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Abstract

This work is a pioneer study on the role played by molecular interfaces
in altering the electronic states of non-ferromagnetic materials. Here, we
consider diamagnetic copper and paramagnetic manganese and scandium,
to overcome the Stoner criterion and make them magnetically ordered at
room temperature. The mechanism is mediated by the charge transfer from
the transition metal and hybridization with molecular carbon, creating new
3d-7 states that drastically modify the electron energy bands around the
Fermi energy of both metal and molecule. This effect is achieved via inter-
faces between metallic thin films and Cgy molecular layers. The emergent
spin ordering arising in these systems is measured using magnetometry
shows magnetically ordered behaviour at room temperature, but dependent
on the thickness and continuity of the metallic layer. To determine how in
the layered structure the emergent spin ordering is distributed, low-energy
muon spin spectroscopy is utilised by studying the depolarization process
of low-energy muons implanted in the sample. This technique indicates
localised spin-ordered states at, and close to, the metallo-molecular inter-
face. X-ray absorption spectroscopy provides an excellent tool for iden-
tifying the emergent spin ordering of specific elements within a sample.
The change in the molecular orbitals of Cgy due to charge transfer and 3d-
7 hybridization is evaluated based on this technique. The presence of spin
ordering in a non-magnetic metallic host due to molecular charge transfer
has a drastic effect not only on the magnetic but also on the transport prop-
erties of the system. The decisive role of the molecular interfaces in the
physics of spin dependent scattering within a non-magnetic host has been
demonstrated. Localised spin ordering leads to changes in the Kondo and
weak localisation effects with applications in low temperature thermome-
try and quantum devices. It is found that there is an additional magnetic
scattering that has a pronounced contribution when Cg molecules are em-
bedded into the non-magnetic Cu and hence creates localised spins. The
localised spin ordering that emerged at molecular interfaces is a new ap-

proach for novel generation of materials for future spintronics devices.
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CHAPTER 1

Introduction



Spintronics, or the functional control of the electron spin in electronic devices, is a
promising research field that has attracted scientific and engineering interest. It takes
full advantage of the spin of the electron instead of or in addition to the charge. The
possibility of performing electronics with the spin of the electron is fundamental for
potential future devices with high processing speed, low power consumption, that are
non-volatile and for quantum computing. Organic spintronics, by combining spintron-
ics and organic electronics, has recently grown into a massive research activity [1-3].
The great promise that is held by organic semiconductors (OSCs) for novel electron-
ics and spintronic applications is due to recyclability and the interesting properties of
molecular materials, such as both mechanical [4—7] and chemical flexibility [1]. How-
ever, the attractive aspect for OSCs in spintronic applications is the extremely long
spin lifetimes in some materials [8; 9], thus the spin polarisation of the carriers can
be maintained for a longer time than their inorganic counterparts. This feature, is as a
result of the small spin-orbit interaction [10-13], associated with light-element com-
pounds: carbon is a light atom that has a low atomic number (Z) and the strength of
spin-orbit interaction is proportional to Z*. However, Cg has higher spin-orbit inter-
action due to the curvature of the molecule compared to other carbon allotropes [11].
A very weak hyperfine interaction in 2C further increases the spin lifetime [14], hence
Cgo molecules have a considerable advantage compared to organic materials contain-

ing hydrogen, which have a stronger hyperfine interaction.

A particularly intriguing material system for advanced spintronic applications has
arisen from the peculiar interaction between organic molecules and metals, forming
hybrid interfaces or spinterfaces, as coined by Sanvito [15]. The hybrid organic/metal
interfaces have provided new functionalities beyond those of conventional inorganic
materials such as active selection of the amplitude and sign of the spin polarisation
(that is, the imbalance around the Fermi energy between spin-up and spin-down states)
that is not present in conventional spintronics [1].They have presented a new pathway
for tailoring the electronic and magnetic properties at these hybrid interfaces which
hold significant promise towards engineering the performance of molecular spintronic
devices [2]. A lot of recent interest has been focused on such hybrid interfaces involv-
ing carbon based molecules and significant advances have been made in understanding

their electronic and magnetic properties. The hybrid metal-carbon states are formed



due to charge transfer and hybridization between the d-orbitals of transition metals
and the 7 carbon orbitals. These states strongly affect the electronic and magnetic
properties of both materials due to a spin polarized charge transfer [3; 4; 16]. Over
the past decade, studies have focused on the interaction between molecules and mag-
netic transition metals, where unexpected magnetic behaviour has been reported, even

at room temperature [3; 16-24].

This thesis presents a new perspective in the field of molecular spintronics by
studying non-magnetic transition metals. It demonstrates the crucial role of the molec-
ular interfaces in transforming a non-magnetic element, such as diamagnetic copper
or paramagnetic manganese and scandium, into a magnetic material when it comes
into contact with Cgg molecules. The interaction between the molecules and the metal
leads to a change in the density of states (DOS) at the Fermi energy (Ez) and/or the
exchange interaction between the electrons, as described by the Stoner criterion for fer-
romagnetism [25]. The framework of this study is established by using C4, molecules,
due to their structural simplicity and robustness. Cg, films have high electron affin-
ity [26; 27] and a lowest unoccupied molecular orbital [28; 29] which prompts a high

charge transfer and allows interfacial manipulation.

Throughout this thesis, the interplay at the interface between Cgy and metals is in-
vestigated using a broad range of experimental techniques. It has been shown that the
properties of both Cg, and metals can be manipulated through the metallo-molecular
interfaces. To understand this phenomenon, the relevant theoretical concepts are in-
troduced in chapter 2. In this chapter, the physical principles of magnetic ordering in
metals and the corresponding Stoner criterion are described. A general introduction
to molecular magnetism and the key properties of organic semiconductors (OSCs) are
considered as well as their possible applications. In the latter part of chapter 2, the the-
ory behind the mechanisms of magnetic scattering is summarized at a required level

for understanding the results presented in this work.

Chapter 3 describes the main experimental methods used in this work, including
sample deposition, structural, magnetic and transport characterisation. Each technique

probes the specific details necessary to further our understanding of metallo-molecular



interfacial phenomenon. The samples are superlattices deposited by a combination of
sputter deposition of the metals and in-situ thermal sublimation of Cgy. X-ray reflec-
tivity and atomic force microscopy have been used to investigate the structural sur-
face morphology of the samples. The magnetic properties are determined via super-
conducting quantum interference device (SQUID) magnetometry. Synchrotron radia-
tion techniques such as X-ray absorption spectroscopy (XAS), X-ray magnetic circular
dichroism (XMCD) and low energy muon spin spectroscopy (LE-uSR) contribute to
the understanding of these magnetic systems which are difficult to detect using SQUID
magnetometry. SQUID magnetometry is sensitive to the total magnetisation of the
measured sample whereas XAS and LE-;SR allow element specificity and depth res-
olution of magnetic properties, respectively. Low temperature transport measurements

have been utilised as a probe to detect the magnetic scattering due to the spin ordering.

In this work, the emergent magnetic ordering arising from interfaces between non-
magnetic transition metals and Cgy molecules is outlined in two results chapters: chap-
ter 4 presents the diamagnetic/Cg interfaces and chapter 5 discusses the paramagnetic/-
Ceo interfaces. A comprehensive study of this emergent magnetism has been pursued
by using magnetometry, LE-uSR and XAS as well as XMCD. For instance, informa-
tion about the total magnetisation of the emergent spin ordering within the samples is
provided by magnetometry, whereas LE-x/SR is used to confirm where the magnetisa-
tion is localised, as this technique is sensitive to the local magnetism at a specific sam-
ple depth. The contribution of different elements is distinguished by XAS and XMCD.
The latter allows element-selective magnetic properties to be obtained by taking the
difference in the absorption of two XAS measurements recorded with opposite light
helicity. The contrast provided by XMCD is used as a significant magnetic character-
isation of the emergent spin ordering in Cgg. The changes to the electronic structure
of Cgp due to interfacial effects are also outlined. The unique results given by each

technique are discussed in detail.

The potential of metallo-molecular interfaces for spintronics devices has been in-
vestigated using low temperature electronic transport, and is presented in chapter 6.
The magnetic scattering due to the emergent spin ordering of the hybridised Cgy molec-

ular orbitals with the 3d band of the diamagnetic Cu has been detected through two ef-



fects: Kondo and weak localisation. These magnetotransport measurements allow the
detection of very small concentrations of magnetic spins, which cannot be obtained by

other techniques. Both mechanisms are discussed in this chapter.
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Theoretical background



2.1 Introduction

2.1 Introduction

The main focus of this thesis lies in the role of hybrid interfaces between organic
molecules and transition metals that can be used to tune the magnetic and electronic
properties of transition metals. This chapter covers the basic principles of magnetism
in metals and progresses to the principles of magnetism arising in organic molecules.
The first part of the chapter focuses on the magnetic ordering in metals in which the
physical principle of Stoner criterion for ferromagnetism is described. The second
part introduces the magnetic ordering in organic molecules starting with the theoreti-
cal framework and its influence on the development on the emerging field of organic
spintronics. In this part, the underlying physics of molecular magnetism and the evo-
lution of the metallo-molecular interface are discussed. The key properties of organic
semiconductors (OSCs) and Cg are considered. Finally, the concepts necessary for the
understanding of electron magnetic scattering mechanisms are explained; the Kondo

effect and weak localisation (WL).

2.2 Magnetic ordering in metals

2.2.1 Stoner criterion for ferromagnetism

Ferromagnetism is characterised by a spontaneous magnetisation even in the absence
of a magnetic applied field. The alignment of the magnetic moments along a given
direction in a ferromagnetic material is caused by the exchange interaction between
them. The exchange interaction is an electrostatic interaction which depends on the
relative position of charges. The electrostatic interaction together with the Pauli exclu-
sion principle, which forbids two electrons from being in the same quantum state, can
give rise to interactions among the magnetic moments and this plays a role in deter-

mining the magnetic properties.

To give a qualitative explanation, consider two electrons with spatial wave func-
tions ¥, (r1) and v, (r2) and spatial coordinates r; and r,, respectively. According
to the Pauli exclusion principle, the total wave function of the two electrons must be

antisymmetric under electron exchange. The total wave function is a product of the



2.2 Magnetic ordering in metals

space and spin wave functions. This asymmetry can be achieved in two ways by either
possessing a symmetric spatial state combined with an antisymmetric spin wave func-
tion or vice versa. The former results in a spin singlet state x g (S=0) whereas the latter
results in a spin triplet state yp (S=1) . The total wave function for the singlet case Vg

and the triplet case ¥ including both the spatial and spin components [30] are

Ve = 7 [V (11)0s(12) 4 Yalr2)s(r1)] Xs (2.1)

Uy — \if (1) (r2) — Wa(ra)ds(r1)] xr (2.2)

The energy of the singlet E(g) and triplet £7) states is given by
Esry = / ¢§(T)3:C¢S(T)drldr2 (2.3)

where H is the Hamiltonian. Assuming both spin parts of the wave functions are

normalised, the difference between the energies is

Eg— Ep =2 / W (r) )W (ro) b (72) 1y (r1 ) dry diry (2.4)

The exchange constant (or the exchange integral J) is evaluated as

Es - FE
g Ls T

/¢ r1); (r2) Heba (r2) by (r1 ) drydry (2.5)
Generalizing the Hamiltonian H to include all pairs of atoms on the lattice sites i,j

with the two spin states .S, and Sy will give

H=-2> J;S1.5; (2.6)

If J<O0, then Eg<Er and the singlet state is favoured. The spins are aligned an-
tiparallel to each other in the singlet state, which indicates an antiferromagnetic inter-
action. However, J>0 indicates a ferromagnetic interaction whereby the triplet state
is favoured and the spins are in parallel alignment [30; 31]. As stated in equation
2.2, the positive exchange integral implies a stable triplet state for electrons close to-
gether with an antisymmetric spatial wave function. This leads to a minimisation in

the electrostatic energy when the electrons are further apart from each other. This is



2.2 Magnetic ordering in metals

consistent with Hund’s rule which suggests that a single electron in the outer shells
will be in parallel alignment with its neighbouring single occupancy electron before
double occupation occurs with opposite alignment. Hence, we would expect that the
majority of transition metals experience ferromagnetic interaction because they have
unpaired electrons in the outer “d subshell”. However, the majority of the transition
metals exhibit paramagnetic or diamagnetic interactions and only three elements are

ferromagnetic at room temperature: iron (Fe), cobalt (Co) and nickel (Ni).

Edmund C. Stoner in 1938 [32] derived a criterion that predicts which metals
will exhibit itinerant ferromagnetism at room temperature. He revealed that ferro-
magnetism only appears when the exchange energy is greater than the kinetic energy
required to flip a spin (i.e. the energy associated with a change in the occupancy of
the up and down spin bands). This condition is fulfilled when the product of the ex-

change integral J and the density of states at Fermi energy D(E ) are greater than unity

D(Eg)J > 1 2.7)

which is known as the Stoner criterion. In materials where equation 2.7 holds there
is an associated energy splitting of the density of states (DOS) between the spin up
and spin down bands called the exchange splitting A.,. This splitting takes place even
when there is no magnetic field applied and hence a spontaneous magnetisation is ob-
served. Whenever the Stoner criterion is not satisfied, this spontaneous magnetisation
will not appear. Figure 2.1a-b illustrates the spin-split energy bands for ferromagnetic
nickel and the comparison between the exchange integral and density of states for dif-
ferent metallic elements. Stoner parameters for various elements are shown in figure
2.1c.



2.2 Magnetic ordering in metals
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Figure 2.1: (a) A diagram of density of states illustrates the broad s and the narrow d elec-
tron bands contribution to the density of states. (b) The spin-dependent density of states in a
ferromagnetic element, in this case for nickel. The d states here are splitting with respect to
each other due to the exchange interaction, adapted from [33]. (c) The Stoner parameters: the
exchange integral J and the density of state at Fermi energy D(Er) as a function of the atomic
number Z. The bottom panel of (c¢) shows the product of the exchange integral and the density
of states where the elements with values above one display ferromagnetism. Sc and Pd are

close to achieving the ferromagnetic conditions, taken from [25]
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2.3 Magnetic ordering at molecular interfaces

2.3 Magnetic ordering at molecular interfaces

2.3.1 Metallo-molecular interfaces

The use of organic molecules in magnetism has become an important focus of sci-
entific interest in the last few decades [34-36]. The first theoretical framework for
designing ferromagnetic (FM) molecular solids was proposed by McConnel [37]. He
predicted that a FM spin-coupling occurs in a molecular system when a region of neg-
ative spin density in one molecule overlaps with a region of positive spin density in
another molecule leaving incomplete cancellation of antiferromagnetic coupled spin
components . This mechanism has been supported by a new term in the Hamiltonian

assuming an interaction takes places between two neighbouring molecules A and B as

Ho=—25455 Y Jyphpls (2.8)
)

where S4 and Sp are the total spins on molecule A and B, i and j indicate the atoms
located in the A and B molecules respectively, and coupled by exchange integral J;;.
The spin densities on atoms i and j are p'; and p%. By assuming the magnetic cou-
pling constants are usually negative, then the two neighbouring molecules will exhibit
a ferromagnetic exchange interaction if spin densities of the interaction atoms have
opposite signs (negative product), which gives an overall positive coupling. However,
this mechanism is limited to the magnetic exchange between aromatic free radicals
where these structures possess atoms with unequal positive and negative spin densi-
ties. McConnel developed a second mechanism that describes the spin alignment in
charge transfer complexes where the excited triplet states propagate along a donor and
acceptor molecule and give rise to magnetic ordering [38; 39]. After that, the research
in the molecular solid magnets developed progressively, where room temperature fer-
romagnetism was observed in 1991 [40]. However, the need for achieving magnetism
at a single molecular level that is stable at room temperature was a challenging target
from a technological perspective at that time. In this aspect, the magnetics research
in molecular systems has considered new classes of materials that include embedding
transition metal centres in molecules [41; 42]. This has been developed recently by

growing molecules on magnetic surfaces to overcome the stability problems that had

11



2.3 Magnetic ordering at molecular interfaces

been experienced by embedding metal centres in molecules. It also has shown that or-
ganic molecules adsorbed on metallic surfaces exhibit distinctive behaviour that alters
the electronic and magnetic properties of both contributing materials [3; 16—18; 43].
Such investigations have opened exciting new frontiers to engineer the magnetism via

organic molecules.

To gain a better understanding of this phenomenon, it is important to note that
the molecules are characterised by discrete levels, namely molecular orbitals, unlike
inorganic crystals which are formed by a continuum of states. In analogy to the va-
lence and conduction bands in conventional semiconductors, the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO), re-
spectively, are the orbitals involved in the charge transport in the system. When an
organic molecule is brought into contact with a metal surface, it experiences two main
bonding mechanisms: physisorption and chemisorption. The interactions which are
associated with the physisorption mechanism are characterised by weak adsorption
energy < 0.1 V and a molecule-surface distance that is typically > 3 A. However, the
adsorption energy associated with the chemisorption interaction is large > 0.5 V, and
the molecule-surface distance is < 2.5 A. These interactions influence the orbitals of
the molecule and the surface of the metal and hence lead to a change in the electronic
and magnetic properties of the molecule and the metal surface at the interface. The
physisorption interaction is characterised by weak van der Waals interactions [44] that
cause a broadening of the molecular electronic levels due to their proximity to the
metallic states. Also, the surface-molecule interaction leads to rearrangement of the
electron density and modifies the alignment of the molecular orbitals close to Fermi
level [2; 45; 46]. In contrast to physisorption, the chemisorption interaction between
the molecule and the metal leads to the formation of a new quantum mechanical sys-
tem. This is due to strong charge transfer and hybridisation between the molecular
orbitals (7-orbitals) and the metallic states (d-states), namely 7-d hybrid interfacial
states. The hybrid states have mixed molecule-metal characteristics that may turn out
to be very different from the isolated molecule or metal (i.e. chemical, electronic and

magnetic), an approach that has been coined “spinterface” physics by S. Sanvito [15].

12



2.3 Magnetic ordering at molecular interfaces

The metallo-molecular interface plays an important role in altering the magnetic
properties of both the metallic surface and the molecule. To better understand the in-
terfacial effects in emerging new magnetic characteristics, it is important to consider
the DOS of both the organic molecule and the metal surface. The metallic surface
considered here is a ferromagnet as an example. As illustrated in figure 2.2, the elec-
tronic structure of ferromagnetic metals is defined by a broad DOS which splits into
majority and minority sub-bands corresponding to spin-up and spin down electrons re-
spectively. On the other hand, the DOS of the organic molecule is made up of discrete
molecular energy levels: the LUMO and the HOMO; however, only the changes in the
LUMO are represented here for simplicity. If the ferromagnetic metal and the organic
molecule are well separated and there is no interaction at the interface then the elec-
tronic structure is a superposition of the individual DOS of the two spin components.
However, when the molecule is brought closer to the metal and progressively into con-
tact with it, the DOS gets altered in two ways. Firstly, the molecular orbitals become
finite and electrons can leak in and out of the molecule and lead to a broadening of the
DOS. The broadening depends on the interaction at the interface where the proximity
and the symmetry of the molecule have a direct effect on the degree of interaction.
Furthermore, the molecular orbitals for up and down spin electrons are broadened by
different amounts due to an imbalance in energy for the up and down spins in the fer-
romagnetic material. Secondly, the molecular energy levels can be shifted from their
initial position in an isolated molecule and this can be spin dependent. Due to this
shift, a particular spin polarised molecular orbital can align with the Ep; for instance,
the majority component presented in figure 2.2. This broadening and shift induces a
spin polarisation on the molecular layer and therefore alters the magnetic properties of

both elements at the interface [15].

The manifestation of hybrid interfacial states has built new functionalities in the
field of organic spintronics that cannot be obtained with conventional inorganic materi-
als. In the very recent years, several studies have developed towards understanding the
fundamental phenomena of the hybrid interfaces, on magnetic surfaces, with unique
electronic and magnetic characteristic in order to construct spin-functional devices.
Cespedes et al. [20] pioneered to present evidence for contact-induced magnetism at

the interface between carbon nanotubes and a ferromagnet. Barraud et al. [22] has
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Figure 2.2: Schematic representation of the molecular hybridisation with a ferromagnetic
metal (FM). The bottom representation is for the molecule (Cg in this case) when it gets closer
to the metal surface The top representation is for the DOS of both the FM (far left) and the
isolated molecule (far right); the molecule has discrete levels whereas the FM is characterised
with a band structure. The DOS of the isolated molecule changes as it is progressively cou-
pled to the FM metal where the chemisorption and physisorption interactions become stronger.
Moving from right to left towards the FM metal, the initial discrete molecular orbitals broaden
and shift their position to the Fermi level Er of the FM. Figure reproduced from [15]

related this phenomenon to the nature of the chemical bonds (hybridisation) between
the organic molecules and magnetic surfaces at the interface. Steil and colleagues [47]
have also made a significant step in this field by investigating the mechanism of the
charge carrier transfer process across the ferromagnetic metal/organic interface. They
successfully accessed the dynamics of the hybrid interface via pump-probe photoe-
mission experiments and elucidated the role of hybrid states for efficient spin filtering
properties. Theoretical work has also played an important part in understanding the
spinterface. First principle calculations have been used by several groups to study the

hybridization between the organic molecules and ferromagnetic electrodes on the spin
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2.3 Magnetic ordering at molecular interfaces

injection process [48; 49]. They demonstrated the changes in the electronic structure of
the molecules associated with the interaction at metal-molecule interfaces. They also

proved that the spin can be manipulated in organic molecules with a gate potential.

2.3.2 Organic semiconductors

The route of molecular magnetism described in the above section has established re-
markable progress in the field of organic, or molecular spintronics. Recently, the use of
organic materials has gathered much attention for advanced spintronics applications.
This is partly owing to their low-weight, small cost of processing and mechanical flexi-
bility. Organic materials have been implemented successfully in magnetic tunnel junc-
tions and significant magnetoresistance (MR) values have been obtained, due their long

spin lifetimes, at both low and room temperatures [22; 50-52].

