mainly originate from the 1H and 13C isotopes, not from

the spinless12C atoms. The hyper�ne interaction in organic materials is usually weak

despite the presence of nuclear spins. [33, 58]. C60 molecules are composed of� 99%

naturally abundant 12C atoms of spinless nuclei and hence zero hyper�ne interaction

(HFI).

Giant magnetoresistance (GMR) measurements in a C60-based spin valve device

show a short� s � 12 nm at 10 K. This is shorter than expected spin di�usion length is

attributed to the morphology related disorder due to the amorphous phase of C60 nano-

crystalline grains. [59] A Co=AlO x=C60=Py vertical spin valve shows spin transport

through 5-28 nm of C60. [47] Recent advancements of organic spintronics using various

molecules are reported in reference [60].

The incorporation of organic semiconductors with magnetism on a MgO/Fe3O4/

Al � O=C60=Co=Al stacking vertical spin valve structure has shown a maximum of 110

nm spin-dependent transport length in C60 at room temperature. [44]

Organic semiconductors are popular in spintronics due to their inherent long spin

relaxation time � s compared with the inorganic semiconductors. The electron paramag-

netic resonance (EPR) measurements �nd the� s at room temperature 10� 7 � 10� 5 s

in organic semiconductors [33, 61] and� 10� 10 s in metals. [33, 62]. The spin life-time

or spin relaxation time, � s is written as:

1
� s

=
1

� "#
+

1
� #"

; (2.15)

where the spin-�ip time � "# indicates the average time for an up-spin to �ip to a down-

spin and � #" for the opposite. The spin relaxation length, � s de�nes the scales for the
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2.4 Spin polarized interfacial charge transfer

loss of spin polarization, and is the key component for spintronic devices. For a non-

magnetic metal or a degenerate Fermi gas semiconductor, the components are related

by the equation:

� s =

s
� s

4e2D(EF )� N
; (2.16)

and for a semiconductor in the non-degenerate regime:

� s =

s
kBT� s

2ne2� N
; (2.17)

where � s is linked to � s via the carrier mobility � as: [63]

� s =
q

� s� e=kBT; (2.18)

where D(EF ) is the density of states at the Fermi levelEF , � N is the resistivity of the

non-magnetic material, kB is the Boltzmann constant, T the temperature and n the

total number of carriers in the equations 2.16, 2.17, and 2.18 respectively. [33, 64]

The curvature-related spin orbit coupling in C60 is studied using the spin-pumping

technique in NiFe/C 60/Pt trilayer devices, and the spin di�usion length � s in C60 is

measured as13� 2 nm at room temperature. [65] Since the atomic SOC of carbon

is small, the SOC in C60 is due to the curvature of the molecule. The � -electrons

do not possess any SOC, thus the molecular curvature induces hybridization between

the � and � -electrons, which leads to an enhanced SOC in C60. [65] The curvature

induced SOCs in the C60, C70 and C84 molecules are compared with the corresponding

� s values, which increases from C60 to C84 due to the reduced molecular curvature for

larger fullerenes. [66]

2.4 Spin polarized interfacial charge transfer

Electronic charge transfer occurs due to the juxtaposition of two materials with di�erent

chemical potentials, as shown in Figure 2.3. It determines the electronic properties

of hybrid organic devices. In the case of magnetic electrodes, the diamagnetic C60

molecule, which has high electron a�nity, is shown to alter the spin direction of the

metal underneath, perhaps a few metal atomic layers rather than the whole �lm, and it

may acquire perhaps a small magnetic moment, even some antiferromagnetic exchange,
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2.4 Spin polarized interfacial charge transfer

Figure 2.3: Saturation magnetization suppression and coercivity enhancement at the

Co/C 60 interface for varying �lm thicknesses of C60 at 100 K. The reduction in mag-

netization can be interpreted as the loss of spin-polarized electrons from the cobalt d

band as they are transferred into the organic. Taken from [4].

due to spin doping (zero voltage spin injection) from Co causing the partial suppression

of its magnetic moment. [1, 4, 39]

The electronic characteristics of organic devices are in�uenced by the interaction

between a molecule and a metallic electrode. This interaction is, in part, a result of

the charge transfer that occurs when two materials with varying chemical potentials

are brought into contact. When magnetic electrodes are involved, due to the di�erence

in chemical potential and density of states for spins up and down, this exchange can

also involve the transmission of a net spin polarization orspin doping.

The formation of an interface between carbon nanomaterials and ferromagnets can

signi�cantly alter the properties of the organic due to the formation of hybridized 3dz=�

bonded pz orbitals. Further studies also show that the hybridization and spin doping

can suppress the moment of a transition metal ferromagnet through the loss of majority

spin electrons to the organic. Here, C60 shows spin order (ferromagnetism has not been

proven, and the spin order is probably localised and non-collinear) as a result of spin

doping from cobalt while suppressing the moment of the ferromagnet. [4]

From X-ray magnetic circular dichroism (XMCD) measurements, it has been re-
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2.5 Spin photovoltaic cell

ported that molecules up to 5 nm from the interface are involved in hybridization and

charge transfer due to their coupling with the ferromagnet. The induced moment in

these fullerenes is antiparallel to the moment in the cobalt �lm. For the thicker �lm,

only the LUMO derived peak is present, as X-rays cannot penetrate the whole �lm.

Hence, the XMCD reveals the presence of an antiferromagnetic coupling of the interfa-

cial layers of cobalt and C60, and weakly coupled induced magnetism propagating into

the bulk organic. [4]

2.5 Spin photovoltaic cell

A molecular spin photovoltaic device combines the photovoltaic response with spin

transport across the molecular layer, see Figure 2.4. The device having spin-valve

geometry comprises of two ferromagnetic (FM) layers (Co andNi80Fe20) with a C 60

molecular �lm in between, where Co injects spin-polarized carriers into the C60 layer

and the other FM layer is the detector.

Figure 2.4: Left: Schematic of the C60-basedSi=SiO2=Co=AlO x=C60=Ni80Fe20 molecu-

lar spin-photovoltaic (MSP) device, magnetic �eld, B and photon energy, h� . Right:

I-V curves in dark and with white-light irradiation at 295 K for the magnetic moments

of the FM electrodes in parallel, show changes in theVoc and ISC as indicated on the

curves. Taken from [5].

With light irradiation, the intrinsically non-spin-polarized photogenerated free car-

riers are driven by the di�erence in the Fermi levels between the electrodes and generates

a short circuit current, ISC. The structure behaves as a molecular photovoltaic solar

cell with very small open circuit voltage and Isc, and shows a photovoltaic e�ect under
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white light illumination at room temperature. In a short-circuit solar cell, the free

carriers produced through photoexcitation in the C60 layer are driven by the built-in

potential di�erence between the two magnetic electrodes, resulting in the generation

of an output current Isc. In the open-circuit operation, the applied voltage (Vapp)

needs to balance the photogenerated voltage (Voc) as it transports carriers from one

magnetic electrode to the other, while facilitating charge recombination. Therefore,

the variations in the light exposure a�ect the number of photogenerated carriers in the

device, whereas alterations in the applied bias voltage lead to modify the quantity of

accumulated spin charge carriers at the anode/molecule interface. This device works as

spin photovoltaic solar cell and its photovoltaic response is further modi�ed by altering

the magnetization of the electrodes. [5]

A p-type organic molecule (hydrogen phthalocyanine,H2Pc)-basedCo=AlO x=H2Pc=

Ni80Fe20 device also shows the spin photovoltaic e�ect at room temperature. The Fermi

level (EF ) of both the Co and Ni80Fe20 electrodes shown in Figure 2.5, closely aligns

with the Highest Occupied Molecular Orbital (HOMO) level of the H2Pc molecule,

which promotes a transport mechanism dominated by holes through the device. The

photovoltage generated is nearly three times greater than the applied bias on the device,

enabling the manipulation of the magnetic response using both bias and light. [67]

Figure 2.5: The Fermi levelsEF of the electrodes of the spin photovoltaic device matches

with the HOMO level of H2Pc molecule, that enables hole transport. Taken from [5].

As a continuation of previous spin photovoltaic works, molecular magnetic tun-

nel junctions are fabricated by using covalently bonded organometallic (paramagnetic)

molecular clusters (OMCs) between the top and bottom ferromagnetic electrodes of
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Co/NiFe/AlOx/NiFe. The paramagnetic molecule produces a strong exchange coup-

ling between the ferromagnetic electrodes leading to a change in magnetic and transport

properties. Thus the con�guration shows a photovoltaic e�ect susceptible to magnetic

�eld, temperature and light intensity. [34]

2.6 Introduction to our junction structure and properties

Figure 2.6a shows a schematic of theMnOx=C60=Co junction grown on a transparent

glass substrate. Apart from a usual two-dimensional thin �lm, Co grown on C60 is

rough and has several grains of� 50� 100nm. The Al cap passivates and protects the

whole structure from being oxidized within the atmosphere.

(a) (b)

Figure 2.6: (a) Schematic of theMnOx=C60=Co junction structure with a thin Al cap

oxidized in air to protect the device. Co layer grown on top of C60 is rough and has grain

boundaries where magnetization disruption generates stray �elds. (b) Wide-�eld TEM

image of the structure showing� 50-100 nm lateral grains of Co, updated from [6].

Figure 2.6b shows a wide-�eld transmission electron microscopy (TEM) image of

the junction device with di�erent contrast and clean interfaces across the layers. [4, 6]

The sputtered Co layer is polycrystalline with grains of similar size to the �lm thick-

ness. While it is expected that ideal two-dimensional �lms with uniform magnetization

exhibit a zero demagnetization factor and do not generate a stray magnetic �eld, mag-

netization disruptions will occur at grain boundaries and generate stray magnetic �elds

of some 10s of Oe a few nm above the �lm depending on its thickness [6, 68], see
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2.6 Introduction to our junction structure and properties

Figure 4.16a and 4.16b of Chapter 4. Elemental chemical analysis recovers an oxygen

rich C60 interface with Mn:O ratio 1:1.5 to 1:1 stoichiometrically. Out of the various

crystallographic forms, � � MnO2 is the equilibrium phase at the ambient temperature

and pressure. [6, 69]

Low energy muon spin rotation (LE-� SR) con�rms the presence of localized mag-

netic ordering at the C60=MnOx interfaces following an electrical charging or exposure

to optical irradiation. In the near-edge X-ray absorption �ne structure (NEXAFS), the

� � SR signal remains constant when a voltage is applied. However, the muonium state

� + @C60[� ] frequency, depolarization, and asymmetry (oscillation amplitude) near the

MnOx interface (within the 10 to 12 keV range) experience enhancement in a charged

and �oating state- see Figure 2.7a.