OSCs are characterised by strong intramolecular covalent carbon-carbon bond-
ing whereas the interaction between molecules is dominated by weak Van der Waals
forces. Carbon has six electrons: two core electrons and four valence electrons in the
configuration 1s2, 2s? and 2p®. Upon formation of molecules and to lower the total
energy in the system, s and p orbitals in the valence orbitals rearrange and form sp?
or (sp*)-hybrid orbitals, which determines the properties of OSCs. The hybridisation
between the carbon atoms in the molecules leads to the formation of w-bonds, which
are formed by the lateral overlap (side-to-side) of p orbitals along a plane perpendic-
ular to the inter-nuclear axis. The electrons in the m-bonds are delocalized over the
single molecule. Owing to this delocalization, electron transport takes place via inter-
actions between the 7-orbitals of adjacent molecules. Between adjacent carbon atoms,
strong covalent o-bonds are formed with the hybrid orbitals by the overlap of molecu-
lar orbitals along the inter-nuclear axis. However, the o-bonds are localised and do not

contribute to the electron transport.
The buckminsterfullerene Cg is a carbon-based OSC, the first fullerene discovered

by Kroto et al. in 1985 [53]. Cgo has gathered much attention for advanced molecu-

lar spintronic devices. This is because Cgy molecules are very robust and easily form
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2.4 Spin dependent scattering

high-quality films via thermal sublimation without being damaged by depositing met-
als on top [53; 54]. The LUMO levels of Cg, are well matched with the Fermi levels
of common ferromagnetic materials, thus allowing relatively easy spin injection com-
pared to other organic materials [28; 55]. Consequently, C4y has been introduced as
the spacer layer in spin valve devices and significant magnetoresistance (MR) values
have been obtained at both low and room temperatures in barriers up to 100 nm thick
[50-52; 54; 56]. Changes in the exchange bias and coercivity of spin valves grown on
Cgo have also been observed [19; 57].

Ceo 1s a close spherical cage molecule made up of 20 hexagonal and 12 pentagonal
faces. Crystalline Cg, possesses a face-centred cubic (fcc) crystal structure at room
temperature and the molecules are orientationally disordered. Below 260 K, Cgy un-
dergoes first order structural transition to simple cubic (s.c) structure and the freely

rotating molecules of solid Cg are orientationally frozen below 90 K [58].

Cgo 1s diamagnetic in nature. It sets up an induced magnetic dipole that opposes
the externally applied magnetic field. It has pronounced characteristics of high elec-
tron affinity values [26; 27] and low LUMO [28; 29] which give rise to charge transfer
strong enough to prompt a high spin state. The latter takes place together with hy-
bridisation effects and plays a role in the design of magnetic materials consisting of

non-magnetic elements in this research.

2.4 Spin dependent scattering

2.4.1 Kondo effect

The Kondo effect is a scattering mechanism that arises from the interactions between
magnetic atoms and the conduction electrons in a non-magnetic metal. The magnetic
atoms (or magnetic impurities as they are often described when discussing the Kondo
effect) have intrinsic angular momentum or “spin” which leads to different interactions
with the conduction electrons compared with non-magnetic atoms. In pure metals,

the electrical resistance decreases as the temperature is lowered because the lattice
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2.4 Spin dependent scattering

vibrations (phonons) become small (i.e. frozen out) and the electrons can travel easily
without getting scattered by phonons. However, the presence of magnetic atoms gives
rise to a minimum resistance at a certain temperature, known as the Kondo temperature
Tk, below which the electrical resistance increases logarithmically with decreasing
temperature. Such behaviour was explained by Japanese theorist Jun Kondo in 1964
[59]. The electrical resistance R arising from the magnetic atoms is calculated based
on the scattering matrix of conduction electrons by the localised spin which has two

possible probabilities either spin-conserving or the spin-fliping and given by

R = Rgp <1 + ZWlog— (2.9)

where Rp is the resistance per impurity atom. N and p are the number of the con-
duction electrons and the DOS within energy interval x, respectively. k is Boltzmann’s
constant and 7" is the temperature. J is the exchange interaction between the conduction
electrons and the magnetic atoms. It carries two possible interactions that can be either
positive or negative. The former indicates a parallel alignment of the magnetic moment
of conduction electrons with the impurity magnetic moment and an antiparallel align-
ment is associated with the latter. The negative exchange interaction is responsible for
the extra scattering and gives rise to an increase in the resistance at low temperatures
[60].

2.4.2 Weak localisation

WL is a quantum transport phenomenon that was discovered in two-dimensional metal-
lic systems [61] and it has appeared as a reliable method for the study of transport
properties of disordered conductors [62]. It results from quantum interference between
diffusively scattered electron waves. Due to this quantum interference, the backscatter-
ing probability of the electron is modified constructively or destructively. Constructive
interference occurs between electron waves travelling along time reversed paths. How-
ever, destructive interference takes place due to inelastic scattering (electron-electron
and electron-phonon) that destroys the time reversal symmetry and causes a change in
the phase of one of the interfering electron waves after a characteristic time 7;,,. Mag-
netic impurities, due to the interaction of the electron with the local magnetic moment,

also destroy the interference and cause a shift in the phase between the interfering

17



2.4 Spin dependent scattering

electron waves in a characteristic magnetic scattering time 7,,. A combination of the

inelastic 7;,and magnetic scattering 7, times is described as the phase-breaking time
74 and defined as

Tl =T 21, (2.10)

The time 7, exhibits a temperature dependence due to scattering mechanisms that

behave differently as the temperature is changed. Hence WL is observed as a logarith-

mic increase in the resistance with decreasing the temperature.

The spin orbit interaction also takes place and plays a role in the backscattering
mechanism. Hikami et al. [63] showed that the backscattering is only enhanced when
T4(T) <K 75, , Where 7, is the time after which the electron spin undergoes the effect
of spin orbit interaction and reversed its spin consequently. However, a system with
strong spin orbit scattering 74(7) > 7, leads to destructive interference between the
backscattered electron waves, and the backscattering intensity decreases accordingly.
This is called the weak anti-localisation (WAL) effect which shows characteristic loga-
rithmic temperature dependence of the resistance, where the resistance decreases with

lowering the temperature opposite to the WL effect.

The effect of localisation can be seen clearly in the magnetic field dependence of
the resistivity (MR). The phase difference between the interfering electron waves is
modulated if it is subjected to perpendicular magnetic field. A small prependicular
field breaks the interference of the wave function of an electron and can even suppress
the WL effect. Furthermore, a weak magnetic field is found to have strong effects on
spin orbit and spin-flip scattering times. Therefore, the MR allows the study of the
different scattering mechanisms upon the WL [63]. For a two-dimensional metallic

film, the conductivity (o) in a magnetic field B due to WL is given by

o - o1+ ) (2) -3 3 20)

2.11
3 B 1 1 B4(T) 1 B @11
—=In +sY | = + -ln
2 By(T) 2 2 B 2 B,(T)
where 1 is the digamma function, and the fields B, are defined by
By = By + Bso + B, (2.12)
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2.4 Spin dependent scattering

BAT) = B(T) + 3 Boo + 2By (2.13)
By(T) = Bin(T) + 2By, (2.14)

By is the phase coherence characteristic field where the localized impurity spin field
B,, and inelastic characteristic field B,, act to destroy the phase coherence. B, is the
spin orbit characteristic field that arises from scattering through the spin orbit interac-
tion and B, is the elastic characteristic field. Each characteristic field B, is related to

a characteristic scattering time 7, by

_h
" deDr,

(2.15)

D is the diffusion constant for electrons in a metal. It represents the distance that the

electron can travel through a metal within a time through the relation

I, = /D, (2.16)

If the mean free path /. and Fermi velocity vr of the metal are known, D can be
calculated using
1

D = El/ple 2.17)

where d is the dimensionality of the metal [31]. The characteristic lengths /, corre-
spond to a characteristic magnetic field B, and are deduced from the MR curves using
[64]

l. =/ (h/4eB,) (2.18)

The characteristic lengths are [y, [,,, and [.. [, is the distance travelled by an electron
before it loses phase coherence, [, represents the electron before its spin experience

the effect of the spin orbit interaction and finally /, is the mean free path.
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Experimental methods
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3.1 Introduction

3.1 Introduction

In this chapter the various experimental techniques employed in this study are outlined
including fabrication and characterisation techniques. Sample deposition was per-
formed using a magnetron sputter deposition and thermal sublimation system. Char-
acterisation of the samples can be broadly classified into: structural and surface mor-
phology (X-ray reflectivity XRR and atomic force microscopy AFM), magnetometry
(superconducting quantum interference device vibrating magnetometer SQUID) and
electron transport (helium flow cryostat). Synchrotron radiation techniques such as
X-ray absorption spectroscopy XAS, X-ray magnetic circular dichroism XMCD and
low energy muon spin rotation and relaxation LE-uSR were also used in this study.
Using synchrotron radiation techniques contributes to the understanding of magnetic
systems in which magnetic information about specific elements and magnetic profile
of the samples can be probed. The principles and procedure of all techniques are de-

tailed as well as their applications to this study.

3.2 Fabrication: Sputtering deposition

Sputtering is a physical vapour deposition process that is extensively used to grow
high quality thin films. A sputtering gas is ionised to form a plasma that can be accel-
erated towards a target electrically so that atoms are removed and diffused towards a
substrate[65].

There are several sputtering methods including DC, RF and magnetron sputtering.
The DC sputtering system used in this investigation consists of a pair of electrodes:
cathode and anode. The cathode is biased at around -400 V and with a target mate-
rial placed on the front surface. On the anode, the substrates are placed and usually
grounded. The operational process of the sputter system is run under high vacuum
conditions using a roughing pump and a cryo-pump with a base pressure in the main
chamber of about 10~® mTorr when using a liquid nitrogen trap (Meissner trap). The

sputtering chamber is filled with an inert gas (typically argon), which is introduced
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3.2 Fabrication: Sputtering deposition

with a flow of 24 SCCM (standard cubic centimetres per minute) resulting in a pres-
sure of 2-3 mbar to the evacuated chamber. Argon is ionised under the application
of a DC voltage to create a plasma between the two electrodes. Then argon ions are
accelerated towards the negatively biased surface of the target and material is ejected
as a consequence of the collisions. Subsequently, the sputtered atoms condense on the

surface of the substrate to form a thin film [66].

In magnetron sputtering, permanent magnets are placed beneath the target surface
in order to confine the plasma by the Lorentz force. Figure 3.1 illustrates the operation
of the DC magnetron sputtering system. The magnetic field lines form a closed loop
path that acts as an electron trap around the surface of the target. The ejected electrons
from the target move in cycloid orbits immediately above the target. The orbital mo-
tion of the electrons strongly increases the probability of ionization of the sputtering

gas, leading to a higher deposition rate [67].

Our sputtering system consists of eight sputtering magnetrons, two for magnetic
targets and six for nonmagnetic targets as well as an RF magnetron and an evaporation
source. Such an arrangement allows the deposition of different materials in-situ, with-
out breaking vacuum. The system is also equipped with a shutter system to perform
a sequential deposition where multilayered stacks with a large number of thin layers
with alternating compositions can be deposited. Care must be taken to obtain a clean
deposition process with good yield of high quality films. For instance, the oxidised sil-
icon substrates are cleaned with acetone and isopropanol in an ultrasonic bath before
loading into the deposition system. Also, all targets are subjected to a pre-sputtering
cleaning process for 10 to 15 minutes before deposition by energetic argon ions bom-

bardment to remove contaminated surface layers.

Cgp molecules are deposited in-sifu via thermal sublimation where the base pres-
sure in the chamber during the molecule sublimation is in the 10~® mTorr range. The
molecules in powder form are placed in a crucible which is resistively heated by a
tungsten filament, see figure 3.2. The tungsten filament is attached to two copper rods
where a high current source of approximately 20 A is fed into these copper rods. When

the temperature of the crucible is high enough, the molecules are thermally sublimated
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Figure 3.1: A schematic diagram of a DC magnetron sputtering system. A DC voltage is
applied between two electrodes: cathode (target) and anode (the target can or shield), after
introducing argon gas to the evacuated chamber. The argon atoms are ionised due to the accel-
erated electrons between the electrodes resulting in purple glowing plasma. These ionised ions
bombard the target and metal ions are ejected from the surface and consequently deposit on
the substrate. The presence of permanent magnets beneath the sputtering target traps electrons

and enhances the ionization rate. The high ionization rate increases the sputtering rate.

and deposited on the substrate surface. The Cg, source was pre-heated prior to actual
sublimation or deposition to remove the fullerene oxides and solvent impurities, and
produce pure fullerene films [68]. To avoid excessive heating, the evaporation source
is encased with a water-cooled system. A quartz crystal monitor is used along with the
evaporation source to determine the thickness of the deposited film during the subli-
mation process. It operates at a natural frequency in the MHz range. This oscillating
frequency changes as the mass of the deposited film on its surface varies. Electroni-
cally, the changes in frequencies are measured and converted into thickness. In order to
keep accurate thickness of the deposited film, the tooling factor is calibrated by measur-
ing the actual film thickness via X-ray reflectivity after each deposition. A schematic

diagram of the evaporation source used throughout this study is illustrated in figure 3.2.
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Figure 3.2: Schematic diagram of the Cgy evaporation source. The molecules are placed in
an alumina crucible and heated via applying current of about 20 A to a tungsten filament. This
lead to heat the filament to several hundred Kelvin with equivalent vapour pressure of 1.0 Pa
[69]. Taken from [70].

The thickness uniformity obtained from the vapor pressure of Cg is a very impor-
tant parameter to consider while depositing samples. This is because properties such
as thickness and roughness have an effect on the emergent magnetism of the films. The
distribution of the molecules leaving the evaporation source is dependent on a number
of geometric considerations, such as the source to substrate distance, which is about
10 cm, and the position of the substrate relative to the evaporation source. Since the
former is immovable due to space constraints in the chamber, the alignment of the lat-
ter plays a role in the thickness uniformity in this study. Figure 3.3 shows examples of
the thickness uniformity of Cg films where nine 8 x8 mm? silicon substrates are dis-
tributed across the substrate plate. The thickness is not identical for all the points on
the substrate plate. However, the uniformity has been improved by the use of a smaller
substrate size (4 x4 mm?) and by placing it in the middle of the plate where the centre

of substrate is centred over the evaporation source.
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Figure 3.3: The distribution of Cg thickness across the substrate plate measured by X-ray
reflectivity. (a) Nine Cgy samples placed at different positions on the sample plate. (b) Cgg
thickness map for the samples as pictured in (a). There are fluctuations in the position of the
evaporated plume of fullerene which causes the deposition of layers with varying thickness and

roughness.

The samples were grown on 4x4 mm? Si/SiO, substrates. They have a typical
multilayered structure of Ta (5 nm)/ [Cgp(20 nm)/ Metal ( ¢ nm)]xN/ Al(S nm), from
bottom to top, see figure 3.4. The thickness of the metallic layer ¢ and the number of
repeats N are varied based on the properties to be studied. To reduce the oxidation of
the samples in ambient air, the complete stack was capped with a 5 nm Al layer. Ta
is used as a seed layer to provide a smooth interface with Cgy due to the small grain
size that Ta has which promotes a smoother surface to the toplying layer. For control
samples, an insulating layer of Al,Og is introduced as a spacer layer to break any con-
tact between Cg and the studied material. The spacer layer is deposited by sputtering
a thin layer of Al, then oxidizing it in a plasma containing Ar and O,, a process called
plasma oxidation. The flow rate of both argon and oxygen are 16 SCCM and 76 SCCM
respectively, equivalent to pressure of 1.6 mTorr and 6 mTorr. The entire process in
the sputtering system is programmed so that multilayer deposition, oxidation steps and

evaporation process are performed automatically.
The interfacial morphology of the deposited multilayers was studied by cross-

section transmission electron microscopy (TEM). It revealed that the metallic layers

are continuous and there is no inter-diffusion between the organic and the metal. This
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provides evidence of the high quality of the deposited films from our system.
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Figure 3.4: (a) Schematic representation of the sample structure used in this study where Ta
is used as a seed layer to provide smooth interfaces with Cgy and Al as a capping to prevent
oxidation. Depending on the study, the metallic layer is varied along with number of repeats.
(b) Cross-sectional TEM images of a Si/SiO2/Ta/Ceo/Cu/Ceo/Al/Cu stack reveals no significant
inter-diffusion between the layers. Inset: fast Fourier transform of the region indicated by the
dotted box shows the presence of sharp spots in the diffraction pattern due to the crystallinity
of the Cgq layer. (b) is taken from [71].

3.3 Structural and surface morphology characterisa-

tion

3.3.1 X-ray reflectivity

XRR is a non-destructive technique used for characterisation of thin films. It depends
on the interaction of reflection and refraction of electromagnetic waves at interfaces
between different media with different index of refraction. The technique is performed
simply by measuring the specularly reflected X-ray intensity as a function of grazing
incidence angle. Analysis of the reflected intensity provides information about density,
roughness and thickness for both thin films and multilayer samples. To describe such
refractive phenomena, the interface between vacuum and the medium of interest is

taken to be homogeneous with sharp boundaries. For X-rays, the index of refraction
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for materials is less than unity

n=1-9, 3.1
§ is of order 10~° and can be expressed as
2mpr
6= 02, (3.2)

where p is the electron density and ry is the Bohr radius. k is the wave vector of

the radiation.

The relation between the angle of incidence ¢ and the angle of refraction #'can be

deduced from Snell’s law ¢ is very small and Snell’s law is expressed as
cos = ncos 0,, (3.3)

X-rays undergo total external reflection from solid surfaces at incident angles below
the critical angle 6. This critical angle can be derived by setting ' = 6, and expanding

the cosine in Snell’s law to give

6. =25 = ,/47;’;7"0, (3.4)

which gives information about the electron density, p, of the reflecting medium [72-
74].

Exceeding the critical angle causes the X-rays to enter the film and reflect from
the top and bottom interfaces. Multiple reflections can occur within the film and give
rise to interference fringes, see figure 3.5. The period of the interference fringes in
the reflected intensity are known as Kiessig fringes [75]. The peaks and dips in the
oscillations correspond to the wave scattering in phase and out of phase, respectively.
The decay rate of oscillations provides information of roughness whereas the angular
positions of the oscillations provide information about the thickness of the film. The
surface roughness causes the reflectivity to fall off more rapidly assuming the scattering
from a rough interface is weak and the multiple reflections may be neglected [73]. On
the other hand, the thickness of the sample ¢ can be deduced by analyzing the angular

distribution of the resulting interference pattern using the Kiessig equation:

A= 275\/si1r12 6, — sin?é., 3.5)
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3.3 Structural and surface morphology characterisation

where n is an integer, ) is the wavelength and 6, is the angular position of constructive
peaks [76; 77]. Figure 3.5a shows a typical example of scattering from a single thin
film sample. Throughout this work, Cu Ka X-rays are generated from a copper target

with a characteristic wavelength of 1.54 A using Bruker D8 discover system.

In this study, the thickness of the metallic layer plays a significant role in the mag-
netic properties and strongly affects the magnetisation. Depositing these materials with
acceptable precision in thickness is difficult when layers become very thin, for instance
as thin as 1 nm. This is because a few seconds difference in the deposition time due to
the movement of the substrate to/from the target could lead to a difference in thickness
of a few nanometres. To obtain reliable data for the thickness, calibration samples were
grown in a superlattice periodic structure by depositing one material on top of another
in a repetitive sequence with layer thickness similar to the intended samples. The pe-
riod and the thickness of the superlattice are determined from the angular positions of
the peaks utilising Bragg’s law [78] as illustrated in figure 3.5b. The X-ray reflectivity
data of a superlattice structure was fitted with Bede software package where individual

layer thicknesses, roughnesses and densities of the layers can be extracted from the fit
[79].
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Figure 3.5: X-ray reflectivity measurements of (a) a single film of Cgo (43+2 nm) and (b) a
multilayer stack of [Ta(4.49+ 0.07nm)/Cu(2.840.1 nm)]x5. The thickness of (a) was deter-
mined by the Kiessig equation 3.5 whereas the thickness of (b) was obtained using the Bede
fitting software as presented by the solid red line.
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3.3.2 Atomic force microscopy

AFM is a scanning probe microscope technique which can be utilised to investigate
the properties of surfaces with sub nanometre resolution. AFM relies on scanning a
very sharp tip over the sample surface using interaction forces between the tip and the
surface. The significant interaction forces between the tip and sample is a combina-
tion of long-range attractive van der Waals forces and short- range repulsive Coulomb
interaction [80]. The tip, in the AFM configuration, is mounted on the free end of a
micro-machined cantilever and the other end is attached to a piezoelectric (PZT) actu-
ator, as depicted in figure 3.6. The PZT actuator is controlled by feedback mechanisms
that keep the tip at a constant force, or constant height above the sample surface de-
pending on the adopted imaging mode. In this research ‘tapping mode’ AFM was used
where the friction and adhesion are reduced, hence the surface damage to the sample
is minimised. In tapping mode, the cantilever is driven by a force F, to oscillate at
or close to its natural resonance frequency w, using the PZT actuator, while the tip-
sample interactions are kept to a minimal amount of time #. The PZT actuator applies
a force on the cantilever base in order to maintain the vibrations of the cantilever tip
at fixed amplitude through a feedback loop. The motion of the tip-cantilever can be
described as differential equation of the second order
d?z mw, dz

— + k — = F F, .
mdt2+ z+ O di 1s + F, cos (wt) (3.6)

where 7 is the transverse displacement of the cantilever. k,Q and w are the force con-
stant of the free cantilever, the quality factor and angular frequency of the driving
force, respectively. Fs represents the tip-surface interaction forces. In the absence of
tip-surface forces, it describes the motion of a forced harmonic oscillator with damp-

ing. The steady state solution to the differential equation is sinusoidal and given by
2(2e,t) = 2o(2c) + A(zc) cos (wt — P(z.)) 3.7

where z,,, A and ¢ are the mean deflection, amplitude and phase shift of the oscilla-
tion, and z. is the distance between the tip and the sample surface [81; 82]. When the
vibrating tip passes over the surface in a raster pattern, its vibration amplitude changes
according to the surface topography of the sample. An optical system is used to detect

the change in oscillation amplitude. This system consists of a laser beam impinged
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at the cantilever and a split photodiode which detects the deflected beam and records
the signal according to the change in the oscillations. The feedback generates an error
signal as a difference between the measured values with the set reference value. This
signal controls the PZT that adjusts the tip—sample separation to maintain constant
amplitude during the scanning motion. The surface topography of the sample, in this
situation, is mapped by recording the error signal as a function of the lateral position
of the tip [80]. In this way, the detected error signal is used to extract the root mean
square (RMS) roughness as a measure of the surface roughness of the sample. Gwyd-
dion software is applied to the mapped image obtained from AFM to quantitatively
analyse the surface roughness [83]. AFM images were taken using Bruker multimode
8 instrument with electronics controlled by Nanoscope 5 technology. Silicon tips were
used (Bruker TESP Probes) with nominal radius of 8 nm, spring constant of the can-
tilever 42 Nm~! and resonant frequency of 300 kHz.
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Figure 3.6: Schematic representation of atomic force microscopy (AFM). It works in tapping
mode using cantilever-tip ensemble at a fixed frequency. The reflected laser signal from the

optical system to the feedback circuit gives information about sample topography.
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3.4 Magnetic characterisation

3.4.1 Magnetometry

A vibrating sample magnetometer (VSM), is an instrument that is used to measure the
magnetic moment of a sample with very high precision. It is based upon Faraday’s
law where a magnetic field produced by an oscillating magnetized sample produces a
changing magnetic flux in the detection coils. In a VSM, a sample is attached to the
end of a sample rod and usually positioned at the vertical centre in the gap between
two pole magnets. The basic measurement is accomplished by oscillating the magne-
tised sample at a certain frequency near a pair of oppositely wound pickup coils. The
vibrating sample induces a signal in the pick up coils based on Faraday’s law. The in-
duced voltage is synchronously amplified and lock-in detected the signal in the VSM

detection module [84].

In this study, Quantum Design SQUID-VSM system has been used to investigate
the magnetic properties of the samples. The SQUID sensitivity is about 10~% emu
which is better than the a typical VSM sensitivity of 1075 emu; as the studied sam-
ples have moments of the oder of 0.1 to 10 pemu. The SQUID magnetometer can
operate over a broad range of temperatures (1.8 K to 1000 K) and magnetic fields up
to 7 T. The extremely sensitive magnetic measurements are performed through a sys-
tem of superconducting detection coils inductively coupled to a superconducting loop
with two Josephson junctions. The detection coils are configured as a second order
axial gradiometer to minimize signals caused by fluctuations in the applied field of
the superconducting magnet. This configuration consists of two symmetrical end coils
connected in series with a central coil wound in opposition as shown in figure 3.7. The
coils assembly is positioned at the centre of the uniform field region of a superconduct-
ing coil. A SQUID measurement is performed by vibrating a sample that is mounted
on a nonmagnetic rod through the superconducting detection coils. As the magnetized

sample vibrates through the coils, it produces a change in flux in the detection coils.

In the absence of any external magnetic field, the input current splits equally through

the Josephson junctions. However, when a small external magnetic field is applied, a
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screening current I, begins circulating in the superconducting loop and generates a
magnetic field that cancels the applied net flux. The screening current increases as
the magnetic flux is increased and the junctions become momentarily resistive when
the magnetic flux reaches half a quantum. The screening current changes sign when
the applied flux reaches half of a flux quantum and goes to zero at one flux quan-
tum. The variations of the current in the detection coils, corresponds to the change
in magnetic flux and produces a DC output voltage which is proportional to the mag-
netic moment of the sample. The SQUID feedback circuit is used as a null detector
so no current flows in the detection coil except the induced current due to a change in
flux in them [85; 86]. In this system, the most notable features of magnetic materials
have been measured. For instance, hysteresis loops have been obtained by successively
measuring magnetic moments at various field values. Magnetisation curves have been
measured as a function of temperature. These measurements have been done taking

into account the contribution from the substrate and the sample holder.
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Figure 3.7: The configuration of a magnetometer with superconducting detection coils con-
nected to an input coil of inductance that is coupled in turn to the DC SQUID [87].
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3.5 Synchrotron radiation techniques

Synchrotron facilities use electromagnetic radiation emitted when charged particles are
accelerated along a curved trajectory. The synchrotron radiation techniques are power-
ful tools for the fundamental understanding of magnetic state of matter. In this work,
various synchrotron radiation techniques were used such as XAS, XMCD and LE-uSR.
The first two techniques are inherently element selective, which allows disentangling
of the various contributions of magnetic properties from different elements in a sam-
ple. The XAS and XMCD experiments were carried out at the Brookhaven National
Laboratory using the U4B beamline on the now decommissioned NSLS synchrotron
and the ALBA Synchrotron light source in Barcelona. A LE-uSR technique provides
a unique quantum probe of local magnetic moment distributions in matter. This exper-

iment was performed at the Swiss Muon Source SuS at the Paul Scherrer Institut (PSI).

3.5.1 Low energy muon spin rotation spectroscopy

Muons (1) are elementary particles used extensively in materials research and con-
densed matter science as a microscopic magnetic probe to investigate the local mag-
netic field in a wide range of materials [88; 89]. Muons originate from the decay of
pions, which are created by accelerating a high-energy proton beam (500 MeV - 1
GeV) into a nucleus of a light atom target such as carbon. These charged pions (7)
go through a rapid decay within 26 ns into a muon and a neutrino. The important
consequence of such two-body decay is that the muon and the neutrino are emitted in
opposite directions due to conservation of momentum. The neutrino has a spin an-
tiparallel to its momentum, and this implies that the generated muon has also similar
antiparallel spin-momentum alignment. This certain spin-momentum orientation of

muon will produce a beam of 100% spin polarized muons [89] .

Muons are unstable particles that decay in about 2.2 us. They carry a positive (u)
or negative (1) charge, and spontaneously decay in a three-body process: a positron

(or an electron) and a neutrino (v,,) anti-neutrino (v,) pair as follows:

pt =t py, 1o, (3.8)
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Negative muons carry the same elementary charge as electrons with a spin of 1/2 but
their mass is about 207 times larger than that of an electron. The muon has a corre-
sponding antiparticle with a positive charge (1) but equal mass and spin. In compari-
son to protons, muons have a mass of one ninth of the proton mass and approximately
3.2 times larger magnetic moment than that of the proton. The magnetic moment asso-
ciated with the spin allows muon to interact with a magnetic field which makes muon
a sensitive magnetic nanoprobe when implanted in matter. It gives a significant ad-
vantage in studying a variety of static and dynamic phenomena in superconductivity,
magnetism and many other fields, even without the application of an external magnetic
field [88; 89]. However the energy of the muons that are produced from the pion decay
is very high of about 4 MeV. Such energy is equivalent to an implantation depth of the
order of mm, which limits the application of the muon technique to study only the bulk

properties and no depth profile can be extracted in this case.

To be able to use muon technique for thin films and multilayers and perform depth
dependent studies, the energy of muons needs to be low (~ keV) and tuneable. To
generate a sufficient amount of low energy muon particles, a moderation method is
used at PSI. The experiment starts when an intense muon beam with energy ~ 4 MeV
is incident at a rate of 1.7x 108 x*/s onto a cryogenic moderator in an ultra high vac-
uum (UHV) chamber with a base pressure of 1071 mbar to obtain stable moderation
efficiency. The low energy (LE) beam setup with ;1SR spectrometer is shown in figure
3.8. The moderator consists of a thin silver substrate (125 pm) which is cooled by the
cryostat to a base pressure of 10 K. A thin layer (200 A) of condensed van der Waals
bound argon gas is deposited on the cold silver substrate. This layer is protected by
depositing a 12 A layer of solid nitrogen on top of it. A portion of the intense beam is
decelerated from its initial energy of 4 MeV to about 15 eV when it hits the moderator.
The muons emerging from the moderator pass through an electrostatic transport system
consisting of “einzel” lenses, a mirror and a conical electrode after being accelerated
in a positive potential of 15 kV. The einzel lenses are used to focus the muon beam
without changing the energy of the beam. The electrostatic mirror separates the low
energy muons from the fast muons exiting the moderator by means of a 90° deflection.
The 90° deflection at the electrostatic mirror leads to a horizontally polarised beam

where the spins are oriented transversely to their motion. The lens system is used then
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3.5 Synchrotron radiation techniques

to focus the low energy resulting beam into the detection stage [90; 91].

The detection of the low energy muons takes place through a 10 nm carbon foil
that is located midway along the beam transport system. On passing the beam, a few
electrons are released at the foil and give indication of the muon implantation signal in
a microchannel plate (MCP2). The final kinetic energy of the arriving muons can be
implanted with the full energy range between 0.5 and 30 keV. This can be controlled by
an accelerating or decelerating potential applied to the sample. The sample in the uSR
experiment is mounted on a silver plate to eliminate any magnetic signal since silver
has no magnetic moment and a very small nuclear moment. The sample holder is then
placed on a sapphire plate on a continuous-flow helium cryostat. The polarised muons
implanted on the sample decay into positrons and are detected by a set of scintillators

(positron counters) [90; 91].

(a) (b)

MCP1 L Surface muon
=‘L|—\_/_\ﬁM_j L o ﬂx/\\‘ \_ﬂ_ bganzt MeV)
irror
g Lj\/m // 31 E ——
T i

L T l‘—_N]oderatcr Spin

Einzellens
(LN2 cooled)

E
‘ [t
==
Einzel lens Eﬂ Z:ELF

J |

a4

¥ E ﬁ@pﬁ (
| E !

Einzel lens [ Low energy wr Muon

(LN, cooled) muon beam 4 - g
counter  Positron gample  Bext Positron
counter counter

e

Conical 1l |led

lens ‘l\ f

1= A4l
[/
[

| I
/AR A\
/jf “%::&‘ Positron counters

MCP2
position

Figure 3.8: (a) Setup of the LE- i+ beam at the PSI, it has about a 2.2 m total path length
between the moderator and MCP?2 detector. (b) Schematic diagram of the principle of a muon
spin rotation and relaxation experiment in an externally applied transverse field. p, and s,

represent the momentum and the spin of the muons [89].
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The measurements in this work are performed in the absence of an external mag-
netic field, a configuration called Zero Field-uSR. It is a very sensitive configuration
that can be used to detect weak internal magnetism in the sample that occurs as a result
of the ordered magnetic moments or static and dynamic random field distributions.
The muon spin precesses about this internal magnetic field, with a frequency that is
proportional to the size of the field. Then a positron decays from this process and
emits preferentially along the muon spin direction. The distribution of the magnetic
fields at the muon site is reconstructed from the time dependence of the muon spin-
depolarisation function by collecting several million positrons on a timescale of up to
10 ps [90; 91]. If the implanted muons experience any magnetic field B not parallel
to their initial polarization, they will precess with a frequency w, = 7,B, where v,=
27 x135.54 MHz/T is the gyromagnetic ratio for the muon. The precession will be
associated with a gradual loss of polarisation. This precession appears as an oscillation
in the signal of the positron detectors surrounding the sample. The amplitude of this
oscillation (A) is the muon decay asymmetry parameter and is proportional to the po-
larisation of the corresponding muon state [89; 92]. The resulting asymmetry spectra

are fitted with the following function:

oo

A(t) = Ae ™ + Z Acos(¢ 4 2muit)e M 4 Ayge Maitt (3.9

i=1

where v; representing the frequencies, ¢ is the angle of the muon spin at t = 0 with
respect to the positron detector and ~y is the decay constant determined by the polari-
sation loss mechanism. The first and last terms refer to the muons’ fast and tail decays
respectively. The initial (fast) decay Ae~** corresponds to the rapid loss of polarization
at short timescales, whereas the tail component A,,;e~** describes the eventual loss
of polarization from implanted muons due to thermal relaxation processes and give
indication about the dynamic of the system. The amplitude of oscillation in tail term
Ayqi 18 know as assymmetry tail. The SR data analysis software package musrfit [93]
was used to fit the data based on the equation above. This program is developed at PSI

to fit muon pSR spectra for different energies.
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3.5.2 X-ray absorption spectroscopy and magnetic dichroism

XAS is a synchrotron radiation technique used for determining the electronic structure
of materials. It gives the capability of probing a specific element of interest within a
sample without interference from other elements present in the sample. The element
specificity determination is based on the transition of electrons from the core electronic
states to empty energy states at specific X-ray photon energies, one of the important
features of the absorbing element. XAS is not limited by the sample type; a wide vari-
ety of materials such as atoms, molecules and solid samples can be studied in different

states such as powder, solid and solution [94].

When X-rays are directed onto a sample, they may be absorbed by exciting a core
electron into a higher unoccupied electronic state. An electron from a higher energy
state drops to fill the core gap via two relaxation processes, X-ray fluorescence and
Auger emission. X-ray fluorescence process is accompanied by emission of a char-
acteristic X-ray (fluorescence) photon with energy matches the energy gap between
the upper and lower level. However, in an Auger emission, the energy liberated by a
transfer of electrons to lower energy state simultaneously causes a second electron to
be ejected, termed the Auger electron. Multiple subsequent decay processes are asso-
ciated with this emission, leading to a cascade in which a large number of electrons
are released from the sample surface. These electrons were measured by a picoamme-
ter and collected as drain current in a total electron yield (TEY) configuration. The
resulting drain current signal is proportional to the X-ray absorption intensity. At spe-
cific X-ray photon energies, the probability of the X-ray absorption increases signif-
icantly. These abrupt rises in absorption are called the absorption edges, where each
edge matches the energy required to eject a core electron into higher energy levels and
represents a different core-electron binding energy. The edges are named according to
the principal quantum number (n) of the excited electron. For instance, the K-edge is
when the transition of a core electron originates from n=1 (1s) whereas the L-edge is
from n=2 (2s or 2p) electron, etc. The X-ray spectra from this experiment represent
the scanned X-ray energy through the binding energy of a core shell of the targeted

element that gives information about the local electronic environment.
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In addition to electronic structural identification, XAS can provide element-specific
magnetic information of matter if circularly polarized X-rays are used by means of
XMCD. XMCD arises from the fact that the excitation of a core electron into unoc-
cupied states is dependent on the polarization of the outer electron shell of a material
(such as d band in transtion metals or p in carbon) and the helicity of the incoming
photons. An XMCD spectrum is obtained from the difference in the absorption ampli-

tude of two XAS measurements recorded with opposite circular polarised photons.

The principle of XMCD in a magnetic material can be simply described by a two-
step process, as schematically shown in figure 3.9. The first step involves the transfer
of angular moment from the circularly polarized light to the excited electron (photo-
electron). For 3d metals as an example, the 2p core state is split into p3, (L3-edge) and
p1/2(L2-edge) levels. The circularly polarised light transfers its angular momentum to
the photoelectron. Because the latter originates from a spin-orbit split level, such as
ps3/2 level, part of the transfer momentum goes to the spin via the spin-orbit coupling.
Thus the excited electrons are spin polarised. The transferred momentum from the
right circularly polarized photons (h') is opposite to those from left circularly po-
larized photons (h™), so photoelectrons created in the two cases will have opposite
spins. The spin polarization of the photoelectrons is also opposite at Ls-edge and Lo-
edge because these levels have opposite spin-orbit coupling. In the second step, the
exchange-split 3d band act as spin detector of the excited photoelectrons which will
be reflected in the absorption signal. The difference in the absorption intensity for the
right (h) and the left (h™) circularly polarized light allows a quantitative determina-

tion of the magnetic moment [95].

In this experiment, a soft X-ray beam covering a photon energy range of about 20-
1200 eV is used with an energy resolution AE/E = 103, Magnetic fields of up to #-1.5
T were used to saturate the sample with respect to the incident beam. The circularly
polarised beam is obtained from a bending magnet and then refined with a spherical
grating monochromator before reaching the sample. The latter is attached to an alu-
minium holder via silver paint which provides a drain for the photoelectrons emitted
during the absorption process (TEY configuration). The TEY signal is normalized to

an independent gold monitor signal. All measurements are run under UHV conditions

38



3.6 Low temperature electron transport

(@) o[(®) -
L .
> | Energy 6 3 h
T” T"M " (h*+h)/2
S|
Al L,
3d-band ‘
L
0 k
" 0 2 oh
2p3/2-$ s |
X
2pyp L
3
Core level

770 780 790 800 810
Photon energy (eV)

Figure 3.9: Diagram of XMCD spectrum for L-edge absorption of a 3d transition metal. (a)
The two-step model representation where the core electrons are excited by circularly polarised
photons and being detected in the spin-dependent 3d band; details in the text. (b) Lg/o-edge
XAS spectra obtained with right (h™) and left (h™) circularly polarised X-ray and the resulting
dichroism signal. Figure adapted from [96].

to prevent electron scattering.

3.6 Low temperature electron transport

Electron transport measurements were performed in an Oxford instruments helium
flow cryostat equipped with a superconducting solenoid that can produce magnetic
fields of up to 8 T. A variable temperature insert (VTI) immersed in a liquid helium
reservoir is used to allow a continuous adjustment of sample temperature over a wide
range. The helium reservoir is isolated from the ambient room temperature and sur-
rounded by a liquid nitrogen jacket. To reduce the evaporation loss due to heat, the
cryostat is double shielded by a high vacuum space between the walls and liquid nitro-
gen jacket. The sample temperature can be controlled over the range from 1.4 K to 300
K by balancing the helium flow via an adjustable needle valve as well as a heater and

the pumping speed. Temperatures below 300 K are obtained by reducing the vapour
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pressure of liquid helium in the sample space using an oil free scroll pump. The tem-
peratures can be reduced further to 1.4 K by lowering the vapour pressure of the liquid
through increasing the pumping speed [97]. The measured sample is mounted on a
holder attached to the end of a wired stick sat at the lower end of the cryostat. The
electrical measurements are fed through the stick to the sample in a four-point probe
configuration. The current is applied into two of the probes and the voltage drop across

the other probes is measured.
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Figure 3.10: Schematic diagram of the *“He cryostat with the principal elements of the sys-
tem. The system operates in a liquid helium with a superconducting magnet (solenoid) which

generates magnetic fields of up to 8 T.
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CHAPTER 4

Emergent magnetism at diamagnetic

metal/Cg interfaces
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4.1 Introduction

Hybrid interfaces are formed when a molecule is brought into contact with a transition
metal where hybridisation between the d orbitals of the transition metal and the 7 car-
bon electrons occurs. Also charge transfer takes place at the interface when transition
metal and organic material with different individual Fermi levels are placed in con-
tact. The hybrid states and charge transfer have shown interesting effects on electronic
and magnetic properties of the interacting materials. Unexpected magnetic behaviour
has been reported on molecular interactions with magnetic transition metals [3; 16—
18; 20-22]. The changes in magnetic properties are due to the change in the density
of states (DOS) at the Fermi energy (Er) and/or the exchange-correlation integral. It
is therefore possible to change the electronic states of non-ferromagnetic materials via

molecular interfaces to closely satisfy the Stoner criterion [25].

In this study we reveal the appearance of magnetic ordering arising from interfaces
between thin films of 3d non-ferromagnetic metals and fullerenes. Diamagnetic cop-
per (Cu) and Cgy molecules are the materials investigated in this chapter. Cgy has good
lattice match with Cu leading to up to three electrons per molecule and even, in some
cases, metallisation of the interface [98]. In particular, Density Functional Theory
(DFT) show that the Cg, center can sit at an fcc site of Cu and charge transfer depends
on Cgp-adsorption geometries on Cu(111)-4x4 [71; 99]. The calculations indicate a
reconstructed interface with Cgp/7-atom vacancy on a Cu(111)-4x4 slab geometry is
energetically favoured and allows more charge transfer compared to other geometries,
details of calculation are shown in the supplementary information [71]. Also, the 3d

bands in Cu are filled and they are close to the Fermi level [25].

The samples studied were deposited in superlattices of Cu interfaced with Cgg
molecules. By using magnetometry, low energy muon spectroscopy (LE-ySR) and
X-ray absorption spectroscopy (XAS) as well as X-ray magnetic circular dichroism
(XMCD), the magnetic properties of the samples were determined. Results from
SQUID-VSM magnetometry have made a major contribution to this work by measur-
ing the magnetic moment of the samples with very high sensitivity of < 1078 emu (typ-

ical moment of the emergent magnetism in a Cu/Cg, sample is of the order of pemu),

43
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see section 3.4.1 . The thickness, temperature and interfacial coupling in relation to the
emergent magnetism have been studied in detail. Information from magnetometry is
complemented by the use of LE-uSR. This technique is useful to determine where the
emergent magnetism is localised within a sample, whereas magnetometry techniques
are limited to measuring a complete sample stack. In XAS, the element specificity
offers an excellent tool for identifying the sample compositions as explained in section
3.5.2. This technique is used to check for the presence of transition magnetic metals

and exclude any magnetism that could arise from these elements.

4.2 Characterisation of hybrid diamagnetic metal/Cy,

interfaces

4.2.1 Magnetometry

The samples have a typical structure of Ta (5 nm)/[Cgg (20 nm)/ Cu (¢ nm)]x R /AI(5
nm), with 1< ¢ <25 and 1 < R < 8 ; f and R represent the thickness of Cu and num-
ber of bilayer repeats respectively. Cu/Cgy multilayers were deposited on top of a 5
nm thick layer of Ta which acts as a seed layer and provides a smooth growth of the
subsequent layers. The complete stack of the samples was capped with 5 nm of Al to
prevent oxidation once it is exposed to ambient air. For control samples, the spacer
layer was grown by depositing a thin layer of metallic Al, then oxidising it in a plasma
containing Ar/O, to obtain an insulating Al;Og3 layer that breaks any electronic cou-
pling between Cgy and Cu. The typical sample size is 4x4 mm?, the size required to
fit the sample holder for the SQUID-VSM.

4.2.1.1 Room temperature magnetic behaviour

The magnetometry measurements of a typical multilayered system of Cg/Cu with
structure of Ta(5)/[Cgo(15 nm)/Cu(2 nm)]x5/Al(5 nm) show hysteresis at room temper-
ature with a saturation magnetisation of approximately 65 emu/cc, as shown in figure

4.1. This phenomenon can be attributed to charge transfer and hybridisation between 7
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4.2 Characterisation of hybrid diamagnetic metal/Cg, interfaces

orbitals of Cgy and the 3d band of Cu leading to sizeable interfacial induced magnetic
moments. The strength and characteristics of the hybridisation depend on the contact
geometry and electronic properties of the contact metal. These properties in turn cause
a change in the electronic structure of the metal and the molecule including a change in
the density of states. The latter may be observed by broadening molecular orbitals and
shift towards the Fermi level in the metallic system. This leads to an induced magnetic

moment in a system without ferromagnetic materials.
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Figure 4.1: (a) Room temperature magnetisation as a function of applied magnetic field
Sfor Ta(5)/[ Ceo(15)/Cu(2)]x5/A1(5) and Ta(5)/[ Ceo(15)/Al(3)/Cu(2)/Al(3)]x5 samples, all thick-
nesses parenthesis are in nm. The red symbols indicate the control structure where Al is in-
troduced to decouple the organic from the 3d metal whereas the blue symbols indicates the
system without the spacer where there is an induced magnetisation. (b) Top panel: Schematic
representation of Cu to Cgg charge transfer effect, where there is a change of density of states
(DOS) and band splitting of the metallic film associated with this process. Bottom panel: De-
coupling the metallo-molecular interfaces via an Al or AloOs spacer layer suppresses the effect

completely and no change is observed in the metal bands [71].