(a) (b)

Figure 2.7: (a) Increased� + @C60[� ] depolarization rate and oscillation amplitude in

the charged state probed at muon implantation energies of 10 and 12 keV. (b) Changes

in magnetic susceptibility due to spin-polarized trapped charge at theC60=MnOx in-

terface (15.3 keV) are absent in the bulk C60 �lm (10.4 keV). Taken from [6].
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The local magnetic susceptibility is determined by analyzing the diamagnetic re-

sponse in the muon precession frequency when a transverse magnetic �eld of 300 G is

applied. The susceptibility shows an increase during and after exposure to light, but

this e�ect is speci�c to the energy probing the interface. Upon removal of the light

source and grounding, the susceptibility returns to its normal value. It's worth not-

ing that there is no observable e�ect from light irradiation in LE- � SR measurements

conducted on samples that lack aMnOx interface, as shown in Figure 2.7b. [6, 70, 71]

Wide �eld-MOKE also gives evidence for the formation of magnetic ordering in the

C60=MnOx interface and is a much more common technique.

2.7 Magneto-optic e�ects

Magneto-optic e�ects describe the rotation of the polarization plane of a linearly po-

larized light due to its transmission through or re�ection from a magnetic medium.

A phenomenon describing the rotation of the polarization plane of a linearly polarized

light while passing through a magnetic medium is known as the magneto-optic Faraday

e�ect (MOFE) and was discovered in 1845. [72] Linearly polarized light is formed by

the equal contribution of the left and right circularly polarized light. A similar e�ect

in re�ection from the magnetic material implies a circular birefringence, i.e. di�erent

indices of refraction for left and right circularly polarized light. This e�ect, based on

Fresnel's theory of re�ection, is known as the Magneto-optic Kerr e�ect (MOKE) dis-

covered by John Kerr in 1876. [73] These e�ects are due to the weak coupling of the

optical properties and the magnetism of materials.

The MOKE e�ect was �rst shown experimentally by Moog and Bader as an import-

ant tool in the analysis of surface magnetism. [74] It is a powerful method for the study

of magnetic anisotropy, coercivity, domain structure, and magnetization reversal. In

a MOKE measurement, the left and right circularly polarized components, propagate

with di�erent velocities and are absorbed di�erently in the material. This causes a

rotation of the real part and a phase shift (ellipticity) of the imaginary part in the

material. Light penetrates a magnetic material to a depth equal to the skin depth,

some 20 nm for metals. The speed of light v is related to the permittivity � of the

medium by the equation:

v =

s
1

(� o� )
; (2.19)
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2.7 Magneto-optic e�ects

where � 0 is the permeability of the medium. The permittivity is related to the dis-

placement vector ~D and the electric �eld ~E of the polarization of light as:

~D = � ~E: (2.20)

The permittivity � ij is a tensor [75], which can be written for a cubic ferromagnetic

material as:

� ij =

2

6
6
6
4

� xx � xy � xz

� yx � yy � yz

� zx � zy � zz

3

7
7
7
5

: (2.21)

Here, the o�-diagonal elements are dependent on the di�erent magnetization directions.

In the case, when the magnetisation is parallel to thez-axis, the dielectric tensor

has the form

~� =

0

B
B
B
@

� xx � xy 0

� � xy � xx 0

0 0 � xx

1

C
C
C
A

; (2.22)

where � xy is proportional to the component of the magnetization along the z-axis.

Magneto-optical e�ects are readily illustrated by considering the response of the ma-

terial to left- and right-circularly polarised light, where Ey = iE x and Ey = � iE x

respectively. Using Equation (2.30) it can be shown that the di�erent dielectric con-

stants for left- ( � + ) and right- ( � � ) circularly polarised light are: � � = � xx � i� xy .

Linear or �rst order MOKE is divided into polar, longitudinal and transverse. The

polar MOKE is proportional to the out-of-plane magnetization component. The lon-

gitudinal and transverse MOKE are proportional to the in-plane magnetization com-

ponents parallel and perpendicular to the plane of incident light, respectively. [8] These

three con�gurations are shown in Figure 2.9. E is the regularly re�ected electric �eld

amplitude.

The Kerr amplitude K can be conceived as generated by a~m� ~E motion of the light-

excited electrons. The polar e�ect would also occur for a vanishing angle of incidence,

and the direction of polarization ~E is chosen parallel to the plane of incidence. The

longitudinal e�ect, shown here for the parallel polarization case, is proportional to the

angle of incidence. Transverse MOKE is proportional to the in-plane magnetization

component perpendicular to the plane of incident light. Like the longitudinal e�ect, an

oblique angle of incidence is also required for the transverse e�ect.
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2.7 Magneto-optic e�ects

Figure 2.8: Schematic diagram of the MOKE. An electric �eld of linearly polarised light

is incident on the magnetic material. The light re�ected from the material becomes

elliptically polarised as a result of the Kerr e�ect. The rotation of the major axis of

the ellipse � K is the Kerr rotation and the phase shift � K is the Kerr ellipticity. Taken

from [7].

Figure 2.9: Polar, longitudinal and transverse MOKE. The polar MOKE is propor-

tional to the out-of-plane magnetization component and, the longitudinal and trans-

verse MOKE are proportional to the in-plane magnetization components parallel and

perpendicular to the plane of incident light, respectively. Taken from [8].
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2.8 Theory of the linear and quadratic MOKE

MOKE is a useful tool to probe the magnetic anisotropy, which is related to the

crystal lattice of a magnetic material through the spin-orbit interaction (SO). In a ferro-

magnetic material, the Kerr e�ect arises due to the simultaneous presence of exchange

splitting and spin-orbit coupling. The �rst order or linear MOKE requires the presence

of both a spontaneous magnetization and a non-zero spin-orbit energy� , whilst the

second order MOKE or QMOKE is proportional to � 2. [11] However, for a better un-

derstanding of these e�ects, �rst it is important to understand the theory of the linear

and quadratic MOKE.

2.8 Theory of the linear and quadratic MOKE

The complex Kerr angle � s=p for s and p polarized incident light is de�ned as:

� s = �
rps

r ss
=

tan � s + i tan � s

1 � i tan � s tan � s
� � s + i� s;

� p = �
r sp

rpp
=

tan � p + i tan � p

1 � i tan � p tan � p
� � p + i� p (2.23)

Here, � s=p and � s=p are Kerr rotation and Kerr ellipticity for s and p polarized

incident light, respectively. The re�ection coe�cients r ss, rps, r sp, rpp are the elements

of the re�ection matrix R of the sample, described by the Jones formalism as:

R =

8
<

:
r ss r sp

rps rpp

9
=

;
(2.24)

The optical and magneto-optical properties of a magnetized crystal are described by

the permittivity tensor � . The above mentioned re�ection coe�cients depend on the

permittivity tensor � . The elements� ij of the permittivity tensor are complex valued

functions of the photon energy, and its real and imaginary parts correspond to the

dispersion and absorption of the material, respectively.

Ignoring the third and higher orders in magnetization M , the permittivity tensor

can be described through the Taylor series:

� = � (0) + � (1) + � (2) + :::

) � ij = � (0)
ij + (

@�ij
@Mk

)M =0 M k + (
@2� ij

@MkM l
)M =0 M kM l + :::

) � ij = � (0)
ij|{z}

M =0

+ K ijk M k| {z }
LMOKE

+ Gijkl M kM l| {z }
QMOKE

+ :::; (2.25)
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2.8 Theory of the linear and quadratic MOKE

where the superscript denotes the order inM . M k and M l are the direction cosines of

the normalized M . K ijk are the components of a linear magneto-optic tensorK , which

is a third rank axial tensor. The components change sign under the spatial inversion.

Gijkl are the components of the quadratic magneto-optic tensorG, which is a fourth

rank polar tensor. [75]

The shape of theK and G tensors can be simpli�ed by using the Onsager relation,

� ij (M ) = � ji (� M ), and the symmetry arguments of a cubic crystal: [75�77]

� 0
ij = � 0

ji

K ijk = � K jik ; K iik = 0 ; i 6= j 6= k

Gijkl = Gjikl = Gjilk = Gijlk : (2.26)

The tensors for all crystallographic classes are thoroughly discussed in [75, 78]. For

cubic crystals, the number of independent tensor elements can be reduced as:

� 0
ij = � d� ij = n2

K ijk = � ijk K = K

Giiii = G11

Giijj = G12; i 6= j

G1212 = G1313 = G2323 = G44; (2.27)

with n, � ij and � ijk being the complex refractive index, the Kronecker delta and the

Levi-Civita symbol, respectively. Here, K is the linear (isotropic) magneto-optical (MO)

coupling constant, and G11; G12 and G44 are the quadratic (anisotropic) MO coupling

constants. [77] Hence,� (o)
ij is diagonal tensor described by a scalar� d for each photon

energy. [76]

For in-plane magnetization (the polar component, M P = 0 and M k = M L , M l =

M T ), the o�-diagonal elements of � ij can be written as:

� xy = � yx = 2G44M L M T

� xz = � � zx = KM L

� yz = � � zy = � KM T : (2.28)

At � 6= 0 (where � denotes the angle between the [100] direction and the incident

plane of the incoming light (y-axis) as shown in Figure 2.10), the o�-diagonal permit-
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2.8 Theory of the linear and quadratic MOKE

tivity tensor elements can be written as:

� xy = � yx = [2G44 +
� G

2
(1 � cos 4� )]M L M T �

� G
4

sin 4� (M 2
L � M 2

T )]

� xz = � � zx = KM L

� yz = � � zy = � KM T ; (2.29)

where a rotational transformation around the z axis to the permittivity tensor is ap-

plied. [9] The linear MO tensor K is described by one free parameter K, whereas the

quadratic MO tensor G is determined by two free parameters (G11 � G12) and 2G44.