In order to eliminate charge transfer and hybridisation effects across the interfaces,
a spacer layer of aluminium or aluminium oxide was included between Cu and Cg,
separating the molecules from the 3d transition metal. The signal disappears in samples
where the spacer layer is present as shown by the red symbols in figure 4.1. These ex-
perimental observations lend strong support to underline the key role played by charge

transfer and hybridisation effects between the molecular p, orbital and the 3d metal
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bands in controlling the emergent spin ordering at the interfaces.
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Figure 4.2:

(a) Magnetic moment as a function of the applied magnetic field of a silicon
substrate and the holder at room temperature. The non-linear contribution at low fields arising
from an artefact of the measurement of about 0.1-0.5 pemu. (b) Raw hysteresis M(H) loops
before background subtraction for the Cgo/Cu and Cu/Al/Cgy samples at room temperature
with an applied fields of 2.0 kOe aligned in-plane. (c) Hysteresis M(H) loops of the same
sample after background subtraction at same temperature. The green symbols in both b and
¢ show the measurements of the broken interfaces with the Al spacer. The data represented in
both (a) and (b) are taken from [71].

In magnetometry measurements, the signal for materials with low ferromagnetic
moment may be dominated by the diamagnetic or paramagnetic contributions occur-
ring from the sample holder and the substrate material. Therefore, the magnetometry
results of the multi-layered systems of Cgy/Cu have been corrected for the background
signals of the sample holder and the substrate by applying a linear correction to both
film and substrate data. Figure 4.2 shows the signal from (a) the substrate and holder,
(b) the substrate, film and holder and (c) the magnetic signal with the background cor-

rection applied. The broken interfaces samples, with an Al spacer, and the samples
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with metallic film thicknesses in the range below 1 nm and above 4 nm show very
small or no magnetic signal above the background signal, as it is indicated by green
symbols in figure 4.2b. However, the samples with a molecular interface and metal
thickness in a particular range show magnetic signal indicated by a non-linear moment

above 1 pemu.

The emergent magnetism in the Cgo/Cu systems shows the magnetisation depen-
dence on the thickness of the metallic layer, as apparent in figure 4.3. It shows magnetic
ordering when the metallic layer is ~1.5-3.5 nm thick and continuous. The maximum
magnetisation is on average approximately (50£10) emu/cc which takes place when
the Cu is 2 nm thick. The magnetisation quickly decays once the metallic-film is dis-
continuous, less than 1.5 nm. The changes in the DOS may be larger close to the
interface but screened deeper within the material. As a consequence, the magnetisa-
tion drops when the metallic layer exceeds 2 nm and quenches completely if it is thick
enough that the bulk properties dominate. Also, Cu has a considerably low DOS (Er),
with Stoner product one order of magnitude less than unity, that disappears as it is be-
comes close to bulk [25]. The measurements here show the magnetisation dependence
on the thickness of the metallic layer, but not on thickness of the molecular film which
is not observed to have an effect as long as the molecular film is smooth and continuous
(about 10-20 nm thick).

To determine the sample anisotropy and in order to show that the magnetism is
due to the interfacial effects but not due the presence of impurities in the material, the
samples were measured in both in-plane and out-of-plane orientations, see figure 4.4.
The samples possess anisotropy with an easy axis lies in the plane of the film, and an
out-of-plane saturation field of 10-15 kOe. This gives an indication that the emergent
magnetisation originates from the metallo-molecular interface but not from the mag-
netic impurities which are randomly distributed if present in a material (isotropically).
A system that contains magnetic impurities would exhibit similar hysteresis in both

in-plane and out-plane configurations which is not the case in these samples.
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Figure 4.3:  Magnetisation dependence on thickness for Cu films with the structure
Ta(5)/[Ceo(10-20)/Cu(t)/Cgo(10-20)] < (1-5)/Al(5). The results here represent the average mag-
netisation of 145 Cu samples. The error bars in magnetisation are calculated as the standard
error of the mean whereas in thickness correspond to uncertainty in the film thickness. Dashed
lines are exponentially modified Gaussian fits. The measurements were performed at room tem-
perature and the calculations of magnetisation have been performed considering the thickness

of the metallic layer only, even though the effect may extend further into the molecular layer

[71].
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Figure 4.4: Room temperature hysteresis loops of a Ceo(10)/Cu(2.5)/Cgo(10) sample mea-
sured in different magnetic field directions. Both in-plane and out-of-plane magnetisation
curves have been corrected for the linear slope and normalised to the calibrated in-plane
saturation magnetisation. The superconducting trapped flux of about ~ 20 Oe shift has been
subtracted from the data [71].
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4.2.1.2 Temperature dependent magnetisation

In order to understand more about interfacial effects, the magnetisation behaviour of
Cu/Cgq bilayers has been investigated in the temperature range 5- 1000 K for two dif-
ferent Cu layer thicknesses: 1.8 nm and 2.5 nm. The data was obtained by measuring
the hysteresis loops at various temperatures in an applied magnetic field (H) of 3 kOe
to ensure that the sample was saturated. The saturation magnetisation for both samples
is given as a function of temperature as presented in figure 4.5. The samples show
a significant decrease in magnetisation with increasing temperature. The reduction
in magnetisation with temperature is typical for the thermal behaviour of an ordered
magnetic system, and it is believed to arise mainly due to the spin wave (magnon) fluc-

tuations.

The data are fitted using the Bloch 7%/? law, which describes the temperature de-
pendence of magnetisation of magnetic materials [100]. The magnetisation as a func-

tion of temperature is given by

M(T) = M, [1— (%)

where M, is the spontaneous magnetisation at absolute zero, T is the Curie tempera-

B
, 4.1

(NI

ture and /3 is a critical exponent [100]. The fitting to the 7%/2 law provides spontaneous
magnetisation and Curie temperature of (121420) emu/cc and (814420) K, respec-
tively, for 1.8 nm Cu layer. Similar behaviour is observed in 2.5 nm of Cu but with
15% increase in magnetisation and 5% higher 7. The Curie temperature of the Cgo/Cu
lies within the range of T of transition ferromagnets whereas the magnetic moments

is less by one to two orders of magnitude.
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Figure 4.5: The variation of saturation magnetisation with temperature for

Ta(5)/Ceo(10)/Cu(x)/Ceo(10)/Al(2) with x equal to (a) 1.8 nm thick layer (b) 2.5 nm layer. Each

data point presented in the figure is extracted from hysteresis loops at different temperatures.
The red line is the fit to the T3/2 Bloch law.
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4.2.1.3 Dependence of magnetisation on interfacial coupling

In order to explore the influence of interfacial coupling on the magnetisation, a similar
set of multilayered samples of Cgo/Cu were deposited where the thickness of Cu (2.5
nm) and Cgo (15 nm) were kept constant while the number of interfaces (layers) was
increased. The results show proportionality between the magnetic moment and the
number of interfaces, as shown in figure 4.6a. To confirm that the moment originates
from magnetic interfaces and is not simply proportional to the amount of deposited
material, another set of samples were deposited where the total thickness of the multi-
layered stack was kept constant but divided into different numbers of repeats. In these
samples, the total thickness of Cgg is 81 nm and Cu is 9 nm. Similar to the first set of
samples, the magnetisation also increases with the number of interfaces; for instance,
the magnetic moment of [Cgo(20 nm)/Cu(2.25 nm)] x4 is larger than that of [Cg(27
nm)/Cu(3 nm)]x3. This proportionality is limited by the thickness and continuity of
the metallic layer and is in good agreement with the magnetisation dependence on the
thickness as discussed in section 4.2.1.1. For example, the magnetisation decreases by
splitting the sample into eight layers where the Cu film is discontinuous. Similarly, the
magnetisation is lower for the multilayered samples with the number of repeats < 2
where the Cu film is thick and has properties closer to bulk Cu. Here, the observation
of the dependence of magnetisation on the thickness and number of interfaces excludes
any contribution from contaminants but highlights the essential role of interfacial cou-

pling on the magnetic properties.
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Figure 4.6: (a) The magnetic moment versus the number of interfaces for [Ceo(15)/Cu(2.5)].
Both Cu and Cgy thicknesses are constant and by increasing the number of layers, the number
of Cu and Cgg interfaces are increased. The samples have from one interface, a bilayer repeat
[Ceso(15)/Cu(2.5)] to 9 interfaces [ Cgo(15)/Cu(2.5)] x5 which is equivalent to 5 bilayer repeats.
(b) The dependence of magnetisation on the number of interfaces keeping the total amount of
material in the samples constant and dividing them into different numbers of layers. The total
thickness in the samples here is 90 nm, where 9 nm is contributed to the total thickness of Cu
and 81 nm to Cgg. The samples have from one bilayer repeat sample (R=1) of [Cgo(81)/Cu(9)]
to a sample with eight repeats (R=8) of [Ceo(10)/Cu(1.1)]x8. The illustrations at the bottom
of (a) and (b) represent the sample structures. (c) Remanent magnetisation extracted from the

same samples presented in (b) [71]. (b)+(c) data in collaboration with Will Deacon.
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4.2.1.4 Interfaces quality and reproducibility

Sample degradation has a detrimental effect to organic materials which can hinder the
quality of samples and change various properties such as the emergent magnetism.
However, it is shown by our experiment that it can be controlled which can even be
beneficial to protecting the emergent magnetisation. Increasing the number of inter-
faces slows down the loss of magnetisation due to the degradation process. Degrada-
tion of 40% in the magnetic moment is observed for single interface samples over 3
days, yet no degradation is observed for samples with fifteen interfaces over the same
period. In a period of 10 days, samples with more interfaces showed a more gradual
loss of moment comparing to the samples with less number of interfaces. This data
suggests that the bottom interfaces (those closer to the substrate), are protected from

degradation by the top layers, have a higher contribution for the magnetisation, figure
4.7.
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Figure 4.7: (a) Degradation of magnetic moment as a function of number of interfaces over a
period of ten days. The sample structure is Ta(5)/[ Cep(20)/Cu(2.5)] X N/AL(5) where the number
of interfaces is 2N-1 and N is the number of repeats. The lines are guides for the eye.

In addition, it appears that the choice of the capping layer plays a crucial role in
reducing the sample sensitivity to the oxidation process and hence impacts the degra-
dation. For samples with a thinner cap layer, there was a significant loss in moment

over a few days, again suggesting that the molecular and metallic film interfaces are

53



4.2 Characterisation of hybrid diamagnetic metal/Cg, interfaces

modified due to chemical degradation. Samples with a thicker protective cap layer ex-
perienced the same effect but over a longer period of time. The examples in figure 4.8

illustrate this effect.
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Figure 4.8: Sample degradation using different cap thicknesses. The raw magnetic moment
after different periods of time for Ta(5)/Cgp(20)/Cu(2.5)/Cgo(15) with (a) Au(1)/Al(3) and (b)
Au (10) cap layers [71].

Figure 4.9 demonstrates the effect of annealing on the emergent magnetisation.
Annealing improves the interface morphology and crystallinity, consequently altering
the magnetisation. The magnetisation of a Cgy/Cu/Cgy sample was measured at 300
K. The sample was then annealed by heating it to 825 K under 50 mTorr in He at-
mosphere in a SQUID magnetometer. The magnetisation of the sample was measured
again at 300 K after annealing and compared to the non-annealed sample as illustrated
in figure 4.9. The annealed sample exhibited a higher saturation magnetisation and co-
ercive field compared to the non-annealed sample. The difference may be attributed to
the change in crystallinity and morphology after annealing and oxygen migration from
the interface and/or metal. Hence the hybridisation and the charge transfer with the
associated modification such as the change in the density of the state will be different.
Heating the sample beyond the sublimation temperature of Cgg, 850 K, causes damage

to the molecular film and causes a decrease in magnetisation.

The ability to control the reproducibility of the samples and the yield is critical due

to the sensitivity of organic materials to oxygen and moisture. The deposition system is
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Figure 4.9: Typical hysteresis loops of Ta(5)/Ceo(10)/Cu(1.8)/Cso(10)/Al(2). Both loops rep-
resent raw data that are measured at room temperature. The blue loop is the original sample
without annealing whereas the blue loop is measured after annealing the sample to 825 K. (b)

The saturation magnetisation during heating and cooling process.

adapted to improve reproducibility and yield of our samples where sixteen samples can
be deposited in one growth run without breaking the vacuum with optimum pressure
conditions. Table 4.1 presents results obtained in one growth run for two batches of
samples: Cu and Mn samples and their controls. Mn samples will be explained in
detail in the next chapter. The magnetisation exhibits consistent results in relation to
the number of interfaces, which have been varied between one and two interfaces, and
Cu thickness. The magnetisation for the control samples was not quenched completely
because 2 nm of Al spacer layer is insufficient for this purpose. 4 nm of Al,O3 layer
was used later to provide a proper separation between metallic-molecular interfaces,

as the data in section 4.2.2.1.

AFM was used to study the roughness dependence on the number of interfaces for
samples that are equivalent to the two sets of samples discussed in section 4.2.1.3, see
figure 4.10. The set of samples with a constant bilayer thickness, [Cgo(15 nm)/Cu(2.5
nm)] x N, show a rise in roughness with increasing number of interfaces. However, the
other set of samples with a constant total thickness, [Cgo(81/N nm)/Cu(9/N nm)], show
an opposite trend when the whole multilayered stack is split into a larger number of
repeats. The roughness experienced drops as the number of interfaces increases but
the thickness of Cu and Cg in each repeat decreases. This allows the Cu layers to

work as a seed layer for the Cgy hence the latter grows more smoothly. To confirm
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Table 4.1: The saturation magnetisation and coercive field of bilayer samples of Cu/Cy,
measured at room temperature, the thicknesses in nm. The samples here were produced
in one growth run. The decoupled molecular interface samples are in red. The high
coercive field in the decoupled Cu/Cgy sample could be due to constant anisotropy
in the system where the reduction saturation magnetization yields high coercive field
to keep constant magnetic anisotropy. Further statistics with a thick decoupled layer
needs to confirm the observation.

Sample Magnetisation (emu/cc) Coercive field (Oe)
Cu

Ta(5)/Cgo(10)/Cu(1.8)/Cgo(5)/AI(2) 71 78
Ta(5)/Cgo(10)/Cu(1.8)/Cgo(10)/Al(2) 52 72
Ta(5)/Cgo(10)/Cu(2.5)/Cgo(10)/Al(2) 58 126
Ta(5)/Cgo(10)/Cu(1.8)/Al(2) 35 96
Ta(5)/Cgo(10)/A1(2)/Cu(2.5)/A1(2)/Cgo(10)/Al(2) 13 130
Mn

Ta(5)/Cgo(10)/Mn(10)/Cg(5)/A1(2) 11 105
Ta(5)/Cgo(10)/Mn(5)/Cgo(10)/Al(2) 7 112
Ta(5)/Cgo(10)/Mn(10)/Cgo(15)/A1(2) 9 86
Ta(5)/Cgo(10)/Mn(10)/Cg(5)/Al(2) 3 101
Ta(5)/Ceo(10)/A1(2)/M((5)/A1(2)/Cgo(5)/AL(2) In the background N/A

this is due to the presence of Cu but not due to multiple deposition of Cgy, Cgy Was
deposited into multilayers but without Cu, [Cgo(10.1nm)/Cu(0 nm)]x8) where 0 nm
here means Cu is not deposited. Another sample with the same thickness of Cgy was
deposited but without splitting Cgo, [Ceo(81nm)]. The roughness for these samples
was the same (1.084+0.02) nm but different to the one with Cu, [Cgy(10.1 nm)/Cu(1.1
nm)]x8, (0.854+0.02) nm, which can be due Cu filling Cgy valleys and smoothing the

molecular layer.
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Figure 4.10: (a) Atomic force microscopy (AFM) data for the same samples in figure 4.6(a)
The root mean squared (RMS) roughness versus the number of layers. Green squares for
the samples where the thickness of Cu and Cg is kept constant (line fit to asymptotic decay)
whereas the blue dots for the samples with constant total thickness (line fit to N*> dependence).
(b) The images on the top right show three dimensional AFM images of a Cgo(15)/Cu(2.5)
sample with a cross sectional area of 2.0x2.0 um? and a real 2-dimensional representation of

the data with 500x 500 nm? image.

4.2.2 Low energy muon spin rotation spectroscopy

Magnetometry measurements showed the presence of magnetism in the multilayered
stack of Cgo/Cu, but breaking the interfaces by introducing Al or Al,O3 quenched this
emergent magnetism. It also showed that the magnetisation depends on the thickness
of the metallic layer. However, the magnetometry cannot provide information about the
location of the emergent magnetism; if it is localized at the interface or if it extends fur-
ther in both the metallic and molecular layers. Furthermore, magnetometry cannot de-
termine how much each material contributes to the emergent magnetism. Conversely,
LE-uSR overcomes the limitations of magnetometry and allows depth dependent in-
vestigations in multilayered samples. This technique showed successful results when it
was applied to other metallo-molecular systems [101; 102]. In this technique, a beam
of fully polarised positive muons are implanted in matter and work as a magnetic spin
nanoprobe. The energy of the muons is varied between the eV and keV range so the

beam can stop at different depths in the range of tens to hundreds of nanometers. The
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local polarisation of the muons at different depths is detected using the decay of the
positrons which emit in the direction of the muon spin, see section 3.5.1.

In this scenario, two approaches have been adopted to support the emergent mag-
netism at Cgo/Cu interfaces that was observed using magnetometry. In the first ap-
proach (section 4.2.2.1) two samples were studied: a magnetic sample with molecular
interfaces (Cu/Cgp) and a non-magnetic sample with decoupled interfaces (Cu/Al;O3/
Ceo) as a control. In the second approach, a multilayer sample with thick and thin lay-
ers of Cu embedded between Cg layers is used to probe the dependence of magnetism

on the metallic layer thickness (section 4.2.2.2).

4.2.2.1 Magnetic moment localisation at Cu/Cg, interface

To determine where the emergent magnetism is localized, two samples were deposited:
magnetic multilayer-A sample with the structure (from bottom to top) Ta (5 nm)/Cg(20
nm)/Cu(2.5 nm)/Cgp(50 nm)/Au(10 nm), and non-magnetic multilayer-B with Al;O3
layers introduced between Cu and Cg, to decouple the interface, as a control sample.
The magnetometry measurements of theses samples are shown in figure 4.11. In the
sample structure, the gold layer is used as a cap layer to protect the inner layers from
oxidation and it helps to slow the incident positive muon beam. A thick 50 nm top Cg
layer is deposited to allow the measurement of a distinguishable signal from the Cg/Cu
interface without interference from the signal from the Au interface. To get a high mag-
netic signal, the thickness of the Cu layer is selected to match the highest magnetisation
signal, as shown in figure 4.3, the 2.5 nm thick Cu layer. The total sample structure is
designed to allow the probing of the layers with accessible positive muon energies. It
also provides the maximum stopping profile at the area of interest, which is close to
the Cgo/Cu interface, without interference from the signals from other layers. There-
fore, contributions from different layers will be distinguishable, which allows better
understanding of the interfacial effect. The depth distribution of the implanted muons
was simulated using the Monte Carlo program TRIM.SP [103; 104], see figure 4.11.
It was used to calculate the fractions of muon in each layer based on the interaction

between muons and matter, where the materials type, density and thicknesses are taken
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into account.
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Figure 4.11: (a) Muon stopping profiles in Ta(5)/Ce0(20)/Cu(2.5)/Ce0(50)/Au(10) multilayer-
A (top) and a Ta(5)/Cego(20)/Al2O3(4)/Cu(2.5)/Alo03(4)/Ceo(50)/Au( 10) multilayer-B (bottom).
The lines are guides for the eye. The red shaded areas indicate the active and decoupled
molecular interfaces for each sample respectively. The maximum absorption of muons for this
region takes place at 8 keV where the Cu layer is located. (b) The raw magnetometry data for
the Cu/Cgg (top) and the decoupled sample Cu/Al;O3/Cgg (bottom). A clear hysteresis loop
and magnetisation is observed in the first sample while the decoupled sample shows only a
diamagnetic contribution from the silicon substrate. The lateral size of these samples is 3x3
mm?. However, the size of the samples used in the muon experiment is 2 to 2.5 cm; the maximum

size to deposit uniform layers while being large enough to match the size of the muon beam

[71].
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The SR measurements were performed at 250 K with different probing energies
for both samples; multilayer-A and multilayer-B. The first measurements were done at
zero magnetic field with four different implantation energies: 4 keV, 6 keV, 8 keV and
16 keV as illustrated in figure 4.12b. At 4 keV, muons probe the identical uppermost
Cg0(50 nm)/Au(10 nm) layers of both samples. The magnetic multilayer-A exhibits
a fraction of approximately 10% loss in the polarisation of the implanted muons at 4
keV. This gives an indication that a region of the sample is influenced by the magnetism
which may arise from the stray field of the magnetic interfaces. On increasing the im-
planted energy to 6 keV, the difference between the two spectra of multilayer-A and
multilayer-B increases and becomes even more pronounced at 8 keV, where a bigger
fraction of muons is probing the Cu layer. This reveals that the Cu layer is magnetic
in multilayer-A, else an overall increase of the muon polarisation would be observed.
At implantation energy of 16 keV, the highest muon fraction is located in the substrate
and 20% in the bottom Cg layer. At this depth, which is far away from Cu layer, the
muon polarisation signal decreases. This observation suggests that the magnetism is

localised at the Cu/Cg interface.

In order to investigate more about the distribution of the magnetism, the ;SR re-
sponse in the zero-field remanent state was studied. The experiment was performed by
applying a magnetic field with a strength of 300 G to the samples in order to magne-
tise them, thus enhancing the depolarisation of muons. The field was removed during
the measurements in order to measure in the remanent state. As seen in figure 4.12
at 8 keV, there is a clear difference in the magnetic sample multilayer-A spectra in the
remanent state compared to the virgin spectra. On the other hand, the non-magnetic
multilayer-B experienced subtle changes even in the remanent state. To clarify the ori-
gin of the observed oscillations, the SR spectra were fitted to equation 3.9 for each
energy at both zero-field virgin and zero-field remanent states. The oscillation frequen-

cies extracted from the fit are plotted in figure 4.13a as a function of energy.

As shown in figure 4.13a, in the zero-field state, both samples exhibited an oscil-
lation at 0.4 MHz. The 0.4 MHz precession can be attributed to the muonium state
formed in semiconducting Cgy. Muonium is a bound state that can be formed when a

positive muon is slowed down in matter and picks up an electron from an atom in the
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Figure 4.12:  (a) Schematic representation of a spin-polarized muon implanted in the
measured samples;, multilayer-A, [Ta(5)/Cgo(20)/Cu(2.5)/Cgo(50)/Au(10)]; and the control,
multilayer-B, [Ta(5)/Cgo(20)/Alo03(4)/Cu(2.5)/AloO3(4)/Ceo(50)/Au(10). The muon enters the
sample with its spin pointing along a specific direction. The polarity of the spin changes when
it is subjected to a local field within the sample.The hysteresis loops to the right are the raw
data obtained from magnetometry measurements; the horizontal scale bar denotes 1kOe and
the vertical scale bar denotes 100 emu per cm® of Cu. (b) Zero-field 1SR spectra for four
different implantation energies: 4 keV, 6 keV, 8 keV and 16 keV for both multilayer-A and
multilayer-B. The former is plotted in blue whereas the latter is in red. The tables show the
percentage of muon fraction stopped in each layer. At 8 KeV, where the muon mostly stopped
in the Cu layer, zero-field SR spectra are shown in closed and open symbols indicating the

measurements before and after applying a magnetic field of 300 G respectively [71]

stopping material (abbreviated Mu= pe™) [105; 106]. It is formed in intrinsic semi-
conductors and insulators but not in metals. Metals have a strong cloud of conduction
electrons that can collectively screen the muon’s positive charge. However, a collective
screening cannot take place in semiconductors and insulators and the muon often forms
muonium state. Muonium also has a net polarisation that makes it a sensitive probe of
local magnetic field. The muonium oscillation frequency formed Cg is shifted to 0.6
MHz after applying an external field of 300 G. The shift is due to the small residual
field in the apparatus of about 0.3 G. Interestingly, the magnetic sample, multilayer-
A, revealed an additional oscillation frequency at approximately 0.75 MHz which is
not observed for non-magnetic sample multilayer-B. This new frequency, which is as-

sociated with the remanent state, is presumed to be correlated to the presence of an
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Figure 4.13: (a) The fit of the oscillation frequencies data in figure 4.12b for the multilayer-A
and multilayer-B (control) samples. Multilayer-A shows an additional frequency (0.75 MHz)
in the remanent state measurements which does not appear in the control sample. (b) The po-
larisation amplitude of both the magnetic signal (0.75 MHz) and the non-magnetic signal (0.6
MHz) in the multilayer-A sample. The right-hand axis represents the amplitude of oscillation
at a given energy. The background shading is the fraction of muons stopped in the given layers;
the layers are presented in the left-hand axis and the percentage of ™ fraction is shown in the
inset. Backscatter is the fraction of muons that do not decay in the sample. Here, the additional
magnetic signal (0.75 MHz) follows the muon fraction that stopped in the Cu layer is maximum
at 8 keV. The non-magnetic signal at 0.6 MHz shows the minimum at the same energy [71].

additional magnetic field of about 0.1 Oe generated by the magnetic interface. It is
observed at energies <10 keV, however its amplitude follows the fraction of muons
stopped in the Cu layer as shown in figure 4.13b. The non-magnetic signal at 0.6 MHz,
on the other hand, follows the opposite trend to the magnetic signal of muons stopped
in Cgp. All observed results give a clear signature of the existence of a magnetic mo-

ment localised in the metallic layer close to the Cu/Cg interface.

To clarify the role of muonium and its correlation to the magnetism of the sample,
low temperature measurements were performed. The formation of muonium is pro-
nounced at lower temperatures where Cgy molecules are orientationally ordered [107]
and nonconducting; about 75% of the implanted muons in the Cgq layer form muonium.
For this purpose, the magnetic sample multilayer-A was measured at 20 K where the
formation of muonium is more pronounced. The sample here experienced three low
frequency oscillations, 1.2 MHz, 7.4 MHz and 8.6 MHz, that are characteristic of Cg

[107] as shown in figure 4.14a. The fact that the oscillation frequencies of muonium
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4.2 Characterisation of hybrid diamagnetic metal/Cg, interfaces

are clearly observed at 20 K gives strong evidence that the magnetism is localised in
the Cu layer or at the Cu/Cy interface. Otherwise, if the magnetism is localised in Cg,
the oscillations of the muonium would be strongly shifted and would even disappear
due to the internal magnetic field. Also, if the sample is free of magnetic ordering, one
expects a rise in the muonium asymmetry signal as penetrating deep inside the sample
and probing more Cg, material. However, the muonium signal shows a decrease as the
muons start probing the Cu/Cg interfaces, 6-8 keV 1n figure 4.14b. This effect gives

further support that the emergent magnetism is localised at the interface.
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Figure 4.14: Low temperature fitting of the muonium (Mu) radical lines of the magnetic sam-
ple multilayer-A. (a) Oscillation frequencies (radical lines) as a function of the implantation
energies; V1, Vo, and vs, are the muonium frequencies in Cgq [107]. (b) Asymmetry (polarisa-
tion) of the muonium frequencies and comparison to expected asymmetries given the number
of muons stopped in Cgq layers. The expected asymmetry is calculated by adding the amplitude
of low frequency lines respectively for 4, 6 and 8 keV with both fraction of muon in Cgy and
fraction of Mu radical [71].

4.2.2.2 Metal thickness dependence of the ;SR spectra

The object of this study is to reinforce the magnetometry results observed in section
4.2.1.1 which show that the observed magnetic ordering only emerges in thin metallic
layers while thick metallic layers show no magnetic contribution. The charge transfer
is screened by free electrons in the metals, so the muon behaviour is different when they
stop close to thick layers and thin layers of metal. In this approach, a sample with two

different Cu thicknesses at the interface is used to probe the dependence of magnetism
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on the metallic layer thickness. The sample has a structure Si(sub)/Ta(3 nm)/Cg(20
nm)/Cu(2.5 nm)/Cgy(50 nm)/Cu(15 nm)/Cgy(20 nm)/Au(10 nm), from bottom to top.
The structure of the sample is chosen to probe different layers in the sample within
particular muon energies. The middle Cgq layer is 50 nm thick to ensure that the muon
particles that stop on the top thick Cu interface and the bottom thin Cu interface are
detected separately at specific energies. The thickness of the Cu layer was selected
according to the magnetisation dependence curve in figure 4.3, where a 2.5 nm Cu
layer (bottom) showed the maximum magnetisation and for a 15 nm Cu layer (top) no
magnetisation was apparent. In this experiment, the muon energy was tuned from 4
to 18 keV so that the depth of implantation varied between 10 and 180 nm, as shown
in figure 4.15a. Muon energy of 10 keV and 18 keV probe the majority of the thick
top layer and the thin bottom layer respectively. The hysteresis loop of an equivalent
sample was measured via SQUID magnetometry as shown in figure 4.15b. It provides
a direct confirmation of the presence of magnetism, however it does not provide infor-

mation about where it is localised.
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Figure 4.15: (a) Muon stopping profile of Si(sub)/Ta(3)/Ceo(20)/Cu(2.5)/Ce0(50)/Cu(15)/C¢o-
(20)/Au(10) from bottom to top. 10 keV and 18 keV energies are targeting the thick top layer
and the thin bottom layer respectively. (b) Raw hysteresis loop of the equivalent sample

measured at room temperature.

To confirm that only the bottom Cu layer contributes to the magnetisation, both

layers were studied in the zero-field state and the zero field remanent state at 250 K,

64



4.2 Characterisation of hybrid diamagnetic metal/Cg, interfaces

figure 4.16. The detected oscillating ©SR signals suggest the existence of relatively
ordered magnetic structure at the bottom interface. This is seen as a drop in the po-
larisation of the muons as they are implanted deeper within the sample towards the
magnetic Cu interface. It is also apparent that the asymmetry tail follows the same
trend (figure 4.16b) which means that the depolarisation is enhanced due to a sudden
change in precessional frequency for the muons. The loss of polarisation here is greater
towards the thin Cu layer. After applying a field of 500 G at remanence zero-field, the
reduction in the asymmetry tail signal experienced by the muons is further increased.
This is an indication that the bottom interface is magnetic and the slight decrease with
the other layers could be attributed to the stray field generated at the magnetic interface
that extends a bit further over a certain range of depths. This would affect the muons
polarisation in other layers, however the maximum contribution originates at the mag-

netic interface.

Zero-field SR measurements provide the first evidence of the presence of local
magnetism in the thin Cu interface, due to the sensitivity of this method at detecting
weak internal magnetism that arises in magnetically ordered materials. The transverse-
field (TF) configuration was also used; it allows more information to be gained about
the field distribution within sample layers, mainly because the precessions are stronger
with an applied field than when recorded in the zero-field geometry. In this configura-
tion, an external field is applied perpendicular to the initial muon polarisation. Figure
4.17a shows the polarisation extracted from TF- ©SR time spectrum that was collected
at 250 K in a field of 143 G. There is a rapid loss in asymmetry from an initial value
of ~ 0.17 that occurs at 4 keV to a value of ~ 0.08 at 18 keV, as the implanted muons
approach the interface with the thin Cu (2.5 nm) layer. If there is no internal field
present in the sample, muons will precess in phase so their polarisation is conserved.
However, if there is a slight variation in the field from one layer to another, the muon
precessions progressively dephase and the oscillation is damped [102]. This can be
observed clearly in figure 4.17a where the phase (the change in the direction of muon
polarisation) changes more than 40 degrees as the muon energy is raised to 18 keV,
close to the thin Cu interface. The precessional frequencies of the muons consequently
change when the muons experiences a local magnetic field. This is confirmed by a

step increase in the oscillation frequency corresponding to a change in the field of
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Figure 4.16: (a) Low-energy muon spectroscopy (uSR) spectra  show-

ing the polarisation in a time frame of 8 us in a multilayered system
Ta(3)/Cep(20)/Cu(2.5)/Ceo(50)/Cu(15)/Ceo(20)/Au(10). The closed symbols represent
the zero-field measurements before applying an external magnetic field whereas the open
symbols represent the measurements after applying a 500 G field (remanent state). (b) The
amplitude of the asymmetry tail as a function of implanted muon energy showing the strongest

contributions from the bottom layers.

about 0.15 G when the muons penetrate the first Cgy layer in contact with Cu (2.5 nm),
see the bottom panel of figure 4.17a. The dephased muon signal and the change in
frequency suggest the existence of well ordered magnetic moments close or at vicin-
ity in the neighborhood of the thin Cu (2.5 nm) layer but not the thick Cu layer (15 nm).

Low temperature measurements also play a part in this investigation to yield infor-
mation on the correlation between the muonium states in Cgo and the local magnetism.
Figure 4.17b shows the frequency oscillations corresponding to the muonium states of
semiconducting Cg, obtained at 20 K from various implantation energies. The asym-
metries of the three frequencies were added and compared to the fraction of muon
implanted into the Cg layers. Since muonium is related to Cgg, the corresponding sig-
nal is expected to increase as more Cgq is probed. However, the amplitude of the signal

decreases over the range of energies that target the bottom Cu layer (2.5 nm) and the
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4.2 Characterisation of hybrid diamagnetic metal/Cg, interfaces

surrounding Cgq layers in the zero-field remanent state. The fact that the amplitude of
oscillation is less pronounced and does not follow the relative contribution from Cg,
gives an indication that the signal is sustained by the existing magnetism, which origi-

nates in the thin bottom interface.
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Figure 4.17: (a) Top panel, the amplitude of oscillation as a function of implanted muon
energy in an externally applied transverse field of 143 G at 250 K. Bottom panel, the oscillation
[frequency for the same applied field shows a change in the frequency as the muons get closer to
the Cgo layer that is in contact with the thin Cu layer. (b) The amplitude of oscillations for the
three muonium frequencies at both zero-field and zero-field remanent states. The blue triangles

show the contribution of the Cgg layers to the muonium signal.

4.2.3 X-ray absorption spectroscopy and magnetic dichrosim

As anticipated, magnetometry and low energy muon experiments strongly suggest the
presence of emergent magnetism at the Cu/Cg interface. Nevertheless, obtaining re-
liable information about the sample compositions in order to discriminate the effect
of impurities is essential. Experimental investigation of the impurities was studied by
means of XAS. XAS spectra of a Ta(5 nm)/Cgo(10 nm)/Cu(2.5 nm)/Cg(10 nm)/Al(2
nm) sample was measured at selected energies to allow the identification of various

elements, including magnetic transition metals such as Co, Fe and Ni. The absorption
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signal shows no signs of transition metal impurities, as shown in figure 4.18. How-
ever, the use of a thin cap layer, 2 nm of aluminium, cannot prevent the oxidation of
the sample and a high content of oxygen is present. In order to minimise the sample
oxidation, a thicker cap layer of heavier metals and/or noble metals that wet the Cgg
film can be used as an alternative. However, a thick layer is expected to stop emitted
electrons before they reach the sample surface, hence the electron yield will be signif-
icantly reduced and any small signal, such as potential dichroism, will be lost in the

noise level.
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Figure 4.18: XAS spectra of a Ta(5)/Ceo(10)/Cu(2.5)/Ceo(10)/Al(2) sample, revealing the el-
emental compositions at various photon energy. K and L edges corresponding to the excitation
of an electron from n =1 and 2 shells, respectively are labelled. Oxygen is present in the sample

due to the thin cap layer giving rise to extra features such as a shift in the edge position within

the XAS region [71].

To improve the quality of the signal and deconvolute artifacts that are due to shifts
in energy of the equipment, XAS spectra are measured repetitively. This shows a large
variation in oxygen peak during the measurements due to a radiolysis process, which
results from irradiating the sample with X-ray and attributes to dissociate oxygen from
the sample. Figure 4.19 reveals a comparison in XAS spectra between the first and the
twelfth scans of the same sample. The oxide shoulders of both K-edge and L, 5 edges

show a reduction that could be associated with the measurement conditions; the X-ray
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beam and the vacuum seem to provide a partial annealing environment to the sample.

(@)

187

T
C K-edge

(b)

208

14r S : f
— 12k OK-edEQZ”wder ﬁk {/-k_n"“"—}"-'"ﬂ_-: _ '
B A o L \ n
s 1F lﬂ v 1 g ' | I: \
E [\ g [ N
o o08F Al 4 = \
= I/ \ 2 of \ }
I ] VAV : o
E 02 b } Jd 8 05 .J
2 r"-' b 15t scan
0 |— 151 XMCD scan —— Vith 3cen
02l . . L L , 12 XMCD scen | oop—
¥ W0 M W X W W X rvry prrs 560 70 pres
Energy (eV) Energy (&V)
Figure 4.19:  The electron photoemission of the (a) Carbon K-edge and (b) Cu Ly 3
edges. Both elements show the presence of oxygen peaks that are reduced during the
measurements. A comparison between the first (blue) and the twelfth (red) scans of a

Ta(5)/Ceo(10)/Cu(2.5)/Ceo(10)/Al(2) sample showing a significant reduction of oxygen peaks
that is seen in both the carbon edge and Cu edge [71].

Measuring XAS spectra with the two opposite circular polarisations and taking
their difference provides an important insight to investigate magnetic properties of
the sample. This technique is known as XMCD, see section 3.5.2. For this purpose,
the XAS spectra were measured for the Cu edges at selected right (h™) and left (h™)
handed circularly polarised X-ray beams as shown in figure 4.20 and described in sec-
tion 3.5.2. There is a small difference in the electron yield for different polarised beams
as indicated in the inset in figure 4.20. This difference (dichroism) may be indicative
of magnetic Cu, although the signal is very small and could be due to an artifact in
the measurements. The potential dichroism is mostly observed in the L3-edge but not
L,-edge, where the latter is almost lost in the noise. The dichroism of the Ls-edge is
detected over 15 scans where the first two scans may suggest that the changes in the
signal are due to the presence of oxygen which is reduced after the second scan. The
data over the rest of the scans reveal a very small dichroism that could indicate mag-
netism in the Cu L3-edge, however it is not firm evidence since the signal is within the

noise level.
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Figure 4.20: (a) The absorption of left (h™ ) and right (W) circularly polarized X-rays for Ly 3
Cu edges, obtained from a multilayer of Ta(5)/Ceo(10)/Cu(2.5)/Ceo(10)/Al(2). The two spectra
(black and red) correspond to the absorption of right and left handed circularly polarised light
respectively. Inset: the L3-edge dichroism signal measured at room temperature and averaged
over 15 measurements; it might provide evidence for an induced magnetic moment in the Cu
edge. (b) The dichroism signal of Cu Ls-edge shows the consistency in the data after the 3rd
scan despite the electron yield is very small. The first two scans demonstrate a different signal
compared to the rest of the scans. This could be due to the presence of oxygen which is reduced
during the measurements and recovers the Cu/Cg interface. (¢c) XMCD averaged for 15 scan,

the dichroism is apparent in L edge but the signal for Lo disappears in the noise [71].

Another strategy to observe the dichroism was to deposit samples with a thicker
cap layer to prevent the oxidation process. A 3 nm silver (Ag) cap was added to the
Al cap in this investigation, however the electron yield was too low. Alternatively, the
total fluorescence yield (TFY) was measured instead of the electron yield. The sample
with the silver/aluminium cap showed no oxygen shoulder compared to the sample
with only the aluminium cap, see figure 4.21b. Although the oxidation is prevented by
using a thick cap layer, the dichroism signal is less straightforward to observe and is

not clearly distinguishable in the noise level as illustrated in figure 4.21c.
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Figure 4.21: The dependence of the absorption of circularly polarized X-rays

on the capping layer at the Cu Lp3 absorption edges. (a) XAS for a thick cap
Ta(5)/Ceo(10)/Cu(2.5)/Ceo(10)/Ag(3)/Al(2) sample and the sample with a thin cap layer
Ta(5)/Ceo(10)/Cu(2.5)/Cgo(10)/Al(2). (b) The Ls-edge of both samples show the absence of
an oxygen shoulder for the sample capped with Ag(3)/Al(2). (c) The difference between up and
down polarisations (dichroism) of the sample capped with silver/aluminium and measured in
fluorescence mode. The dichroism signal here is within the noise level compared to dichroism

signal in the aluminium capped sample in figure 4.20 [71].

4.3 Conclusion

In this chapter, the emergent spin ordering that arises at the diamagnetic (Cu) metal and
Ceo interfaces has been studied intensively using magnetometry, LE-;:SR and XAS.
The findings highlight the essential role of interfacial coupling on the emergent mag-
netism due to hybridisation and charge transfer at Cu/Cg, interfaces. The data obtained
using magnetometry shows that the samples are ferromagnetic at room temperature but
only when/or is maximised when the metallic layer is thin and continuous. In thick
metallic layers, the bulk properties dominate, hence the charge transfer is screened by
free electrons, resulting in a quenching of the emergent magnetism. The magnetisation
also disappears when the interfaces are decoupled by an aluminium (or alumina) spacer
which prevents any electron transfer or hybridisation arising due to the metal-organic
interface. The magnetisation dependence on temperature showed a trend that follows a

typical magnetic ordered system. To complement these results, a comprehensive study
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of reproducibility and degradation was performed on Cu/Cg, systems. The emergent
magnetism can be controlled and protected by increasing the number of interfaces, a
good choice of a cap layer and annealing. The roughness plays a role in the quality of

the samples and it can be controlled by annealing.

The ©SR results showed that the emergent magnetism is localised at or close to
Cu/Cg interface which is correlated with an additional frequency that appeared in
the remanent state. Decoupling the interface with alumina suppressed this oscilla-
tion. The emergent magnetism at the Cg interface with different Cu layer thicknesses
was probed by muons to elucidate the dependence on thickness that was achieved by
magnetometry. It showed consistent results with the magnetism arising from the thin
metallic interface (2.5 nm) but not thick film (15 nm), where the charge transfer plays

an important role in controlling the spin ordering at metallo-molecular interfaces.

XAS showed evidence that the emergent magnetism does not arise because of the
presence of magnetic impurities. This was done by tuning X-rays with a wide range of
energies to investigate the transition magnetic metals where no sign of magnetic im-
purities was observed. However, the requirements of X-ray spectroscopy, as a surface
sensitive tool, has some restrictions with respect to the sample. In this sense, a thin
cap layer is required to allow the collection of electrons from the sample surface but
sample oxidation appeared to be a problem. Replacing the thin cap layer with a thick
one prevents sample oxidation but presents another difficulty related to very low yield
of electrons. A dichroism signal was observed but was very small and particularly

challenging to distinguish from the noise signal.
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CHAPTER 5

Emergent magnetism at paramagnetic

metal/Cg interfaces
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5.1 Introduction

5.1 Introduction

The transformation of non-magnetic elements into magnetic materials using molecular
interfaces in diamagnetic Cu and Cg, systems is presented in chapter 4. This observa-
tion gave the motivation to further understand this effect and to perform a systematic
study investigating the influence of interfacial hybridisation on the modification of

magnetic properties in other transition metals.

Paramagnetic manganese (Mn) and scandium (Sc) have been chosen as standard
elements for this study. Bulk Mn and Sc are not magnetic under ambient conditions.
Mn is a paramagnetic 3d metal that has a Stoner factor of 0.63, approximately six times
larger than the one of diamagnetic Cu. Sc is the first in the series of transition metals
and only has one electron in the 3d shell. It is paramagnetic but considered to be on the
threshold of ferromagnetism; it has a Stoner factor of 0.825 and therefore lies close to
the ferromagnetic instability where the Stoner factor is unity [25]. The density of states
of Sc has a sharp peak at the Fermi energy [108], thereby making Sc magnetically very

sensitive to external effects.

Similar to chapter 4, the observations made are based on using different techniques:
SQUID magnetometry, low energy muon spectroscopy (LE-uSR) and X-ray absorp-
tion spectroscopy (XAS) and the related technique X-ray magnetic circular dichroism
(XMCD) spectroscopy. In this chapter, the observation of emergent magnetism of both
Mn/Cg, and Sc/Cgo multilayers using magnetometry is discussed. We studied the room
temperature magnetisation and the change that the magnetism undergoes with chang-
ing the metal film thickness. We focused more on Sc/Cg, multilayers due to the sharp
peak that characterises Sc at the Fermi energy and any changes in density of states at
the Fermi energy could significantly affects the magnetic properties. LE-uSR spec-
troscopy and XMCD have been used as complementary approaches to investigate the
Sc/Cgy system. In LE-uSR, we discuss the different muon behaviours with different
interface thicknesses and relate them to the magnetometry results. XMCD is used to
explore the magnetism at the carbon edge considering the change in the molecular

orbitals due to charge transfer and hybridisation effects. In this chapter, the various
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results for the Sc/Cg system obtained from each technique are compared.

5.2 Characterisation of hybrid paramagnetic metal/C,

interfaces

5.2.1 Magnetometry

Following the same sample deposition and measurement protocol described in chapter
4, the studied samples here are multilayers of Mn (Sc)/Cgy where the metallic films are
sequentially sputter deposited followed by thermal sublimation of Cgy. The magne-
tometry discussion is divided into two main sections. The first section 5.2.1.1 focuses
on the Mn/Cg interfaces, which presents a picture of the emergent magnetism of the
paramagnetic metal interfaces compared to the Cu/Cg interfaces. This includes room
temperature and the thickness dependence magnetisation measurements. The second
section 5.2.1.2 describes the same concept but in a Sc/Cgy system and discusses the
divergence of the magnetic behaviour in this system. Further insight into the magnetic

properties are investigated through the temperature dependence of magnetisation.