In the above equation,� G = G11 � G12 � 2G44 denotes the magneto-optical anisotropy

parameter. G11 � G12, 2G44 denote the magnetic linear dichroism when magnetization

is along the h100i and h110i directions, respectively. Namely,G11 � G12 = � k � � ? for

M k h100i and 2G44 = � k � � ? for M k h110i , where the ((k) and (? ) symbols denote

the directions of linear light polarization (i.e., applied electric �eld) with respect to the

magnetization direction, respectively. [76]

Substituting the values of � ij , the �nal expression for the complex Kerr angle is

obtained as:

� s=p = � As=p[2G44+
� G

2
(1� cos 4� )+

K 2

� d
]M L M T � As=p

� G
4

sin 4� (M 2
L � M 2

T )� Bs=pKM L :

(2.30)

Equation (2.30) is the �nal expression for the Kerr e�ect in the case of an in-

plane magnetized �lm with cubic symmetry. It shows some interesting features: i)

The last term, which is proportional to M L , describes the ordinary LMOKE. ii) There

are two separate QMOKE contributions, being proportional to M L M T and M 2
L � M 2

T ,

respectively. iii) Only the QMOKE signal strength depends on the crystallographic

sample orientation � , characterized by � G. [9]
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2.9 Contribution of the exchange splitting and spin-orbit coupling to the
linear MOKE and QMOKE

Figure 2.10: M is the normalized magnetization vector in the plane of the sample and,

� is the angle between M and the the plane of incidence of light.M L and M T are the

direction cosines of magnetization along the scattering plane and perpendicular to the

scattering plane, respectively. Updated from [9].

2.9 Contribution of the exchange splitting and spin-orbit

coupling to the linear MOKE and QMOKE

This section is focused on how the exchange interaction and spin-orbit coupling play a

role on the MOKE and QMOKE in ferromagnetic materials.

P. Bruno et al.[10] interpreted the requirement of energy conservation in terms of

the absorption of a photon by an electron transitioning between an occupied initial

state i and an unoccupied �nal state f as: ~! f i = E f � E i . They show a comparison of

the electric dipolar optical transitions between the energy levels and the corresponding

absorption spectra for the left and right circularly polarized light in bulk ferromagnets

and paramagnets.

For the electric dipolar transition, the selection rules:

� l = � 1 (2.31)

� ml = � 1 (2.32)

must be satis�ed, where l and ml are the orbital and magnetic quantum numbers,

respectively. The �rst selection rule implies that the transitions between s and p bands
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or p and d bands (for transition metals) are allowed, where the second selection rule

corresponds to the left (� ml = +1 ) and right ( � ml = � 1) circularly polarized light

respectively.

Figure 2.11a shows the transition between a doubly degeneratedxz;yz band (l=2,

ml = � 1) and a pz band (l=1, ml = 0 ), as an example. The majority and minority

spin d-bands in the ferromagnet are separated by the exchange splitting� ex. Due to

spin-orbit coupling, the orbital degeneracy of the dxz;yz bands is lifted, and the latter

are split into d(x+ iy )z (having ml = +1 ) and d(x� iy )z (having ml = � 1) bands. For

the majority spin (spin up), the level with ml = +1 has a higher energy, whereas

for the minority spin (spin down), the converse holds. By comparison, the case of a

bulk paramagnet is sketched in Figure 2.11b, showing that the cancellation of majority

and minority spin contributions leads to a vanishing Kerr e�ect. From this picture, it

appears clearly that, in a bulk ferromagnet, the Kerr e�ect arises from the simultaneous

occurrence of exchange splitting and spin-orbit coupling.[10]

R. M. Osgood III et al. reported the theoretical origin[11] of the LMOKE and

QMOKE in terms of the �rst and second order magneto-optic coupling, see Section 2.7.

These e�ects were further experimentally observed by J. Hamrleet al. [79].

The QMOKE and LMOKE e�ects are related to the electronic structure of a given

sample in di�erent ways. [10, 11] Figure 2.12a presents a simpli�ed sketch of the elec-

tronic structure of a ferromagnetic material for one point of k-space. Here, we limit

ourselves only tod ! p transitions, we assume no exchange between p-states and we

show only dipolar (i.e. optical) transitions to p states j10i . In the sketch shown, the

exchange interactionEex splits the d states into d" and d# for up and down electron

levels, respectively. Furthermore, bothd" and d# states are split by SO couplingEso

according to the magnetic quantum number m of electrons in d states. Then the left

� m = � 1 or right � m = +1 circularly polarized photons can be absorbed by the

electronic structure in either way, but the energy required and the number of available

states are di�erent for them. The absorption spectra for both polarizations are sketched

in Figure 2.12b.
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(a)

(b)

Figure 2.11: (a) Sketch of the energy bands in a bulk ferromagnet, showing the electric

dipolar optical transitions for left and right circular light. The corresponding absorption

spectra versus photon energyh� are shown on the right; the solid and dashed lines

correspond to spin up and spin down transitions, respectively. (b) The sketch of a bulk

paramagnet showing that the cancellation of majority and minority spin contributions

leads to a vanishing Kerr e�ect. Taken from [10].
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Microscopically, the LMOKE originates from a component of M parallel to k whereas

the QMOKE originates from a component of M perpendicular to k, where k denotes the

propagation vector of light in matter. [11] Let us now discuss changes in the electronic

structure for M k k (related to LMOKE) and M ? k (related to QMOKE), as sketched

in Figures 2.12a and 2.12c. For the case ofM k k, the SO coupling is proportional to

the spin-orbit coupling parameter � , Eso = � ~L: ~S (2.12a). This e�ect is odd order in

the SO interaction. On the other hand, for the case ofM ? k, the �rst order of SO

coupling in � is zero, � ~L: ~S = 0 . Therefore only spin-orbit e�ects of second or higher

order are able to remove the degeneracy of the initial or �nal state (2.12c). [79] Such an

e�ect is even in the spin-orbit interaction (i.e. proportional to M 2, not to M), because

it is independent of the direction of ~M , but sensitive to its orientation. [11, 80]

The applications of the quadratic MO e�ect can be concluded as: (1) MO hysteresis

loop measurement. (2) Quadratic MO e�ects can be used in near-normal incidence MO

microscopy for simultaneous in-plane magnetic domain observation and visualization of

the crystal micrograins with varying crystal axis orientation. (3) Quadratic MO tensor

spectra are of interest for fundamental research relating to the spin-orbit interaction

and electron transitions in magnetically ordered media. [81]

According to J. Hamrle, Institute of Physics of Charles University [12], QMOKE can

also originate from the perpendicular and parallel orientation of linear light polarization

( ~E) with magnetization ( ~M) of a sample, where~E is the electric �eld vector of the

linearly polarized light. Spin-up and spin-down d-band electrons will have di�erent

available states due to the2nd order SO coupling and exchange interaction, as shown

in the schematic of Figure 2.12d. Incident photons are absorbed by the spin-up or

spin-down electrons. The energy absorbed for parallel and perpendicular orientation

are di�erent, as shown in the absorption spectra of Figure 2.12d.

In my project, I use MnOx=C60=Co=Al junction devices and measure the photocur-

rent due to the relative alignment of linear light polarization ( P � ) and magnetization

(M Co ) of the Co electrode. Co has an in-plane magnetic anisotropy with its easy axis.

We see that the photocurrent changes due to the relative alignment of the light polar-

ization and magnetization. I attribute this variation due to the QMOKE as a function

of the angle between theP � and M Co . Since the spin-up or spin-down electrons are

generated by the circularly polarized light, they have di�erent optical absorption at the

MnOx=C60 interface with respect to the angle between theP � and M Co . [10, 11]
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(a) (b)

(c) (d)

Figure 2.12: Simpli�ed sketch of the electronic structure for one point in k-space for

(a) M k k and (c) M ? k, giving rise to LMOKE and QMOKE, respectively, where

k denotes the propagation vector of light in matter. (b) illustrates the absorption

spectra of the dipolar (optical) transitions presented in (a). The presence of a Kerr

e�ect requires that the absorption spectra must be di�erent for left � m = � 1 and

right � m = +1 circularly polarized light, and therefore both exchange and spin-orbit

interaction must be present. Updated from [10, 11]. (d) QMOKE due to the relative

orientation of linear light polarization and magnetization. Reproduced from [12].
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2.10 Magnetization dynamics

2.10 Magnetization dynamics

In the presence of a microwave �eld (close to the resonant frequency), the magnetic

moment in an ideal ferromagnetic material would precess coherently due to the robust

exchange interaction between the spins. Thus, it is convenient to think of the entire

specimen as a macrospin that is precessing about the e�ective �eld. In the next section,

we will demonstrate how the magnetic moment will align parallel to the e�ective �eld

in equilibrium because of the damping factor in the Landau-Lifshitz-Gilbert (LLG)

equation. By applying a microwave �eld with a frequency in a direction perpendicular

to the static �eld, a precession about the magnetisation axis can be produced. This

idea is known as the ferromagnetic resonance (FMR). The dynamic characteristics of

a magnetic system can be studied by using this e�ect.

Under certain circumstances, the energy that the microwaves inject into the system

can cancel or balance the damping, allowing the magnetic moment to precess about

the e�ective �eld in a steady state. [82, 83]

2.11 Field equation for an undamped magnetization �eld

In classical mechanics, the equation of motion of a rotational rigid body is written as:

�!
T =

d
�!
L

dt
; (2.33)

where
�!
L is the angular momentum and

�!
T is the torque acting on the body. Quantum

mechanically, the angular momentum associated with an electron spin:

d
�!
S

dt
=

�!
T : (2.34)

The magnetic moment of an electron is related to the spin momentum by:

�! m = 

�!
S ; (2.35)

where 
 = g e� B=~ < 0 is the gyromagnetic ratio for an electron spin. The torque

exerted on a magnetic moment�! m by a magnetic �eld
�!
H is:
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2.11 Field equation for an undamped magnetization �eld

�!
T = �! m � ~H: (2.36)

From equations 2.34-2.36, the equation of motion for the magnetic moment of an

electron spin:
d�! m
dt

= 
 �! m �
�!
H : (2.37)

As a result, the di�erential of �! m is perpendicular to both �! m and
�!
H . Instead of rotating

�! m in the direction of
�!
H , the magnetic �eld

�!
H causes�! m to precess around

�!
H . Here,

! = 
 H is known as the Larmor precession frequency. [13, 84]

For a discrete set of magnetic moments,mi , i = 1,2,3,...,n, the equations of motion

become:
@�!mi

@t
= �j 
 j�!mi �

�!
H i ; (2.38)

where Hi = @U(m i )
@m i

i= 1,2,3,...,n, is the e�ective �eld acting on the ith moment, and

U(m i) is a generalized potential energy that combines all interactions exerting torques

on the moments.

Let us introduce a continuous �eld,
�!
M (�! r ) and set, M(r i) = M i=�r i , where �! r i is

the location of a lattice cell within which an electron with an unpaired spin is localized

and �r i is the volume of a lattice cell in a lattice array.

Substituting mi = m(r i)�r i into Equation 2.38 and using the limit �r i ! 0, we

replace the discrete arrays of magnetic moments with magnetization �elds and sums as

integrals. This leads to a classical equation of motion of an undamped magnetization

�eld:
@

�!
M (~r; t)

@t
= �j 
 j

�!
M (~r; t) �

�!
H (�! r ; t) ; (2.39)

where
�!
H (�! r ; t) = � @U( �! m (�! r ; t)

@(�! m (�! r ; t) is the e�ective �eld and U(�! r ; t) is the potential energy

of the magnetization �eld. Equation 2.39 is the precessional motion for an undamped

magnetization �eld. [13, 84]
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Figure 2.13: A magnetic moment
�!
M precesses around a cone of semi angle� in a

magnetic �eld
�!
H at the Larmor frequency, 
 H.

�!
M is initially in the xz-plane at an

angle � to 
 H, where 
 H is aligned with the z-axis. Updated from [13, 14].

2.12 The Landau-Lifshitz-Gilbert (LLG) equation

Ferromagnetic resonance (FMR) motion is powered by a torque determined by the

overall magnetic �eld in which these magnetic moments are situated. These moments

rotate around an axis determined by the orientation of the total magnetic �eld. In

practice, this rotational motion is gradually damped, as energy is transferred to the

lattice structure of the magnetic material and also to the free electrons, causing the

moments to eventually align with the overall magnetic �eld. There are two pathways of

losing energy from the precessing magnetization to the lattice: intrinsic and extrinsic.

Intrinsic mechanisms combine the inherent physical properties of a ferromagnetic sys-

tem, such as the propagation of spin angular momentum, whereas extrinsic are linked

to imperfections and irregularities within the ferromagnetic system. [15]

In a damped physical system, there is a force that opposes the macroscopic driving

force. When the two forces are in balance, a steady state is maintained because the

energy gained from the driving force is balanced by the energy lost from the damping

force. When the forces are not equal, energy is either acquired (if the driving force is

greater) or lost (if the damping force is greater), and the macroscopic motion either

accelerates or decelerates.

In a physical system, the macroscopic motion is characterised by a dynamical vari-

able and the damping force always changes with the rate of change of the dynamical

variable. For a constant driving force, the rate of change of the dynamical variable will

change until the damping force balances with the driving force to achieve a steady-

state condition. The magnetization �eld ~M is one of the dynamical variables for a
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ferromagnet. [84]

The domain structure, which is in�uenced by sample size, shape, and external �eld

strength, will determine the damping value when measurements are conducted at low

external �elds below saturation. [84] It is necessary to use an external magnetic �eld

He large enough to satisfy the condition @M
@He

� 0 or a sample small enough to be a

single domain in order to obtain a damping parameter (� ) that is characteristic of the

ferromagnetic material, independent of the shape, size, and magnitude of the external

�eld. [84, 85]

A freely precessing magnetic moment or magnetization tends to align with the e�ect-

ive magnetic �eld over time, achieving an equilibrium. A phenomenological damping

term is provided to describe this motion. In order to slow down the precession, this

dissipative component, which is supposed to be directly proportional to the precession

velocity, is added to the e�ective �eld as - � ( @M
@t ), where � is a positive dimensionless

quantity, which is referred to as the damping parameter.

Then the equation of motion for a damped magnetization �eld is:

@~M
@t

= �j 
 j ~M � ( ~Hef f � �
@~M
@t

); (2.40)

which can be rewritten simply as,

@~M
@t

= �j 
 j ~M � ~Hef f| {z }
P recession

+
�
M

~M �
@~M
@t| {z }

Damping

: (2.41)

Equation 2.41 is referred to as the Landau-Lifshitz-Gilbert equation [82, 86, 87] and

� = M
� is the Gilbert damping constant. The 1st and 2nd terms on the right hand

side of equation 2.41 represent the precession and damping of magnetization as shown

in Figure 2.14.

The Landau-Lifshitz equation [86] can be written as:

@~M
@t

= �j 
 j ~M � ~Hef f � � ~M � ~M � ~Hef f : (2.42)

Therefore

~M � ~Hef f = �
1

j
 j
[
@~M
@t

+
�
j
 j

~M � ~M � ~Hef f ]; (2.43)
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where� is the phenomenological damping parameter. Using equation 2.43 in the second

term of the right hand side of equation 2.42 and simplifying, we can write:

@~M
@t

= �j 
 j ~M � ~Hef f � � ~M � [�
1

j
 j
@~M
@t

+
�
j
 j

~M � ~M � ~Hef f ]

)
@~M
@t

= �j 
 j ~M � ~Hef f +
�
j
 j

~M �
@~M
@t

�
� 2

j
 j
[ ~M � ~M � ~M � ~Hef f ]

)
@~M
@t

= �j 
 j ~M � ~Hef f +
�
j
 j

~M �
@~M
@t

�
� 2

j
 j
~M � [ ~M ( ~M: ~Hef f ) � ~Hef f ( ~M: ~M ) ]

)
@~M
@t

= �j 
 j ~M � ~Hef f �
1

j
 j
� j
 j
M

~M �
@~M
@t

+
1

j
 j
� 2j
 j2

M 2 (M 2) ~M � ~Hef f

)
@M
@t

= �j 
 j(1 � � 2) ~M � ~Hef f �
�
M

~M �
@~M
@t

)
@~M
@t

= � 
 � ~M � ~Hef f �
�
M

~M �
@~M
@t

;

(2.44)

where � = M�
 = M�

 and 
 � = � 
 ( 1 � � 2) . [88]

Figure 2.14: Precession and damping motion of the magnetization vector~M about the

e�ective magnetic �eld ~Hef f . Updated from [15].

We see that the damping terms in the two equations 2.41 and 2.44 are similar.

The only di�erence between them are due to the dimensionless damping parameter� .
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When � increases in the Landau-Lifshitz form, 
 � and, hence, the rate of precession

of the spin also increases. Note that the di�erence between the two equations vanishes

for � 2 << 1. [84, 88]

The Rayleigh damping �eld, � @~M
@t in equation 2.44, introduces a tiny torque �eld

�
M

~M � @~M
@t proportional to the damping parameter � that rotates the magnetization

�eld ~M in the direction of the e�ective �eld ~Hef f without reducing the torque �eld

j
 j ~M � ~Hef f that causes the precession. This causes the magnetization to spiral in the

direction of the e�ective �eld without changing the oscillation frequency. [84].

2.13 Coherent precession and Kittel's equation

In collaboration with Dr. Paul Keatley, we use the Time-resolved Scanning Kerr Micro-

scopy (TRSKM) technique at EXTREMAG in the University of Exeter to excite and

detect the magnetisation precession in magnetic materials. In this electrical-optical

pump-probe technique, the spin system in a magnetic material is excited by using a

microwave pulse with a quick (a few picoseconds) rise time, and the spin response is

then measured as a function of time using a time-delayed picosecond (ps) laser pulse.

Using the magneto-optical Kerr e�ect, the e�ect on the magnetization is detected by

a much weaker, time-delayed probe-pulse. Upon re�ection, the probe-pulse will ex-

perience a change in polarisation proportional to the magnetization. It is primarily

the out-of-plane component of ~M , Mz, that is detected in the speci�c (polar) optical

geometry being used. [83] It is possible to measure the magnetization as a function of

delay time after its excitation, as shown in Figure 2.15. This arrangement can be used

to explore ultrafast demagnetization phenomena on a sub-100 ps time scale since the

magnitude of the magnetization for ferromagnets diminishes with temperature. In an

all-optical pump-probe technique, an abrupt drop in Mz is seen when the material is

heated by the pump at time � t = 0. A change in the magnitude of its magnetization

(temperature dependent) results in this phenomenon. [89] The quick heat di�usion into

the substrate is what causes the recovery ofM z on a time period of a few ps. A second-

ary response manifests as a persistent oscillation that lasts for hundreds of picoseconds

long after reaching thermal equilibrium. [90]

36



2.14 Conclusion

Figure 2.15: Persistent oscillation of magnetization probed with 1040 nm ultrafast laser

pulse for a 19.4 mT �eld.

Kittel's equation describes the frequency dependence for coherent precession. It is

obtained by expressing the e�ective �eld as a partial derivative of the free magnetic

energy in the LLG equation. For a coherent precession, the resonant frequency of the

mode governed by the FMR mode is:

f =

� 0

2�

q
H (H + M ef f + Hk ); (2.45)

where 
; Me� ; Hk and � 0H are the gyromagnetic ratio, e�ective magnetisation, aniso-

tropy and the applied �elds, respectively. [85, 91]

2.14 Conclusion

This Chapter summarizes the literature reviews with some theoretical aspects relevant

to this research. A brief introduction to the junction structure establish its linkage

with the literature and previous studies. The experimental scopes of this study and

relevant techniques are discussed in the next Chapter.
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Experimental Methods
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3.1 Introduction

This chapter describes the di�erent techniques of sample preparation and their charac-

terization. Sample preparation involves the growth of junction devices and thin �lms

by DC magnetron sputtering and in-situ high vacuum thermal sublimation. Sample

characterization involves the following categories: calibration of thin �lms with X-ray

re�ectivity (XRR) and photovoltaic transport measurements of the junction devices,

I-V measurements, photocurrent and voltage maps. Magneto-optical Kerr microscopy

is used to study the hysteresis loops and magnetic domain structure of ferromagnetic

samples. We use time-resolved scanning Kerr microscopy (TRSKM) to study the mag-

netization dynamics of the metal-molecular oxide multilayered structure. We also use

SQUID VSM magnetometry to study the saturation magnetization of the structure and

�lms.