5.2.1.1 Mn/Cqj interfaces

Room temperature measurements of the Mn/Cg system show a clear magnetic hys-
teresis, similar to the Cu/Cg, system 4.2.1.1. The insertion of a thin spacer such as Al
to decouple the interface between Mn and Cg, suppresses the effect and the measure-

ment follows the background signal, see figure 5.1.

Due to the low magnetic moment of the samples, the paramagnetic response which
originates from Mn in addition to the diamagnetic response of the sample holder and
the substrate are a relatively large contribution to the signal measured. These contribu-
tions have been subtracted from the measurements of all the samples to eliminate any

input from bulk leaving only the magnetic signal due to the interfacial effect. Figure
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Figure 5.1: (a) The field dependent magnetisation of a sample with the structure

Ta(5)/[Ceo(18)/Mn(2)]x5/Al(5) measured by a SQUID magnetometer at room temperature.
The data indicated by red symbols is the control with the spacer where the interfaces are de-
coupled and the magnetisation suppressed; Ta(5)/[ Ceo(18)/AL (2)/Mn(2)/Al (2)]x5/Al(5). (b)
The raw data for the same samples showing the paramagnetic contribution which have been
corrected to exclude any effect from the bulk. (c) Low temperature measurements for the same

samples [71]. All thicknesses in brackets are in nm.

5.1a shows the corrected data whereas figure 5.1b shows the raw data with the back-

ground contributions.

The paramagnetic Mn and Cg, system exhibits a similar magnetisation dependence
on the thickness of the metallic layer to Cu/Cgy. The magnetisation of multilayered
Mn/Cg, reaches a maximum when the Mn layer is approximately ~ 4 nm. The mag-
netisation decays once the metallic layer exceeds 5 nm or if it is very thin and not
continuous, less than 2 nm, as shown in figure 5.2. However, the magnetisation of the
Mn/Cg, samples is 3-4 times weaker than that of the Cu/Cg, as reported in chapter 4.

This is probably due to strong charge transfer of up to 3e™ per Cgy molecule on Cu sub-
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strates [98]. Also, the d bands near the Fermi level are highly hybridised between the
Cu surface and the molecule which means there is a strong metal-fullerene coupling
[109; 110]. The d bands in Cu are also filled with electrons and are close to the Fermi
level [25], whereas this is not the case for Mn. Cu also has better lattice matching with
Cgo which allows more charge transfer [99]. However, bulk Mn is paramagnetic and
much closer to the Stoner criterion than diamagnetic Cu, so the effect propagates ~
five times further in Mn than in Cu. The latter has a relatively weak exchange interac-
tion and very small DOS(E), with Stoner factor of one order of magnitude less than

unity, that makes the effect disappear quickly as it is becomes close to bulk [25].
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Figure 5.2: Dependence of the magnetisation on the Mn film thickness for a total of 96 sam-
ples with the structure: Ta(5)/[Ceo(10-20)/Mn(t)/Ceo(10-20)]x(1-5)/Al(5). The data were
taken at room temperature and the magnetisation here is the average, taking into consideration
the thickness of the Mn layers only. The error bars in thickness and magnetisation are calcu-
lated corresponding to the roughness and the standard error of the mean respectively. Inset,
In-plane and out-of-plane magnetisation versus applied magnetic field measured at room tem-
perature for [Cgo(15)/Mn(2.5)] x4 sample. The sample shows in-plane easy axis anisotropy
with out-of-plane saturation field Hsqy of 15 kOe [71].

Magnetic measurements of Mn/Cg films exhibit magnetic hysteresis loops typical
of an anisotropic easy axis that lies in the plane of the film. The loops measured along
the hard axis (out-of-plane) have saturation fields that reach 15 kOe at room temper-
ature, see the inset in figure 5.2. The fact that the samples show different magnetic

behaviours in in-plane and out-of-plane orientations indicates the anisotropic nature of
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the magnetisation, not consistent with the randomly distributed impurities or particles.

The magnetic properties of the samples are affected by various parameters such as
the deposition pressure and substrate alignment with respect to the evaporation source.
However, it has been observed that the sample roughness in particular could play im-
portant role in controlling the magnetic properties which could be correlated to dif-
ferent surface reconstructions. A set of samples were deposited in the same growth in
order to adopt a correlation between sample roughness and the corresponding emergent
magnetism. The measurements shown in figure 5.3a correspond to identical structures
of Mn/Cgy samples deposited adjacent to one another on one sample plate. Specu-
lar X-ray reflectivity has been employed in the characterisation of the roughness and
thicknesses of these multilayer samples as shown in figure 5.3b. All multilayers stud-
ied consist of Mn/Cg bilayer subunits with a total thickness of approximately 21 nm.
However, there is a variation in the RMS roughness of the samples that is consistent
with the measured magnetisation. The measured magnetisation is observed to decrease

dramatically with increasing Cg layer roughness.
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Figure 5.3: Identical sample structures, grown side by side, show different magnetisation
which could be due to roughness or thickness uniformity. (a) Raw magnetisation data of four
Mn/Cgy samples grown simultaneously on the same sample plate. The samples have a structure
of Ta(5)/[Ceo(18) Mn(2.5)] x4/ Al(5). Measurements taken at room temperature. (b) Low
angle XRR of the same samples showing the thickness of one of bilayer is obtained by fitting
the specular XRR from the samples via Bede software. The surface roughness of the samples is
also determined using the same fit; table in (a). Surface roughness is observed to be associated

with low magnetisation (M) as shown in the inset in (a) [71].
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5.2.1.2 Sc/Cgy interfaces

In addition to observing emergent magnetism when diamagnetic Cu and paramagnetic
Mn are in contact with Cg, paramagnetic scandium (Sc) has also shown evidence
for ferromagnetic ordering using Cgy molecular interfaces. The studied samples are
thin films of Sc/Cgy multilayers deposited in-situ under high vacuum conditions. The
samples have a general structure of Ta(3.5 nm)/[Cgo(15 nm)/Sc(x nm)]x4/Al(S nm)
where the thickness of Sc layer (x) was varied. Room temperature measurements of
Sc/Cgo multilayers were carried out via SQUID magnetometry and exhibited a clear
magnetic behaviour as presented in figure 5.4a. In the metal, free electrons play a role
in screening the charge transfer which leads to quenching of the emergent magnetism
as the sample thickness is close to the bulk properties. This is observed clearly in
the magnetisation dependence on the thickness as shown in figure 5.4b, whereby the
effect follows an inverse dependence with thickness as the metallic layer exceeds ~
10 nm. Similar behaviour has been previously confirmed in both Cu/Cgy and Mn/Cy
multilayers. It is also expected that the magnetisation disappears if the metallic layer
is discontinuous, however, Sc/Cgy multilayers reveal a different trend. The magnetisa-
tion increases, whereas the magnetic moment is roughly constant, even if the Sc layer
is very thin, ~ <0.5 nm, with a value of magnetisation that exceeds 130 emu/cc as
shown in figure 5.4b. This could be due to wetting properties of Cgy by Sc films where

at smaller thickness the Sc layer would be continuous.

One possible explanation is that the increase in the magnetisation is correlated to
the oscillatory change in the magnetisation as a function of metallic film thickness
which can be observed from the residual of the exponential fit as shown in the top
panel of figure 5.4. The explanation could be based on the quantum well (QW) states
that cause the complete quenching of magnetic moment for certain thicknesses as ob-
served in palladium (Pd), rhodium (Rh) and platinum (Pt) thin films [111]. These QW
states cross the Fermi level periodically as the thickness of the overlayer film changes
accordingly, inducing oscillations in the DOS at the Fermi level. Therefore magnetism
is enhanced and suppressed periodically whereby it satisfies the Stoner criterion or not
respectively. This kind of behaviour has been studied extensively theoretically [111-

113] in Pd thin films and confirmed experimentally by S. Sakurage et al. [114]. Like
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Figure 5.4: (a) Room temperature hysteresis loop of typical sample with structure
Ta(3.5)/[Ceo(15)/Sc(1.8)] x4/Al(5). (b) Magnetisation per unit volume of Sc atom for
Ta(3)/[Cg0(20)/Sc(0.8)/Cgp(20)/Al(5) was measured by a SQUID magnetometer at 300 K show-
ing superparamagnetic-like behaviour. (c) Bottom: Room temperature magnetisation depen-
dence of Sc thickness for a typical structure of Ta(3.5)/[Ceg (15)/Sc(x)]x4/Al(5). Top: The
residuals from the exponential fit of magnetisation data in the bottom curve are plotted as a

function of Sc layer thickness.

Sc, Pd is nearly magnetic and a small change in the DOS can alter the magnetic ground
state to satisfy the Stoner criterion [25]. Thus Pd magnetism is very sensitive to any
change in the environment, for example a monolayer of Pd revealed magnetism on a Ag
substrate whereas a bilayer of Pd on the same substrate exhibited no magnetism [115].
The effect could extend further in multilayer films up to 15 monolayers (~5 nm) in Pd
thin films [114]. At specific thicknesses, i.e. specific boundary conditions, electrons
in the metallic band can not scatter into the interface as there are no available states to
occupy. Instead they experience a total reflection at the surface of the metal and are
effectively confined between the surface and interfacial QW states. The resultant QW
state in this case will exhibit either constructive or destructive interference depending
on the film’s thickness. The DOS will change accordingly and reach a state to vali-

date the Stoner criterion for ferromagnetism. The thickness that does not satisfy the
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condition is distinguished by a complete quench in the magnetic moment resulting in

an overall oscillatory behaviour between magnetic and non-magnetic states [111; 114].

Although the formation of QW states may explain the oscillatory manner of mag-
netism, detailed discussions based on the energy band calculations and electron dy-
namics at the interface are required to understand the magnetic behavior of Sc/Cg
system. In the energy band calculations, the band offset between the band edges of
the two materials controls the confinement of the wave function well within specific
layers.The phase matching conditions at the interface, on the other hand, plays a role in
the electron reflection [116]. Whether or not there is a connection between the forma-
tion of QW states in Sc/Cg system and emergent magnetism remains to be explored.
An experimental study that involves photoemission techniques [117] can be used to
measure the electronic band structure and investigate the emergence of the QW states
[116; 118; 119].

The oscillatory behaviour could alternatively be explained in a similar way to the
Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling mechanism between ferromagnetic
layers embedded in nonmagnetic spacer layers [120—122]. In a structure: ferromag-
netic metal/normal metal/ferromagnetic metal, the first magnetic layer interacts with
the conduction electrons of the non-magnetic metal and spin polarises the electrons.
The spin-polarised electrons propagate through the non-magnetic layer and couple to
the other magnetic layer. The coupling depends on the separation between the mag-
netic layers. Hence the coupling may be either ferromagnetic or antiferromagnetic,
leading to an oscillatory behaviour. In principle, the RKKY interaction appears to be a
good candidate for the mechanism of oscillatory behaviour assuming the Sc/Cg inter-
face is ferromagnetic and the part of Sc layer which is away from the interface is the
non-magnetic spacer. However, this theory may not apply because the Sc layer could
be either completely magnetic or the non-continuous layer which will not provide a

perfect transport bridge to couple the other magnetic layers.
Another possible explanation is that reducing the thickness could lead to the for-

mation of Sc/Cgy nanoparticles which can behave in a superparamagnetic manner. The

superparamagnetic behaviour is marked by an absence of magnetic hysteresis, i.e. no
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coercivity. In this study, magnetometry measurements show nearly zero coercive field
for samples deposited with very thin Sc layers, as shown in figure 5.4b. The samples
with thicker Sc layers, exceeding 1.5 nm, do not show this behaviour as represented
in figure 5.4a. Similar to superparamagnetic materials, the coercivity also shows an
increase as the temperature is lowered. The temperature 7" dependent of coercivity H..
is plotted in figure 5.5a. It follows the dependence predicted for superparamagnetic

system with high blocking temperature 7'z according to

1
Hc = HCO [1 — (1)
Ts

where H . is the coercivity at 0 K [123; 124].

5.1

Further analysis of the layered structure of the Sc/Cgy was accomplished by mea-
suring the magnetisation behaviour as a function of temperature for samples with dif-
ferent thicknesses of Sc layers; 2.0 nm and 0.2 nm . Figure 5.5 shows the temperature
dependence of the magnetisation. In the zero-field cooling process (ZFC), the sample
was cooled from 300 K down to 5 K without applying an external magnetic field. The
magnetisation was then measured as a function of temperature in a small applied field
of 100 Oe during a warming process. In the case of field cooling (FC), the sample was
cooled from 300 K down to 5 K in the same small applied field. In both samples, the
observed ZFC and FC magnetisation curves indicate a thermal hysteresis that moves
to lower temperatures. The difference between ZFC and FC curves with temperature
reflects the irreversibility of the magnetic behaviour and is related to the energy barrier
of the magnetic anisotropy of the samples and the thermal energy. In the ZFC pro-
cess, where there is no external field applied to the sample, the spins exhibit random
orientations. Applying a field at low temperature may align some of the spins if the
magnetic anisotropy of the sample is sufficiently low. By increasing the temperature
(i.e. raising the available thermal energy) under the same field, the ZFC magnetisa-
tion curve increases as the temperature increases. The rise in magnetisation could be
consistent with the inhomogeneous nature of the particles in which the particle size
distribution and individual anisotropy axes are associated with different temperatures
to align them. During the FC process, the same system with low anisotropy retains the

magnetisation while lowering the temperature (i.e. decreasing the available thermal
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energy) [125; 126].

The thin Sc samples, figure 5.5b, show a thermal hysteresis that could be corre-
sponded to superparamagnets but not related to ferromagnetic materials. The experi-
mental observation of this behaviour may give an indication of the dynamic nature of

the magnetic ordering at metallo-molecular interfaces.
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Figure 5.5: (a) The coercivity for 0.8 nm Sc film with Cey interfaces as a function of
temperature. The solid line represents the dependence for superparamagnetic systems with
a high blocking temperature of 885 K; it is fitted to equation 5.1. (b) Magnetisation ver-
sus temperature curves under zero-field cooling (ZFC) and field cooling (FC) conditions for
Ta(3.5)/[Ceo(15)/Sc(x)] x4/Al(5): (a) x = 2 nm (b) x = 0.2 nm. In ZFC condition, the sample
is cooled with zero field. At the lowest temperature an external field of 100 Oe is applied to ro-
tate the spins and the magnetisation curve is measured while heating. The FC measurement is
the process when the same applied field is maintained but the magnetisation curve is recorded

while the sample is cooling down. The data for 0.2 nm Sc film in (b) is smoothed.

5.2.2 Low energy muon spin spectroscopy

The charge transfer resulting from the hybridisation between the 3d band and the
molecular orbitals varies depending on the metal thickness. Free electrons in a thick
metallic layer screen the charge transfer rapidly, compared to a thin layer where the
role of free electrons is less pronounced. Magnetometry measurements suggest that

magnetism only appears in the thin metallic layers where the charge transfer effect
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takes place but not the thick metallic layers. In LE-uSR experiment, the spin-polarised
muon beam was tuned with energies from 2 keV to 14 keV in order to penetrate the
sample with a depth between a couple of nm and a few hundred nm. The investigated
sample has a structure of Ta(3 nm)/Cg(20 nm)/Sc(2 nm)/Cgo (50 nm)/Sc(5 nm)/Cg(20
nm)/Au(10 nm). The sample consisted of a thick top Sc (5 nm) layer and a thin bot-
tom Sc (2 nm) layer to provide information about the emergent magnetism in different
interfacial thicknesses chosen according to figure 5.2. These layers are separated with
a 50 nm thick Cgg layer to provide good energy contrast for the implanted muons. The
depth profile was calculated before performing the experiment using TRIM.SP in order
to identify the desired energies that are needed to target specific layers within the sam-
ple as shown in figure 5.6a. The magnetometry measurement of the equivalent sample

is also shown in figure 5.6b.
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Figure 5.6: (a) Low energy muon implantation profiles of the multilayered system for muons
tuned with different kinetic energies to target specific layers, calculated using TRIM.SP. Sample
structure: Ta(3)/Ceo(20)/Sc(2)/Ceo(50)/Sc(5)/Ceo(20)/Au(10). Inset: Schematic of the sample
stack used for uSR experiment. The Sc layers are separated with a 50 nm thick Cgg layer to
provide good energy contrast. (b) Raw magnetisation data of the sample measured via SQUID

magnetometry at room temperature showing an emergent magnetism.

Figure 5.7 shows SR time spectra collected at 250 mK in a zero-field (ZF) state
where no external field was applied to the samples. The figure shows the depolarisa-

tion of muon particles at various depths (energies) from 2-12 keV. These particles can
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be implanted at depths ranging from few nanometres to hundreds of nanometres. At
an energy of 2 keV and 4 keV where the implanted muons probe the gold layer and the
thick top Sc (10 nm) layer respectively; the polarisation has a very small loss of about
~ 0.05. The constant depolarisation rate at both 2 keV and 4 keV is a feature implying
that the thick Sc interface behaves in the same way as the bulk where there is no sign
of magnetism. However, the spin-polarised positive muons implanted at 8-12 keV that
stop at the thin Sc(2 nm)/Cg, interface exhibited a rapid loss in polarisation from an
initial value of 0.18 to a value of ~ 0.02. The rapid loss occurs in the thin Sc/Cg
interface but not in the thick Sc/Cg, interface. This gives indication of the presence of
local magnetism that affects the precession and hence the polarisation of the implanted

muons.
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Figure 5.7: Low-energy muon spectroscopy (11SR) spectra showing the asymmetry (depolari-
sation) of the muon particles in a time frame of 8 us for a multilayered system of Ta(3)/Cg(20)/
Sc(2)/Ceo(50)/ Sc(5)/Ceo(20)/Au(10). The spectra are for four energies targeting different lay-
ers within the sample. The data with open circles were taken in the zero field remanence (ZFR)
state whereas the closed circles in the zero field (ZF) state. (b) Comparison between SR time
spectra of 4 keV and 12 keV energies where the thick top Sc layer and thin bottom Sc layer are
located respectively. Right: schematic of the sample structure pointing to the top and bottom

Sc layer where the uSR spectra of these layers are studied.
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To extend the scope of the investigation, uSR spectra were also measured in the
zero-field remanent (ZFR) state. In this state, an external field of 500 G is applied to
magnetise the sample but it was removed during the measurements; remanence of ~
0.3 Oe. This allows enhancement in the local field in the area of interest, therefore
better resolution of muon depolarisation will be obtained. In the ZFR state, the uSR
spectra clearly revealed different oscillations as the implanted muons approach the thin
Sc layer, whereas the oscillations remained nearly the same for the top layers. This can
be seen at both 2 keV and 4 keV spectra as presented in figure 5.7. It showed no pro-
nounced change in the oscillations as the muons probe the gold layer and the thick top
Sc layer. However, there is a noticeable shift in the oscillation at 8 keV and it gets
even larger at 12 keV, implying the presence of magnetic moments at these penetration
depths.

To gain better understanding and to distinguish between bulk and thin layer con-
tributions to the uSR signal, the data in figure 5.7 was fitted using equation 3.9 that
describes the time dependence of the muon spin-polarisation behaviour when it is sub-
jected to a field. The extracted frequency and amplitude of the oscillations were plotted
in figure 5.8 as a function of implanted muon energy. At zero-field, the SR spectra
showed an unexpected oscillation of 1.1 MHz. The amplitude of this oscillation in-
creases as muons approach the bottom interface and it peaked at 10-12 keV where the
thin Sc layer is located. The amplitude of the signal decreases when the implanted
muon energies exceed 12 keV and are implanted away from the thin Sc interface. The
observed oscillation could be attributed to the interfacial magnetisation, as was the case
for Cu (section 4.2.2.2). The results also ascribe changes in the frequency as a function
of the Sc thickness when it is measured in the zero-field remanent state. This is indi-
cated by an additional frequency of 0.85 MHz that has no contribution in the thick Sc
layer (blue data in figure 5.8a); as no local magnetism is expected at the interface with
thick metallic layer as shown in 5.2.1.2. The amplitude of this frequency increases as
the muons probe the bottom interface and show a maximum signal at 12 keV where the
thin Sc interface is located. The fit of the 0.85 MHz signal to the layer contributions,
as presented in the inset of figure 5.8, indicates that the layers at the bottom interfaces
contribute more strongly. The asymmetry tail displays a progressively smooth decrease

as the energy of the implanted muons increases; this means the dominant contribution
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to the signal arises from spin ordering that is localised at the bottom Sc/Cg interface.
By considering the results shown in figure 5.8a and b, it may be deduced that the only

interface involved in the magnetic signal is the bottom one where the Sc layer is thin.
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Figure 5.8: (a) Amplitude of the muon oscillation at zero field (1.1 MHz, top) and zero field
remanence (1.1 MHz and 0.85 MHz, bottom) in the energy range 2 keV to 14 keV. The inset
shows the percentage of each layer that contributing to the signal where 100% indicates the
whole of the layer is contributing and 0% is not contributing. The dotted lines are the fit corre-
sponding to the layer contributions to the oscillation signal as shown in the inset. The strongest
signal is assigned to the bottom Sc(2)/Cgg interface. (b) Muon spin polarisation asymmetry tail
of the oscillation as a function of implanted muon energy showing a reduction in the amplitude

as the bottom interface is probed, here the bottom Sc(2)/Cgq interface is contributing more.

It is also important to consider the muonium states that are associated with the
presence of Cg and rule out any possible muonium contributions to the emergent mag-
netism. To address this issue the muon spin depolarisation was investigated at a low
temperature of 20 K as a function of implanted muon energy, see figure 5.9 for uSR
spectra at different energies from which the frequencies due to the oscillation were
extracted. The signal allows the frequency oscillations of Cgy muonium, 1.2 MHz,
7.4 MHz and 8.6 MHz, which is similar to the oscillations observed in Cgy/Cu. The
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amplitude of these frequencies is shown as a function of the implanted muon ener-
gies in figure 5.9. The oscillation amplitude of the muonium signal is expected to
follow the Cg contribution, i.e. the muon particles stopping at Cg layers, and raises
rapidly crossover energy scale. However, the muonium signal is almost constant for all
energies. The fact that the muonium signal is constant and does not follow the Cg, con-
tribution (as shown by the blue dotted line) suggests the presence of local magnetism

may arise from inside the sample and prevents the muonium formation.