3.2 Sample fabrication

3.2.1 Magnetron sputter deposition

In this work, we use sputtering deposition to grow thin metal �lms. Sputtering is a

physical vapour deposition process where inert gas particles (such as argon) ionized by

a strong voltage to form a plasma are accelerated towards a surface electrically. The

surface is used here as a target cathode. The ionised gas particles strike the target and

dislodge atoms due to the exchange of momentum. Secondary electrons are also emitted

from the target surface due to the bombardment of Ar+ ions. Sputter deposition is the

accumulation of the sputtered atoms onto a nearby sample substrate. [17]

DC magnetron sputtering is employed for the deposition of metallic �lms. [92] In

our laboratory, metallic �lms are grown by DC magnetron sputter deposition at a base

pressure of� 10� 8 Torr achieved by a cryo-pump along with a liquid nitrogen trap, see

Figure 3.1. An inert gas, argon in our case, is introduced to the chamber to generate a

growth pressure of around 2.5 Torr. A large DC voltage of 400 V is applied across the

target and shield to form the argon plasma which bombards the target and dislodges

atoms and electrons. Poly-crystalline �lms and interfaces, grown by sputter deposition,

are free of oxygen and reproducible.

39



3.2 Sample fabrication

Figure 3.1: Schematic diagram of the of DC magnetron sputtering gun. The material

to be deposited is used as cathode/target. A high DC voltage is applied between the

target and shield. Sputtering gas entering into the chamber is ionized to form plasma.

Accelerated argon ions strike the target to eject target atoms to be deposited onto the

substrate. Electrons experience Lorentz force to move in a circular path parallel to the

cathode surface. Adapted from [16].

A DC magnetron sputtering tool uses a static magnetic �eld parallel to the cathode

surface. Secondary electrons emitted from the cathode due to ion bombardment are

constrained by this magnetic �eld to move in a direction perpendicular to both the

electric �eld ~E (normal to the surface) and the magnetic �eld ~B. The ~E � ~B drift

forms a current loop of secondary electrons, which are trapped in a region close to the

cathode. The secondary electrons lose their kinetic energies due to the collisions with

gas atoms or other electrons. Hence, an extremely dense plasma in this drift ring is

formed. This location in the drift ring is called 'etch track', shown in Figure 3.2, where

deep grooves are eroded onto the target materials. [93]

Shadow mask deposition ensures the fabrication of photovoltaic devices and molecu-

lar tunnel junctions of lateral sizes down to 100 � m. Manganese oxides, (MnOx) are

grown via reactive sputtering through plasma oxidation for 40 seconds with 16 SCCM

(standard cubic centimeters per minute) of argon with 76 SCCM of oxygen respect-

ively. In our group, much prior work was performed to determine this optimum growth

conditions of MnOx . [4, 6]
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3.2 Sample fabrication

Figure 3.2: Magnetic �eld con�guration for a circular planar magnetron cathode. Sec-

ondary electrons emitted from the cathode due to ion bombardment experience Lorentz

force due to the interaction of mutually perpendicular electric and magnetic �elds.

Hence, secondary electrons are con�ned in the region close to the cathode and lose

their kinetic energies due to their collisions with the gas atoms and other electrons

which results in the erosion of the cathode called 'etch track'. [17]

We use glass substrates for growing junction devices for photovoltaic measurements.

Glass is cheap, transparent, chemically inert and a good insulator. We cannot use

silicon substrates, since they are not transparent. When we grow devices, the other very

important property is surface roughness. Since glass is an amorphous material, there are

no crystal grain boundaries or step edges and the �lms we grow by sputtering on these

substrates are smooth enough for our spin transport measurements (rms roughness

of� 0:5nm). [94]

Gun No. Target Argon �ow (sccm) Current (mA) Power (W) Rate ( Ås� 1)

1 Co 24 50 17 1.00

4 Pt 24 25 9 1.45

6 Al 24 50 18 1.80

7 Mn 24 25 21 1.54

8 Nb 24 50 15 1.80

Table 3.1: Sputtering guns and target materials.

As preparation prior to growing junction devices, glass substrates are cut into

8 � 8 mm2 pieces, then cleaned in an ultrasonic bath with acetone to dissolve any con-

taminants. These are then washed by isopropyl alcohol to remove any trace of acetone.

Finally the substrates are dried to remove all remaining liquids by using compressed
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air. The cleaned substrates are numbered and placed in the masking wheel of the sput-

tering chamber. Our system consists of 9 guns for DC and RF magnetron sputtering.

The C60 thermal sublimation source discussed later in this report is also embedded in

the system. The sputtering guns are loaded with the required target materials in our

case are shown in Table 3.1.

Just before every growth, the target materials are pre-sputtered for a few (5-10)

minutes to remove surface contaminants and trapped gases. [16, 93]

3.2.2 High vacuum thermal sublimation

C60 thin �lms are grown in high vacuum via thermal sublimation. An alumina cru-

cible contains the C60 molecules of 99.9% purity. The crucible is heated above the

sublimation temperature 350 � C. [95, 96] C60 �lms are grown by following the depos-

ition parameters e.g., fullerene source preheating and orientation of the substrate with

respect to the fullerene vapour stream. The orthogonal position and a suitable dis-

tance from the fullerene source material to the substrate (typically 10 cm) ensures the

thickness uniformity of the �lm. [97]

The fullerene source is preheated at about350 � C for 15-30 minutes to remove any

fullerene oxide and solvent impurities since these materials sublime at temperatures

below the sublimation temperature range of C60. Since the sublimation temperature of

the source a�ects the deposition rate and the growth of the C60 �lm, a source material

temperature of 450 � C is maintained by controlling the current of the power supply.

The vapour pressure of carbon at room temperature is virtually zero. In a high vacuum

system (2 � 10� 5 Torr) at 400-600 � C temperature range, the vapour pressure of C60

ranges from1:8 � 10� 5 to 1:4 � 10� 2 Torr. [97�99]

The schematic diagram of the thermal sublimation source is shown in Figure 3.3.

An alumina crucible containing C60 powder is wounded by a highly resistive tungsten

�lament which is then connected to a current supply through copper rods. A quartz

crystal rate monitor records the growth of the C60 �lm. It operates at its natural

frequency of MHz range, which decreases with the mass of the deposited �lm. This

change in frequency is then processed to obtain the time-averaged growth rate and �lm

thickness by the rate monitor.

A tooling factor is used to calibrate the instrument that accounts for the distance

between the crucible and the substrate. The whole assembly is encased in a water-
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cooled copper cover with an opening at its top which allows the C60 molecules to

evaporate and condense onto the substrate above. The external water cooling system

prevents the components from overheating during long growth periods. [16, 18]

Figure 3.3: Schematic diagram of the thermal sublimation source used in the DC

magnetron sputter system. The crucible wound by a tungsten �lament contains C60

molecules. The �lament is connected with a current source through copper rods to

heat up the crucible/C60. The quartz crystal monitors the growth rate and thickness

of C60 �lm through its change in frequency of resonant vibration. The water-cooled

cover enclosing the assembly protects from over-heating. Updated from [18].

The deposition rate of C60 is related to the current/temperature of the �lament.

However, the current through the �lament does not always produce a speci�c crucible

temperature. This depends on the thermal contact between the crucible and �lament

and how much material is inside the crucible. That is why we always tune the current

whilst monitoring the growth rate given by the quartz monitor, with a typical delay

of 5-10 minutes. The pressure at the source is slightly higher than the rest of the

chamber. Therefore, the temperature when we deposit is slightly higher than that. In

our laboratory, the usual growth rate of C60 is 0.3 �As� 1 with a current of 23 A (power,

P= 64-67 W) and a tooling factor of 19.
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3.3 X-Ray re�ectivity

Spin-dependent phenomena emerging at molecular interfaces have strong dependence

on the structural morphology of thin �lms. Hence, a consistent characterisation of the

morphology of thin �lms multilayers used in this thesis is important.

X-ray re�ectivity and X-ray di�raction methods are based on Bragg's law, that

explains the di�raction between two scattering centers separated by a distance 'd' with

di�erent electron densities, [100�102] following the condition:

2dsin� = n �; (3.1)

where � is the wavelength, � is the angle of coherent interference and n is an integer.

X-ray re�ectivity (XRR) is based on the re�ection of electromagnetic waves from in-

terfaces with sudden changes in electron density. To measure the inter-atomic distance

precisely, it requires a wavelength of� 10� 10 m. It is obtained through the core-hole

recombination in widely used Cu targets by bombardment with accelerating electrons.

The retardation of electrons in the target produces a broad distribution of radiation

known as Bremsstrahlung, while the recombination of core-holes with outer-shell elec-

trons produces X-ray emission. The transition of a 2p electron from the n = 2 (L) shell

to the n = 1 (K) shell gives rise to the Cu K � line with a wavelength of 1.54 �A. This

emission line is commonly used in lab-based re�ectivity techniques. [16, 19]

XRR is a non-destructive technique that provides thickness, roughness and density

information of relatively smooth surfaces, thin �lms, multilayers and buried layers.

Alumina cap layer allows the �lms to be protected from oxidation or other chemical

attack. XRR measures the density of a material's surface through changes in the critical

angle for total external re�ection. [103, 104]

For X-rays, the index of refraction is a complex number with a modulus less than

1, and can be written as,

n = 1 � � � i� (3.2)

Here, � and � account for the scattering and absorption of X-rays in the material. [19,

103] 1-� involves the phase shift of the electromagnetic wave entering the sample and

can be written as,

� =
2��r 0

k2 (3.3)

and � can be written as,

� =
�
2k

=
��
4�

(3.4)
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where, � , r0, k, � and � are the electron density, Bohr radius, X-ray wave vector, linear

absorption coe�cient and X-ray wavelength respectively.

Figure 3.4: Illustration of specular conditions for XRR measurements, where~EI , ~Er , ~Etr

and ~K in , ~kr , ~kr describe the electric �eld components and wave vectors of the incident,

re�ected and transmitted waves, respectively. n is the refractive index of the medium.

Updated from [19].

For X-ray radiation, the refractive index of a material is only slightly less than 1.

Passing from air (n = 1 ) to the re�ecting material ( n < 1), it is possible to totally

re�ect the beam if the grazing angle � is small enough (� 0). This is known as the

total external re�ection of X-rays.[19, 105] For this to occur, the incident grazing angle

� must be smaller than the critical angle � c de�ned in absence of attenuation as Snell's

law with � = � c and � 0= 0:

n0cos� = n cos� 0

) cos� c = n cos� 0

) cos� c = n

) 1 � � 2
c=2 = 1 � �

) � c =
p

2� =

r
4��r 0

k2 : (3.5)

When the glancing angle of incident X-ray is above the critical angle of the �lm, the

measured re�ected intensity rapidly falls. It shows an oscillatory behavior due to the

constructive and destructive interference between X-rays re�ected at the �lm surface
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and the �lm-substrate interface. This oscillation is well known as Kiessig fringes. The

position of maxima and minima of the fringes are related to the refractive index and

�lm thickness, the amplitude of oscillation and the critical angle for total re�ection are

related to the density of the �lm, and the decay of the oscillatory behavior is related to

the surface and interface roughness i.e. intermixing of layers and element di�usion. By

using the Kiessig equation 3.6 or �tting the data with GenX software one can estimate

the thickness and roughness of the sample:

� = 2 t
p

sin 2� m + sin 2� c; (3.6)

where � is the wavelength of the X-rays, t is the thickness of the �lm, m is an integer

and � m is the angular position of the constructive peaks. [104]

The features of XRR measurements are as follows: (1) the resolution is very high

(� few �A) since the wavelength of the X-ray is a few angstrom, (2) not only the surface

structure but also the electron density pro�le normal to the surface from the vicinity

of the surface to deeper parts of the substance can be analyzed (specular re�ection

measurement) and (3) non-destructive and observations can be performed. [106]
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(a) (b)

(c)

Figure 3.5: XRR measurements of single �lms of C60 (29.4 nm), Co (37.0 nm) and Mn

(53.4 nm). The dependence of the critical angle,� c upon the density of the material is

observable in the �gures. The rms roughness of C60, Co, and Mn are 0.55 nm, 0.49 nm

and 0.1 nm, respectively. The thicknesses of the �lms are determined using the GenX

�tting software.
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3.4 Raman Instruments

3.4.1 Raman measurements

Interaction of light with matter involves two types of scattering process. One type,

called the strong elastic Rayleigh scattering, involves photons with the same energy

(elastic) to that of the incident one. The other type is called (very weak � 10� 5 of

the incident beam) inelastic Raman scattering, which involves frequencies less (Stokes)

or greater (anti-Stokes) than that of the incident photons. Inelastic Raman scattering

occurs as a result of changes in the frequencies of scattered photons due to the changes

in the vibrational modes of the molecules of matter. This principle is a key technique

for studying the molecular spectra of di�erent materials. [107]

Raman measurements are done for structural characterisation of the molecular C60-

based �lms. These are performed in our laboratory by using a Horiba LabRam HR800

Raman microscope. This set-up consists of three di�erent laser wavelengths for sample

illumination; 633 nm (red), 532 nm (green) and 473 nm (blue). Care must be taken for

sample illumination with higher energy laser sources (i.e. blue and green lasers) as it

may cause non-reversible degradation of the molecules through photo-induced chemical

changes. A schematic diagram of the Raman spectrometer is shown in Figure 3.6.

Monochromatic light from a laser is re�ected by a mirror and then it passes through

a number of �lters. Firstly, the line �lter narrows the Gaussian distribution of the

photons around the desired wavelength. Then the intensity �lter controls the intensity

of light incident on a sample. This �ltered light is then re�ected by two 2-way mirrors

and passes through a microscope and to a sample below the microscope. The microscope

has x10, x50 and x100 objective lenses. The microscope can be focused on the sample

using a white light source and the video that is taken by using a USB camera. Light

scattered o� the sample passes through the microscope, re�ects o� the �rst 2-way mirror

and is transmitted through the second 2-way mirror. A long wave pass �lter removes

the elastically scattered light leaving the inelastically scattered light to di�ract o� a

di�raction grating. A charge coupled device (CCD) is used to detect the di�racted

light, thus measuring the spectra. [16, 18]
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Figure 3.6: The Raman spectrometer utilizes monochromatic laser light, which is

�ltered for wavelength and intensity control. This controlled light is directed through a

microscope onto the sample, allowing video capture with a USB camera. Scattered light

passes through mirrors and a long wave pass �lter, separating inelastically scattered

light for di�raction. A CCD measures the spectral data and allows for adjustable res-

olution in wavenumber analysis. Updated from [18].
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3.4.2 Photovoltaic measurements

Electrical measurements are also performed by using additional circuitry along with the

optical microscope which is a part of the Raman instrument. Electrical measurements

e.g. IV characteristics, photocurrent and voltage maps of our devices are performed

by using multimeters along with the Raman instrumentation. For this purpose, the

device connected with multimeters through a break-up box is placed on the sample

plate. The sample is positioned on a movable motorised x-y-z stage (sample plate)

below the Raman microscope so that it can be irradiated by tunable light intensity

with a wavelength of 473 nm (2.63 eV), 532 (2.34 eV) or 633 nm (1.96 eV), whereas

the energy gap in C60 is 2.3 eV. [108, 109] Measurements are taken in di�erent light

intensities by keeping the device in dark, white light or various intensities of the laser.

3.5 Magneto-optical Kerr microscopy

magneto-optical Kerr e�ect (MOKE) measurement involves the rotation of the polariz-

ation direction of light as it re�ects o� a magnetized surface. The interaction between

the incoming light and the magnetized surface causes the plane of polarization of the

incident light to rotate, and this rotation is directly proportional to the magnetization

of the sample. In practice, a laser beam is directed onto the sample of interest. Before

and after the sample, two polarizers (a polarizer and an analyzer) are positioned with

their orientations at an angle to each other. This setup e�ectively eliminates the light

intensity detected when there is no external magnetic �eld present. Any subsequent

change in intensity represents the rotation of the polarization plane of the light, which

is an e�ect of the magnetization induced in the sample by an applied external magnetic

�eld. [110] A photodiode detects the re�ected light as a detector.

The Faraday and Kerr e�ects are used to investigate the properties of ferromagnetic

materials. Since the samples studied in our experiments are opaque, it is necessary to

use the Kerr e�ect to measure the magneto-optical response of the samples.

The fundamentals behind the discovery is the weak coupling of the optical and

magnetic properties of di�erent materials. A linearly polarised light can be decomposed

into left and right and circularly polarised light. These components have di�erent

refractive indices leading to di�erent velocity of propagation and di�erent absorption

in the materials. Due to this, there is a rotation in the real part and a phase shift
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3.5 Magneto-optical Kerr microscopy

(ellipticity) in the imaginary part of the complex Kerr angle, as it propagates through

a material.

The penetration or skin depth for the re�ection of visible light on metallic surfaces

is around 20 nm, the irradiance dropping exponentially from its surface. Linearly polar-

ised light re�ected from the surface of the ferromagnetic material becomes elliptically

polarised. [20, 111, 112]

By illuminating the magnetic sample with an s-polarized wave in longitudinal con-

�guration, generally two orthogonal components exist in the re�ected light for an ob-

lique plane of incidence, see Figure 2.8. One is polarized along the perpendicular

s-polarization (polarized perpendicular to the plane of incidence) and the other along

the parallel p-polarization (polarized parallel to the plane of incidence). As a result, a

re�ection coe�cient r ss that de�nes the s-polarized wave after re�ection and a re�ec-

tion coe�cient rps for the orthogonal component polarized along the p-direction can

be de�ned. r ss and rpp are the regular re�ection coe�cients.

The re�ected �eld components of the elliptically polarized light from the interface

of non-magnetic and magnetic media can be de�ned in terms of the incident electric

�eld components E inc
p and E inc

s by the Jones matrix formalism,

0

@E ref l
p

E ref l
s

1

A =

0

@rpp rps

r sp r ss

1

A

0

@E inc
p

E inc
s

1

A (3.7)

where E inc
p;s and E ref l

p;s are the electric �eld vectors of the incident and re�ected light

beam respectively.

The complex Kerr angle � k with the Kerr rotation � k and Kerr ellipticity � k for

s-and p-polarized light can be written as:

� k;s = � k;s + i� k;s =
rps

r ss
(3.8)

and

� k;p + i� k;p =
r sp

rpp
: (3.9)

In terms of the optical re�ection coe�cients, the complex Kerr rotation and ellipticity

are de�ned as:

� k = � Re(
r sp

rpp
) (3.10)
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3.5 Magneto-optical Kerr microscopy

and

� k = Im (
r sp

rpp
) (3.11)

for incident p-polarized light, and

� k = Re(
rps

r ss
) (3.12)

and

� k = Im (
rps

r ss
) (3.13)

for incident s-polarized light, respectively. [20, 113]

According to the orientation of measurement, the Kerr e�ect has three possible

geometries:

1. Polar Kerr e�ect: This e�ect occurs when the magnetisation component of the

sample is out-of-plane and the incident light is perpendicular to the surface (i.e.

the angle of incidence of light is 0� .

2. Transverse Kerr e�ect: This e�ect occurs when the magnetisation is perpendicular

to the plane of incidence and parallel (in-plane) to the surface of the sample.

Hence there is no rotation for the component of light which is perpendicular to

the plane of incidence. However, there may be a change in the re�ected intensity.

3. Longitudinal Kerr e�ect: This e�ect occurs when the component of magnetisation

is in-plane and the angle of incidence of light is 0� . Here the magnetisation

component is parallel to the plane of incidence.

Recent developments of high-intensity light-emitting diodes (LEDs) o�er an altern-

ative for illumination in MOKE microscopy. Several watts of collimated output power

are achievable with current LED illuminators. Moreover, LEDs have high durability

and low noise. If fed into an optical �bre, they provide the ideal microscope illumina-

tion. Di�erent polarization orientations of LEDs as shown in �gure 3.7 enable MOKE

measurements of polar, transverse, longitudinal and a convenient combination of them.