All the data presented here appears to be consistent with the local magnetism orig-
inating at the thin bottom Sc interface rather than the thick Sc interface. This observa-
tion lends strong support to the idea of the charge transfer and screening effects of free
electrons in metals. The thick layers are more resistive to the charge transfer hence no
spin ordering was observed at the thick Sc interface.
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Figure 5.9: Low temperature measurements at 20 K, of the amplitude of oscillation for the
three muonium frequencies of Cgo at different energies, the blue line is the contribution of the

Ceo layers to the signal.

5.2.3 X-ray absorption spectroscopy and magnetic dichrosim

The critical role played by hybrid interfaces in transforming the paramagnetic element
Sc into a magnetic material when placed in contact with Cgy molecules is elucidated

by magnetometry and low energy muon spectroscopy studies. However, the resolution
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of these techniques is not high enough to distinguish the contribution of carbon in the
emerging spin ordering. XAS, on the other hand, by means of XMCD is used here to
study the changes in carbon due to interfacial effect with Sc. The measured samples
are multilayers of Cgy molecules and Sc with different thicknesses of the Sc layers; 2.0
nm and 4.5 nm. An aluminium cap was used to allow X-ray penetration to the Sc/Cg
interfaces, as the technique is surface sensitive. The normal measurement geometry
consists of the sample plane in a perpendicular orientation to the photon beam whereas
the field is applied parallel to the photon beam. This geometry was changed so the
angle of incidence of the photon beam was set to 45° relative to the sample normal.
Rotating the sample plane at grazing angle allows the magnetisation to be aligned to
the polarisation vector of the beam and maximise XMCD intensity. The sample was
magnetically saturated out of plane using a field of 1 T. Figure. 5.10 shows a compar-
ison of the two XAS spectra of two [Cgo(15 nm)/Sc(x)] x4 samples with different Sc
layer thicknesses (x = 2.0 nm and 4.5 nm). These samples were measured at incident
photon energies corresponding to the carbon (C) K-edge where the excitation of elec-
trons from a core level to an unoccupied level is studied. Here XAS is also denoted as
near-edge X-ray-absorption fine structure (NEXAFS) because the excitation energy is
in the region of ~50 eV of the absorption edge allowing more electronic and geometric
information to be obtained. The averaged circularly-polarised XAS spectra at the C K-
edge was recorded at room temperature; the intensities of which are normalised to the
maximum intensity. The XMCD spectra of two samples obtained by taking the differ-
ence between the normalised XAS spectra for the two polarisations over the same edge
is denoted by the red line and shown in the bottom panel of figure 5.10. The spectral
features observed in the region 283-289 eV are assigned to the C /s — 7* transitions
whereas the broader features above the ionisation threshold of 290 eV are attributed to

the C 1s— o™ transitions.

As expected, the hybridisation between the p orbital of Cgy and the 3d band of Sc
leads to a sizable interfacial magnetic moment that is revealed as a difference in the
absorption between left and right circularly polarised X-rays at the C K-edge. These
XMCD results prove the existence of spin-split states in carbon; otherwise, the XMCD
line shape would have been completely flat. The XMCD peaks observed in both sam-
ples around photon energies ~284.1 eV and ~287.5 eV are resulting from the 1 C Is
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temperature normalised XAS (black) spectrum of Ta(3.5)/[ Ceo(15)/Sc(2)] x4/Al(5), thicknesses

in brackets in nm, at the carbon edge obtained by averaging signals for positive (h*) and
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negative (h™) helicity was measured in normal incidence geometry. bottom: Corresponding
XMCD (red) intensity obtained by taking the difference between the XAS positive and negative
helicity. (b) show the same measurements to (a) but with thicker Sc layer of about 4.5 nm
measured at 300 K with 1 T field applied in-plane to the sample and 45° grazing incidence.

Bottom; Schematic of the samples structure.

/ m* transition to the lowest unoccupied molecular orbital (LUMO) and other higher
energy (LUMO) 7* orbitals [110; 127], further details about molecular orbitals will be

discussed later in this section.

This study also showed that the magnetic response observed in the XMCD spec-
tra for both samples is obtained only from transitions of the /s electron into the 7*
states whereas the transitions into the o* states shows much weaker magnetic signal.
This gives an indication that the only spin-polarised hybridisation effect occurs be-
tween C 2p, orbitals and the Sc 3d band as shown by the emergence of magnetism.
The emergent magnetic effects observed in the XMCD experiment, can be quantified
by estimating the XAS intensity contribution from the C K-edge. These effects can
be evaluated by calculating the C K-edge XMCD intensity to the total intensity of the

XAS obtained from the two different photon polarisations at specific transitions. This
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results in a dichroism intensity of about 5% of the total XAS intensity at the C K-edge
for the x = 4.5 nm sample, where x is the Sc thickness. The C K-edge XMCD sig-
nal is particularly strong, especially considering that it originates from a non-magnetic
element, and reflects the significant degree of hybridisation between the p, electronic
states and the 3d metallic bands. Similar results have been shown in a number of pre-
vious experimental studies for magnetic systems; e.g., 5% for graphene/Ni(111) [128],
3% for Cgo/ Fe(001) [129] and 1% for Cgo/ Fe304 [130]. For the x = 2.0 nm sample,
the dichroic signal was about 1% at the C K-edge and it is relatively weak comparing
to the x = 4.5 nm sample, however, this signal is expected to be higher. The measure-
ment geometry could be the reason; XMCD signal is proportional to the magnetisation
vector and to the photon polarisation vector [131]. The x = 2.0 nm sample was mea-
sured at normal incidence where the easy magnetisation axis is in plane to the sample
surface due to shape anisotropy. Measuring in an external field of 1 T perpendicular to
the sample will rotate the magnetisation vector parallel to the polarisation vector but
the sample behaves paramagnetically with nearly zero remanence and exhibits a much
smaller XMCD intensity. However, if the magnetisation vector is tilted by 45 degree, in
grazing incidence geometry, a component of the magnetisation vector preferred along
the polarisation vector which increases XMCD intensity which is the case for the x =
4.5 nm sample, as shown in figure 5.10. The observed weak dichroic signal for the x
=2 nm sample could be related also to the measurement conditions and more statistics
or studies may be needed to investigate the strength of the magnetic signal. The study
disregards the strength of the dichroism signal present in the samples but gives strong

support to the role played by the hybrid interfaces in emergent magnetism.

To further understand the emergent magnetism in these structures, the molecular
electronic structure needs to be considered. Due to m-bonding and icosahedral geom-
etry of Cgo molecules, their electronic structure is characterised by delocalised and
highly degenerate orbitals. Thus the XAS spectrum of the molecule in the ground
state features narrow, easily identifiable molecular orbitals[127]. Any perturbation on
the electronic structure of the molecule due to interactions with different metals can
be observed effectively by XAS. Extensive experimental work about the electronic
structure of Cgy was investigated by XAS [110; 132—-136]. The NEXAFS of solid Cg

is found to exhibit two distinctly pronounced resonances that are associated with the
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LUMO of the molecules and separated by the C /s ionisation potential (289.5 eV), see
figure 5.10. The sharp and most pronounced resonances observed below this energy
are named 7* states. These orbitals are related to unoccupied orbitals directed perpen-
dicular to the molecular sphere, while above the ionisation potential the resonances are

described alternately as o states which are distigushed by broader features [136].

The XAS spectrum for solid Cg, has a first peak at 284.5 eV which corresponds
to the C Is transition to the LUMO. This is followed by three peaks at 286.1, 286.7
and 288.3 eV identified as LUMO+1, LUMO+2, and LUMO+3, respectively, and cor-
responding to the excitations to other 7* orbitals. The energies of these resonances
and the assigned orbitals are based on the Hiickel molecular orbital theory on Cg
[137; 138]. At the interface between Cgy molecules and the paramagnetic transition-
metal Sc, these assigned molecular orbitals experience changes due to orbital perturba-
tions associated with charge transfer and hybridisation of the 7 -electronic states with
the 3d band of the metal. These changes could appear as a shift in the photon energies
or broadening of the molecular electronic structure due to the interfacial bonding be-
tween Cgo molecules and the Sc metal. The NEXAFS spectra presented in figure 5.11
shows considerable changes in the molecular orbitals compared to the solid Cg, spec-
trum reported previously [139; 140]. The energies of the molecular orbitals are shifted
by about 0.3 eV compared to the literature values, this may be due to a small error in the
photon energy calibration or metal charge transfer effect. The room temperature spec-
trum showed broadening in both the 7* and o* features. This broadening is assigned
to hybridisation between the molecular orbitals of Cgy and the Sc 3d band where these
features become progressively broader as the hybridisation increases. This has been

previously observed but with different metallic substrates such as Al and Au [133; 135]

As discussed earlier, the NEXAFS spectrum for Cg has distinctive features corre-
lated to energy levels for each molecular orbital. However the LUMO+1 and LUMO+2
resonances on the x =4.5 nm sample merge into a single peak and are shifted to a higher
energy LUMO peak. This phenomenon is coupled with the fact that strong hybridis-
ation effects occur at the Sc/Cgpinterface [129; 135]. The LUMO peak of the sample
is also accompanied by an asymmetric line shape associated with the appearance of a

small shoulder at an energy of 283.3 eV. This can be interpreted as a partial occupation

92



5.2 Characterisation of hybrid paramagnetic metal/Cg, interfaces

of the LUMO due to charge transfer from Sc to Cg, in analogy with a previous study
for Cgp on Fe [129]. This agrees with a photoemission spectroscopy (PES) study of
Cgo on Cu [110]. The comparison of the C/s absorption spectra of Sc/Cg, and solid
Ceo reveals that strong hybridisation and charge transfer play a major role in altering
the electronic structure of Cgp, and thus correlated emergent spin ordering was clearly

observed in the absorption spectra with different helicity.

The 4.5 nm Sc sample was then cooled in 1 T to 4 K. The carbon NEXAFS spec-
trum is displayed in the bottom panel of figure 5.11b. In order to compare spectra taken
at different temperatures, the lineshapes were fitted to Gaussian-Lorentzian functions
to extract the energy and width of these features. Figure 5.11b shows the fitting of
the NEXAFS spectra at both 300 K and 4 K. The spectrum at 4 K is dominated by
broadened peaks indicating orbital hybridisation, similar to the measurements at room
temperature. Unlike the room temperature spectrum, the peaks are more distinctive.
The peaks at ¢* resonance seem to be more pronounced at low temperature where
they are much attenuated at room temperature. This is could be because Cgy molecules
experience a phase transition from orientationally disordered face centered cubic struc-
ture to simple cubic orientationally ordered structure as the temperature drops below 90
K, although a small amount of static disorder is still present and not completely frozen
below this temperature [58]. The transformation to a highly ordered system leads to
an increase in the symmetry of the molecule and a reduction of the perturbations in
the molecular orbitals and thus modifies the carbon NEXAFS spectrum. The opposite
behaviour has been observed in annealed Cgy systems where the features are washed
out as the temperature increases due to the perturbation of the molecular orbitals by an-
nealing and Cgy decomposition [141]. At 4 K, there is a slight shift in the energy of the
sample which reflects the changes in the electronic and physical structure between Cg
and Sc. The dichroism signal at 4 K is stronger than the one observed at room temper-
ature by 18% and new features appear. The lack of rotational motion as the individual
Cgo molecules are locked into specific orientations and the strong ferromagnetic signal

at low temperatures may explain this strong dichroism signal.

93



5.2 Characterisation of hybrid paramagnetic metal/Cg, interfaces

(a)

————— ggLUMO+3 (288.3 eV)
————— h, LUMO+2 (286.7 eV)

—— =t

_____ hz;LUMO+1 (286.1 eV)
_— ::‘j LUMO  (284.4 eV)

+ 4 & 4 ¥ n,HoMO

(b) (c)

12 % ¢ | o* . NEXAFS 1.24 300 K
:i —— XMCD (XZO) 1.0 g
0.8+ i1 g 3
ﬁg § o 081 ;\
0.4- ik @ g6l
® J Zg = 0°
= S 044
= 0.0 — | S 7]
e 300 K © 0.2
5 1 : : L o 1'
Q@ - —+ NEXAFS 0127 4k
® 1 —XMCD (x10)) & 441
© 1 o ]
S ; :\‘v\ F osl A‘A‘
L : 1 { Py
064 3 .
—— 3
041 £
4K 0.2
T T T T T~ T T T LN T
280 285 290 295 300 305 280 28 284 286 288 290
Energy (eV) Energy (eV)

Figure 5.11: (a) Schematic representation of the energy levels for unoccupied states of Ce
based on Hiickel molecular orbital theory [138; 142]. To the right are the transition energies
of Cgo molecule for the 1s core in Cs symmetry. (b) A comparison between the C 1s NEXAFS
of unoccupied states for Ta(3.5)/[ Ceg (15)/Sc( 4.5)]x4/Al(5) sample at 300 K (top panel) and
4 K (bottom panel). The corresponding NEXAFS peaks are labelled according to the energy
transition from C 1s where the states above 290 eV present c* resonances and below this energy
are the 7* resonance. The 285.8 €V peak is attributed to Cgy aggregation [143] whereas the
281.3 eV peak is the charged Cgo peak. The solid curve indicates the XMCD signal between the
positive and negative helicity NEXAFS. Normalised to the high intensity peak and substract the
background contribution. (c) The fit of the spectral line in (b) employing Gaussian-Lorentzian
functions, where parameters such as line position, height and half width can be extracted. The
open symbols are the experimental data and the solid lines are the fitting curves, the solid red

line is the total fit whereas the other colour correspond to individual peak fit.
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5.3 Conclusion

This chapter has addressed the role played in the emergent magnetism by charge trans-
fer and hybridisation between the molecular orbitals of Cgy and the 3d band of para-
magnetic transition metals Mn and Sc. Similar to Cu/Cg, system, the magnetometry
measurements for both Mn and Sc samples showed emergent magnetic ordering at
room temperature. The dependence of magnetisation on the metallic layer thickness
was also studied. The bulk properties of both systems dominates and the magnetisa-
tion is quenched as the metallic layer becomes thicker. The Mn/Cg system exhibited
similar behaviour to the Cu/Cg, system, where the magnetisation disappeared when
the metallic layer became thick enough for the bulk properties to dominate. Also,
the magnetisation experienced quenching when the metallic layer was not continuous.
The effect extends deeper in paramagnetic Mn/Cg, film but diamagnetic Cu/Cgy shows
peak magnetisation 3- 4 times stronger than the paramagnetic system within the same
thickness range. In contrast, the Sc/Cgy, multilayers reveal different behaviour as the
Sc layer became thinner. The magnetisation increased even down to 0.5 nm thin Sc
layer and that could be wetting properties of Cgy by Sc which maintain the continuity
of the film and hence the magnetisation or superparamagnetic-like behaviour. Further
analysis of the data showed an oscillatory manner of the thickness dependence of the
magnetisation. The formation of QW states may be the possible mechanisms to ex-

plain this behaviour.

The goal of using LE-uSR was to perform depth profile and reproduce the thick-
ness results from magnetometry measurements in order to confirm that the observed
magnetic ordering is a property of the thin film and not a thick layer contribution. As
expected, it gave further support for the thickness dependence observed by the magne-

tometry and confirms the role of electron screening of the bulk-like samples.

The need to understand how the emergent interfacial magnetic moment is corre-
lated to the change in molecular orbitals of Cg interfaces with metal, lead us to study
the electronic and magnetic structure of the carbon edge using element specific tech-
niques; XAS and XMCD. There was a sizable XMCD signal of about 5% of the XAS
intensity observed in the C K-edge, reflecting the degree of mixing between C p, and
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Sc 3d derived states at the interface. There was a significant change in the molecular
orbitals accompanied with broadening and energy shifts of the unoccupied molecular
orbitals in the Cgy. This observation of the change in molecular orbitals, i.e. electronic
structure, is evaluated based on the hybridisation and charge transfer change due to the
interfacial effect. Furthermore, the comparison of the NEXAFS spectra at different
temperatures showed pronounced changes in the molecular orbitals that agrees with
the fact that the motion of the molecular orbitals are locked with specific orientation.
The re-orientational dynamic behaviour of Cgy molecules undergoes a phase transition
from an orientationally disordered structure to an orientationally ordered structure as
the temperature decreases. This perturbs the molecular orbitals and hence drives mod-

ification to the electronic structure.
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CHAPTER 6

Transport measurements
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6.1 Introduction

Due to molecular charge transfer, the emergent spin ordering has a drastic effect not
only on the magnetic (presented in chapter 4 and 5) but also on transport properties.
Transport measurements are very sensitive to the spin ordering and can provide infor-
mation about the behaviour of conduction electrons scattering by localised spins which
cannot be easily obtained using other techniques.The sensitivity of transport measure-
ments, such as Kondo and weak localisation (WL), allows the detection of very small
concentrations (~ 0.1 ppm) of magnetic spins within a sample. Therefore, measuring
the effect of WL and Kondo will help us satisfy the primary goal of this work; to study
the role of molecular interfaces in generating magnetism in non-magnetic systems. It
is expected that one might observe an increase in the spin-scattering rate at the metallo-
molecular interfaces. To aid this analysis, the theory of Hikami et al. (as described in
2.4.2) and power law expansion are used to study the spin dependent scattering due to

magnetic spins on the conduction electrons.

In the present chapter, the behaviour of the resistivity as a function of magnetic field
and temperature will be investigated in thin Cu films with and without Cgy. A com-
parison of experimental data with the theory that yields information on spin dependent

scattering will be discussed.

6.2 Spin dependent scattering in Cu/Cg, system

The studied samples are thin films of Cu and Cu/Cgy. They were deposited using a
high purity Cu source (99.9999%) with the structure Cu(2.5 nm)/Cgo(x nm)/Cu(2.5
nm), where x is 0, 1 and 10 nm; the 1 nm film here indicates a discontinuous film or
“dusting layer”. To prevent sample oxidation, a 2 nm thick capping layer of Al was de-
posited which becomes an insulating Al,O3 under ambient conditions. In order to keep
the consistency of the growth conditions and ensure that no contamination could occur
while moving the shutter from one position to another, the pure Cu film was deposited
following the same deposition procedure as the Cu/Cg, samples. More specifically, the
5 nm Cu sample was not deposited all at once; it was deposited in the same way as the

Cu/Cgp samples, where a 2.5 nm layer was deposited first then the shutter was moved
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away and then returned back to deposit the second Cu layer. In terms of the measure-
ment setup, the electrical contacts were made using wire bonding. Four-terminal DC
resistivity measurements were performed by biasing the sample with a current of 1 mA
using a Keithley 6221 Sourcemeter and measuring the output voltage with a Keithley
2182 Nanovoltmeter in a “He cryostat. The contact geometry is shown in the inset of
figure 6.1a. The magnetotransport properties were measured in magnetic fields from

+8 T to -8 T applied both perpendicular and parallel to the films.

Figure 6.1a shows the temperature dependence of the sample resistivity for the
studied films. The samples show a metallic behaviour where the resistivity decreases
as the temperature is lowered, but below 20 K the resistance rises and continues to do
so down to 1.4 K, the base temperature of the cryostat. The logarithmic dependence
of the resistivity on the temperature for the samples is plotted for temperatures below
25 K for clarity, as shown in figure 6.1b. It clearly shows the upturn behaviour where
the resistance starts to increase with decreasing temperature below a specific temper-
ature. The existence of Kondo impurities (Cr, Fe, Ni, etc.) can be responsible for the
upturn in resistivity at low temperatures [59]. This phenomenon is associated with the
screening of the spins of the impurities by the conduction electrons. Decreasing the
temperature means that more conduction electrons participate in the screening process
which enhances the scattering of electrons by the screened impurity and results in a
logarithmic increase in resistivity, similar to the trend shown in figure 6.1b. This re-
veals the presence of magnetic impurities in the Cu target used (99.9999% Cu) which

caused the upturn, Kondo behaviour.
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Figure 6.1: (a) Temperature dependence of the resistivity for samples with the structure
Cu(2.5)/Ceo(x)/Cu(2.5)/Al(2) where x = 0, 1 and 10, thickness in nm. The 1 nm layer of Cgg
here is considered to be a dusting layer where the molecules are randomly distributed in be-
tween the Cu layers. The inset shows a diagram of the sample structure with four-terminal
contact geometry. (b) The same data as in (a), plotted on a logarithmic scale in the low temper-
ature region, emphasizing the contrast between the upturn temperature of different investigated
samples. The resistance has been normalised to provide clear comparison of the temperature
behaviour.
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The Cu/Cgy samples in this study are expected to follow the same trend because
the same pure target was used to deposit Cu layers. Assuming that the concentration
of magnetic impurities for all samples is equal then the characteristic temperature 7,
(the temperature at which the minimum resistivity occurs) should be the same. How-
ever, this is not the case for the samples with Cgy. The effect is more pronounced
for the sample with 10 nm thick layer of Cgy (x =10 nm), 7,,;, is shifted to a higher
temperature range. The fact that 7,,;,, is higher for the x = 10 nm sample is a strong
indication that the concentration of local spin moments is higher in this sample be-
cause T, is roughly proportional ¢'/®, where ¢ represents the concentration of the
magnetic atoms [59]. Accordingly, the concentration of local spin moments for the
sample with 10 nm Cgq is approximately 35 times larger than the one for the Cu film
without Cg,. This significant amount of magnetic moments cannot be explained only
by the Kondo impurities in the Cu layer, but it can be related to other sources of mag-
netic spins generated in the sample. The charge transfer and hybridisation between
the molecular orbitals of Cg, and the 3d band of Cu can lead to an emergent source of
magnetic moments which enhances the scattering of the conduction electrons. Also,
the depth of the minimum, defined as the difference in the resistivity values between
T,.:», and the lowest temperature at which the measurement is performed p;,in-p1.6x
exhibits proportionality to the concentration of magnetic atoms, ¢ [59]. This provides
more evidence for the presence of extra magnetic moments, whereby the sample with
a 10 nm Cg layer has a larger depth compared to other samples. The values for Kondo

parameters are given in table 6.1.

Table 6.1: Kondo parameters which are deduced from resistivity measurement in figure
6.1 and explained in the text above. p is the resistivity. (7},/T)) shows the increase in
the amount of local spin moment relative to the pure Cu sample (x = 0 nm; 7j)

Sample ¥ (M) Tin () proxc(107°0) pin (10°5D) pinprone (1071 % (E84=L5) (T, g0/ T)?