This enables our measurements with high e�ciency, stability and brightness. [8, 20]

3.5.1 Magnetic domains imaging

The observation of magnetic domains by magneto-optical microscopy, based on the

Kerr e�ect, is one of the most prominent techniques for the visualization of the mag-

netization vector within magnetic materials. Magnetic domain imaging provides the
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3.6 Time-resolved scanning Kerr microscopy

Figure 3.7: Alignment LED source for (a) polar, (b) longitudinal (p-polarization),

(c) longitudinal (s-polarization) (d) transverse-like, (e) diagonally longitudinal and (f)

polar MO-sensitivity. The polarization axis is kept vertical for all cases. Possible

imaging schemes involving multiple �bers or with the use of a holographic �lter are

shown in (g, polar) and (h, longitudinal). The e�ective planes of incidence are indicated

by parallel lines. Updated from [20].

most direct access to the e�ective magnetic properties of materials from macro- down

to the microscale. The formation of magnetic domains and domain walls is due to the

magnetic anisotropy and the minimization of the total energy of the system. In this

case, the magneto-static energy is the primary driving force. This energy is directly

coupled to the dimension and shape of the magnetic material. [8]

3.6 Time-resolved scanning Kerr microscopy

This experiment was set up at EXTREMAG in the University of Exeter with the

help of Dr. P. S. Keatley. Figure 3.8 shows a schematic representation of the pump-

probe Time-Resolved Scanning Kerr Microscopy (TRSKM) equipment, which is used

to investigate the temporal evolution of the picosecond spin dynamics of a thin-�lm

ferromagnetic sample in response to a pulsed magnetic �eld. The sample is placed on

top of the coplanar wave guide (CPW) with an array of permanent magnets underneath.

The ferromagnetic layer of the sample (Co) is biased in-plane with di�erent values of

the �eld by changing the distance between the magnets array (not shown) and the

CPW.

TRSKM is an e�ective method for examining picosecond magnetisation dynamics at

sub-micron length scales. [114] It utilizes the principle of the magneto-optical Kerr e�ect
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3.6 Time-resolved scanning Kerr microscopy

with ultra-short laser pulses generated by using mode-locked laser technology. [115]

The fundamental idea is to generate a speci�c phase relationship between the various

longitudinal modes inside the laser cavity, resulting in a train of ultra-narrow pulses

that are spaced apart in time by the cavity's round trip time. [115, 116]

Figure 3.8: Schematic of a time-resolved scanning Kerr microscopy setup using a pulse

generator which is phase-locked with the ultrafast �bre laser. The microwave pulse

excites the magnetisation, where the laser pulse is used to probe the magnetisation as

a function of the delay to the excitation with sub-ps resolution. Updapted from [14].

A microwave probe station, added to the TRSKM, allows for the excitation of

the magnetization dynamics by using a pulsed or harmonic magnetic �eld (pump)

generated by a picosecond electronic pulse generator (PSPL 3600) that is phase locked

to the optical pulses (probe) from a Fidelity multimode �bre laser (P Out = 10 W, 1040

nm, pulse duration 140 fs, repetition rate 80 MHz). The PSPL 3600 generates coherent

pulses to excite the magnetism in the magnetic layer of the structure-Co, in our case.

This excitation causes a precession of the magnetic moment, resonance and eventually

absorption of the signal in the sample structure. [83]
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3.6 Time-resolved scanning Kerr microscopy

(a) (b)

Figure 3.9: Pulse pro�les of the microwave pulse generator (model: PSPL 3600).

(a) The microwave pulse generator emits pulses of full-width-half-maximum (FWHM)

width of 0.14 ns with a very small perturbation at about 0.4 ns after its signal peak.

(b) The separation of pulse is 12.5 ns with an 80 MHz repetition rate. The small per-

turbation (shown in a) causes a dephasing of the Kerr rotation signal after about 1 ns.

The 520 nm (blue) laser pulses are created by second harmonic generation (SHG)

of the fundamental 1040 nm to position the laser more easily on to the sample, or to

probe materials transparent to the longer IR wavelength.

A master clock synchronises the electrical pulse from the PSPL 3600 with the optical

pulses from the mode locked �bre laser. The retro-re�ector is utilised to adjust the

relative delays between the optical pulses from the laser and electrical pulses from

the pulse generator to the sample. The temporal evolution of the sample's magnetic

response can be tracked by altering the probe pulse's time delay relative to the pump,

and recording the MOKE signal at each delay. [14]

The beam that is re�ected back from the sample is fed into the detector after being

re-collimated. The electrical output from the photodiode detector is sent into a lock-

in ampli�er with a reference signal derived from the same function generator as the

electric pulse generator. [117]

By detecting a tiny (approx. 10� 5 degrees) rotation of the plane of polarisation

of the optical probe re�ected from the sample surface due to the polar MOKE, one

can determine the change in the out-of-plane component of the precessional magnet-

ization. [14, 117] A computer stores the signal that is recovered by the lock-in ampli-
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3.7 SQUID VSM magnetometry

�er. [114]

In this study, MnOx /C 60/Co/Al structures are placed on top of the track of the

CPW with inverted face to excite the Co layer with the electrical pulse. An array

of permanent magnets generating an in-plane �eld is placed underneath the CPW to

bias the magnetic layer with di�erent �elds by changing its distance from the sample.

Further details of the measurements will be discussed in the results chapter.

3.7 SQUID VSM magnetometry

In this study, we need to measure very small magnetic moments. A 4� 4 mm2 mul-

tilayer sample with a thin (2-4 nm) cobalt electrode will have a magnetic moment of

� 10� 6 emu. Thus, a high resolution magnetometry system is required to carry out

this measurement. The superconducting quantum interference device (SQUID) is a

very sensitive tool for detecting low magnetization.

Figure 3.10: Schematic of a quantum design SQUID VSM system. The SQUID loop is

inductively coupled to the oppositely wound gradiometer detection coils through which

the magnetic sample oscillates along the z-direction. Updapted from [21, 22].

Figure 3.10 shows the schematic of a quantum design superconducting quantum

interference device vibratiing sample magnetometer (SQUID VSM) system. A magnetic

sample shown in red generates a �eld around it because of its internal magnetization.

The sample is attached to a rod, and is moved up and down through a second order
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3.7 SQUID VSM magnetometry

gradiometer coil. [118] This movement causes a change in magnetic �ux associated with

it and generates a current through the coil according to Faraday's law of electromagnetic

induction. This current �ow generates a magnetic �ux in the SQUID loop that is

inductively coupled to the detection coils. The current through this loop is proportional

to how much current is induced in the detection coils where the magnetized sample is

moving, and therefore to the magnetic moment of the sample. [21]

For the SQUID VSM detection mode, the sample resides within the 2nd order

gradiometer, which is inductively coupled to the squid. However, instead of scanning

the sample through the entire length of the gradiometer, the sample simply vibrates

at the central location, and measurements can be completed in a shorter time period

compared to a conventional SQUID magnetometer. A SQUID VSM combines the

sensitive capabilities of a SQUID with the rapid measurement speed of a standard

VSM. [22] Therefore for small amplitudes of vibration, the voltage waveform can be

approximated as a parabola:

V � Cz2: (3.14)

The sample oscillates sinusoidally with an amplitude A and frequency! :

z(t) = A sin(!t ): (3.15)

Hence

V(t) � CA2 sin2(!t ) =
CA2

2
(1 � cos(2!t )) : (3.16)

A standard lock-in technique is used to measure the amplitude and phase of the

time-dependent ac voltage. Firstly, we see that the voltage oscillates with a frequency

2! , twice of the physical oscillation frequency. We would expect any mechanical noise

of a vibrating sample to occur primarily at the fundamental frequency ! . Therefore,

measuring the voltage at twice the oscillation frequency, should reduce the measurement

noise. [22]

The SQUID consists of two Josephson junctions formed into a ring between two

superconducting wires. [118, 119] The junction has a characteristic critical currentIC

which is the maximum current that can �ow through each of them. At zero �ux, the

total current through the device is 2 times the critical current at the junction. By

applying a magnetic �ux � through the device, a phase di�erence between the current

in the opposite sides of the ring is established. Therefore the current due to the �ux is
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3.7 SQUID VSM magnetometry

added on one side, whereas it is paused on the other side, causing a phase mismatch

between them. This behaviour is periodic and causes a quantization of magnetic �ux

into the device. That means at zero �ux, we get the characteristic current IC through

the device. If we apply a magnetic �ux, we get a current that is one-half the �ux

quantum, � 0 = h =2e = 2:07� 10� 15 Tm2. [120] The characteristic current corresponds

to the maximum total current through the system and the half-integer value of the

total �ux quantum corresponds to the minimum current. [21, 118]

Figure 3.11: Gradual increase of magnetic �ux through Josephson junctions results in

an initial decrease and then increase of the critical current,IC. The highest IC occurs

when there is no �ux (or an integral number of �ux quanta, n� 0), while the lowest IC

happens with half of an integer number of �ux quanta, (n + 1 =2)� 0. These oscillations

follow a pattern with a period equal to the �ux quantum. Updated from [23].

If a current greater than IC is held constant through the device, we can see that

the voltage should oscillate back and forth between a minimum and integer value of

the quantum, n� 0 and a maximum and half-integer value of the quantum,(n + 1 =2)� 0,

where n is an integer. This behaviour is shown in the Figure 3.11 with a period of one

�ux quantum. The minimum is at zero or any integer value of the quantum and the

maximum is at the half integer value of the quantum.

The e�ect is similar to the Young's double-slit experiment, where coherent light,

emitted by a laser, passes through two adjacent slits, leading to the interference of light

waves and the generation of alternating light and dark bands. Similarly, in a supercon-

ductor, a single wave function describes the Cooper pairs. The wave functions at the

two Josephson junctions interfere to generate a current and voltage oscillation. [23, 120]
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3.8 Conclusion

This Chapter summarizes the sample fabrication and characterization techniques with

brief description used in this research. DC magnetron sputtering and high vacuum

thermal sublimation are employed for the sample fabrication, and X-ray re�ectivity,

Raman instruments, magneto-optical Kerr microscopy, Time-resolved scanning Kerr

microscopy, and SQUID-VSM magnetometry are used for characterizing thin �lms and

junction devices.
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Chapter 4

Photovoltaic characterization ofMnOx=C60=Co

andMnOx=C60=[Co=Pt]� 3 junction devices
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4.1 Introduction

This chapter introduces the photovoltaic measurements ofMnOx=C60=Co=Al and MnOx

/ C60=[Co=Pt] � 3=Al heterojunction devices over a range of thicknesses ofMnOx , C60 and

Co. The O � C60 bonding in the MnOx � C60 interface forms a rectifying barrier. [6]

The junctions are photovoltaic due to the formation of excitons in the C60 layer, which

are then split by the electric dipolar �eld generated at both molecular interfaces, leading

to a short circuit photocurrent, ISC and an open circuit voltage, VOC . The molecular-

oxide interface is highly resistive and predicted to be half-metallic [6, 25], which leads

to spin polarised charge trapping. Charge trapping can also occur due to defects or

impurities at the MnOx � C60 interfaces. Note that the impurity dependent charge

trapping cannot be controlled by changing incident light polarization, magnetization of

Co electrode or by applying voltages.