Pmin

1 0 6.85 11.466 11.464 1.75 0.015 1
2 1 7.74 12.376 12.373 2.78 0.023 1.84
3 10 13.97 14.104 14.099 4.99 0.0035 35.28
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As well as the interpretation based on the Kondo scattering, an increase in resistiv-
ity below a characteristic crossover temperature has also been found in ultrathin metal-
lic films such as Cu, Mg, Ag and Au with thicknesses less than 20 nm [144]. This be-
haviour can be interpreted considering the WL effect which occurs in two-dimensional
disordered systems at low temperatures [ 145]. It results from the quantum interference
between the electron waves. The backscattered waves could experience constructive
interference (WL) that enhances the backscattering probability of electrons or destruc-
tive interference (weal anti-localisation; WAL) due to inelastic scattering that destroys
the coherence of electron waves. An increase in resistivity takes place as the tempera-
ture decreases, similarly to the behaviour observed in the Kondo mechanism [59; 146];

details about this theory are in section 2.4.1.

The DC electrical characterization results alone cannot determine the transport
mechanism that is responsible for the behaviour of the conduction electrons at low
temperature in the Cu thin film and the equivalent films with Cg, layers. However, the
resistance behaviour under the influence of a magnetic field can provide evidence for
the presence of WL effects. Figure 6.2 shows the resistance dependence on the mag-
netic field in both parallel and perpendicular configurations, respectively, in the tem-
perature range between 1.6 K and 23 K. The measured MR = [R(H) — R(0)]/R(0)
for all samples is negative at high fields and positive at low fields. It also exhibits
large anisotropy depending on the applied magnetic field orientation, either parallel
or perpendicular to the film plane. The negative MR is expected because increasing
the magnetic field due to Lorentz force destroys the coherence and gradually reduces
the resistance which gives rise to negative MR [147]. Extensive studies have reported
negative MR of thin Cu films [148-150] and WL effects in 2D systems was used to de-
scribe its origin [63; 144]. In the parallel magnetic field configuration (figure 6.2), the
samples show a maximum MR at H| ~1 T which then decreases as the applied field
increases. The same behaviour is observed when the magnetic field is applied perpen-
dicular to the film plane. However, the maximum MR in the perpendicular configura-
tion appears at much lower field H, <0.1 T, compared to the parallel configuration.
This means that the WL effect could be suppressed quickly by applying a small mag-

netic field in the perpendicular direction, but more than ten times the field is needed to
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destroy the effect if/when the field is applied in the parallel direction [149; 150].
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Figure 6.2: Magnetic field dependence of the raw resistance data at various temperatures
ranging from 1.4 K to 23 K for Cu(2.5)/Ceo(x)/Cu(2.5)/Al(2) where x = 0, 1 and 10 nm. The
samples were measured in a magnetic field (a) of =8 T aligned parallel to the film plane and
to the current direction. The field in (b) is applied perpendicular to the plane of the film and
varied between +2 T and -2T.
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Figure 6.3a illustrates the MR as a function of temperature for samples of differ-
ent Cg thickness, in both parallel (MR, at 1 T) and perpendicular (MR,,,,, at 0.1
T) fields orientations. The MR behaviour exhibits a similar dependence on tempera-
ture for both field orientations; however, the MR in the parallel field orientation shows
larger values compared to the values obtained from the perpendicular field orientation,

as previously observed in Cu films with the same thickness [150].

In order to allow a better comparison of the effect, the MR is also plotted as a
function of Cg thickness at both 1.4 K and 23 K, above and below the upturn temper-
ature respectively, see figure 6.3b. Firstly, it is observed that for all the samples there
is very small MR above the upturn at 23 K. At this temperature electron-phonon and
electron-electron scattering are enhanced due to thermal energy, hence the dephasing
of electron waves takes place and the WL effect is no longer valid. As a consequence
applying a magnetic field will not have an influence on the resistance therefore the MR
is negligible. On the other hand, the WL effect is more pronounced at 1.4 K because
these scattering mechanisms have a weak contribution at low temperatures and the in-
teracting waves are phase coherent. In particular, at 1.4 K, the system is in the WL
regime, where the magnetic field has a strong effect on the resistance. Being a coher-
ence effect, it is more dominant at low temperatures and can be destroyed easily by
applying a magnetic field which gives rise to the MR effect. Secondly, by comparing
the behaviour of different samples at 1.4 K, it is apparent that both pure Cu and samples
with 1 nm of Cgy exhibit larger MR values in comparison to the sample with 10 nm
of Cgp. This could be attributed to the spin-flip interaction, when magnetic moments
are present in the sample that can result in dephasing of the electron waves. The fact
that the spin-flip interaction is strongly dependent on the concentration of the magnetic
spins [151] suggests the presence of extra magnetic moments in the sample with 10 nm
of Cg that reduce the phase coherence. This can be attributed to the molecular inter-

faces which change the state of the spin ordering in the system of Cu and Cg.
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Figure 6.3: (a) MR of the samples in figure 6.2, Cu(2.5)/Cgo(x)/Cu(2.5)/Al(2) where x = 0,
1 and 10 nm, as a function of temperature in the parallel field (top) and in the perpendicular
field (bottom) orientations. The maximum fields used to calculate the MR are I T and 0.1 T in
the parallel and perpendicular orientations, respectively. (b) MR is plotted as a function of Cgg
layer thickness (at temperature of 1.4 K and 23 K) in the parallel field (top) and perpendicular

field (bottom) orientations.

To corroborate that the magnetic state is impacted by molecular interfaces, it is
necessary to have a quantitative analysis of the magnetic scattering contribution. The-
oretical studies [63] and experimental work [62] have shown that the shape of the
MR can reveal information about the various scattering mechanisms that suppress the
coherence of the conduction electrons in two-dimensional metal films. A combined
effect of the inelastic scattering and the magnetic scattering can be described using
the theory of Hikami et al. [63]. The same theory is used in order to characterise the
emergence of spin ordering in the Cu/Cg, system by studying the scattering due to the
magnetic spins on the conduction electrons. Hikami et al. [63] calculated the magne-

toconductance of thin films in the presence of different scattering mechanisms such as
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magnetic impurities, spin-orbit coupling and inelastic scattering, where the scattering
time corresponding to each mechanism can be determined, as described in detail in

section 2.4.2.

The experimental data of the resistance dependence on the magnetic field in fig-
ure 6.2b has been plotted in terms of magnetoconductance as displayed in figure 6.4a.
Magnetoconductance is calculated with the formula Ao = (1/Rn(H)) — (1/Rn(0)),
where Ry is the electrical resistance referred to a square of the film surface. The mag-
netoconductance data was then fitted using the theory of Hikami et al. [63] in equation
2.11. It is in very good agreement with the experimental results, as shown by the
theoretical fit in figure 6.4a (indicated by red solid lines). The characteristic physical
parameters of the samples such as the spin orbit scattering field (B;,), spin diffusion
field (B;) and coherence field (B,,), identified in section 2.4.2, have been determined
from the fitting. From the equation 2.18, the characteristic length (1;) corresponding to
each characteristic field can be calculated. Figure 6.4b displays the temperature depen-
dence of the characteristic lengths of the same samples with different Cg thicknesses
(x =0, 1 and 10 nm). It shows a relatively weak temperature dependence for the spin
orbit length and the mean free path for all samples. The coherence time, on the other
hand, exhibits an increase as the temperature is decreased to 1.4 K. Interestingly, the
x = 10 nm sample shows a similar trend; however, the coherence length is reduced by
approximately 80 nm in comparison to the sample without Cgy. The reduction in the
coherence length is attributed to inelastic scattering such as electron-phonon, electron-
electron or magnetic scattering. The electron-phonon and electron-electron scattering
should yield a smaller dephasing contribution at low temperatures and can therefore
be excluded. Only the magnetic scattering remains as a possible source of dephasing

scattering at low temperature.

Information about the influence of magnetic scattering on the electron coherence
can be obtained using equation 2.10. The data are analysed in a broad temperature
range (up to 23 K), which allows for a reliable identification of the three scattering
processes that contribute to the dephasing mechanism. The phase breaking rate 7, !

(phase coherence time) which is extracted from equation 2.15 is plotted in figure 6.5
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6.2 Spin dependent scattering in Cu/Cg, system
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Figure 6.4: (a) The change in conductivity as a function of magnetic field at different tem-
peratures for Cu(2.5)/Ceo(x)/Cu(2.5)/Al(2) where the graphs from left to right are for x = 0,1
and 10 nm, respectively. The red line represents the fit using the Hikami et al. theory. (b) The
characteristic length (spin orbit length, mean free path and coherence length) as a function of

temperature for the same samples as in (a).

as a function of temperature for the three samples studied. The full curve that fits the

data was calculated by the power-law expansion [152; 153]
7, = Ao+ AT + AT? (6.1)

The constant A, is temperature independent and represents the scattering caused by
magnetic spins. The linear term, A;, is the scattering corresponding to electron-
electron interactions (TijllaT) that dominate at low temperatures. The cubic term, As,
corresponds to electron-phonon scattering (7;,'a7®) that dominates at higher tempera-
tures (T>4.2 K). Both the linear and cubic terms are considered as inelastic scattering

that are related to the magnetic scattering and phase coherence through equation 2.10.
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6.2 Spin dependent scattering in Cu/Cg, system

Figure 6.5a shows the fit of the power-law expansion to the experimental data. The
temperature dependence of the resulting phase breaking rate shows an increase in the
rate for the Cu samples with a Cg layer, compared to the pure sample without Cg. This
shift indicates an extra contribution from the different scattering mechanisms including
the inelastic scattering 7;,' due to electron-phonon and electron-electron interactions
as well as scattering due to magnetic impurities 7,,*. The contribution of these scatter-
ing mechanisms can be extracted directly from the power law expansion fit. However,
due to the disordered thin-film structure, the scattering rate of the electron-electron
interaction is expected to be proportional to Rg. This is because of the elastic impu-
rity scattering for the two-dimensional system [64; 152; 153]. Accordingly, the linear
term A,7", which corresponds to electron-electron scattering, is proportional to Ry and
any small difference in Ry can considerably affect the phase breaking rate. This de-
pendence can be eliminated by subtracting the linear term A7’ from the experimental
data. The corrected 7 ! — AT data is plotted as a function of temperature as shown
in figure 6.5b. The parameters obtained from the fitting, such as A;7" and A are listed
in table 6.2.

00— T T T T

10 2 4 6 8 10 12
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Figure 6.5: (a) The phase breaking rate Tqb_l as a function of temperature for

Cu(2.5)/Ceo(x)/Cu(2.5)/Al(2) samples (the data in figure 4b), which was calculated with equa-
tion 2.15 (b) The corrected scattering rate T(;l — AT for the elastic impurity scattering as
a function of temperature. The solid lines are the fit to the data using power-law expansion

(equation 6.1).
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6.2 Spin dependent scattering in Cu/Cg, system

Table 6.2: Fitting parameters extracted from the fits in figure 6.5. R is the sheet re-
sistance measured at 4.2 K. In the investigated temperature range, the Cu film has a
resistance of R < 30€2/0] which is in the same limit as reported in previous studies
[149]. D is the diffusion constant which was calculated using the formula 2.17. A; and
Ay are the parameters extracted from the power-law expansion fit and corresponds to
electron-electron and magnetic scattering, respectively.

Sample x (nm) Rpoorooix) (2/0) D(x1073 m¥s)  A;(10%)  Ag(10'0); 7, (s)

1 0 (22.9209+0.0002) 4.6 (742) (6.2 £0.5)
2 1 (24.74798+0.00005) 4.3 (12+4) (7+1)
3 10 (28.20289+0.00004) 3.8 (842) (9.1 £0.4)

The constant Ay (as indicated in equation 6.1) represents a characteristic time re-
lated to scattering by magnetic impurities (Apa,,'). This allows us to investigate the
influence of magnetic spins on electron coherence in the metallic Cu films with and
without Cgp, and to study the role of molecular interfaces in altering the magnetic
states of materials. Ag is estimated from the fit to the data points in figure 6.5b to
be (6.240.5)x10%s~! for the pure Cu sample. The obtained value is comparable to
previously reported values [153] with a high purity Cu source. On the other hand,
the scattering rate due to magnetic scattering is enhanced to a value of (7£1)x10%s71
by introducing a dusting layer of Cg, between Cu layers while the sample with a 10
nm Cgq layer exhibits a 47% rise in the magnetic scattering rate to a value of about
(9.1£0.4)x10%s7 1,

The magnetic scattering rate is usually varied proportionally to the amount of resid-
ual Kondo impurities (Cr, Fe, Ni, etc.). However, the difference in the results cannot
be explained by a different concentration of residual magnetic impurities because all
samples were deposited using the same 99.9999% pure Cu source within the same de-
position. Hence, the concentration of impurities should be the same in all samples. The
enhancement in the magnetic scattering rate for the sample with a 10 nm Cg layer can
only be explained by assuming the existence of an additional magnetic source, other
than the Kondo impurities, for instance the spin ordering that emerged due to Cu/Cy,

interface. The emergent magnetic moments can be associated with the hybridisation
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6.3 Conclusion

and charge transfer between the molecular orbitals and the 3d band in the metal.

6.3 Conclusion

Low temperature electronic transport was used to study thin films of Cu with and with-
out Cgq interfaces. The Cu/Cgy shows an upturn of the resistivity below a temperature
of T =14 K, whereas the pure Cu film upturn temperature is approximately half
this value ~7 K. These findings are also in agreement with the resistivity behaviour
that can be explained by the Kondo spin-flip scattering process. An analysis of the
experimental resistivity and the MR confirms that a localized regime is established at
low temperature. The MR behaviour at low temperatures exhibits a lower value in the
Cu/Cgp sample in comparison to the sample without Cg in both parallel and perpen-
dicular orientations. This indicates a higher concentration of the magnetic spin in the
presence of Cgp that reduces the phase coherence. The dephasing effect due to the
different scattering mechanism is studied using the theory of Hikami and the power-
expansion law. This enabled us to calculate the scattering time due to the presence of
magnetic spins. It has been confirmed that in the case of the Cu/Cgy sample, an addi-
tional magnetic scattering process has been observed which therefore causes a rise in
the dephasing time. The magnetic scattering rate for the Cu/Cg, film corresponds to
a higher concentration of magnetic moments that can only be explained by the pres-
ence of emergent magnetism. The emergent magnetism gives rise to this additional

scattering rate and therefore causes an increase in the phase breaking mechanism.
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CHAPTER 7/

Conclusions and future work
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Obtaining control of the interfacial spin polarisation at metallo-molecular interfaces
is a crucial component in engineering the performance of future organic spintronic
devices. Due to hybridization of molecular orbitals with the 3d orbitals of transition
metals, new hybrid metal-organic interfacial states are formed. The electronic and
magnetic properties of the organic and metallic systems are directly affected by these
new states along with charge transfer process. It can lead to a change in the den-
sity of states at the Fermi energy and/or the exchange-correlation integral, causing an
imbalance between spin-up and spin-down states as described by the Stoner criterion
for ferromagnetism [25]. It is therefore possible to change the electronic states of non-
ferromagnetic materials via molecular interfaces and transform them into magnetically

ordered materials.

In this thesis, we have revealed the crucial role played by molecular interfaces in
tailoring the spin order of contacting metals and transforming elements which have
no magnetic contribution into materials that exhibit spontaneous magnetism at room
temperature. Two different classes of transition metals have been investigated: dia-
magnetic (e.g. Cu) and paramagnetic (e.g. Mn and Sc). The magnetic response is
confirmed by performing three different techniques; SQUID magnetometry, LE-uSR
and XAS and the related technique XMCD; in which each technique probes specific

details of the magnetic structure.

The data obtained using SQUID magnetometry to measure both classes of transi-
tion metals; diamagnetic Cu and paramagnetic Mn, in combination with Cgy, showed
that the samples are ferromagnetic at room temperature, but only when/or it is max-
imised when the metallic layer is thin and continuous. In thick metallic layers, the bulk
properties of the metal dominate, hence the charge transfer is screened by free elec-
trons resulting in a quenching of the emergent magnetism. Decoupling the interface by
an aluminium (or alumina) spacer prevents any electron transfer or hybridisation from
arising due to the metallo-organic interface and hence quenches the magnetisation. In
contrast, the paramagnetic Sc/Cgy multilayers revealed different behaviour as the Sc
layer became thinner. The magnetisation increased even below a 1-2 nm thin Sc layer,

which could be explained by better wetting properties of Cgy by Sc films, as the Sc
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layer in this case would be continuous even at smaller thickness (~ 0.5 nm). The for-
mation of superparamagnetic islands provides another mechanism that could describe
the behaviour of the magnetisation in Sc ultrathin layers. Diamagnetic Cu/Cg showed
stronger magnetisation (3—4 times) than that obtained in the paramagnetic Mn/Cg, and
Sc/Cgp within the same metallic layer thickness (2-3 nm), which is probably due to the
better lattice matching and larger charge transfer between Cu and Cgy. Being param-
agnetic, Mn and Sc are closer to complying with the Stoner criterion than diamagnetic
Cu, the effects propagates longer due to the larger exchange interactions and DOS at

the Fermi level.

Protecting the emergent magnetism from degradation and having reproducible re-
sults is important when dealing with organic molecules. This has been improved by
increasing the number of interfaces, a good choice of capping and seed layer and/or
annealing. The roughness at the interface as studied via XRR and AFM, has shown an
effect on the quality of emergent spin ordering but a good control through annealing
appears to improve the quality of interfaces and retains the magnetisation. With these
findings, we confirmed that it is possible to improve the quality and reduce the degra-
dation of the metallo-molecular interfaces, which are promising to overcome some
disadvantages of organic devices and bring organics to the field of spintronics applica-
tions. However, being able to efficiently control the degradation that organic structures
undergo and having smooth interfaces are necessary to improve the quality and make
the spintronics industry profits from adopting this new promising class of magnetic
materials. Molecules that are smooth and stable bind to a metallic surface, such as
amorphous carbon, would provide control of film morphology and surface roughness

that appears to be an obstacle to hinder the quality of our metallo-molecular materials.

LE-uSR corroborates the results obtained by magnetometry, but in particular gives
more precise and detailed information about where the emergent spin ordering is lo-
calised within the sample. It showed that the emergent magnetism is localised at or
close to the metallo-molecular interface. This is correlated with an additional fre-
quency that appeared in the remanent state as muons approach the metallo-carbon in-

terface. Decoupling the interface with alumina suppressed this additional frequency.
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LE-uSR measurements for both multilayered structures of Cu and Sc have also con-
firmed that the spin ordering is a property of the thin metallic layers but it is reduced in
thick metallic layers where the charge transfer is screened by thick films and suppresses
any spin ordering associated with the process. The former creates spin ordering and
gives rise to a rapid loss is the polarisation of muons. The muon response is confirmed
through different measurements such as zero-field, zero-field remanent state and trans-
verse field measurements. Also, low temperature measurements of the muonium state
gave additional support to the presence of local spin ordering at the molecular inter-
faces. Altogether, the muon results provide evidence of the interfacial origin of the

emergent spin ordering between the non-magnetic transition metals and Cgj.

Being able to probe the electronic and magnetic properties of specific elements is a
critical feature offered by XAS and XMCD. XMCD showed a sizable dichroism signal
of about 5% of the XAS intensity observed in the C K-edge, suggesting spin ordering
occurs due to hybridisation between C p, and Sc 3d derived states at the interface.
The molecular orbitals of Cgy and specifically the 7* orbitals have shown a signifi-
cant change in terms of broadening and energy shifts. This change in the molecular
orbitals emphasizes the influence of charge transfer and hybridisation at the interface
between the Cgo molecules and the 3d band of the metal. The molecular orbitals have
experienced even more changes when the system is cooled down at 4 K, where the
rotation motion of Cgy is frozen, and 18% enhancement in the XMCD signal was asso-
ciated with this process. Although XAS has not served the purpose of investigating the
magnetism in the metallic elements due to oxidation and low yield associated with the
measured signal, it showed evidence that ruled out the presence of magnetic impurities

that could give rise to the magnetism.

The work here presents conclusive evidence for the emergent spin ordering at
metallo-Cg interfaces. Despite the emergent magnetism being about one or two orders
of magnitude smaller than for ferromagnetic iron or cobalt, it could be maximised in
the future by using molecules with a large electron affinity such as polyoxometalates.
Also, metals with a large exchange integral such as zinc would facilitate satisfying the

Stoner criterion. The ability to manipulate the spin ordering at metallic surfaces using
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organic molecules and charge transfer could lead the work towards the future develop-
ment of multifunctional devices such as for molecular memories and spin capacitors.
This can take place via applying electric fields ‘gating’. Application of electric field
alters the charge transfer between the 3d metal and the p orbitals of carbon and hence
the Fermi energy position at the interface. This change in the Fermi energy in turn

affects the magnetic properties and enable a desired active control of the spin structure.

Low temperature electronic transport was also considered in this work paving the
way towards spintronic applications. The localised spin ordering that is created at the
metallo-molecular interfaces was studied through Kondo and WL; sensitive probes to
determine spin ordering. The focus was on the Cu/Cg, system using a six-nine pure
Cu target. The Cu film shows logarithmic dependence of the resistivity on the temper-
ature. However, when Cg is deposited into the Cu matrix, the emergent spin ordering
gives rise to additional magnetic scattering and therefore causes an increase of the
Kondo temperature Ty from 7 K to 14 K. An analysis of the experimental resistivity
and the MR confirms that a WL regime is also established for both films at low temper-
ature. Low temperature MR measurements caused by the WL in these films enable us
to determine the temperature dependence of various dephasing rates within the films;
spin-orbit interaction, mean free path and magnetic scattering using both the theory of
Hikami [63] and the power-expansion law [152; 153]. The results confirmed the oc-
currence of an additional magnetic scattering that has a pronounced contribution when
Cgo molecules are embedded into the non-magnetic Cu. Cg creates localised spins that
increase the concentration of magnetic moments in the Cu/Cg, film and hence alter the

magnetic scattering rate.

The spin dependent scattering studied by Kondo and WL could play an important
role for quantum computation, as the electrons scattered from the same spin are mu-
tually correlated. The ability to tune the spin-electron interaction via the control of
charge transfer using gate voltages may have great promise with applications in low

temperature thermometry and quantum devices.

In conclusion, this thesis shows the crucial role of metal/molecular interfaces in

their magnetic properties. It raises the possibility of tailoring the electronic states
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between different materials and switching the non-magnetic elements into magnetic
ordered materials. The ability to create and manipulate the spin ordering will open
the possibilities of exploring new molecular functionalities toward further research in
spintronic applications. The spin ordering arising at the transition metal/Cg interfaces
is not only of great potential leading to applications, but also shows there are a lot of
new physics at metallo-molecular interfaces to be discovered. Further research in this
exciting field would lead to a novel opportunity to incorporating new generation of

materials into devices with multiple functionalities.
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