The amount of charge trapping and the generation of anISC depends on the relative

alignment of linear light polarization P� and the magnetization MCo of Co, perhaps

due to the quadratic magneto-optic Kerr e�ect (QMOKE) and/or di�erences in the

optical absorption. The ISC decreases whenMCo is parallel to the P� . The stray

�eld of Co controls ISC generation and charge trapping in theMnOx � C60 interface.

ISC also depends onMCo, i.e. whether the Co electrode is degaussed or saturated. We

replace the Co single layer electrode with a thin Co/Pt multilayer having perpendicular

magnetic anisotropy (PMA) to observe the e�ect of the stray �eld on the ISC and VOC

of the junction device.

The junction is exposed to red (� = 633 nm, Ephoton = 1.96 eV, POut � 10 mW)

and blue (� = 478 nm, Ephoton = 2.6 eV, POut � 50 mW) lasers for photovoltaic

measurements. Horizontal and vertical linear light polarizers are used to measure the

ISC and VOC changes due to the relative alignment ofP� with MCo. The Co electrode

is magnetized and degaussed by using in-plane and out-of-plane magnet set-ups.
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4.2 Photovoltaic characterization of MnOx=C60=Co junction

devices

4.2.1 Sample structure

Figure 4.3a shows a schematic of theMnOx=C60/Co/Al junction device. The junctions

are deposited on transparent glass substrates with an active area of usually 100� 100 or

200� 100 � m2. Manganese oxide is grown in the DC magnetron sputtering system

via plasma oxidation, with the sputtering pressure of 3.5 mTorr. Mn electrode is

grown initially with a 35 SCCM (standard cubic centimeters per minute) of argon �ow,

which is then oxidized for 40 seconds through plasma oxidation. After the metal oxide

deposition, we cryopump the chamber till we recover a vacuum of� 10� 8 Torr with an

oxygen partial pressure of� 10� 10 Torr, We then preheat the fullerene source for about

30 minutes and then grow C60 fullerene �lms on top of MnOx by thermal sublimation.

Then we grow Co on top of C60. Finally, the whole structure is capped with a 2 nm thin

Al layer (forms AlO x in ambience) to protect the structure from degradation. We also

grow some thin �lms for the calibration of our samples by using the X-ray re�ectivity

measurement. Typical structures of the junctions with layer thicknesses are:

Glass//Mn(10 nm)/ O2(40s)=C60(5-20 nm)/Co(1.5-10 nm)/Al(1.8-2.2 nm)

Glass//Mn(10 nm)/ O2(40s)=C60(20 nm)/Cu(5 nm)/Al(1.8 nm).

Manganese oxides in the transition metal oxides (TMOs) family, are key materials

for oxide nanoelectronics. MnO2 is an attractive material for its functional properties

and wide range of applications in dry cells (
 � MnO2) [121�124], molecular and ion

selective membranes in capacitors and Li-ion batteries. [125�127] It is also used as a

cathode material for magnesium rechargable batteries [128], as a component of cath-

odes in oxide-semiconductor capacitors based on tantalum, niobium and aluminium

oxides. [129] The important properties of the material for this thesis are its high con-

ductivity and ability to thermal phase transition as well as its spin �ltering e�ect while

the resistance increases by 3-4 orders of magnitude. [129, 130] MnO2 has many crystal-

lographic forms (� -, � -, 
 -, � -, � - and � -MnO2) that connect MnO 6 octahedron units

to each other in di�erent ways and have di�erent characters of spatial alternation of

the octahedra �lled by Mn atoms and empty octahedra. [24, 126]� � MnO2 shows the

electrocatalytic activity to reduce the overpotential of Li-air cells during charge and

discharge. [131] Electro-deposited� � MnO2 is suitable for electrodes in supercapacit-

62



4.2 Photovoltaic characterization of MnOx=C60=Co junction devices

Figure 4.1: Structural polymorphs of MnO2 as a result of diverse bonding patterns of

MnO6. Taken from [24].

ors for its high surface area morphology. [127]� � MnO2 is the most thermally stable

structure among all the polymorphs. [24]

MnO and Mn3O4 are known as Mott insulators with relatively high resistivity.

Mn2O3 shows p-type semiconducting properties. MnO2 is an n-type semiconductor

and antiferromagnet with the N�eel temperature TN = 92.5 K. The conductivity of

MnO2 (� 1 (
cm) � 1) is higher than that of MnO and Mn 2O3 by several orders of

magnitude. At temperatures above 723 K, MnO2 loses oxygen and transforms into

Mn2O3. [129, 130]

MnOx grown by the DC magnetron sputtering consists both ofMn2O3 and MnO2.

Previous studies in our laboratory has observed the oxidation states of the metal ox-

ide electrode is x = 1.5-2. The concentration of oxygen varies across the �lm, with

higher oxygen content x near the interface. [130] The di�usion of O-atoms coupled with

the MnOx=C60 re-hybridization and addition of extra charge in the �oating state [6],

altogether lead to the theoretical prediction of half-metallic density of states at the

MnOx=C60 interface (experimentally, this interface is likely spin polarized but not half-

metallic.). Here, MnOx behaves as a p-type semiconductor. Since C60 is in direct

contact with the ferromagnetic Co electrode, zero-bias electron transfer takes place

from Co to C60. [4]

C60 behaves as an n-type semiconductor, since electrons are far more mobile than

holes in it. In contact with cobalt, there is a much higher electron density than in

intrinsic C 60 �lms. In our device, there is a direct contact between the MnOx and

C60 layers. At the molecular-metal oxide interface, C60 � O bonding gives rise to an

interfacial dipole, which generates a strongly rectifying barrier. The potential well
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which forms here also limits charge transport due to the e�cient trapping of charge. [6,

132]

Thanks to Dr. G. Teobaldi from the Scienti�c Computing Department of STFC-

UKRI, who carried out the colinear and non-colinear, van der Waals (vdW) correc-

ted, density functional theory (DFT) simulation using the Projected Augmented Wave

(PAW) formalism [133�135], that assumes the combinedCo(0001)=C60=C60=C60=MnO2(110)

interface model and explains the electronic and magnetic structures of theMnOx=C60=Co

junction. Here, I present his results partially and discuss them in terms of their applic-

ation to my thesis work. Full details of his analyses are described in Appendix A.

Figure 4.2: Left: DFT simulations on the combined Co(0001)=C60=C60=C60=MnO2

(110) interface model. Local electrostatic dipoles (� � ) are formed at the interfaces due

to interfacial charge transfer and O-atom displacements. Right: Colinear DFT atom-

projected spin-Polarized Density of States (PDOS) at the oxidisedC60(1st)=MnO2(110)

interfaces. Courtesy to Dr. G. Teobaldi from the Scienti�c Computing Department,

STFC-UKRI. Reproduced from [25].

The MnOx=C60/Co junction structure, when exposed to visible light, generates

excitons in the molecular layer. Referring to the Density Functional Theory (DFT)

simulations of the interface as shown in Figure 4.2, two electric dipoles are created

at the molecular interfaces, both of which point to the direction of oxide electrode as

a result of charge transfer and oxygen atom displacements. These dipoles create the

electric �eld, required to split the excitons produced by light and generate the measured

photocurrent, which then drives electrons away from cobalt and the molecular layers
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4.2 Photovoltaic characterization of MnOx=C60=Co junction devices

towards the manganese oxide. The DFT calculations demonstrate the magnetization

of the MnOx and the surrounding C60 layer (1st), which has a half-metallic density of

states (DOS). The Co and MnO2 are coupled with the same magnetization direction in

both layers, however, have available states near the Fermi level to transport the opposite

spins. This results in the trapping of majority of electrons (holes) and accumulating

at the molecular-oxide (-metal) interface when the device is left in a charged/�oating

condition. [25]

4.2.2 Photovoltaic measurements

Figure 4.3 shows the schematic of aMnOx=C60=Co=Al junction device. Photovoltaic

transport measurements of the junction are done by using a circuit as shown in the dia-

gram in Figure 4.3a. Before starting the measurement, the junction is wire-bonded on

a PCB board. Prior to wire bonding, the electrodes of the junction and the two termin-

als of the PCB board are initially shorted to protect the device from static discharges.

Then the two electrodes of the device are wire bonded with the PCB terminals. The

PCB circuit board is then placed below the optical microscope and connected to the

multi-meters and computer as shown in Figure 4.3a. After the connection is ready, the

two wires shorting the PCB terminals are removed to start measurement. Two 50


resistors are used for shorting the device during measurement. For tuning the photo-

voltaic response of the device, measurements were done in the dark or with the device

exposed to white light or di�erent laser intensities by using the optical microscope.

For DC-IV transport measurements, the junction is biased by a voltage according to

the circuit diagram shown in Figure 4.3a. Figure 4.4 shows the resistances of theMnOx

and Co electrodes, and the room-temperature DC-IV curves of theMnOx=C60=Co=Al

junction. The n-doping from the Co �lm leads to a rectifying diode curve for the

device in the dark state. The device is more resistive in dark than in white light. When

the junction is illuminated with white light the IV-curve is shifted from the origin

due to the formation of photo-generated carriers. [132, 136, 137] Hence, the device is

photovoltaic. It may be due to a good match between the Fermi level or work function

of Co [138, 139], and the lowest unoccupied molecular orbital (LUMO) of C60, leading

to perhaps a large charge transfer or the formation of a strong electric dipole at the

interface. [4, 140, 141] The photovoltaic mechanism of the junction and spin dependent

charge trapping in the C60=MnOx interface can be explained by the diagrams shown
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